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Abstract Glioblastoma (GBM) is one of the most
common and lethal forms of primary brain tumors in
human adults. Treatment options are limited, and in
most cases ineffective. Natural products are sources of
novel compounds endowed with therapeutic proper-
ties in many human diseases like cancer. e-viniferin is
a resveratrol dimer and well known for having
antiproliferative and apoptotic effects on cancer cells.
Cisplatin is a platinum containing anti-cancer drug. In
this study, we aimed to investigate antiproliferative
and apoptotic effects of using cis-platin and e-viniferin
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alone or in combined treatment of C6 cells. Cell
proliferation was detected by WST-1. Mitochondrial
membrane potential changes in the cells (A¥m) were
evaluated using cationic dye JC1. Apoptotic index
which is a hallmark of late apoptosis was detected by
using Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) method and apoptotic
alterations were observed by transmission electron
microscope (TEM). Activation of caspase-8, -9, -3 in
C6 cells at various incubation periods was measured
by flow cytometer. Apoptotic index increased at
highest level in only combined treatment cells
(91.6%) after 48 h incubation. These results were
supported by TEM images. Caspase-8 activation in C6
cells increased to a maximum (12.5%) after 6 h by
using  combined  cis-platin/e-viniferin treatment
(13.25/95 pM). Caspase-9 was activated at 44.5%
after combined treatment for 24 h. This rate is higher
than using cis-platin (14.2%) or e-viniferin (43.3%)
alone. The combined 13.25 pM/cisplatin and 95 pM
e-viniferin treatment caused maximum caspase-3 acti-
vation in C6 cells (15.5%) at the end of the 72 h in-
cubation. In conclusion, it was observed that caspase-
8, -9, -3 activation which was determined in vitro,
trigerred apoptotic mechanism in C6 cells by using
low concentrations of combined cis-platin and e-
viniferin.
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Introduction

Glioma is the most aggressive primary cancer in the
central nervous system, especially in brain (Tiangin
et al. 2016; Ignarro et al. 2017; Sun et al. 2016; Chen
et al. 2016) and constitute approximately 30% of all
brain and central nervous system tumors and 80% of all
malignant brain tumors (Ma et al. 2016). Nowadays,
the common clinical treatments of glioblastoma are
surgery concomitant with radiotherapy, chemotherapy
or combined treatments (Tianqgin et al. 2016; Wang
et al. 2013). But these treatments are rarely curative
because chemotherapy has limited effects (Yang et al.
2014). The major limitations of chemotherapy for
treatment of glioblastoma are the inability of many
drugs to pass through the blood—brain barrier and their
low efficacy for induction of apoptosis. Therefore, the
choice of active drugs is limited. Many clinical trials
are evaluating new therapeutic agents for treatment of
newly diagnosed glioblastoma or recurrent disease
(Das et al. 2010). Currently, researches are focused on
new agents and novel targets for treatment of glioma
(Wang et al. 2012).

Dietary phytochemicals such as adjuvants have
been suggested to play important roles in enhancing
chemotherapeutic potential owing to multitargeted
chemopreventive properties and lack of substantial
toxicity (Lee et al. 2013). e-viniferin (e-VNF) is an
antioxidant and formed from resveratrol by oxidative
processes (Zghonda et al. 2011). Resveratrol and its
oligomers, including e-VNF, have also been suggested
to show anti-proliferative and pro-apoptotic effects on
cancer cells such as human hepatoma HepG2 cells,
and human colon cancer cells (Zghonda et al. 2011;
Colin et al. 2008; Ozdemir et al. 2014).

Anti-cancer drug cisplatin (CDDP), a first-genera-
tion platinum complex, cross-links DNA and thus
prevents cell division by mitosis (Su et al. 2012; Lee
et al. 2016). The most prominent anticancer effect of
CDDP is oxidative stress, DNA damage and apoptosis
induction (Hu et al. 2016). However, most of these
drugs have serious side effects due to cytotoxicity on
normal cells (Rai et al. 2016).

Many studies have also shown that the combined
use of natural products and chemotherapy agents can
increase the sensitivity and cytotoxicity of chemother-
apy agents (Lee et al. 2016; Hu et al. 2016).

A potentially chemopreventive agent should exert
its antioxidant or cytoprotective effects at
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concentrations much lower than cytotoxic effects,
while a chemotherapeutic agent should induce
cytostasis and/or apoptosis in cancer cells at concen-
trations lower than those being cytotoxic to non-
proliferating cells (Riiweler et al. 2009).

Motivated by the present understanding of combi-
nation effect and CDDP and e-VNF applied alone, we
made an effort to delineate the molecular pathways
modulated by combined effect of CDDP and e-VNF in
C6 cell lines.

