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A B S T R A C T   

Mephedrone is an illegal drug that is used recreationally. Few studies have been conducted to investigate the 
mechanisms by which mephedrone is harming cells. In this research, we investigated the effect of mephedrone 
using toxicology coupled with LC-MS/MS based metabolomics in the two CNS derived cell lines. Methods of 
assessment such as neutral red (NR) assay, dimethylthiazolyl diphenyltetrazolium bromide (MTT), lactose de-
hydrogenase (LDH) measurement, and morphology were performed to identify the effect on cell viability and to 
identify the best concentration to be used in a metabolomics study. A concentration of 100 μM of mephedrone 
was used in the metabolomic experiment because at this concentration mephedrone had induced several 
intracellular changes. Although there no clear indicators of cellular damage caused by mephedrone. In astrocytes 
there was a clear indication that cell membrane function might be impaired by depletion of ether lipids.   

1. Introduction 

Mephedrone is an illegal synthetic ring-substituted cathinone, 4- 
methylmethcathinone (Gibbons and Zloh, 2010). As mephedrone is 
chemically similar to amphetamines, it would be expected to increase 
dopamine (DA) and serotonin (5-HT) concentrations in brain in a similar 
way to which amphetamines affect these compounds (Baumann et al., 
2012). In this research toxicity of mephedrone on the human neuronal 
cells will be assessed using the application of metabolomics. To our 
knowledge, this is the first study of mephedrone toxicity using a 
metabolomics approach. 

Mephedrone was found to block the reuptake of dopamine and se-
rotonin in rat brain (Baumann et al., 2012; Hadlock et al., 2011), and 
increased rat locomotor activity (Motbey et al., 2012) and to induce 
euphoria and stimulate sexual abilities in rats (Kehr et al., 2011). Den 
Hollander suggested that mephedrone is acting by generating oxidative 
stress in SH-SY5Y cells (den Hollander et al., 2014). 

It is believed that mephedrone has a similar CNS effect to other 

psychoactive drugs (MDMA and cocaine in particular) (Winstock et al., 
2011a). The effects reported by users are summarised as follows: mood 
boosting, sexual stimulation, excitement, general stimulus effect, 
decreased aggression, and enhanced cerebral activity (Winstock et al., 
2010). It is also believed that mephedrone does increase the ambulatory 
hyperactivity in mice (Sarefko et al., 2022). In some studies, it was 
indicated that the binge-like use of mephedrone has a significant role in 
its effect on memory of mice (Marszalek-Grabska et al., 2022). 60 % of 
UK clubbers who used mephedrone indicated that mephedrone slightly 
raised their sexual desire, with 8 % insisting that it was a regular effect of 
mephedrone (Winstock et al., 2011b). 

In a comparison survey in the UK, clubbers who used mephedrone 
and cocaine were asked about the difference between the effect of both 
drugs (Winstock et al., 2011b). More than 50 % indicated that mephe-
drone has a more pronounced euphoria effect than cocaine and more 
than 60 % said that the euphoria of mephedrone lasted longer than that 
of cocaine. However, it was noticed that the users who stated that they 
experienced longer effect were oral route users but not nasal route users 

Peer review under responsibility of King Saud University. 
* Corresponding author. 

E-mail addresses: imanzi@uqu.edu.sa (I.M. Alanazi), masaad@uqu.edu.sa (M.A. Alsaad), abdulaziz9394@hotmail.com (A.L. Moqeem), ammzh7@yahoo.com 
(A.M. Hamdi), tmmohiuddin@uqu.edu.sa (M.M. Taher), D.G.Watson@strath.ac.uk (D.G. Watson), m.h.grant@strath.ac.uk (M. Helen Grant).  

HOSTED BY Contents lists available at ScienceDirect 

Saudi Pharmaceutical Journal 

journal homepage: www.sciencedirect.com 

https://doi.org/10.1016/j.jsps.2024.102011    

mailto:imanzi@uqu.edu.sa
mailto:masaad@uqu.edu.sa
mailto:abdulaziz9394@hotmail.com
mailto:ammzh7@yahoo.com
mailto:tmmohiuddin@uqu.edu.sa
mailto:D.G.Watson@strath.ac.uk
mailto:m.h.grant@strath.ac.uk
www.sciencedirect.com/science/journal/13190164
https://www.sciencedirect.com
https://doi.org/10.1016/j.jsps.2024.102011
https://doi.org/10.1016/j.jsps.2024.102011
https://doi.org/10.1016/j.jsps.2024.102011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsps.2024.102011&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Saudi Pharmaceutical Journal 32 (2024) 102011

2

(Winstock et al., 2011b). 
Drugs that affect the transporters of monoamines are divided into 

two groups, substrates, or blockers. The substrates stimulate cells to 
produce more neurotransmitters inside the cell. Production of more 
neurotransmitters by the increase of substrates will lead, eventually, to 
insufficiencies in monoamine neurons, neurotransmitter reduction, and 
decreased efficiency of transporters. Recent research determined that 
the cathinones such as were butylone, MDPV, and naphyrone were 
blockers of human monoamines, whereas the substrates were mephe-
drone, 4-fluoromethcathinone, and methylone. The neurotoxic effect of 
the substrate group is proposed to act via the inhibition of neurotrans-
mitter uptake (Eshleman et al., 2013). Some previously published papers 
have studied the potential neurotoxicity of mephedrone. Repetitive 
dosing of mephedrone to mice or rats had no toxic effect to the cortex 
and striatum dopamine neural endings, and did not stimulate the 
striatum microglial cells and astrocytes in mice (Angoa-Pérez et al., 
2014). However, mephedrone increased amphetamine (methamphet-
amine and methyldioxymethamphetamine) neurotoxicity in mouse 
brain as a mephedrone plus amphetamines mixture decreased serotonin 
levels more than either of them alone (Angoa-Pérez et al., 2013). 

