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Abstract Recently, the number of new psychoactive
substances has significantly increased. Despite the sys-
tematic introduction of prohibition in trade of medicinal
products which mimic the effects of illegal drugs, the
problem concerning this group of drugs is still important
although knowledge about the mechanism of action of
those types of substances is scarce. This study aimed to
follow the neurotoxic effect of N-benzylpiperazine (BZP),
the central nervous system psychostimulant, using the
human cancer LN-18 cell model. The statistically signifi-
cant elevation of LDH levels, increased mitochondrial
membrane potential, decreased ATP and increased ROS
production, increased levels of DNA damage marker (8-
OHAG) and activation of caspases: -3 and -9 confirmed by
Real-Time PCR imply the activation of mitochondrial
proapoptotic pathways induced by BZP after 24 h incu-
bation. This study is a novel, preliminary attempt to explain
the toxicity of one of the most popular designer drug of
abuse at the cellular level.
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Introduction

N-benzylpiperazine (BZP), also known as A2, Legal X, Legal
E, or Herbal Highs, is a model compound from the group of
new psychoactive compounds. The commercially available
formulations of this substance advertised as a safe alternative
to illegal drugs (Arbo et al. 2012) have very different trade
names such as Benny, Flying Angel, PEP, Twisted, Jax,
Nemesis, and Red Eye Frog (Gee et al. 2005). BZP is usually
administrated orally in the form of tablets or capsules with
different colors, shapes, and logo. The content of a new psy-
choactive compound in the formulations varies widely and
depends mainly on the manufacturer. Average doses of BZP
are estimated to be 50-200 mg (Sheridan et al. 2007) but there
are known reports where a single dose was as high as 2000 mg
(Wilkins et al. 2008). BZP is often combined with other
piperazine derivatives: 1-(3-trifluoromethylphenyl) piper-
azine (TFMPP), 1-(3-chlorophenyl) piperazine (mCPP), and
additives such as caffeine, guarana, or black pepper (Europol—
EMCDDA 2007).

Studies carried out by the scientific team of Campbell
et al. (1973) and Bye et al. (1973) have shown that the
effects of BZP referred to as “positive” are tenfold weaker
than the effects obtained after the administration of p-
amphetamine. People who were either previously amphe-
tamine dependent or without a history of substance abuse
were unable to distinguish the effects of those substances
such as psychomotor agitation or increased auditory sen-
sations. The effects after taking 100 mg of BZP are
maintained for about 6-8 h although the time might be
dependent upon personal variation (EACD New Zealand
2004). Studies and observations presented in scientific
papers have shown that BZP has a narrow margin of safety,
even in the case of recreational use (Gee et al. 2008).
Taking formulations containing BZP in their composition
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is thus linked to serious health risks and even death. The
differences in the toxic effects of BZP are also contingent
upon the occurrence of individual variability in the rate of
biotransformation of BZP, particularly associated with the
cytochrome P450 gene polymorphism and catechol-O-
methyltransferase—involved in the metabolism of xeno-
biotics (Gee et al. 2005). The seizures observed in neuro-
logically healthy patients which are a symptom of transient
cerebral dysfunction as a result of the adverse effects of
BZP may indicate the neurodegenerative properties of this
xenobiotic (Gee et al. 2008). Another argument for the
neurotoxicity of BZP may be the problems related to a
working memory and the associated speed of thought
processes observed in a patient after 5 months of substance
poisoning (Gee et al. 2010).

Despite the comparatively long history of this designer
drug of abuse dating back to the 1950s (Buck and Baltzly
1947), there is still little information on its mechanisms of
action and the causes of its side effects. Taking into
account the data about the toxic effects of BZP, the con-
duction of the research on the impact of this new psy-
choactive substance on human cell processes seems to be
reasonable and useful for predicting the adverse effects of
action (also derivatives of the compound or compounds
with similar chemical structures), as well as for designing
detoxication treatments.

Apoptosis is of great importance for the health and
balance of the body. Extending properly programed cell
death is of particular importance not only at the stage of
embryogenesis and organogenesis, but also in proper
functioning of the human body (Renehan et al. 2001). Both
inhibited apoptosis and its excessive activation caused by
cytotoxic compounds such as BZP might lead to serious
complications such as autoimmune diseases (Eguchi 2001),
neurodegenerative disorders (Mattson 2000; Ghavami et al.
2014), besides cancer (Wong 2011). Additionally, sympa-
thomimetic compounds may lead to disruption of the
energy state of cells or oxidative stress by excessive sub-
strates or over-stimulation during the oxidative phospho-
rylation process (ROS) (Li et al. 2003; Lai et al. 2005;
Leavesley et al. 2008; Quinzii and Hirano 2010). This
paper is an attempt to clarify the effect of BZP on selected
types of biological processes connected with the energy
state of cells and oxidative stress, and apoptosis in the
human glial cell line LN-18.

Materials and Methods
Cells Culture

The human glioblastoma cells (LN-18) originating from a
patient with a right temporal lobe glioma (ATCC, CRL-

2610) were cultured in ATCC-formulated Dulbecco’s
Modified Eagle’s Medium, (ATCC Catalog No. 30-2002)
with 50 pg/mL supplements of an antibiotics mixture of
penicillin, streptomycin, and amphotericin B (Sigma-
Aldrich) and 5 % Fetal Bovine Serum (Carlsbad) at an
atmosphere of 95 % air and 5 % CO, and temperature of
37.0 °C. In order to use them for experiments or when a
cell’s confluence was close to 100 %, the cells were pas-
saged to a new culture vessel (Corning Costar®) using a
0.25 % trypsin solution containing 0.02 % EDTA (Sigma-
Aldrich).

Prior to each experiment, the cells were grown with the
culture medium for a minimum of 24 h and then incubated
at culture conditions for 24 h with BZP solutions prepared
in fresh medium. N-benzylpiperazine dihydrochloride
(purity > 95 %, GC-FID, QNMR, Karl-Fisher) was pur-
chased from LGS Standards Company (Australian
Government National Measurement Institute). The stock
solutions of the drug were prepared in methanol (HPLC
Gradient Grade, LiChrosolv) and stored in a refrigerator
(4 °C). The working drug solutions were prepared by an
appropriate dilution of the stock drug solutions with culture
medium. Cells growing in the same conditions in the
medium with the addition of BZP solvent were utilized as a
control.

