Neurochemical Research (2019) 44:1715-1725
https://doi.org/10.1007/5s11064-019-02802-8

ORIGINAL PAPER q

Check for
updates

Quercetin and Sodium Butyrate Synergistically Increase Apoptosis
in Rat C6 and Human T98G Glioblastoma Cells Through Inhibition
of Autophagy

Matthew A. Taylor' © . Firas Khathayer' - Swapan K. Ray'

Received: 18 February 2019 / Revised: 10 April 2019 / Accepted: 11 April 2019 / Published online: 22 April 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

This study investigated the efficacy of quercetin (QCT) in combination with sodium butyrate (NaB) in enhancing apoptosis
in rat C6 and human T98G glioblastoma cells though blockage of autophagy under nutrient-starvation. The most synergistic
doses of the drugs were determined to be 25 uM QCT and 1 mM NaB in both cell lines. After QCT and QCT + NaB treat-
ments, autophagy quantification with acridine orange staining showed a drastic decrease in protective autophagy in the cells
under nutrient-starvation. Decrease in autophagy was correlated with decreases in expression of Beclin-1 and LC3B II. Com-
bination treatment increased the morphological signs of apoptosis including membrane blebbing, nuclear fragmentation, and
chromatin condensation. Annexin V staining was also performed for detection and quantification of increases in apoptosis.
Western blotting results showed that combination of QCT and NaB increased apoptosis by decreasing anti-apoptotic Bcl-2
and increasing pro-apoptotic Bax, decreasing survivin, activating caspase-3, and degrading poly (ADP-ribose) polymerase
(PARP). This study demonstrated the therapeutic potentials of a novel combination therapy in inhibiting protective autophagy

to enhance apoptosis in rat C6 and human T98G glioblastoma cells.
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Introduction

Glioblastoma multiforme, commonly called glioblastoma,
is the most prevalent and aggressive primary brain tumor in
adults. With a 5-year survival rate of approximately 11.5%,
glioblastoma remains one of the most difficult tumors to
treat successfully [1]. This is due to the diffuse nature and
progressive growth of many glioblastomas; many tumor
cells infiltrating into crucial regions of the brain with ill-
defined borders. Many glioblastomas also become resistant
to the standard chemotherapy drug Temozolomide (TMZ)
due to activation of MGMT (O°® methylguanine-DNA meth-
yltransferase) enzyme. This counteracts the tumor cell kill-
ing effects of TMZ and compromising therapeutic efficacy
of TMZ leads to an average survival time of 14.6 months
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only from the time of diagnosis [2]. A substantial amount of
research has been conducted in developing alternative glio-
blastoma therapies; however, few have been successful [3].
The vast complexity of the disease and current shortcom-
ings of modern treatments highlight the need for continued
investigation to find novel and alternative therapies that can
extend the lives of many glioblastoma patients.

Quercetin (QCT) is one of the most abundant naturally
occurring flavonoids, most commonly found in foods such
as onions, red kidney beans, and tomatoes. For centuries,
QCT has been well-established as a compound with vast
therapeutic benefits. Most widely known for its anti-inflam-
matory properties, QCT has recently been shown to possess
powerful anti-tumor effects in a wide variety of cancers,
including glioblastoma [4]. In vivo concentrations in the
micromolar (uUM) range promote apoptosis in glioblastoma
through inactivation of heat-shock protein (HSP)-27 and
HSP-72 [5], activation of caspase-3 and caspase-9 [6], and
inhibition of the mitogen-activated protein kinase (MAPK)
pathway [7]. But despite the powerful anti-tumor proper-
ties of QCT, its inadequate bioavailability in vivo make it
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a suitable candidate for pairing with previously established
cancer therapies for synergistic therapeutic effects.

