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Abstract
GBM cells can easily gain resistance to conventional therapy, and therefore treatment of glioblastoma multiforme (GBM) is
difficult. One of the hallmark proteins known to be responsible for this resistance is heat shock protein 27 (Hsp27) which
has a key role in the cell survival. Resveratrol, a natural compound, exhibits antitumor effects against GBM, but there are
no reports regarding its effect on Hsp27 expression in gliomas. The aim of the present study was to asses the effect of
resveratrol on Hsp27 expression and apoptosis in non-transfected and transfected U-87 MG human glioblastoma cells. In
order to block the Hsp27 expression, siRNA transfection was performed. Non-transfected and transfected cells were treated
with either 10 or 15 μM resveratrol. The effects of resveratrol were compared with quercetin, a well-known Hsp27
inhibitor. Resveratrol was found to induce apoptosis more effectively than quercetin. Our data showed that resveratrol
induces dose- and time-dependent cell death. We also determined that silencing of Hsp27 with siRNA makes the cells more
vulnerable to apoptosis upon resveratrol treatment. The highest effect was observed in the 15 μM resveratrol and 25 nM
siRNA combination group (suppressed Hsp27 expression by 93.4% and induced apoptosis by 101.2%). This study is the
first report showing that resveratrol reduces Hsp27 levels, and siRNA-mediated Hsp27 silencing enhances the therapeutic
effects of resveratrol in glioma cells. Our results suggest that resveratrol administration in combination with Hsp27 silencing
has a potential to be used as a candidate for GBM treatment.
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Abbreviations
AKT Protein kinase B (PKB)
DMSO Dimethyl sulfoxide
ER Endoplasmic reticulum
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GBM Glioblastoma multiforme
HSF Heat shock factor
Hsp Heat shock protein
IC50 The half-maximal inhibitory concentration
MAPK Mitogen-activated protein kinase
mTOR Mammalian target of rapamycin

MTT 3-(4,5-Dimethylthiazol-2-yl) 2, 5-diphenyl-
tetrazolium bromide

NF-κB Nuclear factor kappa B
PI3K Phosphatidylinositol 3-kinase
RNAi RNA interference
siRNA Small interfering RNA
Sirtuin 1 SIRT1
TNF-α Tumor necrosis factor alpha
TRAIL TNF-related apoptosis-inducing ligand

Introduction

Glioblastoma multiforme (GBM-grade IV astrocytoma) is
the most common type of the primary malignant brain
tumors. The median survival times are < 15 months, and
the mortality rate is over 50%. Despite surgical, radiolog-
ical, and chemotherapeutic interventions, effective therapy
for such tumors is still very limited, and the prognosis is
poor (Westphal and Lamszus 2011; Rajesh et al. 2017)
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largely due to the resistance of glioma cells against vari-
ous therapy strategies. Numerous studies have emphasized
that overexpression of stress proteins (also known as Heat
shock protein, Hsps) is responsible for therapy resistance,
thus reducing Hsp levels that can be an important strategy
for improving treatment efficacy of gliomas (Chatterjee
and Burns 2017; Calderwood 2018).

Hsps, which are shown to be overexpressed inmany cancer
types, constitute a large family of proteins with conserved
structures. While some Hsps are responsible for maintaining
protein homeostasis by acting as molecular chaperones in nor-
mal cells, some of them can also help tumor progression in
cancer cells. Elevated Hsp levels are particularly effective in
promoting cell growth, invasion and metastasis, and inhibition
of apoptosis (Chatterjee and Burns 2017; Calderwood 2018).
Hsp27, one of the best-studied Hsps, is highly expressed in
different brain tumors such as astrocytomas, gliomas,
oligodendrogliomas (Zhang et al. 2003; Khalil 2007). Hsp27
functions as an anti-apoptotic molecule, and there is a great
deal of evidence which suggest that it inhibits apoptotic sig-
naling pathways, in particular by inhibiting caspase activation
(Concannon et al. 2003). Increased Hsp27 levels can stimulate
carcinogenesis and are associated with drug resistance, tumor
cell proliferation and survival (Garrido et al. 2006; Khalil et al.
2011). Today, different strategies are being tested to downreg-
ulate Hsp27 and other Hsps that are overexpressed in cancer
cells. One of these strategies is the targeting of Hsps with
natural compounds (Önay-Uçar 2015; Önay Uçar et al.
2017). Antioxidant agents have long been studied in cancer
research as potential therapeutic agents due to their free
radical-scavenging capacity, ability to interact with cell-
signaling pathways and to modulate of gene expression. One
of the best known Hsp inhibitors as an antioxidant agent is
quercetin (3,3′,4′,5-7-pentahydroxyflavone), a natural flavo-
noid. It has been detected in many fruits and vegetables
(Khan et al. 2016; Önay Uçar et al. 2018), and shown to
inhibit Hsp27 protein and to facilitate apoptosis of tumor cells
by activation of caspases in glioma cells (Jakubowicz-Gil
et al. 2013a; Jakubowicz-Gil et al. 2013b; Li et al. 2016;
Şengelen and Önay-Uçar 2018).

