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Abstract

We provide evidence on the expression of the transient
receptor potential vanilloid type-1 (TRPV1) by glioma cells,
and its involvement in capsaicin (CPS)-induced apoptosis.
TRPV1 mRNA was identified by quantitative RT-PCR in U373,
uU87, FC1 and FLS glioma cells, with U373 cells showing
higher, and U87, FC1 and FLS cells lower TRPV1 expression
as compared with normal human astrocytes. By flow cytom-
etry we found that a substantial portion of both normal human
astrocytes, and U87 and U373 glioma cells express TRPV1
protein. Moreover, we analyzed the expression of TRPV1 at
mRNA and protein levels of glioma tissues with different
grades. We found that TRPV1 gene and protein expression
inversely correlated with glioma grading, with marked loss of
TRPV1 expression in the majority of grade IV glioblastoma

multiforme. We also described that CPS trigger apoptosis of
U373, but not U87 cells. CPS-induced apoptosis involved
Ca2* influx, p38 but not extracellular signal-regulated mitogen-
activated protein kinase activation, phosphatidylserine expo-
sure, mitochondrial permeability transmembrane pore opening
and mitochondrial transmembrane potential dissipation,
caspase 3 activation and oligonucleosomal DNA fragmenta-
tion. TRPV1 was functionally implicated in these events as
they were markedly inhibited by the TRPV1 antagonist,
capsazepine. Finally, p38 but not extracellular signal-regula-
ted protein kinase activation was required for TRPV1-medi-
ated CPS-induced apoptosis of glioma cells.
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Malignant gliomas are the most common type of primary
brain tumors (Maher et al. 2001). Diffuse gliomas are
classified histologically according to the hypothesized line
of glial differentiation as astrocytomas, oligodendrogliomas
or tumors with morphological features of both astrocytes and
oligodendrocytes, called oligoastrocytomas. Astrocytomas
are pathologically graded in accordance with the World
Health Organization as low grade (grade II), anaplastic
astrocytoma (grade III) or high grade (grade IV), glioblasto-
ma multiforme. Oligodendrogliomas and oligoastrocytomas
are graded as low grade (grade II) or anaplastic (grade III).
Glioblastoma multiforme is the most aggressive and preval-
ent type of glioma, accounting for at least 80% of malignant
gliomas (Maher et al. 2001; Kleihues et al. 2002). Despite
recent advances in therapy, significant progress in accurate
prognosis and improved survival have not been achieved so
far (Maher et al. 2001).
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Apoptosis pathway is often disrupted in tumor cells
(Thompson 1995) and particularly in malignant gliomas
(Grossman and Batara 2004). Therefore, restoration of the
apoptotic pathway or introduction of pro-apoptotic molecules
may represent a very attractive strategy for the treatment of
these tumors.

The neurotoxin capsaicin (CPS), has been utilized as a
specific tool for sensory afferent neurons, and is widely used
in neurophysiological and immunopharmacological studies
(Holzer 1991; Santoni et al. 1999, 2000, 2004). Many of the
acute cellular and physiologic effects associated with CPS
exposure are mediated by the transient receptor potential
vanilloid type-1 (TRPV1), a non-selective cation channel
structurally related to members of the transient receptor
potential family of ion channels (Szallasi and Blumberg
1999). TRPV1 is mainly expressed by primary sensory
neurons involved in nociception and neurogenic inflammation
(Holzer 1991; Caterina et al. 1997, Caterina and Julius 2001).

In addition to CPS TRPV1 is activated by heat (Caterina
et al. 1997, 2000) as well as by chemical mediators,
including acid pH and lipid mediators, including anandamide
(AEA) and eicosanoids (Szallasi and Blumberg 1999;
Gunthorpe et al. 2002).

Several studies have shown the capacity of CPS to inhibit
in vivo and in vitro the growth of tumor cells such as
adenocarcinoma, leukemia and glioblastoma cells (Lee ef al.
2000; Hail 2003; Kang et al. 2003; Ito et al. 2004; Qiao
et al. 2005; Mori et al. 2006) by inducing apoptosis, but the
mechanism/s underlying CPS-mediated pro-apoptotic effects
have been not completely elucidated yet.

Capsaicin-induced cell death involves TRPV1 in response
to low doses of neurotoxin in a variety of normal and
neoplastic cell types (Caterina et al. 1997; Biro et al. 1998;
Grant et al. 2002; Amantini et al. 2004), whereas high doses
and/or long-term exposure to CPS result in TRPV1-inde-
pendent cell death (Hail 2003).

Aim of the present study was to investigate the expression
of TRPVI in glioma tissues of different grading and in a
number of primary and established cell lines, as well as its
involvement in CPS-induced glioma cell apoptosis. More-
over, we examined some of the molecular mechanisms
underlying CPS-induced TRPV1-mediated apoptosis,
namely intracellular free calcium ([Ca®'];) influx, mitogen-
activated protein kinase (MAPK) activation, mitochondrial
transmembrane potential (AWm) dissipation, caspase 3
activation and oligonucleosomal DNA fragmentation.

Materials and methods

Cells and tissues

Epileptic brain (EB), astrocytoma, oligoastrocytoma, oligodendro-
glioma and glioblastoma paraffin-embedded tissues were prepared
from bioptic samples surgically removed from patients who gave
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informed consent to the study, kindly provided by Prof. Felice
Giangaspero (I.N.M., Neuromed, Pozzilli, Italy). Brain tumor tissues
were grouped according to the malignancy, in grade I, II, III, IV.
Normal human astrocytes (NHA) (Cambrex, Berkshire, UK), used
within 10 passages to avoid biological responsiveness and function
deterioration, were grown in Astrocyte Growth Media System
(Cambrex). Normal human neural progenitor cells (NHNPC) were
purchased from Cambrex and maintained in neural progenitor
medium (Cambrex). Primary glioblastoma cell lines FLS and FC1,
were prepared from bioptic samples surgically removed from
patients who gave informed consent to the study. Samples are
available at the human glioma bank Istituto Neurologico Mediterra-
neo Neuromed. After mechanical dissociation, single cells were
resuspended in F10 medium and centrifuged at 1000 g for 5 min.
The pellet was resuspended in F10 growth medium supplemented
with 10% fetal calf serum (FCS) (Life Technologies Ltd, Milan,
Italy), and cells were plated on Petri dishes (Falcon Primaria,
Franklin Lakes, NJ, USA) changing the culture medium every
3 days.

The astrocytoma—glioblastoma cell lines U87 (grade 11I-1V) and
U373 (grade III), obtained from the American Type Culture
Collection (LGC Promochem, Teddington, UK) , were maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10%
heat inactivated FCS, 2 mmol/L L-glutamine, 100 IU/mL penicillin,
100 pg streptomicin at 37°C, 5% CO, and 95% of humidity.

Human peripheral blood mononuclear cells (PBMC) from normal
donors (Blood Bank, ASUR 9, Macerata) were isolated by
centrifugation on Ficoll-Hypaque (Lymphoprep, Nicamed, Oslo,
Norway) gradient, washed twice, counted and finally resuspended at
the appropriate concentration in RPMI 1640 supplemented with
10% FCS, 2 mmol/L vr-glutamine, 100 IU/mL penicillin, 100 pg
streptomicin.

