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Abstract: Glioblastoma multiforme is a highly aggressive intrinsic brain tumor with a very
poor survival rate. The main treatment for cancer is surgery combined with postoperative
radiotherapy and temozolomide chemotherapy. Since the outcomes of treatment are un-
satisfactory, the search for more effective drugs is crucial. Our previous study indicated
that mephedrone, a synthetic cathinone, reduced neuron and astrocyte viability and oligo-
dendrocyte proliferation. The aim of the present study was to investigate the effect of
mephedrone on selected human glioblastoma (LN-18, LN-229, T98G) and human anaplas-
tic astrocytoma (MOGGCCM) cell lines. The effects of mephedrone on cell viability and
f,r;,ecf §tf§§ proliferation, DNA synthesis, cell cycle progression and the type of cell death were studied.
Our results showed that mephedrone possesses potential anticancer activity. The viability
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doi.org/10.3390/molecules30112277 1. Introduction

Copyright: ©2025 by the authors. General pharmacotherapy for cancer involves the induction of caspase-dependent
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making them relatively resistant to this type of cell death. Additionally, tumor cells that
initially respond to standard chemotherapy often develop drug resistance over time due
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to the intensification of processes for removing the drug from the cell or DNA repair
capacity [4].

Glioblastoma multiforme is the most prevalent type of primary brain tumor, represent-
ing around 40% of all intracranial tumors [5]. It is an extremely aggressive and persistent
hypoxic tumor, with most patients surviving less than two years after their initial diagnosis.

Currently, the main treatment is surgery combined with postoperative radiother-
apy and chemotherapy with temozolomide [6]. Temozolomide is an orally bioavailable
alkylating agent able to penetrate the blood-brain barrier and modify DNA or RNA [7].
Temozolomide, however, has adverse side effects due to its high toxicity and the develop-
ment of resistance by tumor tissue over time [8]. To improve pharmacotherapy for gliomas,
immunotherapy, targeted therapy, and other new treatment options have been designed,
but the overall outcome remains unsatisfactory [9]. Therefore, there is a need to create
novel therapeutic strategies or identify effective antitumor agents that can improve the
prognosis of gliomas.

Currently, alternative cell death pathways based on nonapoptotic mechanisms are
being investigated in order to improve cancer pharmacotherapy. These include specialized
forms of necrosis, e.g., oncosis, necroptosis, and paraptosis [10], as well as death associated
with the accumulation of autophagosomes [11]. Among them, methuosis has also attracted
a lot of attention. Methuosis—from the Greek methuo, to drink to intoxication—is a unique
type of nonapoptotic cell death [12]. It triggers macropinocytosis, along with disruptions in
clathrin-independent endocytic vesicle transport, leading to the buildup of large vacuoles
that disrupt the integrity of the cellular membrane [13]. The first data on the molecular
mechanisms of methuosis were derived from studies on mutation profiles in glioblastoma
multiforme, where this form of cell death was induced by the ectopic expression of ac-
tivated Ras and Rac GTPases [12]. However, the potential of using this unconventional
cell death pathway to target apoptosis-resistant cancer cells depends on the identification
of molecules with drug-like characteristics that can trigger methuosis [14]. Overmeyer
et al. [13] discovered indolyl-pyridinyl-propenones (also referred to as indole-based chal-
cones), which can induce methuosis in glioblastoma cells, including those resistant to
temozolomide. They could serve as a model for developing new drugs designed to trigger
nonapoptotic cell death in cancers that have become resistant to therapies targeting DNA
damage and apoptotic mechanisms.

Our previous study indicated that the exposure of normal brain cells to mephedrone,
a synthetic derivative of S-cathinone, which is a natural alkaloid present in the leaves of
the Catha edulis plant, resulted in a modest effect on neuron and astrocyte viability and a
significant reduction in oligodendrocyte proliferation [15]. Moreover, it has been shown
that mephedrone produces cytotoxicity in SH-SY5Y neuroblastoma cells [16]. To date, no
studies have evaluated the effects of mephedrone on glioblastoma cells. In the present
study, we investigated the effect of mephedrone on selected human glioblastoma cells
(LN-18 and LN-229), human glioblastoma multiforme cells (T98G) and human anaplastic
astrocytoma cells (MOGGCCM). The cell lines used for the study were selected considering
their genetic and molecular diversity and sensitivity to temozolomide, the main drug used
to treat glioblastoma. A detailed summary of the main genetic and molecular features of the
investigated cell lines, with particular emphasis on alterations associated with cell growth,
proliferation, and survival, is presented in the Supplementary Materials (Table S1 [17-27]).

