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ORIGINAL ARTICLE

Clostridium botulinum neurotoxin A induces apoptosis and mitochondrial
oxidative stress via activation of TRPM2 channel signaling pathway in
neuroblastoma and glioblastoma tumor cells

Orhan Akpınara,b, Ahmet €Ozşimşekc, Mustafa G€uzeld and Mustafa Nazıro�glue,f

aUnit of Medical Microbiology, Department of Oral and Maxillofacial Surgery, Faculty of Dentistry, Suleyman Demirel University, Isparta,
Turkey; bDepartmant of Medical Microbiology, Health Sciences Institute, Suleyman Demirel University, Isparta, Turkey; cDepartment of
Neurology, Faculty of Medicine, Alanya Alaaddin Keykubat University, Antalya, Turkey; dDepartment of Medical Microbiology, Private
Maltepe Medical Center, Istanbul, Turkey; eNeuroscience Research Center, Suleyman Demirel University, Isparta, Turkey; fDrug Discovery
Unit, BSN Health, Analyses, Innovation, Consultancy, Organization, Agriculture, Industry and Trade Limited Company, G€oller B€olgesi
Teknokenti, Isparta, Turkey

ABSTRACT
Background: The Clostridium botulinum neurotoxin A (BTX) is a polypeptide produced by the bacter-
ium Clostridium botulinum. In addition to the therapeutic actions of BTX against pain and neuromuscu-
lar disorders, it is acted as anticancerogenic effect through excessive mitochondria reactive oxygen
species (ROS) production, apoptosis, and caspase activations. The TRPM2 cation channel is activated
by ROS and ADP-ribose and it is inhibited by 2-aminoethyl diphenylborinate (2-APB) and N-(p-amylcin-
namoyl) anthranilic acid (ACA). The aim of this study was an investigation of involvement BTX-induced
TRPM2 activation on the mitochondria ROS production and apoptosis levels in the DBTRG glioblast-
oma and SH-SY5Y neuroblastoma tumor cells.
Material and methods: The DBTRG and SH-SY5Y cells were divided into four groups as control, BTX
(5 IU for 24h), BTXþACA (25mM for 30min), and BTX þ 2-APB (100mM for 30min).
Results: BTX treatment increased mitochondrial membrane depolarization (JC-1), mitochondrial
(MitROS), and cytosolic (DHR123 and DCFH-DA) ROS levels, neuronal death (propidium iodide/Hoechst)
rate, caspase �3, and �9 levels in the BTX group, although their levels were diminished in the
BTXþACA and BTX þ 2-APB groups. The ACA and 2-APB treatments also decreased BTX-induced
increase of TRPM2 cytosolic free Ca2þ concentration in the glioblastoma and neuroblastoma
cell death.
Conclusions: BTX caused neuroblastoma and glioblastoma tumor cell death by activating the mito-
chondria ROS production via stimulating TRPM2 signaling pathways. BTX may serve as a potential
therapeutic target via activation of TRPM2 for treating glioblastoma and neuroblastoma cells.

Abbreviations: 2-APB: 2-aminoethyl diphenylborinate; ACA: N-(p-amylcinnamoyl) anthranilic acid;
ADPR: ADP-ribose; BTX: clostridium botulinum neurotoxin A; DCF: 2’,7’-dichlorofluorescein; DCFH-DA:
20,70-dichlorodihydrofluorescin diacetate; DMEM: Dulbecco’s Modified Eagle’s Medium; H2O2: hydrogen
peroxide; MitMD: mitochondrial membrane depolarization; MitROS: mitochondrial ROS; NOX: nicotina-
mide adenosine dinucleotide phosphate oxidase; PARP-1: poly (ADP-ribose) polymerase-1; RAC1: com-
posed of Ras-related C3 botulinum toxin substrate; ROS: reactive oxygen species; TRP: transient
receptor potential; TRPM2: transient receptor potential 2
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Introduction

Glioblastoma and neuroblastoma are the most common
types of primary brain tumor in adults [1,2]. Glioblastomas
have most aggressive and proliferative characters within the
brain tumors. Incidences of glioblastomas are two to three
per hundred thousand adults per year. Neuroblastoma is the
most common extracranial solid tumor of infancy. About 6%
of children in cancers are suffer from neuroblastomas [3].
Hence, glioblastoma and neuroblastomas are too fatal neur-
onal cancer types in adults and children [4,5]. Despite signifi-
cant advances in the understanding of the molecular and

cellular basis of glioblastoma and neuroblastoma prolifer-
ation, etiology of glioblastomas and neuroblastomas has not
been fully clarified yet.