Materials

The following polyclonal Abs were used: goat anti-human TRPV1
and rabbit anti-human extracellular signal-regulated protein kinase
(ERK) from Santa Cruz Biotechnology, Santa Cruz, CA, USA; rabbit
anti-human TRPV1 from Chemicon International, Temecula, CA,
USA; rabbit anti-human p38 and rabbit anti-human phospho-p38 from
Cell Signalling, Beverly, MA, USA; rabbit anti-human caspase 3
(Calbiochem-Novabiochem Corporation, San Diego, CA, USA).
Mouse anti-human phospho-ERK monoclonal antibody (mAb) was
purchased from Santa Cruz Biotechnology and mouse anti-human o
tubulin mADb was obtained from Chemicon International. Horseradish
peroxidase (HRP)-conjugated rabbit anti-goat (RAG) from Biomeda
Corporation, Foster City, CA, USA; HRP-conjugated donkey anti-
rabbit and HRP-conjugated sheep anti-mouse from Amersham Life
Sciences, Piscataway, NJ, USA; goat serum (Cappel Research,
Durham, NC, USA) was used as negative control. Fluorescein
isothiocyanate (FITC)-conjugated annexin V was purchased from
MedSystems, Wien, Austria; 5,5°,6,6’-tetrachloro-1,1,3,3’-tetracth-
ylbenzimidazolylcarbocyanine iodide (JC-1), propidium iodide (PI)
and FLUO 3-AM from Molecular Probes, Leiden, The Netherlands.
CPS ([N-(4-hydroxy-3-methoxy-phenyl)methyl]-8-methyl-6-nonen-
amide), capsazepine (CPZ) (N-[2-(4-chlorophenyl)ethyl]-1,3,4,5-
tetrahydro-7,8-dihydroxy-2H-2-benzazepine-2 carbothioamide), [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT),
ionomycin, manganese, EDTA, cyclosporine A (CSA), from Sigma-
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Aldrich, Milan, Italy. SB203580 and PD98059, specific p38 and ERK
inhibitors, respectively, were from Tocris Bioscience, Bristol, UK.

RNA isolation and reverse transcription

Total RNA from fixed paraffin-embedded tissue slices (5—7 pm thick)
was isolated by Optimum™ FFPE RNA isolation kit according to the
instructions provided (Ambion, Austin, TX, USA). RNA from tumor-
free EB was used as non-tumoral tissue control.

Total RNA was extracted from NHA, NHNPC, FLS, FC1, U87
and U373 cell lines using RNeasy Mini kit (Qiagen, Valencia, CA,
USA). Cultured cells were first collected by centrifugation for 5 min
at 5000 g, washed in phosphate-buffered saline (PBS) for 5 min at
5000 g and then processed for total RNA extraction following
RNeasy protocol instruction.

All RNA samples were dried, resuspended in RNAse-free water
(Sigma) and their concentration and purity were evaluated by
Ajz60 nm Mmeasurement. Two micrograms of RNA extracted from
each sample were subjected to reverse transcription in a total volume
of 50 pL using the High-Capacity cDNA Archive Kit (RT buffer,
dNTP mixture, Random Primers, MultiScribe RT, RNase inhibitor;
Applied Biosystems, Foster City, CA, USA). The RT mixtures were
incubated for 10 min at 25°C, 2 h at 37°C and finally for 10 min at
75°C. In all, 2 pL of the resulting cDNA products were used as
template for real time PCR quantification.

Quantitative real time PCR

Quantitative real time PCR was performed using a 1Q5 Multicolor
Real time PCR Detection system (Bio-Rad, Hercules, CA, USA)
and the reaction mixture contained the Taqgman Universal PCR
Master Mix (Applied Biosystems) and primer and probe sets.
Human TRPV1 primers and probe were purchased as assay on
demand by Applied Biosystems, cod. Hs00218912 m]1. Primers and
probe of B-actin, used as housekeeping gene for all real-time PCR
performed, were designed by Primer Express and purchased from
Sigma Genosys (Sigma-Aldrich). B-actin primers and probe
sequence: 5-CTGGAACGGTGAAGGTGACA (forward), 5'-
CGGCCACATTGTGAACTTTG (reverse); CAGTCGGTTGGAG-
CGAGCATCCC (probe).

Each PCR amplification consisted of heat activation for 2 min at
50°C and for 10 min at 95°C followed by 40 cycles of 95°C for 10 s
and 60°C for 1 min. All samples were assayed in triplicate in the
same plate. Measurement of [-actin levels on the samples was used
to normalize mRNA contents and TRPV1 levels were expressed as
relative fold of the corresponding control. Statistical analysis was
carried out on all the Tagman PCR data.

The analysis of relative quantification of TRPV1 gene expression
was calculated as: (i) the mean Cr value of the three replicate wells
run for each sample, (ii) the difference (ACt) between the mean Cr
value of TRPV1 and Ct value of B-actin, (iii) the difference (AACr)
between the ACt value of the samples and the ACt value of the
control chosen (calibrator). The relative quantification value was
expressed as 2744¢T,

Immunofluorescence and fluorescent-activated cell sorter
analysis

To determine the expression of TRPV1, 5 x 10° NHA, and U87 and
U373 glioma cells were fixed and permeabilized using CytoFix/
CytoPerm Plus (BD Biosciences, San Jose, CA, USA) before the
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addition of anti-TRPV1 polyclonal Ab directed against a peptide
mapping near the carboxy terminus of human protein (1 : 25).
Normal goat serum was used as negative control. After 30 min at
4°C, cells were washed twice and labeled with FITC-conjugated
RAG (1 : 20). The percentage of positive cells determined over
10 000 events was analyzed on a FACScan cytofluorimeter (Becton-
Dickinson, San Jos¢, CA, USA) and fluorescent intensity is
expressed in arbitrary units on a logarithmic scale.

Confocal laser scanning microscopy analysis

Two x10°/mL NHA, and U87 and U373 glioma cells, grown for
24 h at 37°C and 5% CO, in poly-L-lysin coated slides, were
permeabilized using 2% of paraformaldehyde with 0.5% of Triton
X-100 in PBS and fixed by 4% of paraformaldehyde in PBS. After
three washes in PBS, cells were incubated with 3% of bovine serum
albumin and 0.1% of Tween-20 in PBS for 1 h at 20°C and then
with a goat anti-TRPV1 (1 : 50) at 4°C overnight. Samples were
finally washed with 0.3% of Triton X-100 in PBS three times,
incubated with FITC-conjugated RAG Ab (1 : 100) for 1 h at 4°C,
mounted and analyzed with MRC600 confocal laser scanning
microscope (Bio-Rad) equipped with a Diaphot-TMD (Nikon,
Tokyo, Japan) inverted microscope. Fluorochrome was excited with
the 600 line of an argon—krypton laser and imaged using a 488-nm
(FITC) bandpass filter. Serial optical sections were taken at 1-um
intervals through the cells. Images were processed using Jasc Paint
Shop Pro (Corel Corporation, Ottawa, ON, Canada).