The effects of mephedrone on cell viability and proliferation, DNA synthesis, cell cycle
progression and the type of cell death were studied on these selected cell lines.
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2. Results

2.1. Effect of Mephedrone on the Metabolic Activity of Selected Astrocytoma and
Glioblastoma Cells

As presented in Figure 1, the metabolic activity of the human anaplastic astrocytoma
cell line MOGGCCM and the glioblastoma cell lines LN-18, LN-229 and T98G in response to
mephedrone decreased in a concentration-dependent manner, as measured by means of the
MTT assay. The threshold concentrations of mephedrone required to elicit antiproliferative
effects in all tested cultures were as low as 100 uM. The highest applied mephedrone con-
centration (1000 uM) inhibited cell proliferation by 38.34% (LN-18), 56.60% (MOGGCCM),
58.14% (LN-229) and 100% (T98G). The ICs( values are presented in Table S2.
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Figure 1. Influence of mephedrone on the metabolic activity of selected human glioblastoma and
astrocytoma cell lines. Cells were exposed to culture medium alone (control) or culture medium
containing mephedrone (100-1000 uM). Cell metabolic activity was examined after 96 h of cell
treatment by means of MTT assay. Data are presented as mean & SEM of 6 independent trials and
were analyzed by means of linear regression, * p < 0.05 vs. control; one-way ANOVA test; post hoc
test: Dunnett’s.

2.2. Microscopic Detection of Apoptosis, Autophagy, Necrosis and Cytoplasmic Vacuolization

The microscopic observations revealed that mephedrone applied at concentrations
ranging from 100 to 1000 pM to the LN-18, LN-229, T98G and MOGGCCM culture media
for 24 and 48 h only slightly enhanced the processes of apoptosis in LN-18 and LN-229 while
causing virtually no necrosis and autophagy in all the other studied cell lines (Table S3).
Notably, in the glioblastoma LN-18 cell line, mephedrone at a concentration of 1000 uM
induced strong vacuolization, found in 87% of the cell population after 24 h and 86% after
48 h of incubation (Table 1). In the remaining cell lines, mephedrone induced only trace
amounts of vacuolization, with the effect being most pronounced in the case of the T98G
cell line.
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Table 1. Percentage of cells displaying vacuolization after 24 and 48 h of incubation in the presence
of mephedrone. Data are presented as the percentage of cells in which vacuolization was observed.
Mephedrone 0 uM means control.

Mephedrone [uM]
Cell Line 0 100 250 500 1000 0 100 250 500 1000
Incubation Time 24 h Incubation Time 48 h
LN-18 0 3 14 72 87 0.5 12 24 81 86
LN-229 0 0 0 0 2.7 0 0 0 0.2 0.9
T98G 0 0 0.5 21 3.7 0 0 0.7 2.7 2.9
MOGGCCM 0 0 0.5 1.9 2.7 0.1 0 0.9 1.2 21
2.3. Effect of Mephedrone on the Proliferation of LN-18 and T98G Cells
The results of the BrdU assay, reflecting DNA synthesis, revealed the antiproliferative
effect of mephedrone in both human glioblastoma LN-18 cells and human glioblastoma
multiforme T98G cells. Mephedrone at concentrations of 250, 500 and 1000 M decreased
BrdU incorporation into newly synthesized DNA in LN-18 cells by 4.68%, 5.78% and 23.65%,
respectively (Figure 2a). Mephedrone, in the whole range of investigated concentrations,
inhibited the proliferation of T98G cells. In the presence of mephedrone, DNA synthesis
in T98G cells declined to the following levels: 94.42% (100 uM), 90.57% (250 uM), 87.97%
(500 uM) and 84.75% (1000 uM) (Figure 2b).
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Figure 2. Influence of mephedrone on the proliferation of human glioblastoma LN-18 cells (a) and
human glioblastoma multiforme T98G cells (b). Cells were exposed to culture medium alone (control)
or culture medium containing mephedrone at concentrations ranging from 100 to 1000 M for 48 h.
Cell proliferation was measured photometrically by means of the BrdU assay. Results are presented
as the mean + SEM of 6 independent trials, * p < 0.05 vs. control; one-way ANOVA test; post hoc
test: Dunnett’s.