Resveratrol (trans-3,4′,5-trihydroxystilbene) is a natural
polyphenol. It is found in many plant species such as various
berries, grapes, peanuts, pines, and herbs (Catalgol et al. 2012;
Elshaer et al. 2018). It is known to have antioxidant (Rubiolo
and Vega 2008), antiviral (Docherty et al. 1999), antibacterial
(Chan 2002), and neuroprotective effects (Rocha-González
et al. 2008). Also, current findings indicate that resveratrol
has high potential as an anticancer agent (Ko et al. 2017;
Elshaer et al. 2018). Many studies have been focused on de-
fining the anticancer effects of resveratrol in different cancers
such as brain (Jiang et al. 2009; Lin et al. 2012; Wang et al.
2015), breast (Díaz-Chávez et al. 2013), colorectal (Juan et al.
2008; Sengottuvelan et al. 2009; Buhrmann et al. 2015),

kidney (Zhao et al. 2018), prostate (Benitez et al. 2009), my-
eloma (Shimizu et al. 2006), and leukemia (Chakraborty et al.
2008; Banerjee Mustafi et al. 2010). Studies investigating the
effect of resveratrol on Hsp expression in cancer cells are
limited. Only a limited number of studies examined the effect
of resveratrol on Hsp27 and Hsp70 expressions in breast can-
cer (Díaz-Chávez et al . 2013), colorectal cancer
(Sengottuvelan et al. 2009), and leukemia (Chakraborty
et al. 2008; Banerjee Mustafi et al. 2010). However, changes
in the expression levels of Hsp in glioma cells upon resveratrol
treatment has not been studied so far. Also, resveratrol-
induced specific molecular mechanisms which can affect
Hsp expression are not very clear in tumor cells and need to
be further investigated.

Today, advances in gene silencing technology offer prom-
ising approaches for cancer therapy. Small interfering
(si)RNA-mediated silencing, one of the RNA interference
(RNAi) technologies, is known as a powerful tool to modulate
gene expression against cancer (Elbashir et al. 2001; Wang
et al. 2011; Shim et al. 2018). For glioma cells, specificity
and potency of siRNAs to inhibit Hsp gene expression have
been reported in many studies (Önay-Uçar et al. in press).
Herein, we used siRNA-mediated Hsp27 silencing to enhance
the therapeutic effect of resveratrol.

Thus far, there is no data available regarding the effect of
resveratrol on Hsp27 expression in gliomas. The aim of the
present study was to investigate the effect of resveratrol treat-
ment on the Hsp27 expression and caspase-3 activity in U-87
MG human glioblastoma cell line. Moreover, we also ex-
plored the resveratrol treatment in combination with Hsp27-
specific siRNA knockdown. Our findings demonstrated that
siRNA-mediated silencing of Hsp27 expression can make the
cells more vulnerable to apoptosis when combined with res-
veratrol treatment. Furthermore, our results revealed that res-
veratrol is more effective than quercetin as a Hsp inhibitor.
These findings highlight the potential use of resveratrol and
siRNA in combination as an effective therapeutic in Hsp27
inhibition for the treatment of patients with GBM.

Materials and methods

Experimental reagents and siRNAs

Resveratrol and quercetin (Santa Cruz Biotechnology, Dallas,
Texas, USA) were dissolved in dimethyl sulfoxide (DMSO).
Standard tissue culture reagents were from Gibco (Carlsbad,
CA, USA). siRNA oligonucleotides targeting Hsp27 and a
negative control were purchased from Ambion (Carlsbad,
CA, USA) and dissolved in ultrapure DNase/RNase-free dis-
tilled water to a final concentration of 10 μM. In this study,
two different Hsp27 siRNA molecules were used. The sense
s t rand of Hsp27 s iRNA 1 (Hsp27 s i1 ) was 5 ′ -
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GCGUGUCCCUGGAUGUCAAtt-3′, and the antisense
strand was 5′-UUGACAUCCAGGGACACGCgc-3′; the
sense strand of Hsp27 siRNA 2 (Hsp27 si2) was 5′-GCCG
CCAAGUAAAGCCUUAtt-3′, and antisense strand was 5′-
UAAGGCUUUACUUGGCGGCag-3′. Scrambled siRNA
was used as a negative control. DharmaFECT 4 transfection
reagent was obtained from Dharmacon (Cambridge, UK), and
Opti-MEM transfection medium was from Invitrogen
(Carlsbad, CA, USA). EDTA-free protease inhibitor cocktail
was from Roche (Darmstadt, Germany). SMART™ BCA
Prote in Assay Kit was purchased from iNtRON
Bio techno logy (Seongnam, Gyeongg i , Korea ) .
Polyvinylidene fluoride (PVDF) membrane for Western blot-
ting and Caspase-3 Colorimetric Activity Assay Kit were pur-
chased from Millipore (Darmstadt, Germany). Mouse anti-
Hsp27 monoclonal antibody and horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG were purchased from
Enzo Life Sciences (Farmingdale, NY, USA). HRP conjugat-
ed GAPDH Loading Control Monoclonal Antibody and
Pierce™ ECL Western Blotting Substrate were from
ThermoFisher Scientific (Kwartsweg, Bleiswijk, Holland).
All other chemicals were obtained from Sigma (St. Louis,
MO, USA).

Cells and culture conditions

U-87MG human glioblastoma cells were maintained at expo-
nential growth in Dulbecco’s modified Eagle’s medium/high
glucose (DMEM/High) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS), 1% (v/v) antibiotic-
antimycotics solution (100 U/mL penicillin, 100 μg/mL strep-
tomycin, and 0.25 μg/mL amphotericin B) and 1% (v/v) non-
essential amino acids in a humidified atmosphere with 5%
CO2 at 37 °C. The cells were passaged every 3 days, always
before they reached full confluence. Experiments were per-
formed using cells from passages 3 to 10.