LDH Measurement

The selection of benzylpiperazine concentrations used for
the study was determined by the measurement of the lactic
dehydrogenase (LDH) in the medium after 24-h incubation
of cells with BZP at the concentration range of 0.1, 0.3, 1,
3, 10, 30, 100, 300, and 1000 pg/mL (0.57 uM to 5.7 mM,;
three independent experiments in a few days apart) in
accordance with the manufacturer’s protocol (CytoTox 96
Non-Radioactive Cytotoxicity Assay, Promega). The
measurements were carried out by a Multiscan RC spec-
trophotometric microplate reader (Thermo/Labsystems) at
490 nm.

ATP Generation Measurement

The intracellular ATP level was measured using the
ATPlite™ Luminescence ATP Detection Assay System
(Perkin Elmer). The control as well as cells cultured with
BZP were detached and homogenized with Cell Lysis
Solution from the reagent kit. The ATP concentration-de-
pendent luminescent reaction of the luciferase/D-luciferin
transformation was monitored by a GENios Reader
(TECAN). The measurements were carried out in accor-
dance with the manufacturer’s protocol. The concentrations
of BZP: 57, 170; 570; and 1700 uM (10, 30, 100, and
300 pg/mL) were used in four independent experiments.
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The results were recalculated for the cellular protein con-
tent measured by the Lowry-Peterson method (Lowry et al.
1951) (Sigma-Aldrich).

Monitoring of the Mitochondrial Membrane
Potential (Ay,,,)

Changes in the mitochondrial membrane potential (Ay/,,,) in
the cells were monitored utilizing JC-1 cationic dye. After
24 h incubation with BZP, the cells were exposed to 2 mM
JC-1 dye solution (MitoProbe Assay Kit, Invitrogen) and
incubated for 45 min at 37 °C in darkness, then washed
twice with PBS without Ca*" and Mg>" (Thermo Scien-
tific), trypsynized with trypsin solution, and diluted in
2 mL of PBS. To confirm the sensitivity of the method as
an additional positive control the mitochondrial uncoupler,
carbonyl cyanide 3-chlorophenylhydrazone CCCP (50 uM,
incubation for 45 min), was used. The concentrations of
BZP: 57, 170, 570, and 1700 uM (10, 30, 100, and 300 pg/
mL) were used in five independent experiments. Samples
were analyzed by a BD FACSCanto II flow cytometer
(Becton—Dickinson) wusing 488 nm excitation with
530/30 nm and 585/42 nm emission filters.

ROS Production Analyzing

After incubation with the BZP, cells were loaded with 5 pM
dichlorodihydrofluorescein diacetate (DCFH-DA) dye
solution (Sigma-Aldrich) and incubated for 30 min at 37 °C
in darkness. As a positive control method, a solution of H,O,
at a concentration of 1 mM was utilized in PBS. The dye-
loaded cells were washed with PBS and treated the same way
as during the Ay, measurement. The concentrations of BZP:
57, 170, 570, and 1700 uM (10, 30, 100, and 300 pg/mL)
were used in seven independent experiments. The changes in
ROS production were monitored by the BD FACSCanto II
flow cytometer (Becton—Dickinson) using 488 nm excita-
tion with a 530/30 nm emission filter.

Determination of 8-OHdG

The OxiSelect™ Oxidative DNA Damage ELISA Kit (Cell
Biolabs) assay was used for quantitative measurement of the
oxidative DNA damage marker of the culture with BZP cells.
Deoxyguanosine (dG) is one of the constituents of DNA and
when it is oxidized it is altered to 8-hydroxy-2'-deox-
yguanosine (8-OHdG). The concentrations of BZP: 570 and
1700 pM (100 and 300 pg/mL) were used in three inde-
pendent experiments 8-OHdG measurement. The measure-
ments and sample preparation were carried out in accordance
with the manufacturer’s protocol. The protease K and
Nuclease P1 were purchased in Sigma-Aldrich, and for the
DNA isolation a Qlamp DNA Mini Kit from Qiagen was
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used. The quality and quantity of DNA were confirmed by a
NanoDrop ND-1000 spectrophotometry analysis. Absor-
bance of the ELISA product of reaction based on the mea-
surements were read by the absorbance plate reader (GENios
TECAN Reader) using 450 nm as the primary wave.

Measurement of Caspases (-3, -9, and -8) Activity

Changes in the enzymatic activity of caspases: -3, -9, and
-8 were analyzed utilizing Caspase Activity Assay Kits,
Fluorimetric (Calbiochem), and DTT from Sigma-Aldrich.
For detection of caspases’ activity, the LEHD substrate
labeled with a fluorescent molecule, 7-amino-4-trifluo-
romethyl coumarin (AFC), was used. The method was
based on the reaction monitored by a blue to green shift in
fluorescence upon cleavage of the AFC fluorophore. The
concentrations of BZP: 57, 170, 570, and 1700 uM (10, 30,
100, and 300 pg/mL) were used in three independent
experiments for each caspase activity measurement. Fluo-
rescence was measured using a fluorescence plate reader
(LS 55, Perkin Elmer) utilizing an excitation of 390 nm
and emission of 510 nm.