2.4. Effect of Mephedrone on Cell Cycle Progression in LN-18 and T98G Cells

As presented in Figure 3a, mephedrone affected cell cycle progression in LN-18 cells.
The incubation of cells in the presence of mephedrone at a concentration of 500 uM for 48 h
resulted in a decrease in cell number in the G1/G0 phase from 66.50% (control) to 61.93%.
At the same time, the number of cells in the S-phase in cells exposed to mephedrone at
concentrations 500 and 1000 uM increased from 14.40% in the control conditions to 18.56%
and 20.23%, respectively. Moreover, mephedrone at a concentration of 1000 pM reduced
the cell number in the G2/M phase from 17.59% (control) to 13.37%.
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Figure 3. Influence of mephedrone on cell cycle progression in human glioblastoma LN-18 cells
(a) and human glioblastoma multiforme T98G cells (b). Cells were exposed for 48 h to culture
medium alone (control) or culture medium containing mephedrone at concentrations of 250, 500 and
1000 uM. DNA content was determined using flow cytometry after cell staining with propidium
iodide. Analysis was used to define the percentage of LN-18 cells and T98G cells in G0/G1, S and
G2-M cell cycle phases. Data represent the mean + SEM of 3 independent trials, * p < 0.05 vs. control;
one-way ANOVA test; post hoc test: Dunnett’s.

As presented in Figure 3b, 48 h of T98G cell incubation with mephedrone revealed
significant changes in both the G0/G1 and S phases. Mephedrone at a concentration of
250 uM decreased the cell number in the GO/G1 phase to 62.03%, compared to 69.42%
in the untreated cells. At the same time, treatment with mephedrone led to a significant
S-phase arrest. The number of cells in the S phase increased up to 10.81% (500 uM) and
11.10% (1000 uM) compared to the control (9.15%).

2.5. Effect of Mephedrone on LN-18 and T98G Cell Morphology

Microscopic analysis of LN-18 and T98G cells treated with mephedrone confirmed
the antiproliferative properties of the investigated compound, as evidenced by a dose-
dependent reduction in the number of human glioblastoma cells (Figure 4). The exposure
of cells to mephedrone revealed changes in their intracellular pH homeostasis, since the
nuclei of LN-18 cells turned from pink to light blue, while the color of the nuclei in T98G
cells changed from light blue to celadon, indicating acidification.
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Figure 4. Influence of mephedrone on the morphology of human glioblastoma LN-18 cells (a) and
human glioblastoma multiforme T98G cells (b). Cells were exposed for 48 h to culture medium
alone (control) or culture medium containing mephedrone at concentrations of 250, 500 to 1000 uM.
Changes in cell morphology were visualized by the May—Griinwald-Giemsa staining method and
examined under light microscopy. Magnification: 400 x.

2.6. Fluorescence Microscopic and Electron Microscopic Evidence for Vacuolization of LN-18 Cells
Exposed to Mephedrone

Fluorescence microscopic detection revealed that mephedrone at a concentration of
1000 uM induced strong vacuolization of the cytoplasm compared to the control cells
(Figure 5). Electron microscopy studies confirmed these observations, showing large
electron lucent cytoplasmic vacuoles in the treated LN-18 cells but not in the controls. In
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addition, morphological changes in mitochondria characterized by a reduction in electron
density in the matrix can be observed after mephedrone treatment (Figure 6).

(@) (b)

Figure 5. Microscopic evidence for the vacuolization of the human glioblastoma multiforme cell line
LN-18 exposed to mephedrone. Untreated cancer cells (control) (a), as well as cancer cells (b), exposed
to mephedrone at a concentration of 1000 uM for 48 h were stained with acridine orange and examined
under fluorescence microscopy. Representative pictures are presented. Magnification: 400 x.

(b)

Figure 6. Electron microscopic evidence for the vacuolization of the human glioblastoma multiforme
cell line LN-18 exposed to mephedrone. Untreated control cells (a) and LN-18 cells after 24 h incu-
bation with mephedrone (1000 uM) (b). N—nucleus; C—cytoplasm; M—mitochondria. * Enlarged
vacuoles. Magnification: 8000 x.

2.7. The Cytotoxic Effect of Mephedrone in LN-18 and T98G Cells

As presented in Figure S1, mephedrone was cytotoxic for human glioblastoma LN-
18 and T98G cells, the sign of which was an increased release of LDH into the culture
medium through damaged cancer cell membranes. The most significant changes were
observed in LN-18 cells (Figure Sla), wherein the LDH level increased from 105.6%
(100 uM mephedrone) to 111.8% (1000 uM mephedrone). In the case of the T98G cell
line (Figure S1b), only the highest concentration of mephedrone (1000 uM) induced a
statistically significant cytotoxic effect, causing the release of LDH up to a level of 126.6%.