Immunohistochemistry

Brain tissues from human epileptic, and glioma biopsies were
histologically graded accordingly to the WHO classification criteria.
After 20 min of permeabilization in 0.1 mol/L PBS with 0.5%
Triton X-100, formalin-fixed, paraffin embedded sections were
treated with H,O, for 30 min and incubated for 1 h in 0.1 mol/L
PBS solution containing 3% bovine serum albumin and 0.5% Triton
X-100. Tissue sections were then incubated overnight at 4°C with a
rabbit anti-TRPV1 polyclonal Ab (1 : 1000). Antibody detection
was performed by using a multilink streptavidin—biotin complex
method (ABC Elite Kit; Vinci Biochem, Vinci, Italy), and Ab was
visualized by a diaminobenzidine chromagen method (Sigma Fast
3,3’-diaminobenzidine; Sigma Aldrich, St. Louis, MO, USA). Then,
the sections were counter-stained with hematoxylin for nuclei
labeling, dehydrated and mounted. The staining intensity of TRPV1
in various gliomas with different grades was determined randomly
in four random fields (I cm® each) of each section under
20x magnification by using the Olimpus BX51 Microscope and
the Image J Software (National Institute of Health).

Western blot analysis

Lysates obtained from NHA, U87 and U373 glioma cells and
PBMC, used as positive control, were resuspended in 0.2 mL of
lysis buffer (10 mmol/L Tris, pH 7.4, 100 mmol/L NaCl, 1 mmol/L
EDTA, 1 mmol/L EGTA, 1 mmol/L NaF, 20 mmol/L Na,P,0-,
2 mmol/L Na3VOy, 1% Triton X-100, 10% glycerol, 0.1% sodium
dodecyl sulfate (SDS), 0.5% deoxycholate, 1 mmol/L phenyl-
methylsulfonylfluoride and protease inhibitor cocktail from Sigma).
Samples were separated on 7.5% SDS-polyacrylamide gel, trans-
ferred onto Immobilon-P membranes (Millipore, Bedford, MA,
USA), and blotted with goat anti-TRPV1 polyclonal Ab (1 : 400)
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followed by the incubation with HRP-conjugated RAG
(1:20 000). In some experiments, lysates from untreated (time
zero), CPS (50 pmol/L)- and CPS plus CPZ (1 pmol/L)-treated
U373 glioma cells at different times (8 and 24 h) were separated on
12% sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblotted with a rabbit polyclonal anti-
caspase 3 followed by HRP-conjugated donkey anti-rabbit Ab
(1 : 10 000). Each sample was compared with its control (o tubulin)
for the purpose of quantification. To evaluate the ability of TRPV1
to trigger MAP kinase activation, lysates obtained from U373 and
U87 glioma cells were treated for different times (0, 5, 15, 30 and
60 min) with CPS (50 umol/L) alone or in combination with CPZ
(1 pmol/L), separated on 9% SDS-PAGE, and immunoblotted with
anti-phospho-p38, and anti-p38 MAP kinase or anti-ERK2 (K-23)
rabbit polyclonal Ab used as loading controls, followed by HRP-
conjugated donkey anti-rabbit (1 : 10 000) Ab, or with a mouse
anti-phospho-ERK (E-4) mAb followed by HRP-conjugated sheep
anti-mouse (1 : 10 000) Ab. Immunoreactivity was detected using
the enhanced chemiluminescence (Amersham Biosciences, Piscat-
away, NJ, USA), the Chemidoc and Quantity One software (Bio-
Rad). Densitometric analysis was performed by using Quantity One
software.

[Ca%*]; measurement

Intracellular Ca®>* flux was measured as described with some
modifications (Amantini et al. 2004). Briefly, 4 X 10%/mL U87 and
U373 glioma cells, were washed in calcium and magnesium free
PBS supplemented with 4.5 g/ of glucose. Cells were then
resuspended in calcium and magnesium free PBS/glucose medium
supplemented with 7 pmol/L FLUO 3-AM and 1 pg/mL Pluronic
F-127 (Molecular Probes), dissolved in dimethylsulfoxide, and
incubated in the dark for 30 min at 37 °C, 5% CO,. After washing,
cells resuspended in calcium and magnesium free PBS/glucose
medium containing 2 mmol/L Ca®>" warmed at 37°C, were
stimulated with different doses of CPS (1, 10 and 50 pumol/L), or
with vehicle for different times. In some experiments, glioma cells
loaded as above described were treated with CPS (50 umol/L) in
combination with CPZ (1 pmol/L), or with EDTA (5 mmol/L).
FLUO 3-AM fluorescence was measured on the flow cytometer at
525 nm on the green channel; unstimulated cells were analyzed for
2 min to establish baseline fluorescence levels.

MTT assay

The colorimetric MTT survival assay that measures the mitochond-
rial conversion of the tetrazolium salt to a blue formizan salt, was
used to evaluate the viability of CPS-treated glioma cells. Briefly,
2 x 10® U87 and U373 glioma cells, treated for 24 h at 37°C and
95% of humidity with different doses of CPS (1, 10 and 50 umol/L)
or with vehicle in a 96-well microtiter plates, were incubated for the
last 3 h with 20 pL/well of MTT (5 mg/mL). Then supernatants
were discarded and colored formazan crystals, dissolved with
100 pL/well of dimethylsulfoxide, were read by an ELISA reader
(BioTek Instruments, Inc., Winooski, VT, USA).

DNA content analysis

Two x10%/mL U373 glioma cells were grown with or without CPS
(50 pmol/L) for 24 h at 37°C and 5% CO,. After washing in PBS,
cells were fixed for 30 min on ice by adding 1 mL of 70% cold
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ethanol, centrifuged to discard ethanol, stained for 15 min at 20°C
with 20 pg/mL PI in DNAse-free PBS, and finally analyzed by flow
cytometry. The percentage of positive cells determined over 10 000
events was analyzed on a FACScan cytofluorimeter using the
CellQuest software (Becton-Dickinson). Fluorescent intensity is
expressed in arbitrary units on a logarithmic scale. In some
experiments, glioma cells were treated with CPS in combination
with CPZ (1 pmol/L), or with EDTA (5 mmol/L) or with different
doses of SB203580 (50 and 500 nmol/L) or PD98509 (10 and
50 pmol/L) inhibitor.

Annexin-V staining

Phosphatidylserine (PS) exposure on U373 glioma cells was
detected by annexin V staining and cytofluorimetric analysis.
Briefly, 2 x 10°/mL glioma cells were treated with CPS (50 pmol/L)
alone or in combination with CPZ (1 pmol/L) for 24 h at 37°C, 5%
CO,, in a 24-well plate. After treatment, cells were washed once
with binding buffer (10 mmol/L Hepes/NaOH, pH 7.4, 140 mmol/L
NaCl, 2.5 mmol/L CaCl,) and then stained with 5 pL of annexin
V-FITC for 10 min at 20°C. Samples were analyzed by a FACScan
cytofluorimeter using the CellQuest software.