Cell survival assay

MTT (3-(4,5-dimethylthiazol-2-yl)2, 5-diphenyl-tetrazolium
bromide) assay was carried out for detecting cytotoxic activ-
ities of resveratrol alone or in combination with siRNAs.
Briefly, U-87 MG cells at the density 1 × 104 per well were
seeded in a 96-well tissue culture plate 24 h prior to treatment.
For resveratrol treatments, 1, 10, and 100 μM resveratrol
added into the cells, and cell death was analyzed both at 24,
48, and 72 h following treatment. To determine half-maximal
inhibitory concentration (IC50) of resveratrol, the agent was
added to the culture mediumwith final concentrations ranging
from 0 to 200 μM. The final concentration of DMSO in the
culture medium did not exceed 0.2%. To determine whether
DMSO influences cell viability, the cells were incubated with
0.2% of DMSO. For detecting cytotoxic activity of cell

transfection and combined therapy, the applications were per-
formed as described in the title BCell transfection and com-
bined therapy^ and two different doses of siRNA (25 and
50 nM) were used as final concentrations. After 48 h post-
incubation at 37 °C, the cells incubated with 30 μL of MTT
(5 mg/mL in sterile D-PBS) for 4 h, and then 150 μL of
DMSO was added to dissolve the colored formazan crystals
produced from MTT. OD values of the solutions were mea-
sured at 540 nm in a microplate reader (EON, BioTek
Instruments Inc.). All experiments were performed in quadru-
plicate in three independent experiments.

Resveratrol and quercetin treatments

For cell treatment with resveratrol or quercetin, U-87 MG
human glioblastoma cells were plated in a 6-well plate at a
density of 2.8 × 105 and the cells kept overnight. The cells
were treated with quercetin (10 and 30 μM) or resveratrol
(10 and 15 μM) at different final concentrations. The doses
were selected keeping cell viability ≥ 80% at the highest dose
applied. The final concentration of DMSO in the culture me-
dium was less than 0.05% (v/v) in treatments. We treated the
cells with resveratrol or quercetin for 48 h. Each experiment
was performed at least three times.

Cell transfection and combined therapy

Optimization of the cell transfection method and detailed pro-
tocols have been described previously (Şengelen and Önay-
Uçar 2018). In order to block the expression of Hsp27 gene
(HSPB1) in U-87 MG cells, a transfection method with spe-
cific siRNAs was used according to the manufacturer’s proto-
col. Briefly, siRNA transfections were performed in 6-well
and 96-well tissue culture plates. Cells were cultured in 6-
well plate at seeding density of 2.8 × 105 cells/well or in 96-
well plate at a density of 1 × 104 cells/well, and the cells incu-
bated at 37 °C in a CO2 incubator for 24 h until cell confluence
reached 60–80%. Prior to transfection, transfection reagent/
siRNA complexes were prepared in Opti-MEM media and
incubated for 20 min. For each transfection, the final concen-
tration of the transfection reagent was 2.5 μL/mL, siRNA
concentrations were 25 and 50 nM. The cells were washed
with the D-PBS, fresh growth mediumwithout antibiotics, the
complexes were added directly to eachwell, and the cells were
incubated for 5 h at 37 °C. After this time, the medium was
replaced with fresh medium alone or with fresh medium con-
taining quercetin or resveratrol for combined therapy groups.
For mock transfection, cells were transfected using only trans-
fection reagent without any siRNA. Non-transfected cells
were used as a control. Assays were done at 48 h after trans-
fection. The effectiveness of Hsp27 gene silencing or com-
bined therapy was assessed at the protein level by immuno-
blotting. Three independent experiments were performed.
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Immunoblotting assays

Samples were analyzed by Western blotting, as previously
described (Şengelen and Önay-Uçar 2018). Briefly, the cells
were harvested by trypsinization and centrifugation at 700×g
for 10 min. The pellets were resuspended in lysis buffer
[20 mM Tris-HCl (pH 6.8), 0.04% (w/v) EDTA, 1% (v/v)
Triton X-100, and EDTA-free PIC (one tablet per 50 mL of
buffer), 1 mM PMSF], and then the extracts were centrifuged
at 20,000×g for 20 min at 4 °C. BCA protein assay kit was
used to determine total protein concentration. Equal quantities
of protein (30 μg/well) were separated under reducing condi-
tions by SDS-PAGE gel and subsequently transferred to
PVDF membranes. All membranes were blocked using 5%
non-fat milk in Tris-buffered saline/Tween 20 (TBST) for 1 h
before an overnight anti-Hsp27 primer antibody (working di-
lution 1:1000) incubation at 4 °C. Membranes were washed
five times with TBST × 5 min, incubated with IgG-HRP sec-
ondary antibody (working dilution 1:5000) for 2 h at RT, and
washed again. Protein bands were visualized using an ECL
kit. The data were normalized relative to GAPDH (antibody
diluted 1:2000). The levels of protein expression were deter-
mined using the ImageLab 5.2.1 software (Bio-Rad). At least
three independent experiments were performed.

Determination of caspase activity

Caspase-3 activity was assayed by using the Caspase-3
Colorimetric Activity Assay Kit according to the manufac-
turer’s protocol. Briefly, cells were treated with Cell Lysis
Buffer, incubated on ice for 10 min, and centrifuged at
10,000×g for 5 min at 4 °C. The supernatants were incubated
with Caspase-3 substrate (1mMAc-DEVD-pNA) at 37 °C for

2 h. The caspase-3 activity was measured by a microplate
reader at 405 nm. Three independent assays were performed.

Statistical analysis

The quantitative data were presented as mean ± standard de-
viation (SD) based on at least three independent experiments
(n denoting the number of experiments). Nonlinear regression
analysis of sigmoidal dose-response curve to calculate IC50

value was performed. All statistical analysis and graph gener-
ation were performed using the GraphPad Prism (version
7.00; GraphPad Software, San Diego, CA, USA). The statis-
tical evaluation was performed with one-way analysis of var-
iance (ANOVA) followed by Dunnett’s or Tukey post hoc
tests to multiple comparisons. The criterion for statistical sig-
nificance was P < 0.05.