3. Discussion

Our results revealed that mephedrone possesses potential anticancer activity. The
viability and proliferation of all four selected human glioblastoma and human anaplastic
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astrocytoma cell lines were decreased in a concentration-dependent manner. The T98G line
appeared to be the most sensitive to mephedrone, followed by LN-229 and MOGGCCM,
and the least sensitive was LN-18. A microscopic evaluation of the nature of cell death
showed that mephedrone only slightly enhances the processes of apoptosis in LN-18
and LN-229, while it causes virtually no necrosis and autophagy in all other studied cell
lines. Importantly, it was revealed that mephedrone induced substantial cytoplasmic
vacuolization of the human glioblastoma LN-18 cell line and less pronounced vacuolization
of the human glioblastoma multiforme T98G cell line. Thus, further in-depth studies
were performed on these cell lines. Additional studies conducted on LN-18 and T98G
cells confirmed the significant antiproliferative properties of mephedrone, which reduced
DNA synthesis and affected cell cycle progression, implying significant S-phase arrest.
Furthermore, May-Griinwald-Giemsa staining of the LN-18 and T98G cells treated with
mephedrone visualized the antiproliferative effect of the tested compound.

Similarly, in our previous study, we showed that mephedrone reduced the viability
of neurons derived from the human neuroblastoma cell line SH-SY5Y and rat astrocytes
while not affecting rat oligodendrocytes in the cell line OLN-93. Nevertheless, the decrease
in neuron and astrocyte viability in response to mephedrone, even at the highest tested
concentration (1000 pM), was discreet. On the contrary, mephedrone revealed a signifi-
cant antiproliferative effect on both astrocytes and oligodendrocytes [15]. However, the
previously described inhibition of astrocyte proliferation was significantly less than the
changes currently reported in both human glioblastoma and astrocytoma cell lines. This
was evidenced by the significantly lower ICsg values determined from the results of the
MTT assay carried out in normal and cancer cells after 96 h of exposure to mephedrone
in comparable concentration ranges. In contrast, the above comparison of ICsy values
revealed that OLN-93 cells are as sensitive to mephedrone as the glioblastoma cell line LN-
229 but significantly more resistant than the glioblastoma multiforme cell line T98G. It has
also been shown that mephedrone produced cytotoxicity in the SH-SY5Y neuroblastoma
cell line and reduced mitochondrial respiration [16], while, as previously indicated, the
metabolic activity of neurons derived from SH-SY5Y cells was only slightly affected by
mephedrone [15]. This may suggest that the differentiation of cancer cells into normal cells
increases their resistance to the antiproliferative effects of mephedrone.

In a recent study, Alanazi et al. [28] investigated the effect of mephedrone on human
neuroblastoma (SH-SY5Y) and astrocytoma (U-373) cells and found that mephedrone
stimulated metabolic processes in U-373 cells but not in SH-SY5Y cells at concentrations of
up to 100 uM. However, at higher concentrations, this effect was reversed, reducing the
proliferation of the cells tested, an effect similar to the results of our study. Differently to
our study, they found no changes in the morphological structure of the cells. It is difficult
to indicate the reason for the differences between the results of Alanazi et al. [28] and our
findings. This may be due to differences in study design, but a detailed comparison is not
possible due to insufficient description of the methods used. The difference may also be due
to the different sensitivities of various types of cancer cells to the effects of mephedrone. It
should be noted that in our study, the differences in ICs for individual cells varied widely
from 277 to 1728 uM. Moreover, unusually large vacuolization occurred only in LN-18 cells,
whereas it was negligible in the other cells tested. These findings indicate that the effect of
mephedrone on glioblastoma and astrocytoma is cell-specific.

Interestingly, in vivo studies indicated the inhibition of cell proliferation and an in-
crease in apoptosis in the hippocampus of pups delivered by mice treated subcutaneously
with mephedrone on a repeated schedule during pregnancy [29]. Data on the antiprolifera-
tive activity of mephedrone and its mechanism of action are sparse. In a study by Soares
et al. [30] conducted on SH-SY5Y neuroblastoma cells, mephedrone-induced oxidative
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stress was assessed with increasing intracellular levels of reactive oxygen species (ROS)
and decreasing intracellular glutathione levels. Pre-treatment with trolox (antioxidant)
and N-acetyl-l-cysteine (antioxidant and glutathione precursor) partially or completely
inhibited these effects of mephedrone. Moreover, mephedrone caused mitochondrial dys-
function through the depolarization of the mitochondrial membrane and intracellular
depletion of adenosine triphosphate (ATP). Apoptosis and autophagy were also activated
by mephedrone, but pre-incubation with bafilomycin A1, an inhibitor of the vacuolar
H*-ATPase, did not protect against the cytotoxicity induced by mephedrone [30].