Real-Time PCR Gene Expression Analysis

The selected genes for the gene expression analysis are
presented in Table 1. Isolation of the cellular total RNA
was performed with the GeneMATRIX Universal RNS/
miRNA kit. Purification KIT (EURx) and TRIzol Reagent
(Ambion by LifeTechnologies). The quality and quantity of
the RNA were confirmed by analysis with the NanoDrop
ND-1000 spectrophotometer. For the cDNA synthesis, the
samples of 10 ng/pL of isolated RNA were used and the
reverse transcription was performed in accordance to the
manufacturer’s guidelines with the High Capacity cDNA
RT kit with random primers (LifeTechnologies). The
samples of cDNA at a concentration of 200 ng/mL were
subjected to Real-Time PCR analysis with the TagMan
Gene Expression Master Mix (Life Technologies) and
7900HT Fast Real-Time PCR System. The concentrations
of BZP: 57, 170, 570, and 1700 uM (10, 30, 100, and
300 pg/mL) were used in three independent experiments.
The relative rate of expression calculated as the normalized
Cr difference between the sample and control probe with
adjustments for the amplification efficiency relative to the
expression level of the housekeeping gene 18S RNA were
calculated in accordance to the mathematical model of
Pfaffl (Pfaffl 2001; Pfaffl et al. 2002).

Statistical Analysis

The results of individual experiments in which cells were
treated with benzylpiperazine were calculated in relation to
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Table 1 Genes analyzed during the studies

Gene Name Involved in the regulation of process
BCL2 B cell CLL/lymphoma 2 Apoptosis

BAX BCL2-associated X protein Apoptosis

NFkBI Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 Apoptosis, inflammation
RELA v-rel avian reticuloendotheliosis viral oncogene homolog A Apoptosis, inflammation
HSPAS5 Heat shock 70 kDa protein 5 (glucose-regulated protein, 78 kDa) ER stress

DDIT3 DNA-damage-inducible transcript 3 ER stress

SOD2 Superoxide dismutase 2, mitochondrial Removal of free radicals
GPX3 Glutathione peroxidase 3 Removal of free radicals
CASPS8 Caspase 8, apoptosis-related cysteine peptidase Apoptosis

CASP9 Caspase 9, apoptosis-related cysteine peptidase Apoptosis

the results obtained for control cells (which were consid-
ered as 100 %). This way of presenting results was chosen
in order to eliminate the influence of factors other than the
compound BZP on the functions of cells. The results have
been shown in the diagrams along with the designated
values of standard errors of the mean (SEM) or standard
deviations for the Real-Time PCR gene expression analysis
where the results have been calculated in accordance to the
mathematical model of Pfaffi (Pfaffl 2001; Pfaffl et al.
2002). Statistical analysis of the results was performed by
the StatisticalO0 StatSoft progamme. The analysis was
based on the system of random blocks and a linear over-
parameterized model treating the number of repetitions of
the experiment between days (cells from another passage)
as a random factor. In case of statistically significant dif-
ferences (the test statistics F and the level of p), a post hoc
analysis based on the Dunnett’s test was performed (the p
level has been marked on the graph using the symbols:
*p < 0.05, **p < 0.01; ***p < 0.001). Statistically sig-
nificant differences were accepted for these results
whereby the value of p was < 0.05.

Results and Discussion

The selection of benzylpiperazine concentrations utilized
in the experiments was based on a method for evaluating
the cytotoxicity of measuring the LDH released into the
cells’ culture medium (the results have been shown as a
percentage of the control). For the preliminary tests, a wide
range of xenobiotic concentrations: 0.1, 0.3, 1, 3, 10, 30,
100, 300, and 1000 pg/mL, were used. Literature data
reports indicate that in the case of a single dose of 200 mg
of BZP, the content of this drug was estimated as 0.262 pg/
mL in blood (Antia et al. 2009), which corresponds with
preselected lower limit concentrations of the psychoactive

substance. On the other hand, in the urine of poison victims
a concentration of BZP as high as 202.7 pg/mL (Elliott
2011) was found, this is close to the upper range of con-
centrations selected for testing. Statistical analysis of the
results has shown significant changes relative to the control
in the release of LDH from tested cells under the influence
of BZP at the two highest concentrations: 1700 uM
(300 pg/mL) (110.7 % £ 9.0 %, p < 0.05) and 5700 pM
(1000 pg/mL) (154.2 + 14.3 %, p < 0.001). Since the
purpose of this study was to determine the effect of BZP in
inducing programed cell death parameters associated with
oxidative stress and changes in energy state of cells, it was
decided to reject the highest concentration as it was
deemed too toxic, while for further experiments four levels
of BZP were selected from a test range of 57, 170, 570, and
1700 uM (10, 30, 100, and 300 pg/mL). The highest con-
centration of the new psychoactive substance selected for
analysis was similar to that used in experiments in the
in vitro model of mouse heart muscle cells conducted by
another research team (Arbo et al. 2014). The results pre-
sented in this paper indicate also that the chosen concen-
trations of BZP affected the inner mitochondrial membrane
potential in the glial cell line LN-18 (Fig. 1).

Statistical analysis of the results has shown that cultur-
ing the cells in a medium containing the highest utilizing
concentration of BZP has resulted in a statistically signif-
icant increase of Ay, relative to the control cells
(118.6 =+ 10.6 %, p < 0.05). In contrast, lower concentra-
tions of BZP did not significantly affect the disruptions of
the inner mitochondrial membrane proton gradient in the
analyzed cells. Mitochondrial function can be disturbed
after exposing the living cells to many toxic agents and
those that are potentially toxic, such as ethanol (Manzo-
Avalos and Saavedra-Molina 2010), a high-fat diet (Yu
et al. 2014). and tobacco smoke (Yang et al. 2007), certain
drugs and xenobiotics like cocaine, amphetamines, or
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Fig. 1 The influence of the selected concentrations of BZP on: the
changes in potential (A¥,,) of the inner mitochondrial membrane
(n = 10-14; contr. (+): CCCP; system of random blocks: F(4,
42) = 5.7, p < 0.001; Dunnett’s test versus contr.: *p < 0.05); on the
changes in ATP generation (n = 8; F(4, 28) = 10.4, p < 0.001;
Dunnett’s test versus contr.: ***p < (0.001) in cell lines LN-18

compounds with a similar mechanism and type of action to
BZP (Brown and Yamamoto 2003; Cunha-Oliveira et al.
2006).