Results

Resveratrol blocks proliferation of human
glioblastoma cells in a dose- and time-dependent
manner

In order to evaluate the cytotoxic effect of resveratrol in U-87
MG cells and to determine the IC50 value, a modified MTT
cell viability assay was performed. Our results showed that
resveratrol treatments (1, 10, and 100 μM) in U-87 MG cells
induced cell death in a dose- and time-dependent manner
(Fig. 1a). The MTT results indicated that 24 h of resveratrol
treatment showed proliferative effects at low doses (1 and
10 μM) and inhibited cell viability at high dose (100 μM)
by less than 50%. Treatment with each dose (1, 10, and

Fig. 1 Effect of resveratrol on the viability of the U-87 MG cell line. The
cells (1 × 104 per well) were seeded into 96-well plates and cultured for
24 h. After resveratrol added into the cells, cell viability was determined
by MTT assay at the indicated time. a Resveratrol treatments (1, 10, and
100 μM) were associated with an increase in cell death in a dose- and
time-dependent manner. b Dose response for 48 h on cell viability of
resveratrol treatment versus untreated group. The cells either left untreat-
ed (C, control), or treated with 0.2% DMSO (D) or resveratrol (between
0.1 and 200 μM). Resveratrol was found to affect cell viability in a dose-

dependent manner. DMSO (the final concentration in the culture medium
did not exceed 0.2%) which used to dissolve resveratrol had no effect on
cell viability. c Dose-response curve (R2 = 0.96) and IC50 value
(32.56 μM) of resveratrol for 48 h. The value of IC50 was calculated by
fitting the data to a sigmoidal dose-response curve using nonlinear regres-
sion analysis. The data points were presented as mean ± SD of three
independent experiments performed in quadruplicate (n = 12).
***P < 0.001 versus untreated group (C) determined by one-way
ANOVA using Dunnett’s multiple comparison test
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100 μM) of 72 h resulted in inhibition of cell viability at high
levels. Forty-eight hours of treatment did not show a prolifer-
ative or cytotoxic effect for 10 μM. According to the results,
we examined the cytotoxic activity of resveratrol in wider
dose range (0–200 μM) for 48 h and determined the IC50

value. The final concentration of DMSO in the culture medi-
um did not exceed 0.2% (the concentration which did not
affect cell viability). We observed that resveratrol blocked
U-87 MG cell proliferation in a dose-dependent manner
(Fig. 1b). The IC50 value of resveratrol was determined as
32.56 μM (Fig. 1c). The value of IC50 was calculated by
fitting the data to a sigmoidal dose-response curve using
GraphPad Prism 7.00 software. In our previous study, IC50

value of quercetin was found to be 109.29 μM (Şengelen
and Önay-Uçar 2018). We chose two doses of resveratrol
and quercetin to be used in experiments according to cell
viability = 100% and ≥ 80%. Therefore, resveratrol at 10 and
15 μM, and quercetin at 10 and 30 μM were used to investi-
gate the effects on Hsp27 expression and apoptosis in U-87
MG cells.

siRNA knockdown efficiency

In order to determine Hsp27 gene (HSPB1) knockdown effi-
ciency, the U-87 MG cells were transfected with different
concentrations of siRNAs as described in the BMaterials and
Methods.^ Two different commercial siRNAs (si1 and si2)
targeting different regions of Hsp27 mRNA were tested in

the cells. Optimization of the amount of transfection reagent
to be used in blocking HSPB1 has been previously examined
(Şengelen and Önay-Uçar 2018). Our experiments showed
that transfection of U-87 MG cells was successful and the
level of Hsp27 expression was markedly reduced (Fig. 2a).
Although both si1 and si2 treatments reduced Hsp27 levels,
si2 was found to bemore effective (P < 0.001), and it was used
in further experiments. After transfection with 25 nM si1 or
si2, expression of Hsp27 decreased by 18.5% and 39.8%,
respectively. Results of transfection with 50 nM si1 or si2
resulted in knockdown efficiency of 27.5% and 48.2%, re-
spectively. Also, there was no statistically significant effect
of scrambled siRNA or transfection agent (mock transfection)
versus untreated group on Hsp27 expression (P > 0.05) levels.
Similarly, we did not observe significant cytotoxic effects
(Fig. 2b) in the experimental groups except for 50 nM si2-
treated group when compared to the untreated cells. However,
the cytotoxic effect in this group did not exceed 20%.

The effects of resveratrol alone or in combination
with siRNA on human glioblastoma cell viability

We examined the effect of resveratrol treatment on cellular
proliferation in U-87 MG cells either alone or in combination
with Hsp27 knockdown (resveratrol and siRNA). For this
purpose, we used a modified MTT assay and presented our
results (Fig. 3) in comparison with the previously reported
cytotoxicity data for quercetin (Şengelen and Önay-Uçar

Fig. 2 Knockdown efficiency of Hsp27 by siRNA in U-87 MG cells.
Five different groups were used for the evaluation: untreated cells, cells
transfected with the transfection reagent only (mock transfection), the
cells transfected with scrambled siRNA or two different commercial
siRNAs. Below each set of western blots are the values of the knockdown
efficiency of siRNAs on Hsp27 protein levels, which were normalized to
those of GAPDH. a On western blot data, bars represent the mean ± SD

from at least three individual experiments. ***P < 0.001 versus untreated
group. ###P < 0.001, siRNA 1 versus siRNA 2. P values were determined
by one-way ANOVA followed by Tukey’s post hoc test to multiple com-
parisons. bOn cell viability data determined byMTTassay, bars represent
the mean ± SD from at least three individual experiments. *P < 0.05
versus untreated group determined by one-way ANOVA followed by
Dunnett’s multiple comparison
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2018). Quercetin and resveratrol at 10 μM doses showed no
statistically significant difference on cell viability compared to
the untreated group, and the effects of these non-cytotoxic
doses in experiments were analyzed. The cell viability was
found to be less than 80% in the combined treatment groups
transfected with 50 nM siRNA, except for the combination of
50 nM si2 and 10 μM quercetin. Therefore, 50 nM siRNA
concentration was not studied for further analysis, and com-
bined therapy groups that were more than 20% cytotoxic on
the cells were not used in experiments.