Materials and methods
Cell cultures and reagents

The Glioma cell lines (C6) was obtained from the
German Collection of Microorganisms and Cell
Culture (DSMZ) (Leibniz Institute, Braunschweig,
Germany) and maintained in Dulbecco’s Modified
Eagle Medium (DMEM) (Sigma, Munich, Germany)
which was supplemented with 10% FBS (Gibco,
Paisley, UK), 100 U/mL penicillin/streptomycin and
2 mM L-glutamine. Exponentially growing cultures
were maintained in an incubator with a humidified
atmosphere with 5% CO,/95% air at 37 °C. CDDP
was purchased from Sigma-Aldrich (Germany), e-
VNF was from Actichem (Montauban, France).

Cell proliferation assay

Cell proliferation was measured by the WST-1
(Roche, Mannheim, Germany) assay measuring the
activity of mitochondrial dehydrogenases, performed
following the manufacturer’s instructions at 12, 24 and
48 h time points. The cells were seeded at a concen-
tration of 2 x 10* cells/well in culture medium
containing various amounts of CDDP (5 or 35 pM)
and e-VNF (95 or 130 pM), alone or in combina-
tion (13.25 uM CDDP + 95 pM &-VNF or 16.25 uM
CDDP + 127.5 pM &-VNF). After period of time,
10 pl/well cell proliferation reagent WST-1 was
added to each well, followed by incubation for an
additional 4 h at 37 °C and 5% CO,. The absorbance
of the treated cells against a background control as a
blank was measured between 420-480 nm using a
microplate (ELISA, ELX 808 IU, Bio-Tek, Winooski,
VT, USA) reader.
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Determination of cell index by real-time cell
analysis method (RTCA)

xCELLigence Real-Time Cell Analyzer (RTCA) (DP,
Roche, San Diego, CA, USA) was used for real-time
and time-dependent analysis of binding of CDDP, e-
VNF and (CDDP + &-VNF) combined group. The
RTCA measure changes in electrical impedance as
cell attach and spread in a multi-well plates covered
with a gold microelectrode array (Rahim and Uren
2011). C6 Glioma cells were seeded using 16 well
plates as 1 x 10*cells in each well. After two hours of
cell binding, they were incubated with CDDP (5, 15,
25, 35, 45 uM), &-VNF (95, 105, 115, 130 uM)
separately or in (CDDP + &-VNF) combination
(13.25 4+ 95 uM; 14.25 4105 pM; 15.25 4115 uM;
16.25 +127.5 uM; 17.25 4140 pM) in a RTCA at
30 min interval for 24 h at 37 °C. The electrical
impedance is expressed as cell index (CI) value which
calculates the number of the cells attached and spread
on the bottom of the well. CI was calculated using a
formula as mentioned below. CI = (resistance mea-
sured at a given time point — resistance measured
without the cell) / 15Q Normalized Cell Index (NCIti)
is calculated as the Cell Index Clti at a given time point
divided by the Cell Index CInml_time at the normal-
ization time point (nml_time), as below: NCIti = CIti/
CInml_time. Thus, the Normalized Cell Index for all
wells must equal one (1) at the normalization time
point.

Mitochondrial transmembrane potential (A¥Wm)
assay

The A¥Ym was determined using tetraethylbenzimi-
dazolylcarbocyanine iodide (JC-1 probe) (BD™
MitoScreen, San Diego, CA, USA) (RUO). In brief,
C6 rat glioma cells were treated with CDDP
(5-35 pM), e-VNF (95-130 uM), and a combination
of (CDDP + &-VNF) (13.25 uM CDDP + 95 uM e-
VNF; 16.25 uM CDDP + 127.5 uM &-VNF) for 6,
12, 24 h, incubated with 5 uM JC-1 at 37 °C for
15 min, and then washed and resuspended in cold
PBS. Cells were analyzed using FACS Vantage flow
cytometer according to the instructions given in
BD™. Finally, a dot plot of red fluorescence (FL2,
living cells with intact AWYm) versus green fluores-
cence (FL1, cells with lost A¥m) was recorded.

Transmission electron microscopic observation
(TEM)

After treatment with CDDP and ¢-VNEF, alone or in
combination, C6 cells were fixed in 2.5% (v/v)
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4),
and left in PBS overnight at 4 °C and treated with 2%
(w/v) osmium tetraoxide (Sigma). The cells were
dehydrated gradually with 70, 90, 96 and 100% ice-
cold ethanol, embedded in EPON 812 epoxy (Sigma).
They were thin-sectioned using a glass knife to a
maximum thickness of 100 nm. The sections were
stained with lead citrate (Sigma, Steinheim, Germany)
and uranyl acetate (Polysciences, Inc., Warring-
ton, PA, USA) and finally observed and recorded
under a transmission electron microscope (FEI Tecnai
Spirit 120 kV; FEI Co., Eindhoven, Netherlands)
(Johnson 1979).