In a study conducted on rats, the authors concluded that when 
mephedrone is administered in doses mimicking human abuse intake, it 
decreases weight and causes irregularities of body temperature (López- 
Arnau et al., 2015). The decrease in weight in rats treated with meph-
edrone can be explained as a result of appetite suppression caused by the 
drug use, similar to that observed with other amphetamines use (Angoa- 
Pérez et al., 2014). However, the loss in weight was temporary and the 
weight was regained in seven days following the last drug administra-
tion. Body temperature was significantly and instantly decreased 
following the first mephedrone dose. 

In López-Arnau’s experiments, it was found that hyperthermia, an 
increase of body temperature, was detected only after a binge like dosing 
of mephedrone. This finding is important, since higher body tempera-
ture was related to mephedrone binge dosing at both ambient (Baumann 
et al., 2012) and high temperature (Hadlock et al., 2011, López-Arnau 
et al., 2015). 

Additionally, mephedrone has a noticable effect on DA and 5-HT 
transporters along with causing a decrease of the enzymes responsible 
for synthesis of DA and 5-HT. As a result of mephedrone intake in rats, 
DA transporters were decreased only in the frontal cortex, though, 5-HT 
transporters were reduced in all of the investigated parts of the rat brain 
(the striatum, the frontal cortex, and the hippocampus) (López-Arnau 
et al., 2015). 

Mephedrone stability in comparison to other cathinones has been 
investigated in limited studies (Johnson and Botch-Jones, 2013; 
Sørensen, 2011; Tsujikawa et al., 2012; Maskell et al., 2013; Busardò 
et al., 2015). It showed a weaker stability (degraded by 75 % in day 4 
and was not detected in days 7 and 14 in blood samples) compared to 
3,4-methylenedioxypyrovalerone (MDPV), N-benzylpiperazine (BZP) 
and 1-[3-(trifluoromethyl)phenyl]piperazine (TFMPP) when stored at 
room temperature (+22 ◦C) for different periods of incubation (1, 2, 4, 7 
and 8 days) in different matrices (blood, plasma and urine) (Johnson 
and Botch-Jones, 2013). In the same study mephedrone was signifi-
cantly degraded at longer periods (7 and 8 days). This previous finding 
and the fact that, in this research, mephedrone was incubated in the 
medium at 37 ◦C for up to 7 days should be taken in consideration when 
interpreting the results in longer incubations. 

An onsite test for mephedrone detection can be carried out by Raman 
and infrared spectrometers. These can measure only pure mephedrone, 
and do not allow separation of the drug from biological samples. The 
identification of mephedrone and its metabolites can be achieved reli-
ably using liquid chromatography with tandem mass spectrometry (LC- 
MSMS) and gas chromatography-mass spectrometry (GC–MS) (Gibbons 
and Zloh, 2010, Camilleri et al., 2010, Meyer et al., 2010). However, 
these methods can only differentiate between the methyl- 
methcathinone structural isomers if there are standards for reference 

or through analysis by nuclear magnetic resonance spectroscopy (NMR) 
(Gibbons and Zloh, 2010, Meyer et al., 2010). 

A study conducted by Hollander in 2014 on human neuroblastoma 
cells (SH-SY5Y), found that mephedrone had a toxic effect on cells at 
500 μM and greater (den Hollander et al., 2014). In addition, it also 
decreased LDH release between 2 and 100 μM. The study also demon-
strated that mephedrone has redox electron donor reactivity and dis-
plays a relationship of this activity to high pH values and is this is 
accompanied by formation of an N-acetylated mephedrone. According 
to Hollander mephedrone decreased mitochondrial respiration. The use 
of the SH-SY5Y cell line showed that mephedrone yielded cytotoxicity 
only at high concentrations; while at lower levels it decreased LDH 
production. It was proposed that oxidative deamination, followed by the 
oxidative cleavage of mephedrone produces acetic acid, which acety-
lates mephedrone. 

Notably, many in vivo studies have found no sign of toxicity of 
mephedrone. Variable metabolism reactions and/or inability to pene-
trate brain and blood barriers could result in this negative finding 
(Angoa-Pérez et al., 2012, den Hollander et al., 2013, Motbey et al., 
2012). 

It was found that mephedrone significantly enhanced methamphet-
amine dopamine (DA) toxicity (Angoa-Pérez et al., 2013). Hyperthermia 
was produced in the treatment of mice with both mephedrone and 
methamphetamine, and by treatment with any of the drugs separately. 
The neurotoxicities of amphetamine and 3,4-methylenedioxymetham-
phetamine on the nerve endings of DA in mice striatum were also 
enhanced. As mephedrone increases methamphetamine neurotoxicity, 
this suggests that it has different interaction with the dopamine trans-
porter (DAT) than that observed with other DAT inhibitors. The fact that 
mephedrone itself has no significant effect on DA nerve endings, could 
imply a potential high risk caused by its interaction with other drugs, 
and could lead to neurotoxic complications. 

It was found that when mephedrone was co-administered with 
ethanol in mice the neurotoxicity of mephedrone was enhanced (Ciu-
dad-Roberts et al., 2016). This finding was explained by the authors to 
be a result of increased oxidative stress in the hippocampus, causing 
decreased learning, memory, and neurogenesis in the mice. 