Combined therapy inhibits Hsp27 expression more
powerfully in human glioblastoma cells

Western blot analysis (Fig. 4) was performed to evaluate the
effect of resveratrol treatment on Hsp27 expression in U-87
MG cells. We observed that resveratrol-alone treatment
inhibited the expression of Hsp27 as much as treatment with
quercetin, which is known to be a good Hsp27 inhibitor. There
was no statistically significant difference between the resver-
atrol or quercetin administered groups (P > 0.05). Analysis of
data showed that resveratrol (10 and 15 μM) reduced the
expression of Hsp27 by 21.1% and 47.7%, respectively.
Similarly, 10 μM and 30 μM quercetin decreased the level
of Hsp27 by 25.8% and 45.8%, respectively. For combined
therapy, cells were exposed to resveratrol or quercetin treat-
ment after cell transfection with 25 nM si2. The effect of
Hsp27 knockdownwas assessed by decrease immunoblotting.
Western blot data showed that Hsp27 was effectively silenced

in the combined therapy groups. Quantification of western
blot results revealed that 10 μM and 30 μM quercetin reduced
the level of Hsp27 in the cells transfected with siRNA by
27.6% and 81.5%, respectively. The use of 10 and 15 μM
resveratrol and siRNA combinations resulted in a decrease
in the level of Hsp27 by 49.4% and 93.4%, respectively.
These findings suggest that the combined treatments were
much more effective in comparison to the individual com-
pound (excepting 10 μM quercetin alone) (P < 0.001).
Among all treatments, the combination of 15 μM resveratrol
and 25 nM si2 resulted in the highest level (93.4%) of Hsp27
silencing.

siRNA-mediated silencing makes U-87 MG cells more
vulnerable to apoptosis upon resveratrol treatment

Caspase-3 activity analysis was used to estimate the level of
apoptosis induction in U-87 MG cells. According to the re-
sults (Fig. 5), resveratrol was found to induce apoptosis more
effectively than quercetin. Resveratrol and quercetin adminis-
trations (with only 10 μM quercetin as an exemption) showed
statistically significant apoptosis induction when compared

Fig. 4 Expression of Hsp27 in response to quercetin (10 and 30 μM) and
resveratrol (10 and 15 μM) treatments, alone or in combination with
Hsp27 si2 (25 nM) for 48 h. Western blot analysis showed that the com-
bined treatments were much more effective in comparison to the individ-
ual compound (excepting 10 μM quercetin alone). All data were normal-
ized to GAPDH. Graph represents the mean ± SD (n = 7). ***P < 0.001
versus untreated group. &&&P < 0.001 versus si2. ns indicates P > 0.05
and ###P < 0.001, which show multiple comparisons between different
groups. P values were determined by one-way ANOVA using Tukey’s
multiple comparison test. si siRNA, Q quercetin, RSV resveratrol, ns not
significant

Fig. 3 Effects of quercetin and resveratrol treatments, alone or in
combination with Hsp27 siRNA on U-87 MG human glioblastoma cells.
The cells (1 × 104 per well) were seeded into 96-well plates 24 h prior to
treatment. Then, the cells either left untreated, or treated with quercetin
(10 and 30 μM) or resveratrol (10 and 15 μM) alone or in combination
with Hsp27 si2 for 48 h. Cell viability was determined byMTTassay. The
cell viability was less than 80% in the combined treatment groups
transfected with only 50 nM si2 (except for the combination of 50 nM
si2 and 10 μM Q). Graph represents the mean ± SD (n = 6). **P < 0.01
and ***P < 0.001 versus untreated group. P values were determined by
one-way ANOVA using Dunnett’s multiple comparison test. si siRNA,Q
quercetin, RSV resveratrol
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with the untreated group (P < 0.001). Quercetin at 30 μM final
concentrations increased caspase-3 activity by 33.9%, where-
as 10 μM and 15 μM resveratrol increased the apoptotic rate
by 37.2% and 62.2%, respectively. For combined therapy,
25 nM si2 was used for cell transfection, in accordance with
western blot data and MTT cell viability assays. After cell
transfection, resveratrol or quercetin was administered to the
cells. Caspase-3 activity analysis results revealed that apopto-
sis was induced at a higher level in combined therapy groups
when compared to resveratrol- or quercetin-treated cells alone.
When the cells were treated with 10 μM and 15 μM resvera-
trol in combination with Hsp27 siRNA, caspase-3 activity was
increased by 79.3% and 101.2%, respectively. Moreover,
combination of 10 μM and 30 μM quercetin and siRNA in-
creased caspase-3 activity by 54.4% and 66.5%, respectively.
The 15 μM resveratrol and 25 nM si2 combined group
showed apoptotic activity at the highest rate (101.2%).
These results demonstrate that transfection of cells with
siRNA prior to antioxidant agent treatment can make the cells
more vulnerable to apoptosis.

Discussion

Hsp27 acts as an anti-apoptotic molecule in tumor cells and is
highly expressed in brain tumors (Concannon et al. 2003;
Zhang et al. 2003). In a study conducted by Khalil (2007), it
has been shown that Hsp27 can be used as a biomarker for
GBM. Many reports indicate that a wide range of natural

products, especially antioxidant compounds, have the high
potential to inhibit Hsp27 in many cancers, including gliomas
(Önay-Uçar 2015; Önay Uçar et al. 2017). Our earlier exper-
iments conducted to inhibit Hsp27 protein in gliomas revealed
that the Viscum album extract (Uçar et al. 2012), quercetin,
and rosmarinic acid (Şengelen and Önay-Uçar 2018) are ef-
fective agents in reducing Hsp27 levels and inducing apopto-
sis. However, there is no report on the effect of resveratrol on
Hsp levels in glioma cells.