TUNEL assay

Cells were grown on 24-well microplates and were
treated with CDDP, e-VNF and combination of them
based on the cell proliferation assay. The fragmented
DNA of apoptotic cells was quantified by terminal
deoxynucleotidyl transferase deoxyuridine triphos-
phate (dUTP) nick end labeling (TUNEL) with the
In Situ Cell Death Detection Kit, Flourescein (Roche).
Briefly, the cells per well were fixed with 4%
paraformaldehyde and incubated at 15-25 °C and
washed with phosphate-buffered saline (PBS) for
30 min. Each well was then incubated in permeabil-
isation solution for 2 min on ice. The cells were
washed with PBS twice. Then 50 pL. of TUNEL
Reaction Mixture was added to each well. The
microplate was covered with parafilm and the cells
were incubated for 60 min at 37 °C in a container, to
protect cells from any light source. After incubation,
each well was washed with PBS for three times. After
washing with PBS, the slides were dried and fluores-
cent images were acquired with a fluorescence
microscope (Leica, Wetzlar, Germany).

Caspase-3, -8 and -9 activities assay
Caspase-3, caspase-8 and caspase-9 activity assay kits
were used to measure the activities of caspase-3 (BD

Biosciences Pharmingen, San Dlego, CA, USA),
caspase-8 (Merck Millipore, Temecula, CA, USA)
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and caspase-9 (Becton-Dickinson, San Dliego, CA,
USA) in each treated group. Procedures were per-
formed according to the manufacture’s protocols.
Samples were analyzed on a Becton-Dickinson FACS
Aria flow cytometer (BD FACS AriaTM I Cell Sorter
Flow Cytometer, Serial No: P07900204) using
FACSDiva Version 6.1.2. Software.

Statistical analysis

MTT results are expressed as mean =+ standard devi-
ation and were statistically analyzed using one-way
ANOVA test using the Graphpad programme.

Results

The inhibition of cell proliferation by CDDP and &-
VNF, alone or in combination

The effects of CDDP, e-VNF, and the combination of
these two drugs on the proliferation of C6 cells for 12,
24 and 48 h were investigated by high sensitive cell
proliferation reagent, WST-1. As shown in Fig. 1, all
treatments, except the lower concentration of CDDP
(5 UM for 12 h) decreased the cell proliferation in a

Fig. 1 Cell proliferation A
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higher concentrations of
combination of CDDP and
&-VNF and b CDDP, &-VNF
and lower doses of
combination of CDDP and
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C6 cell lines determined by
WST-1. Data are
representative of tree
independent trials and are
expressed as the
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dose- and time-dependent manner. The cell prolifer-
ation of C6 cells was found about 100% even higher
after treatment with 5 pM CDDP for 12 and 24 h.
However, the longer incubation with 5 uM CDDP
resulted in a significant decrease of cell proliferation
up to 29%. Increasing the concentration of CDDP
about seven fold caused a slight decrease in cell
proliferation 74% at 12 h (****p < 0.0001), 85% at
24 h (**p < 0.01) and 71% at 48 h (¥****p < 0.0001)
as compared to 5 pM CDDP. On the other hand,
treatment of cells with 130 pM or 95 pM of &-VNF
had a similar effect on cell proliferation even after
48 h incubation time (Fig. 1a).

It has been also investigated whether the addition of
CDDP together with &-VNF to C6 cells had any
benefits, therefore cells were treated with either
13.25 uM CDDP + 95 uM &-VNF or 16.25 uM
CDDP + 127.5 uM &-VNF combination for 12, 24
and 48 h. As shown in Fig. 1b, a significant decline of
cell proliferation was observed in cells incubated with
combination of CDDP and &-VNF in comparison with
cells treated alone with one or the other drug for 24 and
48 h (****p < 0.0001). However the differences in
C6 cell proliferation rate were not significant in the
presence of either e-VNF alone or CDDP combined

EICONTROL
EECDDP (35 pM]
EJe-VNF [130 uM]
3 CDDP+2-VNF
[16.25uM +127.5uM]

24n 48h

Time (h)
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Fig. 2 xCELLigence real-time cell analyzer (RTCA) impe-
dance profiles of E-plates containing C6 cells treated with
different concentrations (CDDP + e-viniferin) for 48 h. The
different (CDDP + &-VNF) concentrations (5 pM CDDP +
95 uM &-VNF) (green); (15 uM CDDP + 105 uM ¢-VNF)

with e-VNF for 12 h, the proliferation rates measured
in these conditions were found between 21-27%.