Sodium butyrate (NaB) is a histone deacetylase inhibitor
(HDAC:) that has been shown to exert anti-tumor effects in
prostate, colon, breast, and hepatic tumors. In general, pre-
clinical studies have shown that many HDACi compounds
contain therapeutic potential in glioblastoma [8]. However,
little is known about the therapeutic benefits of NaB, spe-
cifically, in glioblastoma. A recent study demonstrated that
NaB inhibited glioblastoma invasion and induced senes-
cence in vitro, but the exact mechanism is still unknown [9].
HDACIi compounds act by inhibiting the HDAC enzymes,
which remove acetyl groups from histone lysine residues;
thereby allowing DNA to tightly coil and prevent tran-
scription of various tumor suppressor genes. Many cancers
have HDAC overexpression, and by inhibiting the HDAC
enzymes, transcription of the previously silenced tumor sup-
pressor genes may make allowance for suppression of tumor
growth [10].

Autophagy is the evolutionarily conserved catabolic lyso-
somal degradation process that allows the tumor cells to
quickly adapt and survive in hostile environments such as
hypoxia, nutrient-starvation, and various cancer treatments;
this is also known as ‘protective autophagy’ [11]. In cancer
therapy, the exact role of autophagy remains a controversial
topic without a clear answer [12]. On one hand, it has been
shown that inhibition of protective autophagy in cell popula-
tions already exposed to a stressful environment can enhance
cancer therapies and promote increased levels of apopto-
sis [13]. On the other hand, prolonged autophagy has also
been shown to promote autophagic cell death, also known
as type II programmed cell death. This has been proven to
be beneficial in radiation therapy as well as in cell popula-
tions demonstrating resistance to apoptosis [14]. This study
is demonstrating how protective autophagy inhibition in rat
and human glioblastoma cells undergoing nutrient-starvation
lowers tumor cell’s natural defense mechanism and enhances
potential of a novel combination therapy in two different
glioblastoma cell lines.

Materials and Methods
Reagents

Hyclone™ RPMI-1640 Medium, Hyclone™ trypsin-EDTA,
phosphate-buffered saline (PBS, Fisher Scientific), fetal
bovine serum (BioABChem), penicillin/streptomycin
(Cellgro®), 0.4% trypan blue solution (Sigma Aldrich),
Kwik-Diff™ Solution #1, Kwik-Diff™ Solution #2, Kwik-
Diff™ Solution #3, acridine orange (Invitrogen™), Annexin
V-FITC (BD Biosciences), propidium iodide (BD Bio-
sciences), Annexin V buffer solution (BD Biosciences),
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caspase-3 polyclonal antibody (Santa Cruz Biotechnology),
LC3B monoclonal antibody (Cell Signaling Technologies),
Poly (ADP-ribose) polymerase (PARP) monoclonal antibody
(Cell Signaling Technologies), survivin monoclonal anti-
body (Santa Cruz Biotechnology), Bcl-2 polyclonal antibody
(Santa Cruz Biotechnology), Bax polyclonal antibody (Santa
Cruz Biotechnology), B-Actin polyclonal antibody (Santa
Cruz Biotechnology), Beclin-1 (Santa Cruz Biotechnology)
4x Laemmli Sample Buffer (Bio-Rad), Clarity™ Western
ECL Substrate (Bio-Rad), quercetin (Sigma Aldrich), and
sodium butyrate (Sigma Aldrich).

Cell Culture and Treatments

Rat C6 and human T98G glioblastoma cells were obtained
from the American Type Culture Collection (ATCC, Manas-
sas, VA, USA). All cell lines were grown in Hyclone™
RPMI-1640 medium with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin (P/S). For serum-starva-
tion, cells were grown in Hyclone™ RPMI-1640 medium
with 0% fetal bovine serum (FBS) and 1% P/S. Cells were
grown in a fully-humidified incubator at 37 °C with 5% CO,.
Appropriate amounts of glioblastoma cells were plated on
either 100 X 15 mm petri dishes or 6-well suspension culture
plates according to each experimental protocol. Cells were
grown for 24 h in RPMI-1640 medium containing 10% FBS
and 1% P/S for 24 h to allow cell adhesion and recovery to
occur. Cells were then serum-starved for 24 h with RPMI-
1640 medium containing 0% FBS and 1% P/S for 24 h in
order to induce autophagy. Cells were then treated for 24 h
with either 25 pM QCT, 1 mM NaB, or a combination of
25 pM QCT and 1 mM NaB. Control cells were grown in
replenished serum-starved medium (RPMI-1640 with 0%
FBS and 1% P/S). Cells were then tested with the appropri-
ate experimental protocols.