Resveratrol, a natural polyphenolic compound, is efficient-
ly absorbed after oral administration, but rapidly metabolized
and well tolerated in humans. This leads to poor bioavailabil-
ity of resveratrol and thus may require use of high doses.
Numerous studies have reported that it has many beneficial
biological and pharmacological activities and that low daily
doses of resveratrol have potent chemopreventive effects
in vivo. More importantly, evidence suggests anticancer prop-
erties of resveratrol (Ko et al. 2017; Elshaer et al. 2018).
Herein, our results indicated that resveratrol significantly
inhibited U-87 MG human glioblastoma cell growth in a
dose- and time-dependent manner. The highest rate of cell
death was observed after 72 h incubation with 100 μM res-
veratrol, but even at low concentration (1 μM), it was signif-
icantly effective (21.4%). Conversely, a significantly lower
cell death was observed after 24 h of resveratrol treatment
(only 46% cell death at 100 μM). According to MTT assay
results, the study was continued with 48 h of treatment, and
IC50 value of resveratrol was determined as 32.56 μM. The
value was lower when compared with IC50 value of quercetin

Fig. 5 Effect of a siRNA transfection, b quercetin (10 and 30 μM), and
resveratrol (10 and 15 μM) treatments alone or in combination with
Hsp27 siRNA on caspase-3 activity in U-87MG cells. Caspase-3 activity
analysis showed that siRNA-mediated silencing makes U-87 MG cells
more vulnerable to apoptosis upon quercetin or resveratrol treatment,
while siRNA transfection alone did not induce apoptosis. The most

effective apoptotic activity was observed in the RSV15 + si2 group.
Graph represents the mean ± SD (n = 6). ***P < 0.001 versus untreated
group. ns indicates P > 0.05 and ###P < 0.001, which show multiple com-
parisons between different groups. P values were determined by one-way
ANOVA using Dunnett’s or Tukey’s multiple comparison tests. si siRNA,
Q quercetin, RSV resveratrol, ns not significant
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which was found to be 109.29 μM in our previous study
(Şengelen and Önay-Uçar 2018). While the 10 μM concen-
tration of both quercetin and resveratrol did not show prolif-
erative or cytotoxic effects on the cells, it was observed that
the difference between the IC50 values was high, which sug-
gests that higher doses (≥ 25μM) of resveratrol are more toxic
to U-87 MG cells compared with those of quercetin.

We previously showed that quercetin suppressed the ex-
pression of Hsp27 in U-87 MG human glioblastoma cells
(Şengelen and Önay-Uçar 2018). Similar results were obtain-
ed again when quercetin was applied to the cells for the pres-
ent study. This finding is in agreement with other studies,
which examined the effect of quercetin on Hsp27 expression
in glioblastoma cells (Jakubowicz-Gil et al. 2013a;
Jakubowicz-Gil et al. 2013b; Li et al. 2016). The results of
western blot analysis (Fig. 4) revealed that resveratrol treat-
ment inhibited Hsp27 expression at similar rates to quercetin,
and there was no statistically significant difference between
quercetin (10 or 30 μM, respectively) and resveratrol (10 or
15 μM, respectively) treatment groups. The best result for
resveratrol alone treatment (15 μM) resulted in a reduction
by 47.7% in Hsp27 expression compared the untreated cells
(P < 0.001). This shows that resveratrol has a high potential to
be a used as an effective Hsp27 inhibitor such as quercetin.

Being a lipophilic compound, resveratrol can trigger many
intracellular pathways by crossing the plasma membrane
(Pervaiz and Holme 2009). Investigations into the anticancer
effects of resveratrol have revealed that it interacts with many
molecular targets which are the members of cell survival or
cell death signaling pathways (Fig. 6). Among these, the well-
defined ones are the PI3K, AKT, mTOR (Jiang et al. 2009;
Banerjee Mustafi et al. 2010; He et al. 2011), NF-κB (Benitez
et al. 2009; Ren et al. 2013), MAPKs (Banerjee Mustafi et al.
2010; Parekh et al. 2011), Fas, TNF-α, TRAIL (Delmas et al.
2003; Bickenbach et al. 2008; Ganapathy et al. 2010), p21,
p53, Bax, and caspases (Kim et al. 2003; Li et al. 2018).
Additionally, one of the most important targets is the stress
proteins (e.g., Hsp27, Hsp70), but there are few studies show-
ing the effect of resveratrol on Hsp levels in cancer cells. In a
study conducted on K562 leukemia cells, it has been shown
that resveratrol inhibits proliferation by downregulating phos-
phorylation and activity of AKT, modulating the function of
heat shock factor 1 (HSF1), and inhibiting expression of
Hsp70 (Banerjee Mustafi et al. 2010). Another study in the
same cell type emphasized that resveratrol induces apoptosis
and inhibits expression of Hsp70 by preventing HSF1 tran-
scriptional activity (Chakraborty et al. 2008). Resveratrol has
also been shown to inhibit Hsp27 expression, induce caspase-
3 and caspase-9 activation, and sensitize breast cancer cells to
doxorubicin treatment (Díaz-Chávez et al. 2013). It has been
shown that resveratrol inhibits Cox-2, a cellular signaling pro-
tein, and suppresses the overexpression of Hsp70 and Hsp27
in colon cancer (Sengottuvelan et al. 2009). For brain tumors,

there are no reports on the effect of resveratrol on Hsp levels.
In the present study, we have evaluated for the first time the
effect of resveratrol on Hsp27 inhibition in human glioblasto-
ma cells. The current evidence can help to better understand
the signaling pathways involved in resveratrol-mediated
downregulation of Hsp27. The reduction of Hsp27 expression
levels in the cells treated with resveratrol may be associated
with downregulation of HSF1, the common transcription fac-
tor of Hsp. The modulation of HSF1 activation (trimerization
and phosphorylation) by resveratrol is also likely to occur as a
result of suppression of proteins which are involved in HSF
activation such asMAPKs, AKT, ormTOR (Wang et al. 2006;
Banerjee Mustafi et al. 2010; Dayalan Naidu et al. 2016;
Holmes et al. 2018).