Reactive oxygen species (ROS) are produced during the
physiological and pathophysiological activities including
mitochondrial function in normal neuron and brain tumors
[6,7]. Excessive production of ROS induces an increase of
intracellular calcium ion (Ca2þ) concentration in cancer cells
and the calcium ion Ca2þ has a main role in the tumor pro-
gression, apoptosis and death [7,8]. Therefore, several sub-
groups of transient receptor potential (TRP) superfamily
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cation channels are activated in cancer cells by the excessive
ROS generation [9,10]. First discovered the oxidative-stress-
dependent activated cation channels within the TRP super-
family is TRP melastatin 2 (TRPM2) and it is activated by
hydrogen peroxide (H2O2) and ADP-ribose (ADPR) [11,12].
Involvement of TRPM2 channel activation-induced excessive
Ca2þ entry and ROS production in several cancers has been
reported in the progression of human laryngeal squamous
cancer [13], DBTRG glioblastoma cells [14], and SH-SY5Y
neuroblastoma cell lines [15–17]. Botulinum toxin substrate-
induced excessive ROS production was recently reported in
phagocytic and acute myeloid cells [18]. The oxidative
induced-TRPM2 activation may play a crucial role in
Clostridium botulinum neurotoxin A (BTX)-induced DBTRG
and SH-SY5Y nerve toxicity and death.

The Clostridium botulinum neurotoxin with seven sero-
types (A-G) are polypeptide produced by the bacterium
Clostridium botulinum. Scientific progresses in the last deca-
des facilitated using the polypeptides of Clostridium botu-
linum neurotoxins. A protease content of BTX inhibits the
acetylcholine release at the neuromuscular junction. Type A
(BTX) of the Clostridium botulinum neurotoxins is extensively
being used as therapeutics against pain, epilepsy, ophthal-
mological, and neuromuscular disorders [19,20]. It has also
been used to remove wrinkles and frown line from our body.
In addition, recent data indicate its anticancer actions against
tumor cell proliferation, including human neuroblastoma and
glioblastoma tumor cells through stimulation of ROS produc-
tion, apoptosis, caspase-3 and -9 activities [21–23]. However,
molecular mechanisms of BTX on anticancer action in human
neuroblastoma and glioblastoma tumor cells has not been
clarified yet.

In this study, we examined whether the blockade of the
TRPM2 channel effectively prevented BTX-induced DBTRG
glioblastoma and SH-SY5Y neuroblastoma cell proliferation,
oxidative toxicity and neuronal death, mediated by mito-
chondria-dependent ROS and TRPM2 channel signal-
ing pathways.

Materials and methods

Cell culture

SH-SY5Y and DBTRG cell lines were purchased from Şap
Institue (Ankara, Turkey). They were cultured, as previously
described [24,25]. In brief, the SH-SY5Y cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM, low glucose
as 1 g/l) and Ham’s F12 (50:50) medium, although DTBTG
cells were maintained in the 90% DMEM. Both cell culture
medium was also supplemented with 10% fetal calf serum,
2mM glutamine, 100 IU penicillin, 100 lg/ml streptomycin
in 5% CO2 plus humidified air at 37 C. The medium and
chemicals were purchased from Thermo Fischer Scientific
Inc. (Istanbul, Turkey). In the laser confocal microscope
(LSM800, Zeiss, Ankara Turkey) analyses, the cells were
seeded in 35mm glass bottom dishes (Mattek Corporation
Inc., Ashland, MA).

Study groups of SH-SY5Y cells
Natural expressions of TRPM2 without DNA transfection were
recently reported in the DBTRG glioblastoma and SH-SY5Y
neuroblastoma cells [14–16]. The DBTRG and SH-SY5Y cells
were divided into four groups as follows:

Control group: The DBTRG and SH-SY5Y cells were kept in a
cell culture medium for 24 h.

BTX group: The DBTRG and SH-SY5Y cells were incubated
with 5 IU BTX (Botox-100, Allergan Drugs Inc., Istanbul,
Turkey) for 24 h [26].

BTXþACA group: After 24 h incubation of BTX, the DBTRG
and SH-SY5Y cells were further incubated with 25 mM N-(p-
amylcinnamoyl) anthranilic acid (ACA) for 30min [24].