In another drug interaction study, mephedrone was co-administered 
with nicotine in mice. The co-administration was found to be effective in 
reducing general antioxidant function, catalase activity, and antioxidant 
enzyme activities in the brain, and in increasing lipid peroxidation 
(Budzynska et al., 2015). 

2. Aims and objectives 

The primary aim research was to study the toxicity and effect of 
mephedrone directly on human neuroblastoma and astrocytoma as 
representative cells for human brain cells. This approach was used to 
investigate the direct effect of mephedrone on brain when drug users 
take mephedrone directly (by inhalation). A secondary aim of this sec-
tion of the research was to investigate the effect of mephedrone on liver 
using cultured rat primary hepatocytes. 

3. Materials and methods 

3.1. Mephedrone preparation 

Mephedrone hydrochloride (over 98 % purity) was donated by Dr 
Oliver Sutcliffe from Manchester Metropolitan University, (4.43 mg) 
was dissolved in 2 % (v/v) acetic acid (0.5 mL) to give 50 mM stock 
solution of mephedrone, and then diluted in media to obtain the other 
concentrations. The mephedrone stock solution was stored at − 20 ◦C 
until the experiments were performed. 
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3.2. Extraction of cell lysates for metabolomics 

Human astrocytoma (U373) and neuroblastoma (SH-SY5Y) cells 
were purchased from the European Collection of Cell Cultures (cata-
logues number 08061901, 94030304, respectively). Medium was 
removed from wells and the cells were washed with 0.5 mL of pre 
warmed PBS (37 ◦C) twice. It is important to warm the PBS to decrease 
the effect on the biochemical reactions in the cells at this stage. A 200 μL 
volume of pre-cooled extraction solution (50 % of methanol, 30 % of 
acetonitrile and 20 % water) was added to each well to lyse cells. The use 
of the pre-cooled mixture is to stop the chemical reactions in the cells in 
the time of lysis. Cells were scraped off using a small metallic spatula. 
The extracted cell solution was transferred to 0.5 mL Eppendorf vials. 
Samples were then shaken at 4 ◦C for 12 min. Samples were centrifuged 
at 0 ◦C and 13000 rpm for 10 min. The supernatant was transferred into 
glass vials and stored at − 80 ◦C until analysed with LC-MS. 

3.3. Cell viability assays 

3.3.1. Neutral red (NR) assay 
The method was obtained from a previously published method 

(Inoue et al., 2001). Medium was removed when the incubation with 
mephedrone was finished, and 100 μl NR solution (0.05 mg/ml of 
phosphate buffer saline (PBS)) was added to each well of a 96-well plate. 
The plate was incubated at 37 ◦C under 5 % CO2 air for 3 h. The solution 
was removed after incubation and wells were washed with 200 μl of PBS. 
100 μl destain (mixture of 50 mL of ethanol, 1 mL of glacial acetic acid 
and 49 mL of distilled H2O) was added to each well and the plate left on 
the shaker for 30 min. The absorbance was then measured at 540 nm by 
plate reader spectrophotometer (Multiskan GO, Thermo Scientific). NR 
assay is a good indicator of cellular growth. 

3.3.2. Dimethylthiazolyl diphenyltetrazolium bromide (MTT) assay 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay was carried out following the procedure on (Borenfreund 
and Puerner, 1985). 10 mM of MTT solution was prepared in PBS and 
filtered through a 0.2 μM filter. A 50 μl volume of the solution was added 
to each well when the incubation was complete. A 96-well plate was 
incubated at 37 ◦C in presence of 5 % CO2 air for 4 h. MTT solution was 
removed after incubation and 200 μl of DMSO was added to each well. 
The solution in each well was mixed to give an even colour, and trans-
ferred to a 1 mL cuvette. Absorbance was measured at 540 nm by plate 
reader spectrophotometer (Multiskan GO, Thermo Scientific). MTT 
assay is an indicator of cellular metabolism. 

3.3.3. Lactate dehydrogenase (LDH) assay 
Lactate dehydrogenase (LDH) assay is based on the ability of LDH to 

reduce nicotinamide adenine dinucleotide (NAD) to NADH. It is a good 
indicator to assess membrane damage in the cell. NADH will reduce the 
tetrazolium salt 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetra-
zolium (INT) to red formazan. Two solutions were prepared. First, to 
prepare 0.1 M sodium phosphate buffer (NaPi buffer at pH 7.6) 
Na2HPO4 (14.2 g) was weighed and dissolved in 500 mL of distilled H2O. 
Another solution was prepared by dissolving 2.4 g of NaH2PO4 in 100 
mL of distilled H2O. These two solutions were mixed to give a sodium 
phosphate buffer, 0.1 M at pH 7.6 (NaPi buffer). The second solution 
which was a mixture of 3 mg pyruvic acid and 3 mg of NADH dissolved 
in 1 mL of NaPi buffer. This was prepared immediately before use. For 
each well measurement, 0.86 mL of 0.1 M sodium phosphate buffer (pH 
7.6) and 40 μl of pyruvic acid (3 mg in 1 mL NaPi buffer)/NADH solution 
were added to a cuvette (1 mL). Then 100 μl of medium from each well 
was added. The change in absorbance was recorded at 340 nm by a UV- 
spectrophotometer (UV-2401PC, Shimadzu) over 60 s at room 
temperature. 

3.3.4. Morphology 
Cells were imaged after 6 days incubation with and without 100 μM 

of mephedrone by using a Motic AE31 microscope-20 power dry lenses. 
Any change in the cell membrane or intracellular components would be 
monitored. 