Mitochondrial transmembrane potential

Mitochondrial transmembrane potential (AW,,) was evaluated by
JC-1 staining. JC-1 is a membrane potential-sensitive probe that
accumulates in energized mitochondria and subsequent forms
J-aggregate from monomers. In apoptotic cells drop of AY,,
decreases the J-aggregate emission at 590 nm (red fluorescence) and
increases the monomer emission at 530 nm, (green fluorescence).
Briefly, 2 x 10°/mL U373 glioma cells, resuspended in Dulbecco’s
modified Eagle’s medium/FCS were treated with CPS (50 umol/L)
for different times (0, 8 and 24 h) at 37°C and 5% CO,, incubated
10 min at 20°C with 300 pL of 10 pg/mL JC-1 and analyzed by
FACScan cytofluorimeter.

In some experiments, U373 cells were treated for 24 h with CPS
(50 pmol/L) in combination with CPZ (1 umol/L), or with EDTA
(5 mmol/L) or with CSA (1 umol/L) and then loaded as above
described. JC-1 was excited by an argon laser (488 nm) and green
(530 nm)/red (590 nm) emission fluorescence was collected simul-
taneously. The carbonyl cyanide chlorophenylhydrazone protono-
phore, a mitochondrial uncoupler that collapses AY,, was used as
positive control. Data were analyzed using the Cell Quest Software.

Statistical analysis
The statistical significance was determined by Student’s t-test at
p <0.01.

Results

Expression of TRPV1 mRNA and protein on glioma cell
lines and normal astrocytes

We initially determined the expression of TRPV1 mRNA
levels in U87 and U373 glioma cells of astrocytic origin, FC1
and FLS primary glioblastoma cell lines as well as in NHA
and NHNPC, by quantitative RT-PCR analysis; we found
that TRPV1 mRNA expression was slightly higher in U373
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Fig. 1 Expression of transient receptor potential vanilloid type-1
(TRPV1) on glioma cell lines, normal astrocytes and neural progenitor
cells. (a) TRPV1 mRNA levels on FLS, FC1, U87 and U373 glioma cell
lines and on normal human astrocytes (NHA) and normal human
neural progenitor cells (NHNPC) were evaluated by quantitative RT-
PCR assayed in triplicate; results (mean + SD) are normalized for -
actin expression. TRPV1 levels were expressed as relative fold with
respect to NHA used as control. Data shown are representative of
three separate experiments. Statistical analysis was performed com-
paring FLS, FC1, U87, U373, and NHNPC to NHA by Student’s t-test,
(*p < 0.01). (b) The expression of TRPV1 on NHA, and U87 and U373
glioma cell lines was evaluated by immunofluorescence and FACS
analysis using a goat anti-human TRPV1 polyclonal antibody (Ab).
Fluorescein isothiocyanate (FITC)-conjugated rabbit anti-goat (RAG)
was used as secondary antibody. The data shown are representative
of three separate experiments and are expressed as mean fluores-

cells (1.5-fold) and significantly reduced (about threefold,
fourfold and 2.5-fold) in U87, FLS and FC1 cell lines as
compared with NHA (Fig. 1a).

The expression of TRPV1 on NHA, and U87 and U373
glioma cells was also assessed at protein level. Immunofluo-
rescence and fluorescent-activated cell sorter analysis indicate
that a substantial portion of NHA and U373 cells express high
levels of TRPV1 [mean fluorescence intensity (AMFI) = 82.6
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cence intensity (AMFI) by subtracting the MFI of the secondary anti-
body to TRPV1 MFI value. White area indicates negative control. (c)
Immunocytochemical localization of TRPV1 on NHA, and U87 and
U373 glioma cells as evaluated by confocal microscopy. Goat anti-
human TRPV1 polyclonal Ab and FITC-conjugated RAG were used as
primary and secondary Ab, respectively. Each image is the sum of one
of three single optical sections taken at 1-umol/L intervals. Data shown
are representative of three separate experiments. (d) Lysates from
U87 and U373 glioma cells, and NHA and peripheral blood mononu-
clear cells (PBMC) used as controls, were separated on 7.5% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and
probed with a goat anti-human TRPV1 polyclonal Ab. Sizes are shown
in kDa and arrowhead indicates the band corresponding to TRPV1. o
tubulin levels were evaluated as loading control. Data shown are
representative of one of three separate experiments.

and 138.8, respectively], whereas lower TRPV1 expression
(AMFI = 25.6) was observed in U87 cells (Fig. 1b). As shown
by confocal microscopy analysis, TRPV1 localizes in the
cytoplasm and astrocyte processes of NHA cells (Fig. Ic,
higher panel), and in discrete spots in the cytoplasmic and
perinuclear regions of U87 cells, whereas a clustered distri-
bution was observed on the plasma membrane of U373 cells
(Fig. lc, middle and lower panels, respectively).
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Table 1 TRPV1 expression is reduced in

Mean relative® ) . ) .
human glioma tissues in relation to the

Histological type Grade No. of cases TRVP1 fold expression .
grade of malignancy
Epileptic brain 8 8/8 (100%) Negative
Pilocytic astrocytoma | 13 3/13 (23.1%) 1.44 + 0.16
7/13 (53.8%) 0.63 + 0.09
3/13 (23.1%) Negative
Oligodendroglioma 1] 6 6/6 (100%) 0.62 + 0.08
Oligoastrocytoma Il 6 4/6 (66.6%) 0.45 + 0.07
2/6 (33.4%) Negative
Diffuse astrocytoma 1] 4 4/4 (100%) 1.47 + 0.11
Anaplastic oligodendroglioma 1l 12 5/12 (41.7%) 0.62 + 0.08
7/12 (58.3%) Negative
Anaplastic astrocytoma 1l 5 5/5 (100%) 0.51 + 0.08
Glioblastoma \% 14 13/14 (92.8%) Negative
1114 (7.2%) 6.4 + ND°®

2Data are represented as mean relative TRPV1 fold expression + SD of three separate RT-PCR
performed in triplicate, normalized to the housekeeping gene (B-actin) and relative to the NHA as
control. ®Data are the mean = SD of three separate RT-PCR performed in triplicate. Numbers in
brackets represent the numbers and the percent of the specimens classified according to the
TRPV1 expression by quantitative RT-PCR. Formalin-fixed paraffin-embedded brain tissues from
human epileptic (n = 8), and tumor biopsies (n = 60), histologically graded accordingly to the World
Health Organization classification criteria, were analyzed for TRPV1 RNA expression by quanti-
tative RT-PCR. TRPV1, transient receptor potential vanilloid type-1; ND, not done.

Western blot analysis of lysates from U87 and U373 cells
as well as NHA, revealed a band with apparent MW of
95 kDa likely corresponding to the vanilloid receptor
TRPV1, as a similar band was also evident in PBMC used
as positive control (Fig. 1d). No reactivity was observed with
normal goat serum used as negative control (data not shown).