Mitochondria, as organelles involved in free radical
generation as well as in ATP synthesis, play an important
role in programed cell death (Wang and Youle 2009).
Dysfunction of those organelles by the influence of
proapoptotic factors may result in changes in the electrical
potential of the inner mitochondrial membrane (Ay,) due
to abnormalities in the formation of a proton gradient
across the membrane. Changes Ay, not only result in
impaired production of ATP in the cells, but may also
contribute to an increase in the permeability of the mito-
chondrial membrane megachannels and, consequently, the
activation of a caspase cascade (Marzo et al. 1998). A
statistically significant decrease of the ATP level relative to
the control level (66.6 + 12.4 %, p < 0.001) in cells from
the line LN-18 grown in the medium with the presence of
BZP at a concentration of 1700 pM (300 pg/mL) has been
shown (Fig. 1). The changes in the mitochondrial mem-
brane potential observed in LN-18 cells caused by the
action of BZP may cause excessive formation of ROS,
leading both to the oxidization of molecules including
lipids, proteins, or DNA, as well as disorders of electron
transport through the mitochondrial membrane resulting in
lowering of ATP levels in the cells (Dimroth et al. 2000).
Reactive oxygen species are byproducts of oxidative
phosphorylation occuring through the mitochondrial elec-
tron transport (Murphy 2009). Indeed, BZP increased the
production of reactive oxygen species in the LN-18 cells
(Fig. 2).
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Fig. 2 Changes in ROS production in cells of the LN-18 line under
the influence of BZP (n = 14; contr. (4+) 1 mmol/L H,0,; system of
randomized blocks: F(4, 52) = 18.1, p < 0.001; Dunnett’s test versus
contr.: ***p < 0.001)

Statistically significant differences were observed at the
two highest concentrations of the BZP: 570 uM (100 pg/
mL) (118.3 &£ 11.6 %, p < 0.001) and 1700 pM (300 pg/
mL) (120.9 + 12.3 %; p < 0.001), suggesting a correlation
between the observed changes in the potential of the inner
mitochondrial membrane and the depletion of the ATP
content in glial cells.

The changes observed in the cells indicate that BZP has
a significant impact on a change in the functioning of the
mitochondrial respiratory chain in the test cell line. The
reported abnormal mitochondrial membrane potential may
be a consequence arising from disturbances in the electron
flow. Changes in Ay/,,, generated by the action of cytotoxic
agents, including increased levels of calcium ions released
from the endoplasmic reticulum, may be accompanied by
the opening of the mitochondrial megachannels and the
release of proapoptotic factors from the intermembrane
space into cytoplasm, activation of which is introduced to
the cell on the path of death (Labedzka et al. 2006). The
similar influence of piperazine derivatives leading to the
disturbances in Ca®* homeostasis was observed during the
studies of Arbo et al. (2015). The disruption of Ay, in
cells for line LN-18 treated with BZP was accompanied by
a decrease of intracellular ATP as well as a corresponding
increase in production of reactive oxygen species. The
relationship between the mitochondrial membrane poten-
tial, the level of ATP, and/or generation of reactive oxygen
species have been the subject of research conducted for
both in vitro and in vivo studies using a variety of exper-
imental models (Klingenberg and Rottenberg 1977; Wu
et al. 1990; Waterhouse et al. 2001; Ricci et al. 2003).
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Analysis of the experiments described in the literature
indicate that the observed disruption of the oxidative
phosphorylation process is manifested by a decrease in the
mitochondrial membrane potential and is associated with a
concomitant decrease of the intracellular concentration of
ATP and an enhanced production of reactive oxygen spe-
cies (and nitrogen). The results of the experiments per-
formed on a murine heart, despite the disruption of the
mitochondrial membrane potential revealed in evidence,
observed reduction in ATP levels in the cells after incu-
bation with BZP at concentrations similar to those used in
this paper (Arbo et al. 2014). The confirmation of this
thesis could be also observations made by the team of Arbo
et al. (2015), who has studied the impact of BZP among
other piperazine derivatives on the differentiated human
neuroblastoma SH-SYSY cells. The team observed the
impact of BZP that the increase in intracellular Ca*" levels
leads to mitochondrial hyperpolarization and to the con-
servation of ATP levels. In summary, the results of the
experiments presented in this paper as well as and as of the
research conducted on HO9c2 rat cardiomyoblasts (Arbo
et al. 2014) and human neuroblastoma SH-SY5Y cells
(Arbo et al. 2015) have shown that disparities in the effects
of the cytotoxic function of mitochondria may be the result
of not only the differences in the type of compound and its
concentration, but also the cellular model.

The correlation between the changes observed and
presented here in the inner mitochondrial membrane
potential and production of reactive oxygen species were
also described by other authors (Suski et al. 2012). They
demonstrated that the increased production of ROS may be
not only an uncoupling effect of the mitochondrial respi-
ratory chain but also may result from the high mitochon-
drial membrane potential that was observed in cell lines
LN-18 cultured with BZP at the highest concentrations.
The reason for the increased production of ROS accom-
panying increased Ay, in glial cells LN-18, with a
simultaneous decrease of the intracellular concentration of
ATP due to the new psychoactive substance’s influence,
might be inhibition of the mitochondrial ATP synthase
because of the influx of calcium from the endoplasmic
reticulum to the mitochondrial matrix. This mechanism has
been observed as an element of the so-called “Crabtree
effect” in cells, especially cancer, having high proliferative
potential, wherein the process of glycolysis is mainly
involved in the production of ATP (The Warburg effect).
Studies on tumor cells Zajdel and Ehrlih (Wojtczak et al.
1999; Marroquin et al. 2007; Diaz-Ruiz et al. 2011) have
shown that increased levels of Ca*" in the cytoplasm by the
influence of glucose results in an increased concentration
of calcium ions in mitochondria. These ions cause inhibi-
tion of ATP synthase complexes through interaction with
the F{-Fy enzyme, thereby reducing the production of ATP,

increasing the potential of the inner mitochondrial mem-
brane and increasing the amount of reduced forms of
mitochondrial nicotinamide dinucleotides. These two latter
phenomena are explained as a result of competition
occurring between glycolysis and oxidative phosphoryla-
tion (Wojtczak et al. 1999). Since the line LN-18 is a tumor
cell line, these effects may explain the results of the con-
ducted experiments regarding the relationship between the
increased Ay, and decreased ATP level.