4. Results 

4.1. The effects of mephedrone on viability measured by MTT, NR and 
LDH viability assays 

4.1.1. MTT assay 
To study the effect of mephedrone on cell metabolic activity, an MTT 

assay was performed on both cell lines (neuroblastoma and astrocy-
toma) after treatment with a range of concentrations of mephedrone for 
48 h see Fig. 1. 

The MTT assay has shown that mephedrone at a low concentration 
(100 μM) raised metabolism up to 127 % and 150 % in SH-SY5Y and U- 
373 cells, respectively. This is thought to be an adaptive response in 
response to mephedrone-induced stress on the cells similar to that 
observed with exposure to other substances (e.g. Chromium) in previous 
studies (Zijlstra et al., 2012; Posada et al., 2015). With increased con-
centrations of mephedrone the activity drops again to reach levels 
around 100 %. 

4.1.2. NR assay 
Both cell lines (neuroblastoma and astrocytoma) were treated with a 

range of concentrations of mephedrone for 48 h, and NR assay was 
performed on the cells to see the effect on the cell count see Fig. 5 below. 

4.1.3. LDH assay 
LDH assay results of neuroblastoma and astrocytoma cells after 

treatment with 100 μM of mephedrone for 6 days are shown in Table 1. 
From the results in the Table 1 we can conclude that there were no 

significant differences in LDH activity between the 100 μM mephedrone 
treated and the non-treated cells in either cell type. 

4.1.4. Effect on morphology 
The visual examination by microscope for both cell types (neuro-

blastoma and astrocytoma) before and after treatment with 100 μM of 
mephedrone for 6 days, is shown in Fig. 3. 

Examination of the morphology (see Fig. 5) for both cell types 
showed no sign of abnormal proliferation after treatment with 100 μM 
mephedrone. 

4.2. Metabolomic analysis 

The metabolomic analysis of the treated cells showed significant 
changes in metabolites inside both cell types after mephedrone treat-
ment as shown in Figs. 4 and 5 and Tables 2 and 3. 

The metabolomic effects on neuroblastoma cells after treatment with 
100 μM of mephedrone for 6 days are shown in Table 2. 

Orthogonal partial least squares-discriminant analysis (OPLS-DA) 
score plot exhibited in (Fig. 4) shows that there was a geometrical 
separation between treated and non-treated samples. OPLS-DA is a good 
parameter to diagnose the difference between two groups using multi-
variate analysis. The permutation analysis (Fig. 5) and the CVANOVA 
statistics (Table 3) show the validity of the model. It can be concluded 
that treatment with mephedrone has produced significant changes in the 
metabolome of the treated samples compared with the metabolome of 
the non-treated samples. 

In SH-SY5Y mephedrone treated cells, there was a large increase in 
cysteine glutathione disulfide, which is produced as a result of oxidative 
stress. Oxidation of glutathione results in formation of mixed disulfides 
with protein thiol groups, and initiating reversible S-glutathionylation. 
S-glutathionylation is vital to transfer signals of oxidants (Lim et al., 
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2003), by uncoupling the enzyme endothelial nitric oxide sythase 
(eNOS) to adjust it to produce O2

•− instead of NO (La Quaglia and 
Manchester, 1996). 

Fig. 6 shows a PCA model of the control and mephedrone (100 μM) 
treated astrocytes. The pooled samples, although not in the centre are 
quite well clustered showing technical stability. The pooled sample is 
made of equal small aliquot (20 μl) from each sample to assess the 
technical procedure. 

Using an OPLSDA model it was possible to separate the treated and 
control samples (Fig. 7) and the model was valid according to the cross- 
validation test (Fig. 8) and the CVANOVA statistics (Table 4)Fig 9. 

Metabolomic analysis results of astrocytoma cells after treatment 
with 100 μM of mephedrone for 6 days, is shown in Table 5. 

OPLS-DA score plot exhibited in Fig. 5 shows that there was greater 
separation, than that for neuroblastoma, between treated and non- 
treated samples. It can be concluded that treatment with mephedrone 
has produced a more significant change in the metabolome of treated 
astrocytoma samples compared with the metabolome of the non-treated 
astrocytoma samples. The effects in this cell line are much clearer than 
in the neuroblastoma cells. Since most of the metabolites affected are 
decreased it is important to check that there is not some bias in the 

Fig. 1. MTT assay measured in (A) SH-SY5Y cells and in (B) U-373 cells after 48 h. Results are percentage values (Mean ± SD, n = 6) where 100 % corresponds to 
control values. Cells treated with mephedrone in culture medium throughout the experiment. Data were analysed using one-way ANOVA followed by Tukey test. * 
Data were significantly different from their relevant control P value < 0.05. 

Fig. 2. Neutral red assay measured in (A) SH-SY5Y cells and in (B) U-373 cells after 48 h. Results are percentage values (Mean ± SD, n = 6) where 100 % corresponds 
to control values. Cells treated with mephedrone in culture medium throughout the experiment. Data were analysed using one-way ANOVA plus Tukey test. * data 
were significantly different from their relevant control P value < 0.05. 

Table 1 
LDH release 6 days after treatment of SH-SY5Y and U-373cells with 100 μM 
mephedrone (n = 3). Data represent absorbance ± standard error.    