Loss of TRPV1 mRNA and protein expression in
high-grade human malignant glioblastoma

The results obtained with glioblastoma cell lines prompted us
to evaluate the expression of TRPV1 mRNA in glioma tissues
(n = 60) with different grades of malignancy (grade I, II, IIT
and IV) (Table 1) by using quantitative RT-PCR. Total RNA
from NHA and tumor-free EB tissues (n = 8) were used as
positive and negative control, respectively. Our results
indicate that irrespective of histotype (astrocytomas and
oligodendrogliomas), the levels of TRPV1 expression
inversely correlate with the grade of malignancy (Table 1).
TRPV1 mRNA was expressed at higher levels on 100% of II
grade diffuse astrocytoma, at lower levels on 100% of grade
III anaplastic astrocytoma, and was undetectable on 93% of
grade IV glioblastomas. Similarly, TRPV1 mRNA was
detected on 100% of II grade oligodendroglioma but on only
42% of grade III anaplastic oligodendroglioma. With regard to
grade I pilocytic astrocytoma which are clinical and genetic-
ally distinct from both diffuse astrocytoma and glioblastoma
(Kleihues et al. 2000), TRPVI mRNA expression was rather
heterogeneous and a correlation with tumor grade could not be
clearly defined. As previously reported no TRPV1 expression
was detected in EB tissues (Contassot et al. 2004).

© 2007 The Authors

Transient receptor potential vanilloid type-1 gene expres-
sion was also investigated in gliomas of different grades by
immunohistochemical analysis (Table 2 and Fig. 2). Consis-
tent with RT-PCR analysis, TRPV1 staining of grade I
pylocytic astrocytoma showed a strong immunoreactivity in
three of 13 (23.1%), moderate immunoreactivity in seven of
13 (53.8%) and no immunoreactivity in three of 13 (23.1%)
specimens analyzed. Grade II oligodendroglioma showed
moderate immunoreactivity in six of six (100%), whereas
low immunoreactivity in three of six (50%), and no
immunoreactivity in three of six (50%) was found in grade
1T oligoastrocytoma; four of four (100%) of grade II diffuse
astrocytoma showed a strong immunoreactivity, with more
than 5% of tumor cells being TRPV1 positive (data not
shown). No immunoreactivity was evidenced in grade III
anaplastic oligodendroglioma (12 of 12) and anaplastic
astrocytoma (five of five), grade IV glioblastoma (13 of 13)
and tumor-free EB tissues (eight of eight).

Negative control samples were incubated only with the
secondary Ab (data not shown). In conclusion, loss of
TRPV1 mRNA and protein expression in high-grade glio-
blastomas suggests that TRPV1 may negatively control
tumor progression.

CPS triggers TRPV1-dependent Ca®* influx in U87 and
U373 glioma cells

Stimulation of endogenous TRPV1 on neuronal cells (Bevan
et al. 1992; Dedov et al. 2001) by CPS results in a influx of
Ca®*, which is inhibited by the specific TRPV1 antagonist,
CPZ (Bevan et al. 1992).
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Table 2 Tumor type and intensity of immunostaining for TRPV1 in tumor-free epileptic and glioma tissues

Score of TRPVI expression

Tumor type Grade No. of cases Positive cases Positive rate (%) 0 1 2 3
Epileptic brain 8 0 0 8 0 0 0
Pylocytic astrocytoma | 13 10 77 3 0 7 3
Oligodendroglioma I 6 6 100 0 0 6 0
Oligoastrocytoma Il 6 3 50 3 3 0 0
Diffuse astrocytoma I 4 4 100 0 0 0 4
Anaplastic oligodendroglioma 1} 12 0 0 12 0 0 0
Anaplastic astrocytoma 1} 5 0 0 5 0 0 0
Glioblastoma v 13 0 0 13 0 0 0

Formalin-fixed, paraffin-embedded brain tissues from human epileptic, and tumor biopsies, histologically graded accordingly to the World Health
Organization classification criteria, were stained with the rabbit anti-TRPV1 polyclonal Ab and analyzed by immunohistochemistry. Intensity of
immunoreactivity was evaluated using a semiquantitative scale: score 0 = no staining, or same of background, 1+ = weak staining, 2+ = moderate
staining and 3+ = strong staining. TRPV1, transient receptor potential vanilloid type-1.

==
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Fig. 2 Immunohistochemical analysis of transient receptor potential grade |l diffuse astrocytoma (b), and grade IV glioblastoma (c) stained
vanilloid type-1 (TRPV1) protein in human epileptic and glioma tis- with the rabbit anti-TRPV1 polyclonal antibody (Ab). Arrows indicate
sues. Shown are representative fields of formalin-fixed, paraffin- TRPV1 positive cells. Magnifications, x20.

embedded brain tissues from human grade | pylocytic astrocytoma (a),

Thus, to characterize calcium transport through the CPS-induces p38 but not ERK1/2 MAPK activation in
TRPV1 channel in glioma cells, we evaluated CPS-induced U373 glioma cells
Ca*" influx by flow cytometry in U373 and U87 cells loaded Previous evidences indicate that CPS activates p38 MAPK in
with FLUO-3. CPS stimulation of U373 cells in Ca®'- H-ras breast cancer cells and this activity has been suggested
containing medium resulted in a dose-dependent rise of  to mediate CPS-induced apoptosis (Kang et al. 2003). Thus,
[Ca®']; from 338 to 2252 nmol/L (sevenfold increase at we initially evaluated the ability of CPS to activate ERK and
50 umol/L CPS dose) (Fig. 3a), whereas a lower increase p38 MAPKSs. To this purpose, U373 and U87 cells were
(from 260 to 380 nmol/L) was observed in CPS-treated U87 stimulated for different times with 50 pumol/L CPS, and cell
cells (Fig. 3b). Time course analysis of [Ca®"]; mobilization lysates were separated on SDS—PAGE and then immunoblot-
showed that CPS induces an early response which peaks at ted with anti-phospho-ERK and anti-phospho-p38 specific
5 s after CPS stimulation, and rapidly (within 60 s) declines Abs. As shown in Fig. 4a, CPS treatment of U373 but not U§7
to basal levels. cells induced a time-dependent p38 MAPK activation, which

Moreover, by stimulating glioma cells with 50 pmol/L was already evident at 5 min, peaked at 15 min and declined
CPS in the presence of the extracellular calcium chelator at 60 min after CPS treatment. By contrast, ERK1/2 were
EDTA, we found that CPS-induced [Ca®"]; mobilization was phosphorylated at basal level, and CPS treatment did not
completely blocked, both in U373 and U87 cells. In addition, further increase phosphorylation in both glioma cell lines
we found that CPS-induced calcium response in U373 and (Fig. 4a). ERK activation was induced by 12-O-tetradeca-
U87 cells was mediated by TRPVI1 as shown by its noylphorbol 13-acetate on U373 cells and used as positive
abrogation by the simultaneous treatment with the CPZ control (data not shown). All lysates contained comparable
antagonist (Figs 3c and d). Taken together, these results levels of ERK and p38 proteins, as evaluated by western blot.
indicate that CPS induces a strong ligand-gated Ca”" influx Capsaicin-induced p38 MAPK phosphorylation of U373
that is mediated by TRPV1, in U373 but not in U87 cells. cells is TRPV1-dependent as shown by the ability of the CPZ

© 2007 The Authors
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Fig. 3 Triggering of transient receptor potential vanilloid type-1
(TRPV1) on U87 and U373 by capsaicin (CPS) induces calcium influx.
(a and b) Time course of intracellular free calcium ([Ca®*]) rise in
FLUO 3-loaded vehicle- or CPS (1, 10 and 50 umol/L)-treated U373
(a) and U87 (b) glioma cells was evaluated at different times by FACS
analysis. Data shown are the mean + SD of three separate experi-
ments. Statistical analysis was determined by comparing vehicle with
CPS-treated glioma cells; *p < 0.01 determined by Student’s ttest.

to completely abrogate the p38 MAPK phosphorylation
induced by CPS stimulation (Fig. 4b). Consistent with the
calcium response, these results indicate that CPS induces p38
but not ERK activation that is mediated by TRPV1, in U373
but not in U87 cells.