Trypan Blue Dye Exclusion Assay

Both C6 and T98G cell lines were plated on Corning®
24-well flat-bottom plates and grown until confluency. The
cells were then serum-starved using RPMI-1640 medium,
0% FBS, and 1% (P/S) for 24 h. Appropriate QCT and NaB
concentrations were achieved through serial dilution with
the serum-starved medium. Cells were treated with the des-
ignated drug combinations for 24 h. Cells were harvested via
trypsinization, followed by two washes with 1xX phosphate-
buffered saline (PBS), and finally suspended in 1X PBS. One
part cell suspension was mixed with one part 0.4% Trypan
Blue solution for 3—5 min at room temperature. The cells
were counted on a hemocytometer at 10X magnification
using an Olympus BX53 microscope (Olympus America).
Viability was determined by assessing membrane perme-
ability. Dead or dying cells develop a permeable membrane.
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Cells stained with trypan blue were considered inviable due
to their lack of membrane integrity. However, the trypan
blue exclusion assay is not without its downfalls. Firstly, it
assumes that all apoptotic cells have a permeable membrane,
which is not always the case [15]. The test also relies on
manual quantification of apoptotic cells by the experimenter.
Human error may cause variability in the data. But despite
these downfalls, the trypan blue exclusion assay is believed
to be a sufficient test to calculate synergism between various
QCT and NaB doses.

Determination of Decrease in Cell Viability
and Synergism via Trypan Blue Dye Exclusion Assay

Cell viability was calculated with the equation: Viable cells
(%) =100 — (number of dead cells + total cells) X 100. All
experiments were performed in triplicate using approxi-
mately 300 cells per sample. The cell viability was then
input into the program CompuSyn (ComboSyn, Paramus,
NJ) to calculate combination index (CI) value. CompuSyn
bases its calculations on the median-effect equation. Devel-
oped by Paul Talalay and Ting-Chao Chou in 1984, the
median-effect equation combines the Hill equation, Hen-
derson-Hasselbalch, Michaelis—Menten, and Scatchard
equations to provide a normalization equation that aims to
quantify synergism. CI value closest to 0 indicates the most
synergistic action. CI values greater than 1 indicate antago-
nistic drugs, and a CI value of 1 indicates purely additive
effects [16].

Acridine Orange Staining Using Fluorescent
Microscopy to Determine Levels of Autophagy

Acridine orange (AO) staining is a versatile approach to
analyzing variations in the cell cycle. With autophagy, AO
staining visualizes the occurrence of the acidic vesicu-
lar organelles (AVOs) that are a classic sign of hallmark
autophagic lysosomal degradation process. Acridine orange
readily penetrates cell membranes and then remains inside
the cell due to the low pH [17]. To visualize the response
of AVO formation in response to treatment, approximately
1 x 10° cells were plated onto coverslips inside Corning®
6-well plates and grown for 24 h. Cells were then serum-
starved and treated with QCT, NaB, or QCT + NaB as per
the previously mentioned experimental protocol. Cells were
then washed twice with 1x PBS followed by adding 1 ml
of 1 pg/ml AO dye to each well and incubated for 15 min
at 37 °C. The coverslips were then removed and read with
a Leica™ 2500 fluorescent microscope using a Texas Red
filter at 40x magnification. AVO formation appeared as a
bright red fluorescence.