Cell viability assay

The effect of CDDP + &-VNF on cell viability was
tested using the RTCA system. CI values were obtained
at 15-min intervals for period of 24 and 48 h (Fig. 2).
After adding cells to 16 well plates, different concen-
trations (5 pM CDDP + 95 uM  e-VNF); (15 uM
CDDP + 105 pM &-VNF); (25 uM CDDP + 115 pM
e-VNF); (35 uM CDDP + 130 pM &-VNF); (40 uM
CDDP + 140 pM &-VNF) of CDDP + &-VNF were
added to each well and a dose-dependent reduction in
viability of cells treated with a combination of 15 uM
CDDP + 105 uM &-VNF was found after 24 h incu-
bation time (Fig. 2).

Assessment of mitochondrial membrane potential
(A¥m)

Measurement of the mitochondrial membrane poten-
tial percentage changes of the cells undergoing agent-
induced apoptosis showed that, when compared to
control groups, a dosage of 35uM CDDP

CDDP+2-VNF [S pM+95 pM] e CDDP+2.VNF [15 pM+105 pMf] s CDDP+2-VNF [25 pM+115 pM]

CDDP+2-VNF [40 uM+140 pM]

(dark blue); (25 uM CDDP + 115 uM  &-VNF) (pink);
(35 uM CDDP + 130 pM &-VNF) (cyan); (40 uM CDDP +
140 uM  &-VNF) (purple) are color-coded. The red line
represents the profile of the control sample. (Color figure online)

administered for 12 h alone resulted in 31.7% depo-
larization, and that with a dossage of 130 uM &-VNF,
32% depolarization occured. However, in the com-
bined usage 16.25 + 127.5 uM (CDDP +-¢-VNF),
AW¥m increased to 44.8%. These findings show that the
combined use of 16.25 uM CDDP + 127.5 uM e-
VNF resulted in an increase in depolarization and
initiation of apoptosis at 12 h in comparison to high-
dose CDDP (Fig. 3, Table 1). These findings show
that combined administration of low dose CDDP and
e-VNF is more effective than single high dose drug
administration.

Morphology changes observed by transmission
electron microscopy (TEM)

To explore whether a decrease in cell viability induced
by CDDP and &-VNF is due to induction of cell
apoptosis, we analyzed morphological changes in C6
cells after treatment with both drugs. The subcellular
changes induced by 35 uM CDDP, 130 uM &-VNF
alone, or (16.25 uM CDDP + 127.5 pM &-VNF)
combination (Fig. 4a) and 5 uM CDDP, 95 uM e-
VNF alone, or (13.25 uM CDDP + 95 uM &-VNF)
combination (Fig. 4b) in C6 cells were investigated by

@ Springer



1066 Cytotechnology (2018) 70:1061-1073
CONTROL
o 973" i
<2
= 2,0
10% 10° 10* 10°
SFIT CCDP+&-VNF
CCDP [35 pM] £-VNF [130 pM] [16.25 pM+127.5uM]
“a 03,8 . % 66.5 e 538 A
' SR, L5

<2 . "2 WS < "2
5% $% g

10* 10

10°
JC-1 FITC-A

10

10

Fig. 3 Mitochondrial membrane permeabilization (MMP) of
CDDP (35 puM), &-VNF (130 uM), and CDDP + &-VNF
(16.25 + 127.5 pM) in C6 glioma cells for 12 h. Mitochondrial
membrane permeabilization (MMP) was determined by flow

10* 10

10°
JC-1 FITC-A

10

10°
JC-1 FITC-A

10* 10°

cytometry using JC-1. The percentages of cells with MMP
(blue) were calculated. Gates defined as nonapoptotic, healthy
cells (P2), apoptotic cells (P3). (Color figure online)

Table 1 Effect of CDDP, VNF, and combined treatments on mitochondrial membrane potential in C6 cells. Data refer to the
percentage of cells with intact A¥m (polarize) and fold A¥m (depolarize). C6 cells, were treated with /without drugs for 6, 12, 24 h.