CPS triggers apoptotic cell death in U373 but not U87
glioma cells

Recent findings indicate that in vitro CPS treatment can
promote apoptosis in different cell types (Hail 2003). Thus,
we initially evaluated whether CPS could affect cell viability
by MTT assay in glioma cells treated for 24 h with CPS. We
found that the percentage of dead U373 cells increased with
the increase of CPS dose from 11% in vehicle or 1 umol/L
CPS-treated cells to 28.5% and 88.2% in cells treated with 10
or 50 pmol/L of CPS, respectively (Fig. 5a). On the contrary,
U87 cells were resistant to CPS-induced cell death also at
higher (300 pmol/L) doses (data not shown).

DNA fragmentation during apoptosis leads to extensive
loss of DNA content resulting in a distinct sub-Go/G1 peak
detected by PI staining and flow cytometry. Treatment of
U373 cells, but not U887 (data not shown) with CPS

© 2007 The Authors
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(c and d) Time course of [Ca®*]; rise in FLUO 3-loaded CPS (50 pmol/
L)-, CPS plus capsazepine (CPZ) (10 umol/L)- or CPS plus EDTA
(5 mmol/L)-treated U373 (c) and U87 (d) glioma cells was evaluated
by cytofluorimetric and FACS analysis as above described. Data
shown are the mean = SD of three separate experiments. Statistical
analysis was determined by comparing CPS- with CPS plus CPZ-, and
CPS- with CPS plus EDTA- treated glioma cell lines; *p < 0.01
determined by Student’s t-test.

(50 pmol/L) resulted in increased hypodiploid DNA content
from 10.8% (vehicle treated) to 89.2% (Fig. 5b). Capsaicin-
induced DNA fragmentation was TRPV1 dependent, as it
was completely reverted by CPZ (Fig. 4b). No cell death was
observed when glioma cells were incubated at the same time
with the CPS or CPZ vehicle alone (data not shown).

Intracellular calcium flux plays a major role in many
pathways leading to apoptotic cell death in several cell types
(McConkey and Orrenius 1996; Hail 2003). Thus, we
determined the requirement of extracellular calcium in
CPS-induced DNA fragmentation of U373 cells. As shown
by Fig. 5b, CPS-induced increase of hypodiploid DNA was
completely inhibited in the presence of EDTA. Overall, these
results indicate that CPS-induced DNA fragmentation in
U373 cells is mediated by TRPV1, and requires CPS-induced
ligand-gated Ca*" influx.

Once the functional expression of TRPV1 on U373 cells
was observed, we analyzed whether the CPS-induced
opening of calcium channels could induce externalization
of PS residues from the inner to the outer leaflet of the
plasma membrane. To this end, we analyzed the annexin V
binding on U373 cells by flow cytometry. As shown in

Journal Compilation © 2007 International Society for Neurochemistry, J. Neurochem. (2007) 102, 977-990



Role of TRPV1 in the glioma cell apoptosis 985

(a) U373 u87
CPS 50 umol/L CPS 50 umol/L
Phospho p38 . AR e

P38 e — — A —

Phospho ERK S SN S SN S - -
ERK S W - - - IS IS TEE T
Time (min): 0 5 15 30 60 0 5 15 30 60
(b) & &
N ¥
X X
» & > ©
& & & &
49 (,)QQ ('DQ
SRRSO SE
Phospho p38 s w—

p38 — — — —

Time (min): 5

Fig. 4 Capsaicin (CPS) induces transient receptor potential vanilloid
type-1 (TRPV1)-dependent p38 but not extracellular signal-regulated
protein kinase (ERK) mitogen-activated protein kinase (MAPK) acti-
vation. (a) Lysates from CPS (50 umol/L)-treated U373 or U87 glioma
cells for different times (0, 5, 15, 30 and 60 min) were separated on
9% sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE) and probed with following Abs: rabbit anti-human phospho-
p38, mouse anti-human phospho-ERK, rabbit anti-human p38 or rabbit

Fig. 4c, treatment with 50 umol/L CPS for 24 h induces
translocation of PS in about 79% of glioma cells. No increase
in PS expression was found in vehicle-treated cells (data not
shown). CPS-induced PS exposure on U373 cells was
mediated by TRPV1, as was completely inhibited (from 79%
to 18%) by CPZ (Fig. 5c); PS expression on U373 cells was
not affected by CPZ alone (data not shown).

CPS triggers TRPV1-dependent mitochondrial A,

dissipation and caspase 3 activation in U373 glioma cells
To understand the involvement of mitochondria in CPS-
induced apoptotic cell death, we treated U373 cells at
different times (0, 8 and 24 h) with 50 umol/L CPS, and then
labeled with JC-1, and measured AY,, by two color flow
cytometry. Treatment with CPS induced a time dependent
decrease of red fluorescence and a concomitant increase of
green fluorescence intensity (depolarization) (Fig. 6a). CPS-
induced AY,, dissipation was evident at 8 h after treatment in
about 25.4% of glioma cells and was maximal (80.6%) at
24 h. CPS-induced AY,, dissipation was TRPV1 dependent,

© 2007 The Authors

anti-human ERK. Data are representative of one of three separate
experiments. (b) Lysates from U373 glioma cells treated for different
times (5 and 15 min) with 50 pmol/L CPS alone or in combination with
capsazepine (CPZ) (1 umol/L) were separated on 9% SDS-PAGE
and probed with a rabbit anti-human phospho-p38 and a rabbit anti-
human p38. Data are representative of one of three separate experi-
ments.

as it was completely reverted by CPZ (Fig. 6b), whereas CPZ
alone did not affect the mitochondrial integrity of glioma
cells (data not shown).

Capsaicin has been reported to enhance mitochondrial
calcium accumulation and opening of the permeability
transmembrane pore (PTP). Thus, we analyzed the effect of
EDTA and CSA, that can inhibit mitochondrial-damage-
induced apoptosis by preventing PTP opening (Kroemer and
Reed 2000) on CPS-induced AY,, dissipation. Depletion of
extracellular calcium by EDTA, or addition of CSA,
completely blocked the ability of CPS to dissipate AW,
(Fig. 6b). Overall, these results suggest that CPS-induced
TRPV1-mediated AY,, dissipation in U373 cells involves
mitochondrial calcium uptake and PTP opening induced by
calcium overload.