The role of ROS in the mechanism of neurodegeneration
type of action has been explained with reference to com-
pounds with a similar mechanism of action and psychos-
timulant properties like BZP (Brown and Yamamoto 2003;
Montiel-Duarte et al. 2004; Cerretani et al. 2011). These
results suggest that excessive production of ROS may be
involved in hyperthermia, which is one of the effects of
action of amphetamines. Hyperthermia leads to the fact
that energy instead of storage of the high-bond ATP is
dissipated as heat which is then accompanied by increased
production of ROS (Brown and Yamamoto 2003; da Silva
et al. 2014). Since hyperthermia is listed among the adverse
effects of BZP (Gee et al. 2008; Schep et al. 2011), it can
be speculated that it is evidence of impaired function of the
mitochondrial electron chain and oxidative stress in cells
intensified under the influence of the new psychoactive
substance. For other xenobiotics, e.g., MDMA, the role of
the metabolites such as quinones and thioesters in the
formation of ROS and oxidative stress have been indicated
(Moon et al. 2008; Song et al. 2010).

The increased production of reactive oxygen species in
LN-18 cells under the influence of BZP reported after the
experiments may also suggest intensification of oxidative
stress. ROS are products of metabolism occurring in the
cells—in a low level, physiologically they play the main role
in intracellular signaling and the regulation of biochemical
processes, but their over-production and depletion of antiox-
idant mechanisms leads to the development of oxidative stress
in cells. Many pathological states and diseases are associated
with severe oxidative stress. Impaired intracellular redox
homeostasis can lead to irreversible changes in the chemical
structure of molecules resulting from the oxidation of pro-
teins, lipids, and DNA (Circu and Aw 2010). Since BZP
affected the formation of ROS in glial cells cultured in a
medium containing BZP at concentrations of 570 and
1700 pM (100 and 300 pg/mL), an experiment aimed at
determining whether the xenobiotic in these concentrations
significantly affects the formation of oxidative DNA damage
has been performed. A marker of such damage, 8-hydroxy-2'-
deoxyguanosine (8-OHdG), was analyzed in cells from the
line LN-18. The results have shown (Fig. 3) that in the case of
the concentration of 570 pM (100 pg/mL) and 1700 uM
(300 pg/mL) the level of the DNA damage marker statisti-
cally increased to: 4214 +52.7 % (p <0.01) and
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Fig. 3 Influence of BZP on changes in the concentration of 8-OHdG
in cell lines LN-18 (n = 3; system of randomized blocks: F(2,
4) =99.7, p <0.001; Dunnett’s test versus contr.. **p < 0.01;
*#%kp < 0.001)

593.8 £ 51.5 % (p < 0.001), respectively, confirming the
effect of BZP on the reinforcement of the activation of
oxidative stress.

In order to determine the impact of BZP on apoptosis of
cells, the activation of the executive caspase, caspase-3,
was analyzed. Changes in the activity of caspase-3,
depending on the concentration of BZP in the cultured glial
cells, are shown in Fig. 4.

The results have shown that BZP in the lowest con-
centration used caused a statistically significant increase of
caspase-3 activity at the level of 258.8 + 76.4 %
(p < 0.001) relative to the control, which indicates that
apoptosis has begun in LN-18 cells after treatment with the
drug. The observed influence of xenobiotics on activation
of the proteolytic enzyme may suggest that BZP is the
factor inducing programed cell death. A similar effect on
the activation of caspase-3 has been shown for ampheta-
mine, a compound with comparable effects of action to
BZP in liver cells (Montiel-Duarte et al. 2002; Cunha-
Oliveira et al. 2006). Due to the increased caspase-3
activity under the influence of the highest of the tested
concentrations of BZP, attempts to determine the induction
of the programed cell death pathway by analyzing the
activities of the two initiating apoptosis caspases, caspase-8
(related to the receptor pathway), and caspase-9 (bound to
the mitochondrial pathway), were made. Analysis of the
results, shown in Fig. 4, revealed that BZP used in the
highest concentration of 1700 uM (300 pg/mL) caused the
activation of caspase-9 (130.2 + 36.3 %, p < 0.05). An
increased activation of caspase-9 in cell lines LN-18 trea-
ted with xenobiotic indicates that BZP may influence the
induction of the mitochondrial pathway of apoptosis in
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Fig. 4 Influence of BZP on: caspase-3 activity (n = 5-6; system of
random blocks: F(4, 22) = 27.6; p < 0.001; Dunnett’s test versus
contr.: ***p < 0.001), caspase-9 activity (n = 5-6; F(4, 22) = 27.4;
p < 0.001; Dunnett’s test versus contr.: *p < 0.05), caspase-8 activity
(n = 5-6; F(4, 22) = 2.3; p < 0.05 in cell lines LN-18; contr.(—)
cells were cultured in the presence of BZP at concentration of 300 pg/
mL with the addition of the inhibitor

glial cells. Activation of the caspase is related to the for-
mation of apoptosome and release of cytochrome c,
apoptosis-inducing factor (AIF) or HtrA serine peptidase 2
(HTRAZ2) protein and calcium ions from the mitochondria
of cells following the opening of the mitochondrial
megachannels (Labedzka et al. 2006). The observed
increase Ay, and increased production of ROS in cell lines
LN-18 treated with BZP suggests that these phenomena
lead in turn to activation of caspase-9 with consequent cell
death. Similar mechanisms are postulated for the neu-
rodegeneration properties of amphetamine when tested on
neuronal cells on the frontal cortex of rats during in vitro
experiments (Cunha-Oliveira et al. 2006). On the other
hand, as a result of the statistical analysis of the data it was
found that BZP does not significantly affect changes in
caspase-8 activity when compared to control cells (Fig. 4).
The results indicate that there is no basis to conclude that
BZP induces apoptosis in LN-18 via the receptor pathway,
as was demonstrated for amphetamine and cocaine in
neuronal cells (Cunha-Oliveira et al. 2006) and opposite to
MDMA, whose affinity for TNF-o in rat liver cells was
confirmed during in vivo experiments (Cerretani et al.
2011). A low affinity of BZP to receptor cell membranes
may also be a result of the lipophilic properties of this
compound (octanol/water for BZP logP = 1.3; for MDMA
logP = 2.2—according to the PubChem database), which
are weaker than MDMA.