Acridine Orange Staining and Flow Cytometry
to Determine Levels of Autophagy

Afterwards, the samples were analyzed using a BC FC500
Flow Cytometer by measuring the FL-3 intensity, which
directly correlated to the amount of AVO formation [18,
19]. Cells were grown using the previously mentioned proce-
dure. At the time of collection, the cells were collected into
1.5-ml microcentrifuge tubes and centrifuged at 3000 rpm
for 4 min. The cells were incubated with 200 ul of 1 pg/
ml AO dye for 15 min. The AO dye was then removed and
replaced with 500 ml 1x Annexin V binding buffer. Inside
the flow cytometer, the FL-3 channel was measured to cor-
relate the amount of AVO present. Since all cells undergo
a small amount of autophagy for homeostatic maintenance,
a baseline level must be determined [20]. As a result, all
samples were normalized using FL-3 measurements from
samples not undergoing serum-starvation. This means that,
for experimental purposes, all cells grown in ideal growing
conditions were considered to have 0% autophagy. All treat-
ments were performed in triplicate and used to form a mean.

Wright Staining for Morphological Signs
of Apoptosis

Approximately 100,000 to 300,000 cells were grown in
Corning® 6-well plates for 24 h. Upon adherence, the cells
were serum-starved for 24 h using RPMI-1640 medium,
0% FBS, and 1% P/S to induce autophagy. Samples were
then treated with QCT 25 uM, NaB 1 mM, or QCT + NaB
for 24 h. Wright Staining was performed using the Kwik-
Diff™ staining kit per the manufacturer’s protocol. After the
addition and incubation of Solutions # 1 to 3, samples were
washed with 1 ml dH,O to remove any excess dye not bound
to cells. Samples were then read at 10X magnification using
an Olympus BX53 microscope. Images were taken using an
Olympus SC30 camera. Apoptosis quantification was per-
formed under the criteria that apoptotic cells contained 1
or more of the following morphological signs: (1) crescent
shaped nucleus, (2) nuclear condensation, (3) cell shrinkage,
and (4) nuclear fragmentation. Necrotic cells were negligible
and not included in the calculations.

Annexin V/Propidium lodide (PI) Staining
for Determining Apoptosis

The Annexin V/PI test is one of the most common methods
for accurate and precise detection of apoptosis. The Annexin
V is a Ca®* dependent phospholipid binding protein that binds
to externalized phosphatidylserine, which occurs during the
early stages of apoptosis. Pl is a fluorescent dye that is unable
to penetrate intact cell membranes. When membrane integrity
is lost due to necrosis or mechanical damage, PI penetrates the
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membrane and signals that the damage has occurred. Mechan-
ically damaged cells appear in quadrant A1, A2 represents
necrotic cells, A3 contains viable cells, and A4 represents the
amount of apoptotic cells in the population. The cells were
grown and treated by using the previously described experi-
mental protocol. Approximately 500,000 cells were grown and
treated in Corning® 6-well plates, then harvested and stained
according to the BD Biosciences standard Annexin V protocol.
The samples were then read using a BC FC500 Flow Cytom-
eter and displayed on a biaxial graph. Annexin V' cells were
represented on the X-axis while PI* cells were represented on
the Y-axis. The approximate percentage of apoptotic cells were
displayed in quadrant A4, indicating Annexin V*/PI~ cells.

Western Blotting

Western blotting was performed to examine changes in the
expression of various apoptotic and autophagic proteins. Cells
were grown and treated according to the previously described
experimental protocol. The cells were then harvested via scrap-
ing and suspended in a 200 pl RIPA (radio-immunoprecipita-
tion assay) lysis buffer + f-mercaptoethanol solution and stored
at —20 °C for no-longer than 6 months. SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis) was per-
formed on 4-20% Mini-Protean TGX Precast Gels purchased
from Bio-Rad. The proteins were then transferred onto PVDF
(polyvinyl difluoride) Transfer Membrane (Thermo Scientific).
Then the membranes were blocked with 1x PBST (PBS sup-
plemented with Tween 20) + 5% non-fat milk for 1 h to reduce
non-specific binding of antibody. The membranes were then
probed with a primary antibody at 4 °C overnight, washed
with PBST, and then probed with the corresponding second-
ary antibody for 30 min at room temperature. They were then
exposed and analyzed using ImageJ software (National Insti-
tutes of Health, USA).