Mitochondrion-dependent apoptosis is initiated by recruit-
ment and activation of caspases (Cohen 1997), and caspase
activity is associated with vanilloid-induced apoptosis (Hail
2003; Amantini et al. 2004). Thus, we analyzed whether
caspase 3 was activated during CPS-induced apoptosis of
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Fig. 5 Capsaicin (CPS) treatment affects cell viability and induces
apoptosis in U373, but not U87 glioma cells. (a) Cell growth was
evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay in U373 and U87 glioma cells untreated or treated
for 24 h at 37°C, with CPS (1, 10 and 50 umol/L). *p < 0.01
determined by Student’s t-test. (b) CPS-induced DNA fragmentation
was assessed in untreated, CPS (50 umol/L)-, CPS plus capsazepine
(CPZ) (1 umol/L)- or CPS plus EDTA (5 mmol/L)-treated U373 glioma

U373 cells by monitoring the proteolysis of 32 kDa proca-
spase 3. CPS (50 pmol/L) treatment of U373 cells stimulated
the cleavage of procaspase 3 in a time-dependent manner as
demonstrated by the appearance of the 17 and 12 kDa
caspase 3 active fragments (Fig. 6¢). Moreover, treatment of
U373 cells with CPS plus CPZ completely inhibited
procaspase 3 cleavage, thus indicating that CPS-induced
caspase 3 activity is coupled to TRPV1 (Fig. 6¢). Overall,
our results suggest that CPS-induced glioma cell apoptosis
involves TRPV1-dependent activation of caspase 3.

© 2007 The Authors

cells by propidium iodide (PI) staining and FACS analysis. Numbers
indicate the percentage of cells showing hypodiploid peak. Data are
representative of one of three separate experiments. (c) The per-
centage of annexin V* U373 glioma cells untreated or treated for 24 h
with CPS (50 umol/L) alone or in combination with CPZ (1 pumol/L)
was evaluated by immunofluorescence and FACS analysis. Data are
representative of one of three different experiments.

p38 MAPK activation is required for CPS-induced
apoptosis of U373 glioma cells

Recently, p38 but not pERK1/2 MAPK activation has been
suggested to mediate chemotherapeutic agent-induced apop-
tosis of different cancer cells (Bradham and McClay 2006).
Thus, we determined the ability of MAPK selective inhib-
itors to affect CPS-induced apoptosis of U373 cells.
SB203580, a selective p38 MAPK inhibitor markedly
inhibited in a dose-dependent manner the apoptosis of
glioma cells induced by CPS (Fig. 7); by contrast, in
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Fig. 6 Capsaicin (CPS) triggers a transient receptor potential vanilloid
type-1 (TRPV1)-dependent mitochondrial transmembrane potential
(A¥) dissipation and caspase 3 activation in U373 glioma cells. (a)
Analysis of A¥,, changes on CPS (50 umol/L)-treated U373 glioma
cells was evaluated for different times (0, 8 and 24 h) by 5,5,6,6-
tetrachloro-1,1",3,3-tetraethylbenzimidazolylcarbocyanine iodide (JC-
1) staining and biparametric FL1(green)/FL2(red) flow cytometric
analysis. Numbers indicate the percentage of cells showing a drop in
the A¥,-related red fluorescence intensity. Data are representative of
one of three separate experiments. (b) Analysis of A¥,, changes on
untreated, CPS (50 umol/L)-, CPS plus capsazepine (CPZ) (1 umol/
L)-, CPS plus EDTA (5 mmol/L), or on CPS plus cyclosporine A (CSA)
(1 umol/L)-treated glioma cells was evaluated as above described.

accordance with the failure of CPS to induce ERK activation,
PD98509, a selective inhibitor of MEK1, did not show any
effect at all the doses used (Fig. 7). Overall, these results
demonstrate that p38 but not ERK MAPK activation is
required for the induction of TRPV1-dependent apoptosis of
U373 cells by CPS.

Discussion

Herein, we provide evidence on the expression of TRPV1 by
glioma cell lines and tissues, and its involvement in the
apoptotic cell death induced by in vitro CPS treatment. As
evaluated by quantitative RT-PCR, TRPV1 mRNA was

© 2007 The Authors

24

Data are the mean + SD of three separate experiments. Statistical
analysis was determined by comparing untreated with CPS-treated
(*p < 0.01); CPS- with CPS plus CPZ- , CPS plus EDTA, or CPS plus
CSA-treated glioma cells (**p < 0.01) determined by Student’s t-test.
(c) Lysates from untreated, CPS (50 umol/L)- or CPS plus CPZ
(1 umol/L)-treated U373 glioma cells for different times (0, 8 and 24 h)
were separated on 12% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—-PAGE) and probed with a rabbit anti-caspase 3
polyclonal antibody (Ab). Sizes are shown in kDa and arrowheads
indicate the bands corresponding to procaspase 3 and caspase 3
cleaved fragments. o tubulin levels were evaluated as loading control.
Data are representative of one of three separate experiments.

expressed in a number of tumor cells of astrocytic origin,
such as U87 and U373 glioma cells, and FC1 and FLS
primary glioblastoma cell lines, with higher expression
observed in U373 cells, and in NHA and NHNPC. Moreover,
TRPV1 protein expression was assessed on NHA, and U87
and U373 glioma cells by western blot and cytofluorimetric
analysis, and paralleled mRNA levels. In addition, TRPV1
was identified as a single band of 95 kDa, likely corres-
ponding to the non-glycosylated form of TRPV1 (Kedei
et al. 2001). Notably, confocal microscopy analysis indicated
that TRPV1 shows a cell type-dependent subcellular local-
ization, with TRPV1 present in the cytoplasm and astrocyte
processes of NHA, in discrete spots in the cytoplasmic and
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Fig. 7 p38 but not extracellular signal-regulated protein kinase (ERK)
mitogen-activated protein kinase (MAPK) activation is required for
capsaicin (CPS)-induced apoptosis of U373 glioma cells. DNA frag-
mentation was evaluated by propidium iodide (PI) staining and FACS
analysis in U373 glioma cells treated for 24 h at 37°C with 50 pmol/L

perinuclear regions of U87 cells, and a clustered distribution
on the plasma membrane of U373 cells.

We also tested whether TRPV1 gene expression was
associated with glioma growth and progression by analyzing
60 glial tumors with different grades of malignancy. Our
results indicate that irrespective of histotype (astrocytomas
and oligodendrogliomas), TRPV1 expression progressively
decreases in high grade (III and IV) gliomas, with a complete
loss observed in 93% of grade IV glioblastomas.

Consistent with previous evidence, TRPV1 mRNA
expression on tumor-free EB tissues (Contassot et al. 2004)
was negative. Based on a number of evidence describing
increased risk of glioma associated with a history of epilepsy
(Schwartzbaum et al. 2005), our finding suggests the exist-
ence of similar mechanisms regulating TRPV1 gene expres-
sion in these brain diseases.

Consistent with TRPV1 expression at mRNA level, a
parallel reduction of TRPV1 protein expression is observed
by immunohistochemical analysis of glioma tissues, as grade
increases. Thus, a complete loss of TRPV1 protein expres-
sion was found in grade IIT anaplastic oligodendroglioma and
anaplastic astrocytoma, grade IV glioblastoma. Finally, no
TRPV1 protein expression was also found in tumor-free EB
tissues.