Although our studies revealed the weak proapoptotic abilities of mephedrone in the
investigated cell lines, autophagy and necrosis were not detected. The resistance discovered
to both apoptosis and autophagy induction could be associated with missense mutations
in TP53, presented in all investigated cell lines [19,20]. The cell lines most resistant to the
indicated cell death types were MOGGCCM and T98G cells, which contain mutations
in DNA-binding domains (A159V and M237I, respectively), leading to decreased p53
transcriptional activity and increased resistance to apoptosis [31,32]. On the contrary, the
LN-229 cell line, which was the most sensitive to apoptosis and autophagy induction,
contained a mutation at the very end of the proline-rich domain (P98L); however, the
molecular consequences of this remain unknown. Mutations in TP53 (C238S, M2371), as
well as the deletion of CDKN2A present in LN-18 and T98G [19,20], could also explain
the failure to induce cell cycle arrest in the G0-G1 phase and cell accumulation in the
S-phase in response to mephedrone [33,34]. It is also worth mentioning two other missense
mutations that strongly influence signal transduction in the Akt pathway associated with
the promotion of cell growth and survival. In the cell line LN-18, a mutation in PIK3CB
(E1051K) was reported, which accelerated the coding of phosphatidylinositol 3-kinase,
and this may explain the increased resistance of these cells to the cytotoxic effects of
mephedrone, as well as attempts to reduce metabolic activity or cell death [19,20,35,36].
On the contrary, the silencing mutation in PTEN (L42R) occurring in the cell line T98G,
which codes lipid phosphatase, which antagonizes the action of PI3K, may explain the
strongest sensitivity of the indicated cells to both the cytotoxic and antiproliferative effects
of mephedrone [19,20,36,37].

When discussing the differences in the response of the tested glioblastoma cell lines
to mephedrone, it is necessary to take into account changes in the methylation level of
the MGMT promoter, which is a useful tool for predicting the treatment outcome for
patients with glioblastoma undergoing chemotherapy with alkylating drugs, including
temozolomide [38]. Indeed, the indicated feature determined the selection of glioblastoma
cell lines for the presented studies. As presented by Schnoéller et al. [39], the highest MGMT
promoter of methylation was observed in LN-229 cells, and the lowest was observed in
LN-18 cells, while T98G cells represented an intermediate state. Since this methylation
reaction is the key mechanism of MGMT gene silencing, the lowest expression of the
DNA repair enzyme O6-methylguanine-DNA methyltransferase was recorded in LN-229,
while it was weak in T98G and high in LN-18 cells. Furthermore, a positive correlation
between resistance to temozolomide treatment and the methylation level of MGMT was
revealed [39]. Thus, our results provide an additional argument for using MGMT expression
as a biomarker for predicting tumor sensitivity to treatment.

Our microscopic studies performed on human glioblastoma LN-18 cells exposed to
mephedrone for 24 and 48 h discovered strong vacuolization, observed in 87% and 86%
of the cell population, respectively. Electron microscopy studies disclosed large electron
lucent cytoplasmic vacuoles in the treated LN-18 cells, confirming this phenomenon. Much
less pronounced vacuolization was also revealed in T98G cells exposed to mephedrone.
Cytoplasmic vacuolization is a well-known morphological phenomenon observed in mam-
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malian cells that develops spontaneously or after exposure to bacterial or viral infections,
in addition to various natural and synthetic low-molecular-weight substances [40]. The
cytoplasmic vacuolization of mammalian cells can either be transient or permanent. The
transient form occurs in non-cytotoxic conditions and has a reversible impact on cell cy-
cle progression and migration [41]. Transient vacuolization is typically not linked to cell
death. In contrast, irreversible vacuolization denotes cytopathological conditions that result
in cell death, provided that the cytotoxic stimulus continues. Vacuoles are generated in
various cellular compartments through different mechanisms, and the ability to trigger
irreversible cytoplasmic vacuolization has been shown for a range of natural and synthetic
substances, including pharmaceuticals and industrial pollutants [42]. Some inducers of
irreversible vacuolization cause nonapoptotic cell death, including methuosis, paraptosis,
oncosis and necroptosis [43,44]. Importantly, these types of cell death are typical of cancer
cells, including cells that are resistant to apoptosis, which makes research promising for the
development of new therapeutic strategies for cancer treatment [42].