Statistical Analysis

Statistical analyses were performed using Minitab Express
software. Data were presented as a mean + standard error of
mean (SEM) of independent experiments (n > 3). Compari-
sons calculated by One-Way ANOVA (analysis of variance)
using the Tukey Method. Significant difference from control
value is represented by *p < 0.05, **p <0.0001.

Results

Determination of Synergism of QCT and NaB in C6
and T98G Cells

Trypan blue staining was performed to measure the amount
of cell death after treatment with various doses of the drug
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combinations. The QCT concentrations 12.5, 25, 50, and
100 uM were used in combination with the NaB concentra-
tions 1, 3, 5, and 8 mM, respectively, to see which combina-
tion had the most synergism for growth inhibition (Fig. 1).
QCT caused the greatest amount of apoptosis in a dose
dependent manner, while NaB appeared to cause negligible
amounts of apoptosis in both cell populations. However, in
combination, the drugs appeared to be acting in a synergistic
manner to cause apoptosis. The synergism was confirmed
using the median-effect equation. The drug combination
with the lowest CI value indicated the highest amount of
synergism, which was achieved with 25 uM QCT + 1 mM
NaB in both rat C6 and human T98G glioblastoma cells
(Table 1).

Examination of Morphological Features
and Molecular Markers of Autophagy
in Glioblastoma Cells

AO staining was used to quantify the change in autophagy
following treatments. Fluorescent microscopy was used to
visualize the high amounts of autophagy under the 48-h
serum-starved control condition and the subsequent decrease
in autophagy due to treatments with QCT and QCT + NaB
(Fig. 2a). QCT was the primary autophagy inhibitor in both
rat and human glioblastoma cells. NaB showed little effect
on inhibiting or activating autophagy when compared with
the control cells (Fig. 2b). By visualization of AVO forma-
tion, autophagy appeared to be reduced to baseline home-
ostatic levels in the human T98G cells under QCT + NaB
treatment while under 48-h serum-starvation, as seen in
Fig. 2a and b. Combination treatment caused a drastic
decrease in autophagy in both the rat C6 and human T98G
glioblastoma cells. Western blotting showed the changes
in expression of molecules related to the induction of
autophagy (Fig. 3a). Compared with QCT alone, there were
43% and 41% decreases in Beclin-1 expression (Fig. 3b),
and 70% and 76% decreases in LC3B II expression with
QCT + NaB treatment in C6 and T98G cells, respectively
(Fig. 3c¢).

Determination of Morphological Features
of Apoptosis in Glioblastoma Cells

Wright staining was used to visualize the morphological
signs of apoptosis in rat C6 and human T98G cells in 48-h
serum-starved and untreated conditions and after QCT, NaB,
and QCT + NaB treatments (Fig. 4a). Characterization of
apoptosis under the light microscopy was based on visual
signs such as membrane blebbing, chromatin condensation,
and nuclear fragmentation. Red arrows demonstrated cells
to be considered apoptotic (Fig. 4a). These results were
then quantified and displayed (Fig. 4b). The results showed
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Fig. 1 Changes in cell viability in rat C6 and human T98G glio-
blastoma cells after treatments with QCT, NaB, and QCT+ NaB.
Untreated cells under 48-h serum-starvation were used as a control.

26.7% and 27.2% apoptosis in C6 and T98G cells, respec-
tively, with single QCT treatment (Fig. 4b). With single
NaB treatment, C6 and T98G had 24.0% and 25.4% apopto-
sis, respectively. QCT + NaB treatment showed 49.2% and
51.06% apoptosis in C6 and T98G cells, respectively. Com-
pared with the single QCT treatment, QCT + NaB treatment
yielded 84.3% and 87.7% apoptosis in C6 and T98G cells,
respectively. These results indicated that QCT and NaB were
acting synergistically with each other to increase apoptosis
in C6 and T98G cells under serum-starvation.