BTX þ 2-APB group: After 24 h incubation of BTX, the DBTRG
and SH-SY5Y cells were incubated with 100 mM 2-amino-
ethyl diphenylborinate (2-APB) for 30min [24].

Stock ACA and 2-APB solutions were dissolved in the
0.1mm DMSO before dilution in the cell culture medium
plus extracellular buffer with calcium (1.2mM). In some
experiments, the cells were stimulated by H2O2. The H2O2

was diluted in the extracellular buffer with calcium (1.2mM)
as described in previous studies [9,20]. The final concentra-
tion of H2O2 was 1mM.

Assay of cell viability and cell number
After removing medium by centrifugation (1500 g for 5min),
the DBTRG and SH-SY5Y cells were diluted in the Casy tone
solution as described in previous studies [13,17]. Then the
cells were automatically counted in an automatic cell counter
(Casy Modell TT, Roche, Germany). In addition to the cell
number changes, cell viability was monitored through elec-
trical current exclusion by the cell counter. The cell number
and cell viability were expressed as 106/ml and %,
respectively.

Imaging cell death in the SH-SY5Y cells using laser con-
focal microscopy
Living and dead cells undergoing laser confocal microscope
analysis (LSM800) were assayed using Hoechst-33342 (3 lg/
ml for 30min) and propidium iodide (PI, 5 lg/ml for 30min)
(Cell Signaling Technologies) fluorescent dyes following the
manufacturer’s instructions in dark incubator medium (5%
CO2 and 37 �C) according to previous descriptions [13,14,17].
Excitation, detection, and diode laser wavelengths of
Hoechst-33342 were 346, 455, and 405 nm, respectively.
Excitation, detection, and diode laser wavelengths of PI were
305, 617, and 561 nm, respectively. Living/dead analysis of
the cells stained with PI and Hoechst was performed by
using ImageJ software. The PI/Hoechst rate results were
expressed as % of dead cells.
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Imaging early and late apoptosis in the DBTRG cells using
laser confocal microscopy
It is well known that Phosphatidylserine residue on the cell
surface is an indicator of early apoptosis. Annexin V FITC (aV-
FITC) staining is a valuable method for detecting apoptotic
cells, because it has high affinity in the cell for binding
Phosphatidylserine residues and display green fluorescence.
Propidium iodide (PI) is widely used in conjunction with aV-
FITC for detection of late apoptosis, because live and early
apoptotic cell with an intact plasma membrane was not stained
with PI. Hence, PI as indicator of late apoptosis can easily pass
the decreased integrity of the plasma and nuclear membranes,
and displays red fluorescence of DNA damage [27].

The effects of BTX-induced early and apoptosis were
determined by the laser confocal microscope (LSM800) fitted
with a 10� objective using the aV-FITC (1 ml/ml for 30min)
and PI (5ml/ml for 30min) stains as described in the manu-
facturer’s guidelines (Santa Cruz Biotechnology, Istanbul,
Turkey) [14]. Excitation, detection, and diode laser wave-
lengths of PI in the ZEN program were 305, 617, and 561 nm,
although excitation, detection, and diode laser wavelengths
of aV-FITC were 495, 519, and 488 nm, respectively.
Fluorescence intensity as arbitrary unit/cell was used for
expression of aV-FITC and PI concentrations.

Measurements of cytosolic free Ca2þ concentration
([Ca2þ]c) through TRPM2 activation in the DBTRG and SH-
SY5Y cells
Intracellular changes in the free Ca2þ fluorescence concentra-
tion ([Ca2þ]c) in the DBTRG and SH-SY5Y cells were moni-
tored in dark conditions using 1 mM Fluo-3 fluorescent dye (
Calbiochem, Darmstadt, Germany) visualized by a laser con-
focal microscope fitted with a Plan-Apochromat 40x oil
objective. The Fluo-3 displays green fluorescence of ([Ca2þ]c
and it is a single wavelength excitation (506 nm) and emis-
sion (528 nm) dye that is excited by a 488 nm argon laser
from the laser confocal microscope (LSM 800) [14]. Detection
wavelengths of Fluo-3 were kept between 450 and 700 nm.
The microscope model was Axio ObserverZ1/7 (Zeiss). The
level of Fluo-3 in 15 mm2 of cytosol in each DBTRG or SH-
SY5Y cell was expressed as the mean fluorescence intensity
as arbitrary unit per cell.