Treatment 6 h 12h 24 h
Intact AYm  Fold A¥m  Intact AYm  Fold A¥m  Intact AYm  Fold AYm

Control 99.6 32 97.3 2 90.6 94
CDDP 35 uM 90 9.9 68.8 31.7 93.3 6.7
CDDP 5 uM 87.5 12.6 89.2 10.9 94.2 5.6
&-VNF 130 uM 94.5 5.5 66.5 32 81.3 18.5
&-VNF 95 uM 89.4 10.6 69.8 30 90.4 9.6
CDDP + &-VNF (16.25 + 127.5 uM)  91.2 8.8 53.8 44.8 84.5 15.3
CDDP + &-VNF (13.25 + 95 uM) 88.5 11.5 69.2 30.7 82.2 10.6

transmission electron microscopy. In the rat C6 glioma
cells (control group), which have not been treated for
48 hin our study, the nucleus and cell membrane were
smooth, the endoplasmic reticulum and mitochondria
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were smooth and the cristae can be distinguished.
Cells treated with the 35 tM CDDP dose appeared to
have impaired core and cytoplasm integrity after 48 h
(Fig. 4a). Cells treated with 5 pM CDDP were less
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95 uM E-VNF

5 uM CDDP

Fig. 4 Under electron microscope, the morphological changes
of C6 cells were observed after treatment of cisplatin (CDDP), e-
viniferin (e-VNF), alone, or the combination of both drugs for
48 h compared to control group (a, b). (1625 puM

susceptible to damage but apoptosis was distinguished
by slight condensation of chromatin structure in the
nucleus and slight contraction in the nucleus mem-
brane (Fig. 4b). The 16.25 uM CDDP + 127.5 pM e-
VNF combination showed degradation of core integ-
rity and chromatin condensation (Fig. 4a). Moreover,
cytoplasm integrity is disappearing after almost 48 h.
At the dose of (13.25 CDDP + 95 uM ¢&-VNF),
degradation of cytoplasmic organelles resulted in
dense chromatin condensation and deterioration of
the nucleus membrane (Fig. 4b).

Determination of DNA Fragmentation by TUNEL
Method

The formation of apoptotic index in C6 cells incubated
with CDDP, ¢-VNF and combined drugs (CDDP + e-
VNF) for 12, 24 and 48 h was determined with
TUNEL assay. Apoptotic index in the combination
group was found to be 67.7% after 12 h of incubation.
However, this rate decreased by 41% at low doses
when CDDP + &-VNF were applied at the end of the
24-hour incubation (Table 2). At48 h, in the untreated
control group, no apoptotic index was observed
(Fig. 5a); however, apoptotic index was seen after
the treatment of C6 cells with 35 pM CDDP (77.8%)

ARERRRP VLT oy 8T

(13.25 uM CDDP+ 95 uM &- VNF)

CDDP + 127.5 pM e-VNF) and (13.25 uM CCDP + 95 pM
&-VNF) doses showed chromatin condensation and degradation
of the nuclear membrane (a, b)

Table 2 TUNEL assay: apoptotic index of C6 cells treated for
12, 24 and 48 h by CDDP, &-VNF and combination
of CDDP + &-VNF

Apoptotic index (%) 12 h 24h  48h
Control 5.45 6.1 12.1
CDDP (35 pM) 57.5 372 718
e-VNF (130 pM) 34.1 40.0  50.0
CDDP/e-VNF (16.25 + 127.5 uyM)  55.0 435 842
CDDP (5 uM) 239 217 422
e-VNF (95 uM) 20.5 358 476
CDDP/e-VNF (13.25 + 95 uM) 67.7 410 916

The highest apoptotic index data determined as a result of low-
dose drug administration are indicated in bold

(Fig. 5b), 130 uM &-VNF (50%) (Fig. 5b) and com-
bined (16.25 yM CDDP + 127.5 uM  &-VNF)
(84.2%) (Fig. 5f) and (13.25 uM CDDP + 95 uM e-
VNF) (91.6%) (Fig. 5g). As a result, C6 cells were
found to be directed to undergo apoptosis due to DNA
fragmentation detected after incubation for 48 h with
different doses of CDDP, e-VNF and combined agents
(CDDP + &-VNF) (Fig. 5, Table 2).
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CONTROL

CDDP [35 uM] CDDP (S uM] £-VNF [130 pM]

¢-VNF [95 uM]

Fig. 5 Apoptotic cells were detected by green fluorescence. A
small number of apoptotic cells was identified in the untreated
cells (a) or the cells treated with CDDP alone (b, ¢), e-VNF (d,
e) and combined treatment (f, g). The highest mean number of
apoptotic cells was observed in the CDDP and &-VNF

@ Springer

(13.25 4+ 95 uM) combination treatment group (g) at 48 h.
Arrows point to cells with fragmented DNA which occured
actively during the treatment and to apoptotic bodies at 48 h.
(Magnification x40). (Color figure online)
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Table 3 Percentage of caspase-3 activity of glioblastoma (C6) cells after CCDP (cisplatin), e-VNF (e-viniferin) and CDDP/e-VNF
(cisplatin 4 e-viniferin) treatment at different times and concentrations