The accumulated data seem to indicate that in the glioblastoma LN-18 cell line,
mephedrone causes substantial cytoplasmic vacuolization, which can lead to methuosis. On
the other hand, vacuolization may be the result of the activation of macropinocytosis, which
is a cell defense mechanism triggered under conditions of insufficient nutrition [45]. During
this endocytic pathway, cells can take up extracellular fluid, forming macropinosomes that
fuse with late endosomes. As a consequence, methuosis may occur to block this fusion
by inducing the formation of large vacuoles, which leads to the rupture of the plasma
membrane [46].

To obtain an insight into whether this mephedrone-induced phenomenon in the LN-18
cell line leads to methuosis, we performed an LDH assay, assuming that if vacuolization
leads to cell disintegration, then the LDH levels should rise [47]. Although we noted
an increased level of LDH released by damaged cancer cell membranes, its magnitude
and dynamics did not equate to the severity of vacuolization (Figure Sla). In addition,
it should be emphasized that cells of the LN-18 line with substantial vacuolization are
the least sensitive to mephedrone in the MTT assay, which may indicate that, in this case,
vacuolization is a defense mechanism. If mephedrone-induced cytoplasmic vacuolization
does indeed occur, or it is combined with another agent/therapy, this could result in
methuosis, which would open up new avenues for the use of mephedrone or its derivatives
in the treatment of gliomas.

Considering the response of the studied glioma cell lines to mephedrone, the role of
metabolic features and the tumor microenvironment should also be taken into account. As
shown by Alanazi et al., mephedrone affects cell membrane function due to the depletion of
ether lipids [28]. Therefore, knowing the molecular profile of cell lines that exhibit similar
biological behavior to primary tumors may prove necessary to define a new therapeutic
approach. Mephedrone can also serve as a chemical structure, providing a starting point
for the synthesis of new compounds with antiproliferative activity, but without many of
the side effects of the parent drug.

It should be noted that mephedrone easily crosses the blood-brain barrier, which is
an essential precondition for treating cancer located in the brain. Additionally, the use of
some of the most commonly used drugs in cancer therapy, doxorubicin and methotrexate,
is limited in part due to their inability to cross the blood—brain barrier. New synthetized
mephedrone derivatives could increase blood-brain barrier permeability and could be
used as a pharmacological tool to enable potential therapeutic drugs to reach the brain.

Mephedrone is a cathinone that produces stimulant and empathogenic effects similar
to amphetamines, methylamphetamine, cocaine and 3,4-methylenedioxymethamphetamine
(MDMA) [48]. It interacts with monoamine plasma membrane transporters for serotonin,



Molecules 2025, 30, 2277

11 of 17

dopamine, and likely also norepinephrine, stimulating their release and blocking their
reuptake [49,50]. The drug enhances the feeling of excitement, euphoria and empathy,
promotes talkativeness, and increases libido, concentration and alertness while also in-
ducing a general sense of heightened arousal [51]. The subjective effects last around one
hour due to the short half-life and rapid metabolism of mephedrone [52]. Side effects
reported by mephedrone users include, in order of occurrence, bruxism (grinding the
teeth and clenching the jaw), paranoia, sore nasal passages and nose bleed after insuf-
flation, hot flushes, memory loss, insomnia, depression, vomiting, chest pains and skin
rashes [53]. Human studies highlight that cognitive function is worsened in mephedrone
users, involving deterioration in verbal learning, verbal fluency and cognition flexibility
compared to non-users [54]. Although animal studies have confirmed that mephedrone
causes memory impairment, its mechanism is not fully understood [55,56]. One hypothesis
assumes that mephedrone induces memory impairment due to its neurotoxic effects, but
this remains contradictory [57]. In our previous study, binge-like mephedrone treatment
induced delayed long-lasting memory impairments assessed in the passive avoidance test
in mice [15].

When considering all the above objections to the use of mephedrone in the treatment
of glioblastoma, its use seems to be controversial due to its addictive potency and potential
considerable side effects. Regardless, in the absence of satisfactory effective therapy for
this cancer, such a treatment does appear to be justified. In medicine, there are examples of
substances commonly recognized as addictive which are used in pharmacotherapy. Opioids
are drugs prescribed to treat not only moderate and severe postoperative pain and cancer
pain but also to treat cough, shortness of breath and diarrhea [58]. Amphetamines are
used to treat obesity, narcolepsy or attention-deficit hyperactivity disorder (ADHD) [59,60].
Cannabinoid-containing drugs may be beneficial in treating specific rare forms of epilepsy,
nausea and vomiting related to cancer chemotherapy, as well as appetite and weight loss
associated with HIV/AIDS [61]. Attempts have also been made to use the above-mentioned
drugs in anticancer therapy.