Determination of a Biochemical Feature
of Apoptosis in Glioblastoma Cells

Annexin V/PI staining was used to quantify apoptotic cells
versus necrotic cells (Fig. 5a). QCT treatment in both rat

The highlighted bars are indicating the most synergistic drug combi-
nation according to the median-effect equation

C6 and human T98G cells showed 32.2% and 36.1% apop-
tosis (Fig. 5b). NaB treatment showed 22.0% and 28.7%
apoptosis in C6 and T98G cells, respectively. Treatment
with QCT + NaB showed 39.5% and 43.0% apoptosis in
C6 and T98G cells, respectively. Negligible amounts of
necrosis were observed (quadrant A2), and mechanical
damage was avoided (quadrant A1). These results directly
correlated with the autophagy inhibition seen with AO
staining. Human T98G cells demonstrated a complete sup-
pression of autophagy due to QCT + NaB treatment, result-
ing in a 19.1% increase of apoptosis when compared with
the QCT-only treated cells, which did not show complete
suppression of autophagy. This indicated that autophagy
might be playing a protective role in serum-starved glio-
blastoma cells.
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Table 1 Combination index (CI) of QCT and NaB in C6 and T98G
cells

C6 cells T98G cells

QCT (uM) NaB (mM) CIvalue QCT (uM) NaB (mM) CI value

12.5 1 0.735 12.5 1 0.539
12.5 3 0.616 12.5 3 0.678
12.5 5 0.24 12.5 5 0.839
12.5 8 0.248 12.5 8 0.528
25 1 0.175 25 1 0.147
25 3 0.206 25 3 0.155
25 5 0.281 25 5 0.229
25 8 0.253 25 8 0.245
50 1 0.314 50 1 0.28

50 3 0.533 50 3 0.309
50 5 0.302 50 5 0.309
50 8 0.451 50 8 0.538
100 1 0.461 100 1 0.374
100 3 0.736 100 3 0.374
100 5 0.384 100 5 0.621
100 8 0.63 100 8 0.539

The CI values shown in bold (Table 1) indicate the most synergism
with QCT + NaB concentrations in C6 and T98G cells

Alterations in Molecular Components for Increasing
Apoptosis

Western blotting was performed focusing on selected pro-
teins from three main target pathways: (1) changes in levels
of autophagy marker proteins Beclin-1 and LC3B (Fig. 3),

Fig.2 Changes in autophagy a
in C6 and T98G cells after

treatments. a Fluorescence

microscopy showing AVO

formation in rat C6 and human

T98G cells. Red fluorescence

is showing acidic autophago-

somes that make up the key step

(2) confirmation of the intrinsic apoptotic pathway through
alterations in Bax and Bcl-2 expression (Fig. 6a, b), (3)
apoptosis induction through caspase-3 activation along
with changes in expression of potential apoptosis suppres-
sor proteins survivin and PARP (Fig. 6a). The Bax:Bcl-2
ratio was calculated to show if the QCT + NaB treatment
was inducing the intrinsic pathway of apoptosis. The con-
trol samples showed a ratio of < 1, meaning that the cells
generally were not undergoing apoptosis. Upon QCT treat-
ment, the human T98G glioblastoma cells showed a ratio
of 2.32; whereas the rat C6 glioblastoma cells had a ratio
of 1.20. The NaB treatment showed a ratio of <1 in both
rat and human glioblastoma cells. Under combination treat-
ment, both rat and human glioblastoma cells had a positive
ratio of approximately 2.40 and 4.06, respectively (Fig. 6b).
Caspase-3 cleavage for its activation demonstrated the final
phase in the execution of apoptosis. The rat glioblastoma
cells showed a clear increase in caspase-3 activity in the
QCT + NaB treatment, while the human glioblastoma cells
showed a conspicuous increase in caspase-3 activity in both
the QCT and QCT + NaB treatments. Survivin expression
in both rat and human glioblastoma cells was drastically
reduced with the QCT + NaB treatment. In the rat C6 cells,
PARP was reduced in the QCT + NaB treatment, while
PARP was reduced across QCT, NaB, and QCT + NaB treat-
ments in the human T98G cells. Autophagy related proteins
Beclin-1 and LC3B were also investigated. In both rat and
human glioblastoma cells, Beclin-1 was reduced in combina-
tion treatments, and it was also reduced in QCT treatment in
the human glioblastoma cells. LC3B cleavage also showed
to be greatly decreased in both rat and human glioblastoma