Imaging mitochondrial membrane potential (MitMD) in
the SH-SY5Y by the laser confocal microscope analyses
For imaging of MitMD, the cells were incubated with JC-1
fluorescent dye for 15min at 37 �C in dark conditions [28].
The samples were then analyzed using the laser confocal
microscope (LSM 800) fitted with a Plan-Apochromat 40� 1.3
oil DIC (UV) VIS-IR M27 objective. JC-1 dye in the cells was
excited with a diode laser at 488 nm [13,14]. Detection wave-
lengths of JC-1 were kept between 585 and 700 nm.
Fluorescence intensity (arbitrary unit/cell) was used for
expression of JC-1.

Imaging ROS generation in the mitochondria and cytosol
of DBTRG and SH-SY5Y using laser confocal microscopy
Mitochondrial ROS (MitROS) generation visualized under laser
confocal microscopy (LSM 800) by using MitoTracker Red
CM-H2Xros fluorescent dye (Life Technologies) following the
manufacturer’s instructions. Cytosolic ROS production was
monitored using two different fluorescent dyes: DHR123 and
DCFH-DA. After exposure to the described treatments, the
neurons were incubated with 100 nM MitoTracker Red CM-
H2Xros for 30min [13,14], then further incubated with 1 lM
DCFH-DA and DHR123 for 30min at 37 �C in dark conditions
[28]. After washing the cells with 1� PBS prior to imaging,
MitoTracker Red CM-H2Xros was excited with a diode laser
at 561 nm and its detection wavelength was kept between
570 and 700 nm (Excitation: 576 nm; Emission: 598 nm).
DHR123 and DCFH-DA were excited with a diode laser at
488 nm. Detection wavelengths of DHR123 were kept
between 400 and 575 nm (Excitation: 507 nm; Emission: 529).
Detection wavelengths of DHR123 were kept between 410
and 570 nm (Excitation: 504 nm; Emission: 525 nm). The Plan-
Apochromat 40x oil objective was used in the analyses
of ROS.

Assay of caspase -3 and -9 activities
The determinations of caspase-3 and -9 activities in the
DBTRG and SH-SY5Y cells were based on a method previ-
ously reported [24,25] with minor modifications. Caspase-3
(N-acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin) and
�9 (N-acetyl-Leu-Glu- His-Asp-7-amino-4-methylcoumarin)
substrates were purchased from Bachem (Bubendorf,
Switzerland) and cleavages of the substrates were measured
with a microplate reader (Infinite pro200; Tecan Austria
GmbH, Groedig, Austria) . The data were calculated as fluor-
escence units/mg protein and presented as fold-increase
over the pretreatment level (experimental/control).

Statistical analysis
Statistical analyses were conducted using SPSS Statistical pro-
gram (17.0, SPSS Inc. Chicago, IL) with the Mann–Whitney
test. Data were represented as mean± standard deviation
(SD) and a p value < 0.05 was defined as significance.

Results

Inhibition of TRPM2 channel diminished BTX-induced
neuron death in the DBTRG and SH-SY5Y cells

In this study, we investigated the involvement of TRPM2
channel in the cell viability via an electronic cell counter and
cell death using PI and Hoechst fluorescent dyes. Bright field
(BF) black/white images and mean values of cell number
and cell viability in the DBTRG cells were indicated in
Figure 1(a–c), respectively. The PI and Hoechst mean values
of cell death (PI/Hoechst rate) of SH-SY5Y cells were shown
in Figure 2(a,b), respectively. The cell number and cell viabil-
ity levels were decreased in the BTX group of DBTRG cells by
the BTX treatment, although the cell death rate was
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increased in the SH-SY5Y cells by the treatment (p< 0.001).
However, the cell number and cell viability level in the DBTRG
cell was increased by the ACA and 2-APB treatments, whereas
the cell death rate in the SH-SY5Y cell was decreased by the
treatments (p< 0.001). We found an increase in the DBTRG
and SH-SY5Y cell death, but a decrease in cell proliferation fol-
lowing the BTX treatment. However, the BTX-induced increase
of death and decrease of cell proliferation in the DBTG and
SH-SY5Y was completely inhibited by the TRPM2 channel
blockers (ACA and 2-APB), indicating that BTX-induced TRPM2
activation is critical in the neuroblastoma and glioblastoma
cell deaths and proliferations.