12 h 24 h 48 h 72 h

Viability  Caspase Viability  Caspase Viability  Caspase Viability  Caspase

(%) activity (%) (%) activity (%) (%) activity (%) (%) activity (%)
Control 99.6 0.4 95.3 4.6 94.7 53 93.9 6.0
CDDP (35 uM) 99.6 0.4 91.2 8.8 95.5 4.5 85.6 14.4
CDDP (5 uM) 99.7 0.3 94.7 53 89.4 10.6 95.3 14.6
e-VNF (130 uM) 99.4 0.6 86.1 13.9 94.4 5.6 85 14.9
e-VNF (95 puM) 99.2 0.8 96.1 39 95.7 44 84.5 154
CDDP/e-VNF 99.3 0.7 91.0 9.0 98.1 1.9 89.6 10.3

(16.25 + 127.5 uM)

CDDP/e-VNF 99.4 0.6 93.7 6.3 95.7 44 84.5 15.5

(13.25 + 95 uM)

Table 4 Percentage of caspase-8 activity of glioblastoma (C6) cells after CDDP (cisplatin), e-VNF (e-viniferin) and CDDP/e-VNF
(cisplatin 4 e-viniferin) treatment at different times and concentrations

3h 6h 12 h

Viability Caspase activity ~ Viability Caspase-activity ~ Viability Caspase activity

(%) (%) (%) (%) (%) (%)
Control 94.2 5.8 94.6 5.4 99.6 0.3
CDDP (35 uM) 87.4 12.6 91.9 8.1 98.5 1.5
CDDP (5 pM) 93.4 6.6 95.1 49 99.7 0.3
€-VNF (130 uM) 85.5 15.5 84.2 15.8 85.5 144
e-VNF (95 uM) 92.4 7.6 90.4 9.6 91.7 8.3
CDDP/e-VNF 87.6 124 66.5 33.4 72.3 271

(16.25 + 127.5 pM)

CDDP/e-VNF 92.9 7.1 87.6 12.4 93.5 6.4

(13.25 + 95 pM)

Bold letters indicate maximum caspase activities depending on drug concentrations

Caspase -3, -8, -9 activity

Caspase activation plays a central role in the execution
of apoptosis. In this study, caspase-3, -8 and -9
activities were determined after incubation with
different concentrations of CDDP,e-VNF and combi-
nation of both for different duration. C6 cells treated
with different concentrations for 12, 24, 48 and 72 h
incubation were harvested for caspases-3 activity
determination. After 72 h incubation in (13.25 uM
CDDP + 95 uM ¢-VNF) combination group, cas-
pase-3 activation was found to be maximal in C6 cells
(15.5%). The caspase-3 activations of 5 pM CDDP
and 95 uM e-VNF used alone were 14.6 and 15.4%,

respectively (Table 3). C6 cells treated with different
concentrations for 3, 6, and 12 h were investigated for
caspases-8 activity determination. In our study, cas-
pase-8 activation from the initiator of apoptotic cell
death was increased (12.4%) after 6 h incubation in
the combination group (13.25 uM CDDP + 95 uM e-
VNF). Activation of caspase-8 in the combination
group (16.25 CDDP + 127.5 uM &-VNF) showed an
increase of 33.4% (Table 4). Caspase-9 activity of C6
cells was investigated for 12 and 24 h. It was found
that 44.5% of cells treated with a combination of
13.25 pM CDDP and 95 pM e-VNF showed activa-
tion of caspase 9 after 24 h of incubation. This ratio is
higher than when incubated with CDDP alone (14.2%)
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and e-VNF alone (43.3%) for 24 h. This increase in
caspase-9 activation suggests that the use of ¢-vinifinin
in combination with CDDP is effective (Table 5).

Discussion

Glioblastoma is characterized by aggressive and rapid
cell growth that manifests itself with the local spread.
A multimodal treatment strategy is often used rather
than chemotherapy alone. Many of the chemotherapy
drugs for glioblastoma therapy are insufficient to pass
through the blood-brain barrier, and therefore have
low efficacy for apoptosis induction. Hence, the
choice of an active drug is limited. Many clinical
studies have been conducted to evaluate novel ther-
apeutic agents for treating newly diagnosed glioblas-
toma or recurrent disease (Das et al. 2010).

Most clinical anticancer drugs to date are derived
from natural sources such as vinca alkaloids and
taxanes. Therefore, some recent studies focus on
herbal medicinal products. Natural products are
important sources of anticancer precursor molecules.
Many successful anticancer drugs, many of which are
still under clinical trials, are derived from natural
products (Wang et al. 2014). Consequently, the
interest in the use of natural compounds as potential
cancer therapeutics and cancer prevention agents has
been ever increasing (Xue et al. 2014).

e-VNF was initially isolated from Vitis vinifera
(Vitaceae) and classified as a model for resveratrol
biosynthesis. Many studies have been conducted on ¢-
VNF and its antioxidant and anticancer activities. The
antioxidant activity of e-VNF is essential in inhibiting
cancer formed due to chemicals and oxidative damage
through inhibition of cancer initiation and progression.
€-VNF has also exhibited a direct cytotoxic effect on
various cancer cells. e&-VNF was reported to kill C6,
Hep G2 (Ozdemir et al. 2014), HeLa, and MCF-7
cancer cells depending on the dose (Xue et al. 2014).