NaB

in autophagy. b Flow cytom- (O]
etry data of FL-3 fluorescence 3
density, indicating changes in =
autophagy (Color figure online)
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b
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Fig.3 a Western blotting for assessing changes in autophagy-related
proteins such as Beclin-1 and LC3B. Both Beclin-1 and LC3B are
pro-autophagy proteins. Therefore, their down regulation indicated
targeted inhibition of autophagy at the molecular levels. b Western

cells in both QCT and QCT + NaB treatments. NaB alone
did not have much impact on autophagy.

Discussion

The main aim of this study was to investigate the efficacy
of a novel combination therapy in increasing apoptosis
in rat and human glioblastoma cells though inhibition of
protective autophagy. At this point, the idea of inhibiting
protective autophagy or activating autophagic cell death is
highly debated [11, 12]. One argument is that overactivation
of autophagy will cause greater amounts of cell death in
otherwise apoptosis-resistant cells. This type of therapy is
seen with radiation treatment and some autophagy-inducing
drugs like Itraconazole [21, 22]. The other argument is that
by inhibiting protective autophagy, induced by many cancer
therapies including TMZ, greater levels of apoptosis may be
achieved [23].

The treatment of rat C6 and human T98G glioblastoma
cells with synergistic combination of QCT and NaB dem-
onstrated that amounts of apoptosis were increased with
the inhibition of autophagy; thus, reinforcing the idea that
inhibition of protective autophagy could prove beneficial to
cancer therapy. It is interesting to note that in our experi-
ments, QCT was deemed to be the primary autophagy
inhibitor in both the rat and human glioblastoma cells as we

QCT + NaB CTL Qcr NaB

QCT + NaB

blot analysis of Beclin-1 protein expression. ¢ Western blot analysis
of LC3B II expression, both of which have a direct correlation with
autophagy activation

demonstrated through the lack of AO staining and unseen
cleavage of LC3B I to LC3B II. This directly contradicts
a previous study performed on human U373MG glioblas-
toma cells showing that QCT activated autophagy, and that
autophagy inhibition through Chloroquine potentiated its
apoptotic effects [24]. This discrepancy may be due to the
experimental conditions present in each study. Kim et al.
did not seek to induce autophagy through nutrient-starvation
before performing treatment [24]. Our study, however, was
conducted in the nutrient-starved cells for 24 h before treat-
ing with QCT for another 24 h. This was done in order to
mimic a tumor microenvironment, where many cells become
autophagic due to high cell density causing an increased
competition for nutrients [25]. This shows the capability of
QCT to have opposite effects on autophagy depending on the
environmental conditions. But both studies concluded that
inhibition of autophagy potentiated the apoptosis-inducing
effects of QCT in glioblastoma cells.