SH-SY5Y 

Treatment LDH activity 
(n mol/ml/min) 

±STD 
100 μM of mephedrone 5.98 ± (0.01) 
Control 5.74 ± (0.006)   

U-373 

Treatment LDH activity 
(n mol/ml/min) 

±STD 
100 μM of mephedrone 4.01 ± (0.01) 
Control 4.00 ± (0.007)  
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treatment and in Table 6 it can be seen that some important intracellular 
metabolites such as glutathione and ATP are no different between 
treatment and control. This can also be seen in the raw data shown in 
Fig. 10 where ATP is unaffected by treatment. If there was general toxic 
reaction producing cell lysis one might expect ATP and glutathione to be 
largely lost from the samples since they do not occur in the cell medium. 

In addition to the low molecular weight metabolites shown in Table 5 
there are a lot of changes in lipids within the astrocytes promoted by 
mephedrone treatment Fig. 10. Many lipids most of which are decreased 
in the cells by the treatment. This can be seen in the heatmap where even 
some very abundant lipids are changed. 

The similarity of the levels of ATP in both treated and control cells 

indicates that the comparison of both cells were reliable. Consequently, 
the comparison of the PC 36:2 levels was genuine. 

Table 6 above shows no significant change was observed in the levels 
of the major intracellular metabolites in the astrocytoma cells after 
treatment with mephedrone at this concentration. 

Separation between astrocytoma samples and between control and 
test groups is shown in Fig. 10. 

Some of the most marked effects on the astrocytes are on ether lipids 
which are not particularly abundant in cells but have important effects 
on membrane fluidity (Lohner, 1996) and protective effects toward 
myelin against oxidative stress. Some of the ether lipids (LPE 18:1 ether, 
PC 38:5 ether, LPC 36:4 ether, PC 36:3 ether and PC 32:1 ether) in the 

Fig. 3. Morphology of SH-SY5Y (A and B) and U373 (C and D) cells after 6 days incubation without mephedrone treatment (A and C), and with mephedrone (B and 
D). Pictures were taken by the Motic AE31 microscope-20 power dry lenses. 

Fig. 4. OPLS-DA score plot of neuroblastoma (SH-SY5Y) treated with mephedrone (blue) and non-treated (green). Test stands for treated samples and control stands 
for non-treated samples. 
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cells are almost completely depleted. Mice and human patients with 
deficiency in ether lipids developed problems in myelination in CNS (da 
Silva et al., 2012). Thus, it is proposed here that mephedrone could 
affect myelination 

Several PC and PE lipids: PE 34:1, PC 38:2, LPC 18:2, PC 36:2, PC 

28:0, PC 30:0, PC 30:1, PC 30:2, PC 32:1, PC 32:2, PC 32:3, PC 32:4, PC 
34:1, PC 38:5 and PC 40:7 and PC ether lipids: PC 36:3 ether, PC 32:0, PC 
32:1 ether, PC 36:3 ether, PC 38:3 ether and PC 40:5 ether were all 
decreased. Glycerophospholipids are the main component of the cellular 
membrane (Hannun and Obeid, 2002). It is believed that cells change 
the cell membrane as a defensive reaction when attacked by extracel-
lular toxic compounds (Montealegre et al., 2014). Glycerophosphocho-
lines control the balance between the solute concentration inside and 
outside the cell (Hannun and Obeid, 2002). A previous study showed 
that PC levels were decreased in mouse brain after treatment with an-
tidepressant drugs (paroxetine and maprotiline) (Lee et al., 2009). In 
another study, a decrease in glycerophospholipids was associated with 
oxidative stress and changes in the lipid membrane in the cell (Kahle 
et al., 2015). It is believed that oxidative stress has affected the cellular 

Fig. 5. Permutation analysis of the OPLSDA model for mephedrone treated and non-treated astrocytoma cells. Validation of the model was performed with 100 
permutation tests. R2 represent the goodness of the fit and Q2 represent the predictive capability. 

Table 2 
Metabolomic results of SH-SY5Y cell line after incubation with 100 μM mephedrone for 6 days (n = 6). Values indicate ratio of (treated/non-treated) peak areas of 
metabolites. * Mean peak area of samples treated with mephedrone only as mean peak area value of control samples was zero.  

Rt 
(min) 

M.Wt Structure Metabolite name Meph/c P- value  

15.1  119.05824 C4H9NO3 L-Threonine 1.27  0.038  
10.5  122.04801 C6H6N2O Nicotinamide 1.35  0.045  
17.9  130.02661 C5H6O4 Mesaconate 1.98  0.044  
15.5  129.04259 C5H7NO3 Oxoproline 2.01  0.039  
11.6  131.09463 C6H13NO2 L-Leucine 1.53  0.041  
15.6  146.06914 C5H10N2O3 L-Glutamine 1.65  0.005  
15.6  148.07356 C6H12O4 Methyl,hydroxymethyldihydroxy-pentanoic acid 1.40  0.020  
12.1  149.05105 C5H11NO2S *L-Methionine 1.49  0.043  
21.2  155.06948 C6H9N3O2 L-Histidine 1.44  0.046  
16.5  158.06914 C6H10N2O3 4-Methylene-L-glutamine 1.33  0.038  
12.3  204.08988 C11H12N2O2 L-Tryptophan 1.43  0.040  
10.3  217.13141 C10H19NO4 O-Propanoylcarnitine 1.36  0.018  
4.5  222.08921 C12H14O4 Dodecatetraenedioic acid 0.46  0.035  
4.4  244.16746 C13H24O4 Tridecanedioic acid 2.07  0.008  
23.2  264.10448 C12H17N4OS Thiamine 1.90  0.041  
5.1  287.28243 C17H37NO2 Heptadecasphinganine 0.02  0.037  
4.3  351.31373 C22H41NO2 Eicosadienoyl-ethanolamine 1.47  0.025  
4.3  353.32938 C22H43NO2 Eicosaenoyl)-ethanolamine 2.29  0.015  
17.3  426.08791 C13H22N4O8S2 S-glutathionyl-L-cysteine -(130050) 

*  
0.027  

Table 3 
CVANOVA statistics for the OPLS-DA model for astrocytoma cells treated and 
non-treated with mephedrone.   