In order to complete the understanding of the influence
of BZP on glial cells, analysis of the changes in the relative
expression of selected genes associated with apoptosis and
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the trail induction of this process, severe oxidative stress in

cells, mitochondrial dysfunction, and shocking the endo-

plasmic reticulum has been performed. In Fig. 5, the
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after incubation with BZP were presented. BZP used at a
concentration of 57 and 170 uM (10 and 30 pg/mL)
resulted in a decline of the relative gene expression of
CASP9. For a concentration of 57 pM (10 pg/mL), the
relative gene expression was —2.3 £ 0.1 (p < 0.05), while
for a concentration of 170 uM (30 pg/mL): —1.66 £ 0.2
(p < 0.05).

There have been some cases known where xenobiotics
at low concentrations protect the body’s cells (Shatrov and
Briine 2003; Lechanteur et al. 2005; Witjen et al. 2005),
but in the studies described in this paper such action of
benzylpiperazine can only be speculated and this is sup-
ported by the results of other experiments. Additionally, an
increase of the relative expression of the DDIT3 gene to
15.9 £ 11.8 (p = 0.001) compared to the control (the level
gene expression in control cells is defined as 1) in glial
cells under the effect of the legal high in the highest tested
concentration was observed. Increased gene DDIT3
expression in cell lines LN-18, resulting from usage of the
highest concentrations of BZP, may suggest activation of
the ER shock by the influence of a toxic substance. Signals’
death being the effect of inducing shock in humans’ ER
may be attributed to mitochondria, whose disruption has
been demonstrated during the conducted experiments.

The results of the experiments lead to the conclusions
that BZP affects largely on the mitochondrial dysfunction
and associated with that disturbances of energy state of the
cells. Moreover, the results of Real-Time PCR gene
expression analysis (increased gene DDIT3 expression)
indicate that disruption of cellular function is connected
with the disorders of the endoplasmic reticulum possibly
associated with homeostasis of calcium ions which may be
supported by the findings of other authors (Arbo et al.
2015).

Phsychostimulating properties of BZP as well as its
impact on the central nervous system have been subjected
to a wide range of scientific research for many years.
Experiments in animals suggest that BZP has direct and
indirect sympathomimetic activities, stimulates the release
and inhibits reuptake of dopamine (DA), serotonin (5-HT),
and noradrenaline (NA) (Campbell et al. 1973; Magyar
et al. 1986; Sziicks et al. 1987), however, the impact on
noradrenergic and serotonergic activity is not entirely clear
and to the present day being considered (Simmler et al.
2014). It also shows the positive impact of BZP on the NA
level observed in the hypothalamus, the DA in the striatum,
and 5-HT in the hippocampus of rats exposed to long-term
the psychoactive substance (Tekes et al. 1987). In vitro
studies carried out on rat synaptosomes by a group of
researchers led by Baumann et al. (2005) in order to
compare the mechanism of action of BZP, TFMPP, and
MDMA have demonstrated that BZP causes the release of
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the organic cations ions [3HIMPP" in dopamine trans-
porter (DA). These ions, as the neurotoxins, may not
exceed the blood-brain barrier, but can lead to the death of
dopaminergic neurons in the substantia nigra, which may
indicate to the neurotoxic effect of BZP.

Described in this paper, results of the research on the
effects of BZP directly on the cells of the nervous system
may be additional information about the mechanism of
psychostimulating action of BZP and its postulating toxic
impact on the nervous system.

Conclusions

The research presented in this paper is a modern approach
to the issue of the mechanism of action of xenobiotics at
the cellular level. The experiments conducted in order to
demonstrate the mechanism of toxicity of new psychoac-
tive substances on the body seem to be relevant for the
model assessment of the possible dysfunction of cells
arising from the use of the selected model drug from the
new psychoactive substances—BZP. Analysis of the
parameters associated with the impaired mitochondrial
function carried out and described in this paper, such as
changes in the potential of the inner mitochondrial mem-
brane Ay, ATP production, and generation of ROS, made
it possible to assess the impact of BZP both on the mito-
chondrial function of glial cells LN-18, inducing the pro-
cess of programed cell death as well as the energy state and
intensification of oxidative stress of the tested type of cells.
The results presented in this paper have shown that the
toxicity of BZP cells refers to disorders of mitochondrial
function leading to increased ROS production, disorders of
the biosynthesis of ATP, free radical damage to the cell
endogenous compounds’ structure (including DNA), and
induction of apoptosis. On this basis, it can be concluded
that the toxic effects of the cells cultured with BZP are
exposed especially on those organs whose cells have a
large number of mitochondria, such as the neuronal cells.

Acknowledgments K. Persona acknowledges financial support
from the Interdisciplinary Ph.D. Studies project “Molecular sciences
for medicine” (co-financed by the European Social Fund within the
Human Capital Operational Programme). K. Persona received funds
to prepare her doctoral dissertation from the National Science Centre
in the framework of a doctoral scholarship funding (ETIUDA) based
on the decision no. DEC-2014/12/T/NZ7/00262.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Neurotox Res (2016) 29:558-568

567

References

Antia U, Lee HS, Kydd RR et al (2009) Pharmacokinetics of “party
pill” drug N-benzylpiperazine (BZP) in healthy human partic-
ipants. Forensic Sci Int 186:63-67

Arbo MD, Bastos MDL, Carmo H (2012) Piperazine compounds as
drugs of abuse. Drug Alcohol Depend 122:174-185

Arbo MD, Silva R, Barbosa DJ et al (2014) Piperazine designer drugs
induce toxicity in cardiomyoblast h9¢2 cells through mitochon-
drial impairment. Toxicol Lett 229:178-189