Combination of QCT with NaB, an HDACI, showed
a synergistic increase in apoptosis in both rat and human
glioblastoma cells. Presently, HDACi compounds are widely
used in cancer therapies. For example, the HDACi Valproic
Acid has been shown to be a radiosensitizer [26]. Presently,
several studies have been done with NaB to show its impact
on glioblastoma therapy. Our results showed that NaB alone
did not induce high levels of apoptosis or had a substantial
effect on autophagy. But when in combination with QCT,
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Wright staining of C6 and T98G cells showing the morphological
signs of apoptosis after treatments with QCT, NaB, and QCT +NaB
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NaB synergistically decreased survivin expression in both
rat and human glioblastoma cells, caused PARP degradation
in the rat cells, and drastically increased caspase-3 activation
as well in the rat glioblastoma cells. To our knowledge, this
is the first demonstration of QCT + NaB acting synergisti-
cally in glioblastoma cells to induce apoptosis.

This study highlights two main ideas that are worth
being further explored. Autophagy inhibition as a means to
increase apoptotic cell death is a hotly debated topic whose
benefits are still being uncovered. TMZ, the current first-line
therapy for glioblastoma, is a proven autophagy inducing
agent [27]. A common avenue utilizing TMZ is to overacti-
vate the TMZ-induced autophagy to trigger autophagic cell
death in apoptosis-resistant glioblastoma cells [28]. But it
has also been widely proven that autophagy inhibition can
increase radiosensitivity in glioblastoma [29] and increase
cytotoxicity of TMZ in glioblastoma through increased
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during 48-h serum-starvation. b Apoptosis quantification based on
the morphological markers of apoptosis

PARP cleavage [30]. Knowing that tumor microenviron-
ments promote autophagy through nutrient-starvation and
that TMZ treatment further promotes autophagy, inhibit-
ing the cell’s protective mechanism makes intuitive sense
for promoting increased cell death. Most studies targeting
autophagy inhibition use Chloroquine due to its effective-
ness in reducing autophagy. But Chloroquine is not an ideal
candidate for cancer therapy in the clinics due to its common
adverse side effects including cardiac disturbances, visual
defects, and kidney damage [13]. This is why alternative
autophagy inhibitors must be studied.

The second idea worth being explored is the use of alter-
native, less toxic therapies that promote autophagy inhibi-
tion. Flavonoids are metabolites found in many common
foods. Recent research shows that certain flavonoids possess
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potent anti-cancer effects [31]. For example, Luteolin, a nat-
urally occurring flavonoid, successfully inhibited autophagy
and increased apoptosis in two types of human glioblastoma
cells [32]. QCT is another dietary flavonoid found in many
common foods. We demonstrated in this study that QCT
inhibited protective autophagy and increased apoptosis in
both rat and human glioblastoma cells. Dietary flavonoids
are becoming popular in the treatment of various cancers
including glioblastoma in preclinical models. Because using
a non-toxic flavonoid to inhibit protective autophagy pro-
vides a safer alternative avenue to using Chloroquine for
autophagy inhibition [4]. Also, a flavonoid can be combined

with another therapeutic agent for synergistic efficacy in
inhibiting growth of cancers.

In conclusion, when used in combination, QCT and NaB
in treating nutrient-starved rat and human glioblastoma cells
inhibited protective autophagy and thereby increased apop-
tosis. This study demonstrated the therapeutic potential of
inhibiting protective autophagy in a mimicked tumor micro-
environment, while also providing insight into an alternative
therapy for TMZ-resistant glioblastoma cells. Further inves-
tigations into the therapeutic benefits of QCT and protective
autophagy inhibition are highly encouraged in rat allograft
and human xenograft models of glioblastoma to establish
efficacy of our novel combination therapy that may provide
a way to increase the longevity in glioblastoma patients in
the future.
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Fig.6 a Western blotting showing changes in expression of various
apoptosis-related proteins. Survivin, an anti-apoptotic protein, was
down regulated due to the QCT +NaB treatment in both rat C6 and
human T98G cells. Bax, a pro-apoptotic protein, was upregulated
in both cell populations; while Bcl-2, an anti-apoptotic protein, was
inhibited in both cell populations under QCT +NaB treatment. This
indicated that apoptosis was occurring through the intrinsic pathway.
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