Our study and some other studies mentioned above em-
phasize that resveratrol can be used as an Hsp inhibitor for
cancer therapy. On the contrary, there are also studies in
which resveratrol has been reported to be the activator of
Sirtuin 1 (SIRT1), which prolongs HSF1 binding to heat
shock promoter and thereby enhances Hsp expression
(Borra et al. 2005; Westerheide et al. 2009). In contrast
with this phenomenon, the literature also shows that res-
veratrol is not a direct activator of SIRT1 (Beher et al.
2009). Moreover, evidence indicates that SIRT1 is required
for resveratrol-mediated antitumoral effects in cancer cells
(Frazzi et al. 2013; Yang et al. 2013). It is well-known that
SIRT1 and PI3K/AKT/NF-κB pathways are closely relat-
ed, and resveratrol shows the anticancer effect by SIRT1-
dependent inhibition of NF-κB (Buhrmann et al. 2016;
Elshaer et al. 2018). In addition, resveratrol induces
SIRT1-dependent apoptosis by suppressing PI3K/AKT sig-
naling activity (Chen et al. 2012; Chai et al. 2017).
Resveratrol is also found to activate ERK through induc-
tion of SIRT1 (Huang et al. 2008). There is also informa-
tion in the literature that the increase in ERK1/2 activity
and decrease in AKT activity by resveratrol treatment neg-
atively affect HSF1 activation in cancer cells, and there-
fore, Hsp expression is downregulated (Banerjee Mustafi
et al. 2010). In the light of this information, although
SIRT1 is known to increase the activity of HSF1, it is
understood that increased levels of SIRT1 under resvera-
trol treatment may result in a reduction of HSF1 and Hsp
levels via ERK and AKT pathways in the cancer cells. This
supports our result of Hsp27 inhibition as a result of res-
veratrol treatment in glioma cells, and more research is
needed to clarify this matter.

There are examples of various combined therapy appli-
cations to enhance the anticancer effect of antioxidant
compounds in the literature: antioxidant-antioxidant
(Narayanan et al. 2009; Del Follo-Martinez et al. 2013),
antioxidant-drug (Jakubowicz-Gil et al. 2010; Staedler
et al. 2011; Lin et al. 2012; Jakubowicz-Gil et al. 2013a),
antioxidant-oligonucleotide (Jakubowicz-Gil et al. 2013b;
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Chen et al. 2016; Şengelen and Önay-Uçar 2018), etc. Del
Follo-Martinez et al. (2013) found that resveratrol and
quercetin combination is an effective mixture to induce
apoptosis in colon cancer cells. In a study by Lin et al.
(2012), resveratrol (an antioxidant agent) has been shown
to enhance the therapeutic effect of temozolomide (a drug)
by inhibiting autophagy in gliomas. In studies conducted
by Jakubowicz-Gil and colleagues, co-administration of
quercetin (an antioxidant agent) and temozolomide has
been shown to be a useful, potent, and promising combi-
nation for cell death in the treatment of brain tumors
(Jakubowicz-Gil et al. 2013a; Jakubowicz-Gil et al.
2013b). Chen et al. (2016) reported that suppression of
Hsp27 by short hairpin RNA increases the anti-tumor ef-
fects of quercetin in human leukemia cells. In our previous
study, we combined rosmarinic acid, an antioxidant agent,
with Hsp27 siRNAs to enhance its effects on Hsp27 ex-
pression and caspase-3 induction in human glioblastoma
cells. We demonstrated that the combined therapy sup-
pressed Hsp27 expression by 90.5% and increased
caspase-3 activity by 58%. We have shown that an antiox-
idant agent and siRNA in combination can be a powerful

combination for glioblastoma treatment (Şengelen and
Önay-Uçar 2018). The aim of the present study was to
demonstrate the effect of resveratrol alone or in combina-
tion with siRNA on the Hsp27 expression and apoptosis in
human glioblastoma cells.

Today, siRNA-mediated silencing, one of the targeted
gene silencing techniques, is presented as a powerful tool
against cancer (Elbashir et al. 2001; Wang et al. 2011;
Shim et al. 2018). Several studies have demonstrated the
efficacy of using siRNA to silence Hsp genes in gliomas
(Önay-Uçar et al. in press). In our previous study, we re-
ported that siRNA-mediated silencing is an effective tool
for the inhibition of Hsp27 expression (Şengelen and
Önay-Uçar 2018). In the present study, after cell transfec-
tion, resveratrol or quercetin treatment was administered to
the cells, and the effect of combined therapy on Hsp27
expression was examined. Combined treatment was ob-
served as a much more effective treatment in comparison
to the individual compound (except for the only 10 μM
quercetin). Among all treatments, a 15 μM resveratrol
and 25 nM si2 combination provided the highest level of
Hsp27 silencing (by 93.4%). The combination of 30 μM