Arbo MD, Silva R, Barbosa DJ et al (2015) In vitro neurotoxicity
evaluation of piperazine designer drugs in differentiated human
neuroblastoma SH-SYSY cells. J Appl Toxicol 36:121-130

Baumann MH, Clark RD, Budzynski AG et al (2005) N-substituted
piperazines abused by humans mimic the molecular mechanism
of 3,4-methylenedioxymethamphetamine (MDMA, or “Ec-
stasy”). Neuropsychopharmacol Off Publ Am Coll Neuropsy-
chopharmacol 30:550-560

Brown JM, Yamamoto BK (2003) Effects of amphetamines on
mitochondrial function: role of free radicals and oxidative stress.
Pharmacol Ther 99:45-53

Buck JS, Baltzly R (1947) Unsymmetrically substituted piperazines.
U.S. Patent No. 2415786

Bye C, Munro-Faure AD, Peck AW, Young PA (1973) A comparison
of the effects of 1-benzylpiperazine and dexamphetamine on
human performance tests. Eur J Clin Pharmacol 6:163-169

Campbell H, Cline W, Evans M et al (1973) Comparison of the
effects of dexamphetamine and 1-benzylpiperazine in former
addicts. Eur J Clin Pharmacol 6:170-176

Cerretani D, Bello S, Cantatore S et al (2011) Acute administration of
3,4-methylenedioxymethamphetamine (MDMA) induces oxida-
tive stress, lipoperoxidation and TNFa-mediated apoptosis in rat
liver. Pharmacol Res 64:517-527

Circu ML, Aw TY (2010) Reactive oxygen species, cellular redox
systems, and apoptosis. Free Radic Biol Med 48:749-762

Cunha-Oliveira T, Rego AC, Cardoso SM et al (2006) Mitochondrial
dysfunction and caspase activation in rat cortical neurons treated
with cocaine or amphetamine. Brain Res 1089:44-54

Da Silva DD, Silva E, Carmo H (2014) Combination effects of
amphetamines under hyperthermia—the role played by oxidative
stress. J Appl Toxicol 34:637-650

Diaz-Ruiz R, Rigoulet M, Devin A (2011) The Warburg and Crabtree
effects: on the origin of cancer cell energy metabolism and of
yeast glucose repression. Biochim Biophys Acta 1807:568-576

Dimroth P, Kaim G, Matthey U (2000) Crucial role of the membrane
potential for ATP synthesis by F(1)F(o) ATP synthases. J Exp
Biol 203:51-59

Eguchi K (2001) Apoptosis in autoimmune diseases. Intern Med 40:1-7

Elliott S (2011) Current awareness of piperazines: pharmacology and
toxicology. Drug Test Anal 3:430-438

Europol-EMCDDA (2007) Europol-EMCDDA joint report on a new
psychoactive substance: 1-benzylpiperazine (BZP)

Gee P, Richardson S, Woltersdorf W, Moore G (2005) Toxic effects
of BZP-based herbal party pills in humans: a prospective study
in Christchurch, New Zealand. N Z Med J 118:1-10

Gee P, Gilbert M, Richardson S et al (2008) Toxicity from the
recreational use of 1-benzylpiperazine. Clin Toxicol 46:802-807

Gee P, Jerram T, Bowie D (2010) Multiorgan failure from 1-benzylpiper-
azine ingestion—legal high or lethal high? Clin Toxicol 48:230-233

Ghavami S, Shojaei S, Yeganeh B et al (2014) Autophagy and
apoptosis dysfunction in neurodegenerative disorders. Prog
Neurobiol 112:24-49

Klingenberg M, Rottenberg H (1977) Relation between the gradient
of the ATP/ADP ratio and the membrane potential across the
mitochondrial membrane. Eur J Biochem 73:125-130

FLabedzka K, Grzanka A, Izdebska M (2006) Mitochondria and cell
death. Postepy Hig Med Dosw 60:439-446

Lai B, Zhang L, Dong LY et al (2005) Inhibition of Qi site of
mitochondrial complex III with antimycin A decreases persistent
and transient sodium currents via reactive oxygen species and
protein kinase C in rat hippocampal CAl cells. Exp Neurol
194:484-494

Leavesley HB, Li L, Prabhakaran K et al (2008) Interaction of
cyanide and nitric oxide with cytochrome c oxidase: implications
for acute cyanide toxicity. Toxicol Sci 101:101-111

Lechanteur C, Jacobs N, Greimers R et al (2005) Low daunomycin
concentrations protect colorectal cancer cells from hypoxia-
induced apoptosis. Oncogene 24:1788-1793

Li N, Ragheb K, Lawler G et al (2003) Mitochondrial complex 1
inhibitor rotenone induces apoptosis through enhancing mito-
chondrial reactive oxygen species production. J Biol Chem
278:8516-8525

Lowry OH, Rosebrougg NJ, Farr AL, Randall RJ (1951) Protein
measurement with the Folin phenol reagent. J Biol Chem
193:265-275

Magyar K, Fekete MIK, Tekes K, Torok TL (1986) The action of
trelibet, a new antidepressive agent on [3H]noradrenaline release
from rabbit pulmonary artery. Eur J Pharmacol 130:219-227

Manzo-Avalos S, Saavedra-Molina A (2010) Cellular and mitochon-
drial effects of alcohol consumption. Int J Environ Res Public
Health 7:4281-4304

Marroquin LD, Hynes J, Dykens J, Dykens JA et al (2007)
Circumventing the crabtree effect: replacing media glucose with
galactose increases susceptibility of hepG2 cells to mitochon-
drial toxicants. Toxicol Sci 97:539-547

Marzo I, Susin SA, Petit PX et al (1998) Caspases disrupt mitochon-
drial membrane barrier function. FEBS Lett 427:198-202

Mattson MP (2000) Apoptosis in neurodegenerative disorders. Nat
Rev Mol Cell Biol 1:120-129

Montiel-Duarte C, Varela-Rey M, Osés-Prieto JA et al (2002) 3,4-
Methylenedioxymethamphetamine (“Ecstasy”) induces apopto-
sis of cultured rat liver cells. Biochim Biophys Acta 1588:26-32