BTX induced excessive Ca2þ influx through TRPM2 chan-
nel activation in the BTRG and SH-SY5Y cells
It is well known that cell death and tumor cell proliferation
were induced ROS-induced excessive Ca2þ influx. After

observing an increase in the cell death, but decrease in the
cell proliferation by the BTX treatment, we suspected ROS-
induced increase in the cytosolic Ca2þ concentration through
the TRPM2 channel activity. The fluorescence intensity of
[Ca2þ]c in the DBTRG and SH-SY5Y cells is shown in Figures 3
and 4, respectively. The fluorescence intensity in the basal
level was increased in the BTX groups compared to control
group of DBTRG (Figure 3(a)) and SH-SY5Y cells (Figure 4(a))
(p< 0.001). In addition, the fluorescence intensities were fur-
ther increased by the H2O2 treatments and they were signifi-
cantly higher in the BTXþH2O2 groups than in the BTX
groups of DBTRG (Figure 3(b)) and SH-SY5Y cells (Figure 4(b))
(p< 0.001). However, the H2O2-induced fluorescence inten-
sities were reduced in the TRPM2 channel blocker (ACA and
2-APB) groups and they were lower in the BTXþACAþH2O2

and BTX þ 2-APBþH2O2 groups than in the BTXþH2O2

groups of DBTRG (Figure 3(d)) and SH-SY5Y cells (Figure
4(d)) (p< 0.001).

Figure 1. BTX-induced increases of DBTG cell number and viability were diminished by ACA and 2-APB treatments. (a) Representative confocal image showing
bride field (BF) black/white in the four groups of the DBTRG cells. Scale bar is 50lm. The neurons were analyzed in the laser confocal microscope (LSM 800) fitted
with a 10� objective. (b, c) Summary of the mean cell number and cell viability values under control and treatment conditions. The cell values of the four groups
were measured in an automatic cell counter by using Casytone counting solution. ap< 0.001 indicate significant difference from control (Ctr) group. bp< 0.001
indicate significant difference from BTX groups.
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BTX-induced increases of mitochondrial membrane
depolarization (MitMD), mitochondrial and cytosolic ROS
production in DBTRG and SH-SY5Y were diminished by
the TRPM2 channel blockers
Accumulating evidence indicates that excessive ROS produc-
tion-induced Ca2þ signaling triggers an increase of MitMD
[29,30]. In turn, the increased MitMD in the inner membranes
of mitochondria stimulates an increase of mitochondrial ROS
production. Stimulation of the TRPM2 channel in the DBTRG
and SH-SY5Y cells were activated by ROS [14–17]. BTX had
anticancerogenic actions via stimulation of MitMD and ROS
production in prostate tumor cell [21], breast cancer cell [22],
and SH-SY5Y neuroblastoma cells [23]. After observing an
increase of [Ca2þ]c via TRPM2 activation, we investigated
changes of MitMD, MitROS, and cytosolic ROS productions
via TRPM2 activation in the glioblastoma and neuroblastoma
tumor cells.

Fluorescence intensities and mean values of MitMD (JC-1)
and cytosolic ROS (Rh123) production in the DBTRG (Figure
5(a,b)) and SH-SY5Y (Figure 6(a,b)) cells are shown in the
Figures 5 and 6, respectively. Fluorescence intensities and
mean values of MitROS and cytosolic ROS (DCF-ROS) produc-
tion in the SH-SY5Y cells are shown in Figure 7(a,b). The
fluorescence intensities of MitMD, cytosolic ROS (Rh123 and
DCF-ROS), and MitROS levels in the DBTRG and SH-SY5Y cells
were higher in the BTX group than in the control group
(p< 0.001). However, they were diminished in the BTXþACA
and BTX þ 2-APB groups by the ACA and 2-APB (p< 0.001).
Inhibitions of TRPM2 channel through ACA and 2-APB treat-
ments have been shown to be effective in inhibiting H2O2-
induced TRPM2-mediated neuron death and ROS production
[24,25]. Involvement of TRPM2 channel in the glioblastoma
and neuroblastoma mitochondrial oxidative toxicities was
further confirmed by the inhibitory effect of ACA and 2-APB

Figure 2. BTX-induced increases of SH-SY5Y neuronal cell death were diminished by ACA and 2-APB treatments. (N¼ 6 and mean ± SD). (a, b) Representative con-
focal images showing bright field (BF) and dead (propidium iodide-PI)/living (Hoechst) rate in the five groups. c) Summary of the mean fluorescence intensities of
PI/Hoechst rate. Scale bar for BF and PI/Hoechst were 50 and 20lm, respectively. Live and death neurons were analyzed in the laser confocal microscope (LSM
800) fitted with a 20� oil objective. The living and dead cells were counted using Image j program. The results were expressed as percentage changes. ap< 0.001
indicates significant difference from control (Ctr) and Se groups. bp< 0.001 indicates significant difference from BTX group.
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on the MitMD, MitROS, and cytosolic ROS concentrations in
the DBTRG and SH-SY5Y cells.