In attempt to explore the functional role of TRPVI1 on
glioma cells, we initially analyzed the ability of its synthetic
agonist CPS to induce both receptor proximal events such as
calcium mobilization and MAPK activation, and apoptosis.
Our findings indicate that treatment of U373 cells with CPS
induces a rapid rise of [Ca®"];, which is completely inhibited

© 2007 The Authors
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of CPS alone or in combination with different doses of SB203580 (50
and 500 nmol/L) or PD98509 (10 and 50 pmol/L) inhibitor. Numbers
indicate the percentage of cells showing hypodiploid peak. Data are
representative of one of three separate experiments.

by EDTA, and is blocked by CPZ. On the contrary, in
accordance with the levels of receptor expression, a moderate
TRPV1-dependent increase in [Ca®"]; was observed in U87
cells. Our results are consistent with previous evidence in a
number of different neuronal cell types including dorsal root
ganglion and sensory neurons (Bevan et al. 1992; Dedov
et al. 2001), C6 rat glioma cells (Macho et al. 1999), and in
TRPV1-HEK293 cell transfectants (Grant ef al. 2002),
showing that stimulation of TRPV1 with CPS results in
Ca”" influx that is inhibited by CPZ.

Our results provide also evidence that CPS-induced TRPV 1
triggering on U373, but not on U87 cells rapidly stimulates p38
but not ERK MAPK activation that is completely inhibited by
CPZ. These results are in agreement with previous findings in
H-ras breast cancer cells, showing that CPS treatment mark-
edly activates Jun N-terminal protein kinase-1 and p38
MAPKSs, while it deactivates ERK MAPKs (Kang et al
2003). However, CPS-induced ERK phosphorylation of
sensory neurons (Zhuang et al. 2004) has been also reported.

The study of the involvement of TRPV1 in CPS-induced
glioma cell apoptosis showed that CPS markedly reduces cell
viability and induces DNA fragmentation in U373, but not
U87 cells in a TRPV1-dependent manner as shown by the
use of CPZ. In accordance with the role of calcium in
apoptotic cell death, we observed that depletion of extracel-
lular Ca*" by EDTA prevented CPS-induced oligonucleo-
somal DNA fragmentation in U373 cells. Our results are
consistent with previous evidence showing the TRPVI1-
dependent stimulation of calcium by CPS in rat glioma cells
(Biro et al. 1998).
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Overall, our findings indicate that the expression of
TRPV1 on U373 and U87 cells is functionally linked to
calcium mobilization flux and sensitivity to CPS-induced
apoptosis. A characteristic feature of apoptotic cell death is
the loss of phospholipid asymmetry and the expression of PS
on the outer layer of the plasma membrane. Our results show
that CPS treatment of U373 cells induces externalization of
PS on U373 cells. The involvement of TRPV1 on PS
externalization was directly demonstrated by the ability of
CPZ to revert this CPS-induced event.

Reduction in mitochondrial potential constitutes an early
irreversible step of programmed cell death (Mignotte and
Vayssiere 1998). Our study demonstrates that CPS causes an
irreversible AW, dissipation which is completely inhibited
by CPZ, indicating that activation of TRPV1 by binding to
its specific ligand, triggers the mitochondrion-dependent
apoptotic program. In addition, by the use of CSA (Kroemer
and Reed 2000), we show the ability of CPS to dissipate
AY,, by mitochondrial PTP opening, suggesting that this
event plays an important role in CPS-induced apoptotic cell
death. Moreover, in accordance with the finding of [Ca®'];
influx requirement in the CPS-induced apoptosis, we dem-
onstrate by the use of EDTA that Ca*" influx plays a decisive
role in the collapse of AW, upon TRPV1 activation by CPS
leading to PTP opening and cell death. Similarly, CSA-
mediated inhibition of CPS-induced loss of AY, was
reported in rat thymocytes (Amantini et al. 2004).

Our results on the role of mitochondrial permeability
transition in CPS-induced apoptosis are further supported by
previous evidence indicating that over-expression of Bcl-2
that inhibits PTP, reduces CPS-induced PS exposure (Kro-
emer and Reed 2000) and blocks CPS-mediated AW,
disruption and apoptosis (Macho et al. 1998).

Mitochondrial transmembrane dissipation leading to acti-
vation of executioner caspases occurs during apoptosis. Our
results indicate that CPS-induces a dose-dependent activation
of caspase 3, which is completely inhibited by CPZ.
Accordingly, increased procaspase 3 cleavage was observed
during CPS-induced apoptosis of human hepatocarcinoma
cells (Jung et al. 2001), H-ras breast cancer cells (Kang et al.
2003), and rat thymocytes (Amantini et al. 2004). Overall
these results demonstrate that CPS through interaction with
TRPV1 induces sustained [Ca®']; levels and thus triggers
PTP opening, mitochondrial damage, activation of caspase 3
and apoptotic cell death in U373 cells.

Based on the evidence that p38 MAPK family plays a
central role in the signaling pathways controlling of cell
survival and apoptosis (Wada and Penninger 2004), and
TRPV1 stimulation by CPS triggers p38 MAPK activation
on U373 cells, we analyzed p38 MAPK involvement in CPS-
induced apoptosis by the use of specific pharmacological
inhibitors. Consistent with the ability of CPS to selectively
activate p38 but nor ERK MAPK, we found that CPS-
induced apoptosis of U373 cells was inhibited in a dose-
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dependent manner by p38 (SB203580) but not ERK
(PD98509) inhibitor, indicating that p38 but not ERK is
involved in the control of TRPV1-mediated glioma apoptotic
cell death. In agreement with our findings, p38 MAPK
inhibitors, or over-expression of dominant negative forms of
Jun N-terminal protein kinase-1 and p38, but not that of
ERKs, blocked CPS-induced apoptosis of H-ras breast
cancer cells (Kang et al. 2003).

Which might be the pathophysiological relevance of
TRPV1 expression and pro-apoptotic activity on glioma cell
growth and progression? Recent evidence indicate that
human glioblastomas express enhanced levels of endogenous
TRPV1 ligand(s) such as AEA and N-stearoyethanolamine
(Petersen et al. 2005) that can inhibit cell proliferation and
activate apoptosis in a TRPV1-dependent manner (Maccar-
rone et al. 2000; Maccarrone et al. 2002). Thus, we can
hypothesize that the reduced expression and complete loss of
TRPV1 receptor that we found to correlate with tumor
progression, may represent a mechanism by which tumor
cells can evade antiproliferative and pro-apoptotic signals. In
addition, as AEA binds to CB1 and CB2 cannabinoid
receptors which exert a protective effect on TRPV1-depend-
ent AEA-induced glioma cell apoptosis (Maccarrone et al.
2000; Contassot et al. 2004), reduced TRPV1 expression
may favor binding of the endocannabinoids to cannabinoid
receptors, therefore promoting tumor cell survival.

Thus, we can suggest that molecular profiling of TRPV1
channel in glioma tumors, may represent a valuable tool for
glioma prognosis and follow-up, and an efficient target for
novel therapeutic approaches.
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