Apoptosis is the balance between cell proliferation
and cell death. The distinctive feature of cancer cells is
the imbalance between cell proliferation and apoptosis
(Jiang et al. 2012).

Apoptosis is evaluated using transmission electron
microscopy, a method by which morphological
changes are most accurately observed. Shrinkage,
chromatin condensation, and fragmentation can be
observed in the cytoplasm, whereas the mitochondrion
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status can be examined in subcellular details, such as
the cell membrane or the deterioration of the nuclear
membrane. The nucleus and cell membrane, as well as
the endoplasmic reticulum and mitochondria, were
smooth and the cristae could be distinguished in the rat
C6 glioma cells, which were not treated for 48 h, in the
present study (control group). Cells treated with
35 uM CDDP appeared to have impaired core and
cytoplasm integrity after 48 h. Cells treated with 5 uM
CDDP were less susceptible to damage, but apoptosis
was distinguished by slight condensation of chromatin
structure in the nucleus and slight contraction in the
nuclear membrane. An excessive number of microvil-
lus protrusions were observed in the nuclear mem-
brane treated with (16.25 uM CDDP + 127.5 uM e-
VNF) doses. However, the cytoplasmic integrity
disappeared after almost 48 h. Degradation of cyto-
plasmic organelles, intense chromatin condensation,
and deterioration of the nucleus membrane were
observed after administration of [13.25 uM
CDDP + 95 pM  &-VNF] dose. In a study with
findings consistent with the results of the present
study, Apigenin (AP) and Hydroxygenkwanin (HGK),
which are two natural flavonoid compounds, were
given to the C6 glioma cells separately and in
combination as (AP 4+ HGK), and the mitochondrial
damage of this combination group was observed to be
serious (Wang et al. 2014). The present study found
that the cytoplasmic integrity was completely lost in
the combination (16.25 pM CDDP + 127.5 uM e-
VNF) group after 48 h. WST-1 assay demonstrated
that using combined drugs resulted in 20.8% cell
viability at 48 h and is consistent with the TEM results.

Loss of mitochondrial membrane potential (MMP,
WYm) is a crucial step in the apoptotic process that kills
cells because it leads to the release of various
proapoptotic factors from the mitochondria to the
cytoplasm (Cao et al. 2011). Numerous studies
evaluated MMP using flow cytometry in C6 cells
(Bobermin et al. 2017; Murota et al. 2016; Geng et al.
2016). The integrity of the mitochondrial membrane
was analyzed using JC-1, a cationic dye, in the present
study. JC-1 dye transforms into green color as a
marker of A¥Ym impairment in apoptotic cells.
Changes in MMP are observed during an interruption
in the cell cycle, apoptosis or necrosis. A depolarized
mitochondrial membrane generally indicates that the
cell is in the early apoptosis process (Darzynkiewicz
et al. 2001). Further, in the present study, 31.7 and
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Table 5 Percentage of caspase-9 activity of glioblastoma (C6) cells after CCDP (cisplatin), e-VNF (e-viniferin) and CDDP/e-VNF
(cisplatin 4 e-viniferin) treatment at different times and concentrations

12 h

24 h

Viability (%)

Caspase activity (%)

Viability (%) Caspase activity (%)

Control 95.1
CDDP (35 uM) 94.1
CDDP (5 uM) 97.1
&-VNF (130 uM) 72.0
&-VNF (95 uM) 61.1
CDDP/e-VNF (16.25 + 127.5 pM) 86.3
CDDP/e-VNF (13.25 + 95 pM) 70.7

4.9
59
29
28
38.8
13.7
29.2

95.7 4.4
85.9 14.1
85.9 14.2
353 64.7
56.6 43.3
43.4 56.6
554 44.5

Bold letters indicate maximum caspase activities depending on drug concentrations

32% depolarization was achieved upon treatment of
the cells with 35 uM CDDP and 130 uM e-VNF,
respectively, followed by 12-h incubation. However, it
was observed that the combined use of 16.25 uM
CDDP + 127.5 puM ¢-VNF increased depolarization
(44.8%). Combined drug use causes an effective
response to lower doses of CDDP. A study reported
that the treatment of C6 astroglial cells with resever-
atrol inhibited the reduction in MMP (Bobermin et al.
2017). Also, 98.3 uM &-VNF, 52.5 uM vincristine,
and a 11.25 pM vincristine + 15.8 pM &-VNF com-
bination were compared with the control group in a
study performed on HepG2 cells, the A¥m change
after six hours was found to be 19.5% 5.5%, 24.6%,
and 3.5%, respectively. This finding suggested that
vincristine + &-VNF combination (24.6%) resulted in
early apoptosis of the cell at 6 h (Ozdemir et al. 2016).