Fig. 6 Resveratrol (RSV) interacts with various intracellular molecules,
regulates Hsp expressions, and induces cell death. RSV inhibits cell pro-
liferation by blocking the PI3K/AKT/mTOR, NF-κB, and MAPK path-
ways, which are effective in cell survival. It induces apoptosis by
interacting with the cell death pathways. Also, an important role of
RSV is its effect in reducing elevated levels of Hsp which are effective
in promoting the cell growth and inhibiting apoptosis. RSV modulates
activation of HSF1, the common transcription factor of Hsp, by blocking

the protein kinases (MAPKs, AKT, or mTOR), and so inhibits Hsp ex-
pression.AKT (orPKB) protein kinase B,HSF heat shock factor,Hsp heat
shock protein, MAPK mitogen-activated protein kinase, MAP2K
mitogen-activated protein kinase kinase, MAP3K mitogen-activated pro-
tein kinase kinase kinase,mTORmammalian target of rapamycin, NF-κB
nuclear factor kappa B, PI3K phosphatidylinositol 3-kinase, TNF-α tu-
mor necrosis factor alpha, TRAILTNF-related apoptosis-inducing ligand
(TRAIL)
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quercetin with 25 nM si2 provided 81.5% silencing (Fig.
4). The synergistic effect between resveratrol or quercetin
and siRNA compared with the single application of either
demonstrated that the combined therapy has strong poten-
tial in the inhibition of Hsp27 for GBM treatment.

Caspases are a family of protease enzymes which play a
central role in mediating various apoptotic responses. During
the activation of the caspases, a cascade of signaling is gener-
ated, and caspase-3 activation is involved in the final step. To
examine the apoptotic induction in resveratrol- or quercetin-
treated U-87 MG cells, we evaluated the caspase-3 activation
after incubation with resveratrol (10 and 15 μM) or quercetin
(10 and 30 μM) for 48 h. Herein, we showed that apoptosis is
induced in the presence of resveratrol or quercetin in a dose-
dependent manner in human glioblastoma cells, and resvera-
trol shows good potential as an inducer of apoptosis (Fig. 5).
Induction of caspase-3 activity was observed after resveratrol
treatment with 10 μM and 15 μM final concentrations at ratio
of 37.2% and 62.2%, respectively. In contrast to resveratrol,
quercetin at 10μM final concentration did not induce caspase-
3 activation, while in the presence of 30 μM quercetin, induc-
tion of apoptosis was observed in 33.9%. In addition, we
found that the reduction of Hsp27 expression as a result of
siRNA transfection alone was ineffective in activating of cas-
pase-3. The fact that the siRNA-mediated silencing of Hsp27
did not reveal a statistically significant result on caspase-3
induction suggests that the death program may be induced in
a different way. Studies supporting this are available in the
literature. The decreased level of molecular chaperones is like-
ly to lead to cell death by causing the accumulation of many
protein aggregates and the promotion of endoplasmic reticu-
lum (ER) stress (Jakubowicz-Gil et al. 2013a; Jakubowicz-Gil
et al. 2013b), or caspase-independent death pathways
(Nylandsted et al. 2000). Even so, further studies are required
to clarify this matter.

Besides, the reduction of Hsp27 levels as a result of
siRNA-mediated silencing was also shown to make the
glioma cells more vulnerable to apoptotic induction after
resveratrol or quercetin treatment. Interestingly, in healthy
cells having less Hsp27 levels than in cancer cells, resver-
atrol has been shown to be antiapoptotic and to protect
cells against stress via Hsp27 upregulation (Zhang et al.

2015; Zhou et al. 2018). The antiapoptotic effect in healthy
cells and apoptotic activity in cancer cells make resveratrol
a potential agent for cancer treatment. In our study, both
doses of quercetin (10 and 30 μM) induced caspase-3 in-
duction in human glioblastoma cells transfected with
siRNA (54.4% and 66.5%, respectively). Moreover,
caspase-3 activities were increased at higher levels
(79.3% and 101.2%) after siRNA transfection and subse-
quent resveratrol incubations (10 and 15 μM, respective-
ly). These findings indicate that resveratrol and siRNA in
combination seems to be a potent and promising anticar-
cinogen agent, and it may be useful for glioma therapy by
inducing caspase-3 activity.

In conclusion, the present study is the first to demonstrate
that resveratrol suppresses Hsp27 expression, and silencing
Hsp27 with siRNA enhances the therapeutic effects of res-
veratrol in U-87 MG human glioblastoma cells. Briefly, here-
in, it was determined that the combined therapy is a more
effective treatment alternative for both Hsp27 suppression
and caspase-3-dependent apoptosis induction, when com-
pared to resveratrol-treated cells alone (Fig. 7). This indicates
that siRNA-mediated knockdown of Hsp27 makes U-87 MG
cells vulnerable to apoptosis induction upon resveratrol treat-
ment. This confirms that Hsp27, a molecular preservative, is
responsible for resistance to apoptosis in glioma cells. This
study has also showed that resveratrol represses Hsp27
expresion and triggers caspase-3-induced apoptosis at a
higher level than the Hsp27 inhibitor quercetin (used in this
as a positive control). This suggests that resveratrol may be an
effective adjuvant in the treatment of brain tumors by
targeting inhibition of Hsp27 and induction of apoptosis.
Furthermore, we have also shown that combined therapy with
siRNA and resveratrol is a promising combination and can be
an ideal candidate for therapy strategies against glioma cells.
However, it would be necessary to explain the exact mecha-
nism of this combined therapy approach and to determined
long-term outcomes in vivo to make it a universally accepted
treatment strategy. Further research will be needed to deter-
mine the mechanisms by which resveratrol is effective in
modulating Hsp expression in brain tumors. Our further stud-
ies will focus on dissecting the exact mechanism of action of
resveratrol in glioma cells.

Fig. 7 Overview of the study
outputs. The results showed that
combined therapy (resveratrol +
Hsp27-specific siRNA) is more
effective than the resveratrol
treatment alone for both Hsp27
suppression and caspase-3-
dependent apoptosis induction in
U-87 MG human glioblastoma
cells
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