SS DF MS F P-value SD 

Total correlation 11 11 1   1 
Regression 8.96 4 2.24  7.697  0.0105 1.497 
Residual 2.038 7 0.29   0.54  
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membrane composition in mephedrone treated cells. Interestingly, 
oxidative stress as a result of chronic unpredictable stress was shown to 
disturb the phospholipids levels in mouse brain (Faria et al., 2014). In 
another study conducted on the hippocampus of rat prefrontal cortex, 4 
weeks of chronic unpredictable stress caused significant decrease in PE 
levels (Oliveira et al., 2016). Oxidative stress causes lipid peroxidation 
which leads to alteration in lipid balance, which was related with 
neurological disorders (Black, 2002). Oxidation of lipids causes desta-
bilisation of membrane of the cell and then cell death (Tyurin et al., 
2009). This finding suggest that mephedrone may be reducing glycer-
ophosphocholine by oxidative stress as the effects of mephedrone were 
previously related to oxidative stress (den Hollander et al., 2014). 

Other altered membrane lipids include glycerophospholipids (PG) 
phosphatidylserines (PS) and sphingomyelins (SM) which all decreased. 
All these lipids are part of cellular membrane, thus decrease in these 

lipids is a sign of membrane damage. Several lyso phospholipids were 
altered. As lyso phospholipids are known to have a neuroprotective role 
(Casado and Ascher, 1998) and any decrease will have an impact on the 
protective ability of neurons. 

In addition, several sphingomyelins are affected by the treatment. 
Sphingomyelin 36:2 has decreased, and it is a type of sphingolipid 
located in the myelin sheath of the membrane which covers the axon of 
the nerve cell. 

Three sphinganines decreased and they have a role in blocking 
esterification of low-density lipoprotein of cholesterol to yield accu-
mulation of unesterified cholesterol in perinuclear vesicles (Deguchi 
et al., 2004). Sphinganines are an effective signaling lipid or lipid 
messenger that are attached to target protein receptor, which will 
facilitate the function of the lipid on particular responses of the cell 
(Hannun and Obeid, 2008). We can conclude that a decrease in 

Fig. 6. PCA model of the control (brown), mephedrone treated (blue) astrocytes and pooled samples (green).  

Fig. 7. OPLS-DA score plot of astrocytoma (U-373) treated with mephedrone (blue) and non-treated (green) without pooled samples. C represents the control (non- 
treated) samples, and T represents the test (treated) samples. 

I.M. Alanazi et al.                                                                                                                                                                                                                              



Saudi Pharmaceutical Journal 32 (2024) 102011

8

sphinganines will affect lipid signalling in the cell. 
Nine fatty acids were affected (Table 5), two increased and seven 

decreased. Astrocytes (represented by astrocytoma cells) are responsible 
for transferring fatty acids from plasma to the brain (Spector, 1988; 
Magret et al., 1996) and they are the only cells in the brain that can 
oxidise fatty acids and actually prefer them as their fuel (Magret et al., 

1996). Any malfunction in astrocytes will lead to a disturbance in fatty 
acids levels in the brain and any decrease in fatty acids levels will lead to 
a decrease in astrocyte function. Mephedrone may cause a disturbance 
in the fatty acid levels in astrocytoma. Since, astrocytes provide other 
brain cells with glucose and ketone bodies through their ability to oxi-
dise fatty acids (Flynn and Wecker, 1987), thus any effect on them will 
lead to decrease in energy supply for other brain cells. 

Three carnitine metabolites were decreased which are l-carnitine, 
butenylcarnitine and hydroxybutyrylcarnitine. Carnitines have a very 
important role in providing cells with energy and they are vital for 
metabolism of fatty acids (Olpin, 2005). 

Menaquinol-8 or vitamin K2 has decreased which has a role in 
regulating blood clotting. Vitamin K vitamins have the same methylated 
naphthoquinone ring structure, and differ only in the type of the side 
aliphatic chain linked at site 3 (Shearer and Newman, 2014). 

Fig. 8. Permutation analysis of the OPLS-DA model for mephedrone treated and non-treated astrocytoma cells. Validation of the model was performed with 100 
permutation tests. R2 represent the goodness of the fit and Q2 represent the predictive capability. 

Table 4 
CVANOVA of the OPLS-DA model for mephedrone treated and non-treated 
astrocytoma.   

SS DF MS F P-value SD 

Total correlation 11 11 1   1 
Regression 10.098 4 2.52  19.59  0.0007 1.59 
Residual 0.902 7 0.129   0.36  

Fig. 9. Extracted ion traces showing similar levels of ATP in treated and untreated extracts but a large reduction of the amount of a major cellular lipid (PC 36:2) in 
treated astrocytoma cells. 
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Two glycogens are increased by the treatment. Glycogen is the main 
storage product of glucose in human cells. Glycogen is located in gran-
ular structures in the cytosol (Zderic et al., 2004). It is proposed that 
cells have produced more glycogen in order to compensate for the loss in 
energy supply in the face of membrane damage. In the brain glycogen is 
found predominantly in the astrocytes where it acts as an energy source 
to protect the brain from hypoglycemia (Walls et al., 2009). 