Montiel-Duarte C, Ansorena E, Lopez-Zabalza MJ et al (2004) Role
of reactive oxygen species, glutathione and NF-xB in apoptosis
induced by 3,4-methylenedioxymethamphetamine (“Ecstasy”)
on hepatic stellate cells. Biochem Pharmacol 67:1025-1033

Moon K-H, Upreti VV, Yu L-R et al (2008) Mechanism of 3,4-
methylenedioxymethamphetamine (MDMA, ecstasy)-mediated
mitochondrial dysfunction in rat liver. Proteomics 8:3906-3918

Murphy MP (2009) How mitochondria produce reactive oxygen
species. Biochem J 417:1-13

New Zealand EACD (2004) The expert advisory committee on drugs
(EACD) advice to the minister on: benzylpiperazine (BZP)

Pfaffil MW (2001) A new mathematical model for relative quantifi-
cation in real-time RT-PCR. Nucleic Acids Res 29:e45

Pfafi MW, Horgan GW, Dempfle L (2002) Relative expression
software tool (REST©) for group-wise comparison and statis-
tical analysis of relative expression results in real-time PCR

Quinzii C, Hirano M (2010) Coenzyme Q and mitochondrial disease.
Dev Disabil Res 16:183-188

Renehan AG, Booth C, Potten CS (2001) What is apoptosis, and why
is it important? BMJ 322:1536-1538

Ricci JE, Gottlieb RA, Green DR (2003) Caspase-mediated loss of
mitochondrial function and generation of reactive oxygen
species during apoptosis. J Cell Biol 160:65-75

Schep LJ, Slaughter RJ, Vale JA et al (2011) The clinical toxicology
of the designer “party pills” benzylpiperazine and trifluo-
romethylphenylpiperazine. Clin Toxicol (Phila) 49:131-141

Shatrov VA, Briine B (2003) Induced expression of manganese
superoxide dismutase by non-toxic concentrations of oxidized

@ Springer



568

Neurotox Res (2016) 29:558-568

low-density lipoprotein (oxLDL) protects against oxLDL-medi-
ated cytotoxicity. Biochem J 374:505-511

Sheridan J, Butler R, Wilkins C, Russell B (2007) Legal piperazine-
containing party pills—a new trend in substance misuse. Drug
Alcohol Rev 26:335-343

Simmler LD, Rickli A, Schramm Y et al (2014) Pharmacological
profiles of aminoindanes, piperazines, and pipradrol derivatives.
Biochem Pharmacol 88:237-244

Song B-J, Moon K-H, Upreti VV et al (2010) Mechanisms of MDMA
(ecstasy)-induced oxidative stress, mitochondrial dysfunction,
and organ damage. Curr Pharm Biotechnol 11:434-443

Suski JM, Lebiedzinska M, Bonora M et al (2012) Relation between
mitochondrial membrane potential and ROS formation. Methods
Mol Biol 810:183-205

Sziicks Z, Szentendrei T, Fekete MI (1987) The effect of EGYT-475
(Trelibet) and its metabolites on the potassium-stimulated 3H-
noradrenaline release from cortical slices of rat brain. Pol J
Pharmacol Pharm 39:185-193

Tekes K, Téthfalusi L, Malomvolgyi B et al (1987) Studies on the
biochemical mode of action of EGYT-475, a new antidepressant.
Pol J Pharmacol Pharm 39:203-211

Wang C, Youle RJ (2009) The role of mitochondria in apoptosis.
Annu Rev Genet 43:95-118

Waterhouse NJ, Goldstein JC, Von Ahsen O et al (2001) Cytochrome
¢ maintains mitochondrial transmembrane potential and ATP
generation after outer mitochondrial membrane permeabilization
during the apoptotic process. J Cell Biol 153:319-328

@ Springer

Wiitjen W, Michels G, Steffan B et al (2005) Low concentrations of
flavonoids are protective in rat H4IIE cells whereas high
concentrations cause DNA damage and apoptosis. J Nutr
135:525-531

Wilkins C, Sweetsur P, Girling M (2008) Patterns of benzylpiper-
azine/trifluoromethylphenylpiperazine party pill use and adverse
effects in a population sample in New Zealand. Drug Alcohol
Rev 27:633-639

Wojtczak L, Teplova VV, Bogucka K et al (1999) Effect of glucose
and deoxyglucose on the redistribution of calcium in Ehrlich
ascites tumour and Zajdela hepatoma cells and its consequences
for mitochondrial energetics: further arguments for the role of
Ca®" in the mechanism of the Crabtree effect. Eur J Biochem
263:495-501

Wong RS (2011) Apoptosis in cancer: from pathogenesis to
treatment. J Exp Clin Cancer Res 30:87

Wu EY, Smith MT, Bellomo G, Di Monte D (1990) Relationships
between the mitochondrial transmembrane potential, ATP con-
centration, and cytotoxicity in isolated rat hepatocytes. Arch
Biochem Biophys 282:358-362

Yang Z, Harrison CM, Chuang GC, Ballinger SW (2007) The role of
tobacco smoke induced mitochondrial damage in vascular
dysfunction and atherosclerosis. Mutat Res 621:61-74

Yu L, Fink BD, Herlein JA et al (2014) Dietary fat, fatty acid
saturation and mitochondrial bioenergetics. J Bioenerg Bio-
membr 46:33-44



	An In Vitro Study of the Neurotoxic Effects of N-Benzylpiperazine: A Designer Drug of Abuse
	Abstract
	Introduction
	Materials and Methods
	Cells Culture
	LDH Measurement
	ATP Generation Measurement
	Monitoring of the Mitochondrial Membrane Potential ( Delta psi m)
	ROS Production Analyzing
	Determination of 8-OHdG
	Measurement of Caspases (-3, -9, and -8) Activity
	Real-Time PCR Gene Expression Analysis
	Statistical Analysis

	Results and Discussion
	Conclusions
	Acknowledgments
	References