More recently, the treatment of resistant glioblastoma stem cells with methadone, a
p-opioid receptor agonist, in combination with doxorubicin, has been shown to strongly in-
duce apoptosis, proving the ability of this drug to sensitize glioma stem cells to doxorubicin
and overcome the chemotherapy resistance of glioblastoma stem cells. Moreover, it has
been revealed that the activation of opioid receptors by methadone significantly inhibited
tumor growth in an in vivo nude mouse model [62]. In addition, specific cannabinoids
have also been investigated in numerous preclinical glioma models [63]. Interestingly, a
Phase II study has been approved to determine whether adding a cannabinoid (nabiximol)
to standard temozolomide therapy improves glioblastoma treatment.

In conclusion, our study indicated that mephedrone possesses potential anticancer
activity against selected human glioblastoma and human anaplastic astrocytoma cell
lines. The anticancer effect of mephedrone was mainly connected with impaired cellular
metabolism, DNA synthesis and cell cycle progression, as observed in the glioblastoma
LN-18 cell line and the glioblastoma multiforme T98G cell line. Furthermore, we observed
substantial vacuolization in the LN-18 cell line in response to mephedrone treatment,
which suggests that the induction of methuosis, a nonapoptotic type of cell death, could
be promising for the development of new therapeutic approaches to cancer. The relatively
high ICsg values and high effective concentrations of mephedrone obtained in this study do
not rule out a beneficial effect of mephedrone in vivo. Findings from similar studies using
temozolomide on glioma cell lines suggest that results obtained in vitro do not necessarily
translate to effective treatment outcomes in vivo (see comparison of ICsy values in the
Supplementary materials, Table 54 [64-66]).
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Thus, further in-depth research is needed to confirm the possible use of mephedrone
or its derivatives in glioma therapy. Further studies should consider that various types of
neuroblastoma and astrocytoma cells respond differently to mephedrone, and therefore its
effects should not be generalized.

4. Materials and Method
4.1. Reagents

Mephedrone ((RS)-2-methylamino-1-(4-methylphenyl) propan-1-one was purchased
from Tocris Bioscience, Bristol, UK. Other reagents for in vitro studies were of the highest
commercially available purity, purchased from Sigma-Aldrich, St. Louis, MO, USA.

4.2. Cell Lines

Human glioblastoma multiforme cells (T98G, ECACC 92090213) and human anaplas-
tic astrocytoma cells (MOGGCCM, ECACC 86022702) were grown in a 3:1 mixture of
Dulbecco’s Modified Eagle Medium (DMEM) and Ham’s nutrient mixture F-12 (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS). LN-18 and
LN-229 (human glioblastoma, ATCC, CRL-2610 and CRL-2611) were cultured in DMEM
with 5% FBS. All cell lines were supplemented with 100 IU/mL penicillin and 100 pg/mL
streptomycin. The cultures were kept at 37 °C in a humidified atmosphere of 95% air and
5% CO2. The main genetic and molecular features of the above-mentioned cell lines are
presented in the Supplementary Materials (Table S1).

4.3. MTT Assay—Assessment of Cell Metabolic Activity

Cells were seeded on 96-well microplates at a density of 2 x 10* cells/mL. On the
following day, the culture medium was removed, and cells were exposed to mephedrone at
concentrations ranging from 100 to 1000 uM. Tested solutions were prepared in medium
supplemented with 10% FBS. Cell metabolic activity was assessed after 96 h of incubation
by means of an MTT assay, as previously described [15]. Based on the MTT results, the ICsg
value (concentration causing 50% proliferation inhibition compared to the control) was
calculated according to the Litchfield and Wilcoxon method [67] using GraphPad Prism 5.

4.4. Microscopic Detection of Apoptosis, Autophagy, Necrosis and Cytoplasmic Vacuolization
with Fluorochromes

Cells were incubated with mephedrone at concentrations ranging from 100 to 1000 uM
for 24 h and 48 h. For the identification of apoptosis and necrosis in the MOGGCCM, T98G,
LN-229, and LN-18 cell lines, a staining method with Hoechst 33,342 (Sigma-Aldrich,
St. Louis, MO, USA) and propidium iodide (Sigma) was chosen, as described previ-
ously [68]. In the case of autophagy, staining with acridine orange (AO) to detect typical
acidic vesicular organelles (AVOs) was performed. The same method facilitated the obser-
vation of the enlarged vacuoles within the cells [68]. To analyze cell death morphology, we
employed a methodology outlined in earlier studies [69]. Each experiment was conducted
independently in triplicate.