Stimulation of TRPM2 channel through BTX-induced oxi-
dative stress increased apoptosis through inhibition of
caspase-3 and -9 activities in the DBTRG and SH-
SY5Y cells
In addition to the excessive ROS production, increase of
MitMD results in apoptosis through activation of caspase-3
and 9 activities. However, modulation of TRPM2 results in
the decrease of apoptosis through inhibition of caspase-3
and -9 activities in the DBTRG and SH-SY5Y cells. However,
the involvement of the apoptosis level and caspase activities
via activation of TRPM2 has not been clarified yet. In this
study, we investigated the involvement of TRPM2 channel in
the caspase activities, early (aV-FITC) and late (PI) apoptosis
levels. The images and mean values of aV-FITC and PI stains
were shown in the in the DBTRG cells were indicated in
Figure 8(a,b). The caspase-3 and -9 activities in the DBTRG
(Figure 9(a)) and SH-SY5Y (Figure 9(b)) are shown in Figure 9.
The caspase activities, aV-FITC and PI levels were upregulated
in the BTX group in the DBTRG and SH-SY5Y cells by the BTX
treatment, although they were diminished in the cells by the
ACA and 2-APB treatments (p< 0.001). We found an increase

in the DBTRG and SH-SY5Y cell apoptosis through caspase-3
and -9 activations following the BTX treatment. However, the
BTX-induced increase of early and late apoptosis in the DBTG
and caspase-3 and -9 activities in the DBTRG and SH-SY5Y
cells were completely inhibited by the TRPM2 channel
blocker (ACA and 2-APB) treatments, indicating involvement
of BTX-induced TRPM2 activation in the neuroblastoma and
glioblastoma cell apoptosis.

Discussion

Glioblastoma and neuroblastoma are the most common and
fetal types of brain tumor in adult and children, respectively.
The progressions and treatments of glioblastoma and neuro-
blastoma have not fully discovered yet. However, results of
recent studies indicate that BTX can inhibit of glioblastoma
and neuroblastoma tumor invasion via stimulation of apop-
tosis and ROS [21–23]. The apoptotic and oxidant actions of
overload Ca2þ influx in DBTRG and SH-SY5Y cells were
recently reported [14–17], although the apoptotic and oxi-
dant effect and molecular mechanism of BTX in the cells
have not previously been investigated. In this study, we
examined the potential protective effect of apoptotic and
oxidant effect against using DBTRG and SH-SY5Y cell line
models. We demonstrated that BTX exerts a major protective

Figure 3. BTX increased [Ca2þ]c fluorescence intensity via stimulation of TRPM2 channel in the DBTRG cells. (N¼ 6 and mean ± SD). (a) Representative confocal
image showing Fluo-3 in the two groups of DBTRG cells. Scale bar is 10 lm. (b–d) Summary of the mean fluorescence intensity of Fluo-3 under basal (without
H2O2 stimulation), H2O2 (with H2O2 stimulation) and ACA treatment (with H2O2 stimulation and ACA incubation) condition. The neurons were analyzed at 488 nm
using the laser confocal microscope fitted with a 10� objective. The fluorescence intensity of Fluo-3 was indicated as the arbitrary unit of per cell. ap< 0.001 indi-
cate significant difference from control (Ctr) group. bp< 0.001 and �p< 0.001 indicate significant difference from CtrþH2O2 group. ��p< 0.001 indicate significant
difference from BTXþH2O2 group.
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effect on the DBTRG and SH-SY5Y proliferation via stimula-
tion of apoptosis and cell death and that the underlying
molecular mechanisms may be upregulation of mitochon-
dria-related oxidative stress pathways and TRPM2 activation.