Other metabolites associated with glutamate metabolism such as 2- 
oxoglutarate, l-2-aminoadipate and d-glucosamine 6-phosphate were 
altered. The oxidised glutamate (oxoglutarate) was decreased by 60 % 
and the others were increased. Aminoadipate was upregulated and it is 
an antagonist for glutamate excitatory effect and is a metabolite of lysine 
(Wu et al., 1995). Glutamate is an important neurotransmitter and 
responsible for fast excitation effect in the brain (Smith, 2000). L- 

Asparagine was decreased and it is a metabolite of glutamate (Avramis 
and Panosyan, 2005). However, we cannot conclude any effect on 
glutamate, as its level was not altered significantly. 

Two metabolites related to the tryptophan and serotonin pathway 
were decreased. 5-Hydroxyindoleacetate is a metabolite of the neuro-
transmitter serotonin (Owens and Nemeroff, 1994). Indolelactate was 
also decreased which is a metabolite of tryptophan, the precursor for 
serotonin and melatonin (Morita et al., 1990). However, we could not 
detect serotonin or tryptophan in our method. 

Nicotinamide and NADH were also altered with significant p values. 
NADH was decreased and nicotinamide was increased. Nicotinamide 
plays an important role in the protection of neurons (Fricker et al., 2018) 
as the pretreatment with nicotinamide reversed hypoxia in hippocam-
pus of rats (Shetty et al., 2014). Thus, we conclude that in one of its 

Table 5 
Non-lipid metabolite changes in U-373 astrocytes following treatment with 100 μM mephedrone for 6 days (n = 6). Values indicate ratio of metabolites compared with 
controls (average of mephedrone treated peak area/control peak area). M/z is the mass to charge ratio and Rt is the retention time. Ratio represent the treatment 
concentration of the metabolite divided by control concentration.  

M/z Rt (min) Structure Metabolite Ratio P-Value  

316.248  4.1 C17H33NO4 O-decanoyl-R-carnitine  0.836 0.044  
311.294  4.2 C20H38O2 Eicosenoic acid  1.737 0.033  
155.107  4.8 C9H14O2 Nonadienoic acid  0.561 0.004  
353.231  4.4 C20H32O5 Trihydroxy eicosatetraenoic acid  1.999 0.038  
365.342  3.8 C24H46O2 Tetracosenoic acid  0.305 0.032  
173.117  4.9 C9H16O3 Oxononanoic acid  0.555 0.001  
283.192  4.3 C16H28O4 Dihydroxy hexdecadienoic acid  1.511 0.016  
337.311  3.9 C22H42O2 Docosenoic acid  0.487 0.031  
309.28  3.9 C20H38O2 Eicosenoic acid  0.548 0.046  
282.279  5.6 C18H35NO Octadecenamide  0.387 0.021  
145.014  15.6 C5H6O5 2-Oxoglutarate  0.407 0.027  
162.076  11.4 C6H11NO4 L-2-Aminoadipate  1.633 0  
258.038  14.8 C6H14NO8P D-Glucosamine 6-phosphate  1.62 0.035  
190.051  11.3 C10H9NO3 5-Hydroxyindoleacetate  0.665 0.04  
206.081  13.6 C11H11NO3 Indolelactate  0.763 0.031  
402.011  17.3 C9H15N3O11P2 CDP  0.479 0.048  
503.162  17.5 C18H32O16 Glycogen  1.905 0.037  
665.214  18.2 C24H42O21 Glycogen  3.03 0.044  
133.061  15.8 C4H8N2O3 L-Asparagine  0.555 0.013  
336.14  16.4 C12H21N3O8 N4-(Acetyl-beta-D-glucosaminyl) asparagine  0.482 0.001  
368.999  18.6 C7H16O13P2 D-Sedoheptulose 1,7-bisphosphate  0.5 0.032  
664.117  13.7 C21H29N7O14P2 NADH  0.553 0.03  
123.055  7.5 C6H6N2O Nicotinamide  1.442 0.005  
162.113  13.8 C7H15NO3 L-Carnitine  0.6 0.039  
230.139  5.1 C11H19NO4 Butenylcarnitine  0.828 0.035  
248.149  7.4 C11H21NO5 Hydroxybutyrylcarnitine  0.687 0.023  
229.144  5.1 C12H22O4 Dodecanedioic acid  1.332 0.045  
216.063  16.1 C5H14NO6P Sn-glycero-3-Phosphoethanolamine  0.652 0.049  

Table 6 
Major intracellular metabolites in astrocytoma cells that are not affected by mephedrone treatment.  