4.5. BrdU Assay—Cell Proliferation Assessment

LN-18 and T98G cells were seeded on 96-well microplates at a density of 5 x 10* cells/mL
(100 pL/well). The next day, the culture medium was removed and cells were exposed
to mephedrone at concentrations of 100, 250, 500 and 1000 uM. Untreated cells were
used as the control. Cell proliferation was quantified after 48 h of treatment using Cell
Proliferation ELISA BrdU (Roche Diagnostics GmbH, Penzberg, Germany), according to
the manufacturer’s instruction. Absorbance was recorded on a microplate reader (BioTek
ELx800, Highland Park, Winooski, Vermont, VT, USA) at a 450 nm wavelength. The
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influence of mephedrone on DNA synthesis was presented as the percentage of BrdU
incorporation versus the control cells (indicated as 100%).

4.6. Flow Cytometry—Euvaluation of Cell Cycle Progression

LN-18 and T98G cells were seeded on 6-well microplates at a density of 5 x 10* cells/mL
(1 mL/well). On the following day, the culture medium was removed, and the cells were
exposed for 48 h to the mephedrone at concentrations of 250, 500 and 1000 uM. Untreated
cells were used as a control. The cells were analysed on the FacsCanto instrument (Becton
Dickinson, San Jose, CA, USA). A comprehensive explanation of the methodology can be
found in a prior publication [68].

4.7. May—Griinwald—Giemsa Staining—Examination of Cell Morphology

LN-18 and T98G cells were seeded on Lab-Tek Chambers Slides at a density of
5 x 10* cells/mL (450 pL/well). The next day, the culture medium was removed, and
the cells were exposed to mephedrone at concentrations of 250, 500 and 1000 uM. Untreated
cells were used as a control. After 48 h of treatment with the investigated compound, the
cells were stained by the May-Griinwald-Giemsa method. Alterations in cell morphol-
ogy were examined using inverted light microscope OPTA-TECH MW50 (OPTA-TECH,
Warsaw, Poland).

4.8. Transmission Electron Microscopy

The samples were observed under a Zeiss Libra 120 transmission electron microscope
(Carl Zeiss SMT AG, Oberkochen, Germany). Electron microscopic analysis was performed
according to the method described in our previous study [69].

4.9. LDH Assay—Cytotoxicity Assessment

A cytotoxicity detection kit based on the measurement of lactate dehydrogenase (LDH)
activity was applied (In Vitro Toxicology Assay Kit, Lactate Dehydrogenase-Based, Sigma-
Aldrich, St. Louis, MO, USA). Cells were seeded on 96-well microplates at a density of
5 x 10* cells/mL. On the following day, the culture medium was replaced by a fresh one,
alone or with mephedrone at concentrations ranging from 100 to 1000 uM. The tested
solutions were prepared in medium supplemented with 2% FBS. The LDH assay was
conducted following the procedure outlined in our earlier study [70]. The results were
presented as a percentage of LDH released from cells treated with the tested mephedrone
concentrations versus cells grown in the control medium (indicated as 100%).

4.10. Statistical Analysis

Data were presented as the mean value and standard error of the mean (SEM). Statisti-
cal analysis was performed using one way-ANOVA with the Dunnett’s post hoc test. The
LDH assay was presented using estimation graphics according to Ho et al. [71]. Significance
was accepted at p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/molecules30112277/s1. Figure S1. Cytotoxic effect of mephedrone
in human glioblastoma LN-18 cells (a) and human glioblastoma multiforme T98G cells (b). Table S1.
Summary of the main genetic and molecular features of investigated cell lines with particular
emphasis on alterations associated with cell growth, proliferation and survival. Table S2. ICs, values
of mephedrone were calculated for selected human glioblastoma and astrocytoma cell lines as well as
rat oligodendrocytes based on results of MTT assays performed after 96 h of cell treatment. Table S3.
Percentage of cells displaying apoptosis, necrosis and autophagy after 24 and 48 h of incubation in
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the presence of mephedrone. Table S4. The concentration (uM) of temozolomide and mephedrone in
gliomas cell lines.
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