It is well known that cancer cell proliferation is arranged
by the [Ca2þ]c. Excessive ROS production stimulates apop-
tosis and cell death in the tumor cells including DBTRG and
SH-SY5Y cells. Hence, chemotherapeutic agents such as cis-
platin and docetaxel kill the cancer cells through excessive
production of ROS and Ca2þ influx [14,15,25,31]. Oxidant and
apoptotic roles of BTX were recently reported in cancer and
normal cells [21–23]. On the subject, it was reported that
nicotinamide adenosine dinucleotide phosphate oxidase
(NOX) is composed of Ras-related C3 botulinum toxin sub-
strate 1 (RAC1) and NOX-induced increases of lipid peroxida-
tion and oxidative stress levels via RAC1 were increased in
rats by menopause-associated learning and memory impair-
ments [32]. In addition, an increase of RAC1-induced mito-
chondrial ROS in endothelial cells was reported by high
glucose [33]. Hence, BTX and its toxin substrate (RAC1) indu-
ces excessive ROS production. TRPM2 channel is activated in
several cells including DBTRG and SH-SY5Y by [14,15,25,31].
Excessive Ca2þ influx via activation of TRPM2 channel indu-
ces excessive ROS production in cancer cells [9,10]. Till today,

there has been no previous report of an interaction between
the BTX and TRPM2 channel-induced Ca2þ influx in cells and
animals. In the current study, BTX-induced increases of
[Ca2þ]c in the DBTRG and SH-SY5Y cells were decreased by
treatment with the TRPM2 channel blocker (ACA and 2-
APB) treatments.

Accumulating evidence indicate that the inhibition of
tumor cell proliferation was inhibited by excessive ROS pro-
duction. In the case of BTX-caused Ca2þ signaling molecular
pathways, there are two possible results. These signals con-
sist in (i) an increase of MitMD and (ii) the accumulation of
ROS [29,30]. Both these processes eventually occur as a result
Ca2þ influx via TRPM2 channel activation [24,28], in turn
resulting in the functional and physical breakdown of mito-
chondria followed by cell death [21,22,33,34]. In experimental
animals, the oxidant effects of RAC1 involves down-regula-
tion of the antioxidants, although up-regulation of mitochon-
drial ROS [33,34]. Moreover, BTX has been shown for
downregulate different gene relevant to proliferation in can-
cer cell lines [35–38]. In this study, we observed for the first
time that treatment of BTX elevated apoptosis, cell death,
mitochondrial and cytosolic ROS, and the up-regulation of
TRPM2 channel activity in the DBTG and SH-SY5Y cells.
However, the BTX-induced decrease of cell number and

Figure 4. BTX increased [Ca2þ]c fluorescence intensity via stimulation of TRPM2 channel in the SH-SY5Y cells. (N¼ 6 and mean ± SD). (a) Representative confocal
image showing Fluo-3 in the two groups of SH-SY5Y cells. Scale bar was 5lm. (b–d) Summary of the mean fluorescence intensity of Fluo-3 under basal (without
H2O2 stimulation), H2O2 (with H2O2 stimulation) and 2-APB treatment (with H2O2 stimulation and 2-APB incubation) condition. The neurons were analyzed at
488 nm using the laser confocal microscope fitted with a 40� oil objective. The fluorescence intensity of Fluo-3 was indicated as the arbitrary unit of per cell.
ap< 0.001 indicate significant difference from control (Ctr) group. bp< 0.001 and �p< 0.001 indicate significant difference from CtrþH2O2 group. ��p< 0.001
indicate significant difference from BTXþH2O2 group.
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proliferation was increased by the ACA and 2-APB treatment.
In addition, ACA and 2-APB treatments evidently modulated
the increase in apoptosis, cell death, mitochondrial, and cyto-
solic ROS productions. Hence, stimulation of the TRPM2

channel resulted in oxidant and apoptotic actions in the
BTX-induced oxidative damage and cell death in the DBTRG
and SH-SY5Y cells. Similarly, BTX inhibited the growth of
LNCaP human prostate cancer cells and T47D breast cancer

Figure 5. BTX-induced increases of mitochondrial membrane depolarization (MitMD) and cytosolic ROS (Rh123) production in the DBTRG cells were reversed by
the ACA and 2-APB treatments. (N¼ 6 and mean ± standard deviation). (a) Representative confocal image showing JC-1 and Rh123 in the control, BTX, BTXþACA,
and BTX þ 2-APB groups. The scale bar was 10lm. (b) Summaries of the mean fluorescence intensities of JC-1 and Rh123. The DBTRG cells were analyzed at
488 nm using a laser confocal microscope fitted with a 10� objective. The fluorescence intensities of JC-1 and Rh123 were measured by then ZEN program.
ap< 0.001 indicate significant difference from control (Ctr) group. bp< 0.001 indicate significant difference from BTX.
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cell line in vitro and in vivo and it induced apoptosis in a
dose-dependent manner [21,22,39].