Many biochemical and morphological changes are
observed in the cell after receiving the signal for
apoptosis. Various methods have been developed to
detect these changes. One of the methods showing
apoptotic index in apoptotic cells is the TUNEL assay
(Tdt-mediated dUTP nick end labelling). CDDP as an
anticancer drug, e-VNF as an antioxidant and the
combination of these two drugs were administered to
C6 glioma cells for 12, 24, and 48 h. Apoptotic cells
could not be detected in the C6 glioma cells without
administering any drugs. After 48 h of incubation, a
high fluorecence intesity of DNA (91.6%) was
observed in the 13.25 pM CDDP + 95 uM &-VNF
combination group. After 12 h of incubation, the
apoptotic index was determined as 67.7% in the
13.25 uM CDDP + 95 pM &-VNF combined group.

However, as a result of 24-h incubation, this rate
decreased by 41% at low doses on CDDP + ¢-VNF
application. A study conducted by Sun and colleagues
examined the role of resveratrol in RG2 and C6 human
and rat glioblastoma cells, this is in agreement with the
present study (Sun et al. 2013). The growth of RG2
and C6 cells was suppressed by 100 uM resveratrol
treatment for 48 h and percentage of apoptotic cells
increased in RG2 and C6 cells treated with 100 uM
resveratrol to 154 and 12.6%, respectively.
TUNEL assay showed significant growth inhibition
in RG2 and C6 cells treated with 100 uM resveratrol
(Sun et al. 2013).

The caspases, primarily synthesized as inactive
proteins, are enzymes of cysteine protease group.
These are composed of multigene family members
playing important roles during apoptotic cell death and
are activated in a variety of ways (Yamaguchi and
Miura 2015; Mukherjee and Williams 2017). The role
of caspases 3, 8, and 9, which are parts of the caspase
cascade system in apoptosis were examined in the
present study. Caspase 8 activation increased (12.5%)
after 6h of incubation in the 13.25uM
CDDP + 95 uM &-VNF combination group in C6
cells. A 33.4% caspase 8 activation was observed in
16.25 pM CDDP + 127.5 pM &-VNF combination
group. Several studies on different cell lines have
demonstrated that resveratrol dimers induce apoptosis
through the extrinsic pathway, depending on the active
caspase (Byun et al. 2008; Murias et al. 2008).

Caspase-9 was active at 44.5% in the 13.25 uM
CDDP + 95 pM &-VNF combination group after 24 h
of incubation. This ratio was higher when CDDP
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(14.2%) and e-VNF (43.3%) were used individually.
This indicated that e-VNF was effective in increasing
caspase 9 activation. After 72 h of incubation in the
1325 pM  CDDP + 95 pM  &-VNF  combination
group, caspase 3 activation was found to be maximum
in C6 cells (15%). The caspase 3 activation upon
treatment with 5 uM CDDP and 95 pM &-VNF
individually was 14.6 and 15.4%, respectively. Many
studies have indicated that resveratrol-induced apop-
tosis is associated with the activation of the activated
effector caspase 3 and subsequent mitochondrial
membrane breakdown via the activation of caspase 9
(Billard et al. 2002; Ferry-Dumazet et al. 2002; Park
et al. 2001; Roman et al. 2002; Surh et al. 1999).
Jakubowicz-Gil et al. (2013) reported that quercetin
alone and in combination with temozolomide signif-
icantly increased the activity of caspases 3 and 9.

Antioxidants used as cancer treatment and preven-
tion (anticarcinogenic) agents have gained interest,
and new antitumor strategies are being developed for
cancer treatment and prevention. Recent studies have
shown that combination use of e-VNF with antitumor
drug CDDP showed cytotoxic and antiproliferative
effects on various cancer cell types such as C6 rat
glioma, HepG2 human liver cells, HeLa human
cervical cells, MCF-7 human breast cells and HT-29
human colon cells.

In conclusion, this study demonstrated a strong
apoptotic effect of the combination of CDDP and e-
VNF. Therefore, it is concluded that the combined use
of CDDP and &-VNF in C6 cells may be useful in
treating glioblastoma. This study may serve as the
basis for further studies on the use of these two drug
combinations in clinical practice.
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