M/z Rt 
(min) 

Structure Metabolite name Ratio P-Value  

232.1545  9.1 C11H21NO4 O-Butanoylcarnitine  1.001  0.994  
118.0863  13.0 C5H11NO2 L-Valine  0.995  0.962  
88.04019  15.3 C3H7NO2 L-Alanine  1.009  0.955  
579.0266  19.1 C15H22N2O18P2 UDP-glucuronate  0.988  0.948  
132.1019  11.5 C6H13NO2 Leucine  0.983  0.900  
189.1599  23.1 C9H20N2O2 N6,N6,N6-Trimethyl-L-lysine  1.018  0.893  
130.0621  15.2 C4H9N3O2 Creatine  1.050  0.868  
402.9948  15.3 C9H14N2O12P2 UDP  0.953  0.814  
608.0888  15.3 C17H27N3O17P2 UDP-N-acetyl-D-glucosamine  0.958  0.806  
104.107  21.1 C5H13NO Choline  1.071  0.806  
124.0394  7.6 C6H5NO2 Nicotinate  0.953  0.805  
282.0843  13.1 C10H13N5O5 Guanosine  1.046  0.801  
147.1128  25.2 C6H14N2O2 L-Lysine  0.930  0.785  
523.9981  19.4 C10H16N5O14P3 GTP  0.958  0.777  
133.0142  16.1 C4H6O5 (S)-Malate  1.051  0.777  
505.9881  16.7 C10H16N5O13P3 ATP  0.881  0.285  
482.9611  18.0 C9H15N2O15P3 UTP  0.711  0.345  
308.091  14.6 C18H13NO4 Glutathione  0.897  0.616  
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defence mechanisms, astrocytoma cells produced nicotinamide to pro-
tect themselves and neuronal cells against oxidative stress caused by 
mephedrone treatment. 

5. Discussion 

In the MTT assay, both cell types increased metabolic activity after 

Fig. 10. Lipids in astrocytes sorted by abundance before and after treatment with mephedrone. Red = 30 % of maximum value, yellow = 2 % of maximum value and 
blue = 0. SM = sphingomyelin, CER = ceramide. 
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mephedrone treatment. The SH-SY5Y cells did not show any increase in 
NR assay in the 100 μM wells. In contrast, in the U-373 cells, the 
increased activity was observed for both assays (NR and MTT), with a 
higher increase in the metabolism activity. This can be explained by the 
additional protective ability of U-373 to increase cell numbers, as they 
represent astrocytes, which play a role in protecting neuronal cells (La 
Quaglia and Manchester, 1996). 

The NR assay showed no significant effect of mephedrone, over a 
range of concentrations, on the growth rate of SH-SY5Y cells as shown in 
Fig. 5. For the U-373 cells there was gradual increase in cell number as 
we increased the concentration of mephedrone up to 300 μM. Cell 
growth started to decline at the 400 μM and 500 μM concentrations of 
mephedrone. 

LDH release measurement is a good indicator of cellular damage and 
the integrity of cell membrane. Since the results showed no significant 
increase in both cell types, we can conclude that mephedrone at this 
concentration and time of exposure did not have a strong impact on the 
integrity of the cell membrane in these cells. 

We can conclude from the morphology examination that there was 
no significant change in the shape of the cells as a result of mephedrone 
treatment at this concentration and time of exposure in SH-SY5Y and U- 
373 cells. This finding contradicts with the above mentioned study of 
Hollander finding especially in the SH-SY5Y cells at the concentration of 
500 μM. However, the methodology used by Hollander study was 
different (WST-1 assay) (den Hollander et al., 2014). This can be also 
interpreted by the difference in the passage numbers as Hollander 
conducted the study between 6 and 20 passages, whereas in our study 
we used passages above 35. 

The overall the impression after the metabolomics analysis, is that 
there is no strong pattern of effect of mephedrone on the SH-SY5Y cells 
in these concentrations. Either the mephedrone is targeting a specific 
type of cell other than neuroblastoma or that this concentration of 
mephedrone is not able to cause a potent effect on this cell line. The 
metabolite alterations are in a random selection of metabolites, which 
do not fall in any particular pathway and the fold changes are generally 
small. 

It is also noteworthy to mention that these cell lines (SH-SY5Y) lose 
their dopaminergic abilities after 20 passages (Biedler et al., 1978), and 
the analysis was performed at 35 and above passages, which makes these 
cells less representative of neuronal cells. The rise in the metabolism 
seen in the MTT results (Fig. 1) at this concentration can be explained as 
a possible increase in specific proteins that are not detectable by 
metabolomics analysis. 

In the astrocytoma cells, the major pathway affected was the lipid 
pathway particularly cell membrane lipids. This finding can open the 
way to understand the effect of mephedrone on the brain particularly 
the brain-barrier (astrocytes). Affecting the astrocytes as an important 

part of the brain barrier will affect the neurons as the astrocytes known 
to have protective role towards the neuronal cells (La Quaglia and 
Manchester, 1996). However, mephedrone was not strongly cytotoxic at 
this concentration and even though it induced changes in the CNS cell 
metabolome, these are not responsible for its toxicity in the body as cell 
numbers were not reduced as shown in the results of the NR assay 
(Fig. 2). 

The metabolomic analysis has proved that there was a change in the 
metabolism of SH-SY5Y and U373 cells after treatment with mephe-
drone at 100 μM, which was consistent with MTT assay findings. Both 
cell types metabolomic results proposed a rise in glutamine concentra-
tion after treatment with mephedrone. The appearance of cys-
teineglutathione disulfide in SH-SY5Y after treatment with mephedrone 
suggests an oxidative stress occurs. The effect of mephedrone was much 
more marked on the U373 cells. 

6. Conclusion 

From the analysis of different cell types, it is clear that although 
mephedrone did not kill or decrease the growth of cells; but it did pro-
duce marked intracellular metabolic changes. It is believed that even a 
small change in brain cell homeostasis can lead to neurological disease 
(Budzynska et al., 2015; López-Arnau et al., 2015). Although there no 
clear indicators of cellular damage caused by mephedrone. In astrocytes 
there was a clear indication that cell membrane function might be 
impaired by depletion of ether lipids. Higher concentrations of mephe-
drone on same cell lines is recommended to be used in a future metab-
olomic study to better investigate the toxic effect of mephedrone. 
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