Caspase-3 and -9 are synthetized as inactivated pro-cas-
pases and then they were rapidly activated by several factors
including excessive ROS production [24]. Activation of

initiator caspases including caspase-3 trigger cascade for
inducing apoptosis [29,30]. Previously, it was reported that
BTX induces caspase independently neuronal apoptosis in
normal cells [37,40]. However, BTX potentiated chemothera-
peutic agent treatment in several cancer types. Hence, the

Figure 6. BTX-induced increases of mitochondrial membrane depolarization (MitMD) and cytosolic ROS (Rh123) production in the SH-SY5Y cells were reversed by
the ACA and 2-APB treatments. (N¼ 6 and mean ± standard deviation). a) Representative confocal image showing JC-1 and Rh123 in the control, BTX, BTXþACA
and BTX þ 2-APB groups. The scale bar was 5 lm. (b) Summaries of the mean fluorescence intensities of JC-1 and Rh123. The SH-SY5Y cells were analyzed at
488 nm using the laser confocal microscope fitted with a 40� oil objective. . ap< 0.001 indicate significant difference from control (Ctr) and Se groups. bp< 0.001
indicate significant difference from BTX.
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increase of caspase activities via an increase of mitochondria
ROS production in the tumor cells after BTX treatment was
reported [21–23,37]. Similarly, we observed an increase of
caspase-3 and -9 activities via mitochondria and cytosolic
ROS in the DBTRG and SH-SY5Y cells after BTX treatment and
they may be due to an upregulation in oxygenation and

perfusion in the tumor cells [41]. There is no report inter-
action between TRPM2 channel activity and BTX treatment in
cells. However, a decrease of caspase-3 and -9 activities via
inhibition of TRPM2 channel in DBTRG and SH-SH5Y cells
after ACA and 2-APB treatments were recently reported
[14–17]. In the current study, we observed similar caspase-3

Figure 7. BTX-induced increases of mitochondrial (MitROS) and cytosolic ROS (DCFH-DA) production in the SH-SY5Y cells were decreased by inhibition of TRPM2
channel. (N¼ 6 and mean ± standard deviation). (a) Representative confocal image showing MitROS assay and DCFH-DA (DCF-ROS) assay in the four groups. Scale
bar was 5 lm. b) Summaries of the mean fluorescence intensities of MitROS and DCF, respectively. MitROS and DCFH-DA in the neuronal cells were analyzed at
561 and 488 nm laser stimulation, respectively. In the both analyses, the laser confocal microscope was fitted with a 40� oil objective. The fluorescence intensities
of MitROS and DCF-ROS were indicated as the arbitrary unit per cell. ap< 0.001 indicate significant difference from control (Ctr) group. bp< 0.001 indicate signifi-
cant difference from BTX.

10 O. AKPINAR ET AL.



and -9 results and they were markedly diminished in the
DBTRG and SH-SY5Y cells by the modulation of TRPM2 chan-
nel blocker (ACA and 2-APB).

In summary, our data provide new insight into the poten-
tial anticancerogenic, apoptotic, and oxidant mechanisms of
BTX-induced BTRG glioblastoma and SH-SY5Y neuroblastoma
oxidative injury and death. TRPM2 channel blockers (ACA

and 2-APB) treatments modulated BTX-induced mitochon-
drial membrane depolarization, neuronal death, and mito-
chondrial and cytosolic ROS levels in the BTRG and SH-SY5Y
cells. In addition, ACA and 2-APB treatments diminished
H2O2-induced TRPM2 currents and cytosolic [Ca2þ]c in the
DBTRG and SH-SY5Y cells, suggesting a suppression of Ca2þ

influx and cell death. Treatment with BTX may be considered

Figure 8. BTX-induced increases of apoptosis in the DBTRG cells were diminished by inhibition of TRPM2 channel. (N¼ 6 and mean ± SD). (a) Representative con-
focal image showing late apoptosis (propidium iodide, PI) and early apoptosis (Annexin V-FITC, aV-FITC assays in the four groups. Scale bar was 5 lm. (b)
Summaries of the mean fluorescence intensities of PI and aV-FITC. In the both analyses, the laser confocal microscope was fitted with a 10� objective. ap< 0.001
indicate significant difference from control (Ctr) group. bp< 0.001 indicate significant difference from BTX.
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as an anticancerogenic strategy in the glioblastoma and
neuroblastoma of cancer patients.
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