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Fluoxetine synergizes with temozolomide to induce the
CHOP-dependent endoplasmic reticulum stress-related
apoptosis pathway in glioma cells
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Abstract. Although temozolomide (TMZ) is the most effec-
tive chemotherapy agent for glioma, chemotherapy resistance
has limited its clinical use. Fluoxetine (FLT), which is widely
used in cancer-related depression, has exhibited potent anti-
cancer properties in different cancer cell types. The aim of
this study was i) to evaluate the antitumor mechanism of FLT,
and ii) to further evaluate the effects of a combination of FLT
and TMZ on glioma cells. Glioma cell lines were exposed to
FLT and/or TMZ. Cell viability and apoptosis were examined
by CCK-8 assay, flow cytometry and caspase-3 activity assay,
respectively. The expression of endoplasmic reticulum-stress
(ERS) apoptosis-related proteins was measured using real-
time PCR and western blotting. Synergism between the two
drugs was evaluated by the combination index (CI) through
CompuSyn software. FLT significantly and dose-dependently
inhibited the proliferation of various glioma cell lines, and
rat glioma C6 cells had a highly sensitive response to the
addition of FLT. FLT treatment increased the early apoptosis
rate, induced typical apoptotic morphology in the C6 cells
and activated caspase-3 with no change in the mitochondrial
membrane potential. Further study showed that FLT activated
the ERS marker, CHOP. This induction was associated with
activation of the PERK-elF2a-ATF4 and ATF6 cascade.
Concomitantly, GADD34, a downstream molecule of CHOP,
was also increased. Combined FLT and TMZ treatment
showed a synergistic cytotoxic effect in the C6 glioma cells.
Knockdown of CHOP expression abolished the synergistic
effect of FLT and TMZ in the C6 cells, which suggests that FLT
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may sensitize glioma cells to TMZ through activation of the
CHOP-dependent apoptosis pathway. These results revealed
that FLT induced glioma cell apoptosis and sensitized glioma
cells to TMZ through activation of the CHOP-dependent
apoptosis pathway. The present study provides a primary
basis for using the combination of these drugs in patients with
advanced glioma.

Introduction

Gliomas are the most common primary brain tumors, and they
constitute approximately 30% of all brain and central nervous
system tumors and 80% of all malignant brain tumors (1). Less
than 3% of glioma patients are still alive at 5 years after diag-
nosis (2). Treatment for brain gliomas is a combined approach,
using surgery, radiation therapy and chemotherapy. However,
limited by the location of the tumor, glioma is difficult to be
resected completely by surgery. As a result, radiotherapy and
chemotherapy are necessary to increase the survival time of
patients (3,4).

Temozolomide (TMZ), which is able to cross the blood-
brain barrier effectively, has become the most effective
chemotherapy agent for glioma. A clinical study demon-
strated that radiotherapy and adjuvant TMZ treatment leads
to an increased median survival time of approximately
14.6 months (5,6). Unfortunately, however, the response rate of
TMZ treatment is not satisfactory, and the response is usually
accompanied by chemotherapy resistance and high rates of
toxicity such as severe nausea, vomiting, genotoxic, teratogenic
and fetotoxic effects (7). There has been a shift from manage-
ment with traditional, non-specific cytotoxic chemotherapies
to treatment with molecular-specific targeted therapies that are
used either alone or in combination with traditional chemo-
therapy and radiation therapy. Thus, more effective and less
toxic agents for glioma are urgently required. Researchers
have conducted laboratory and clinical studies to investigate
whether it may be possible to enhance the anticancer potency
of TMZ by combination with other pharmacologic agents. In
preclinical trials, it was found that chloroquine increased the
chemosensitivity of glioma cells to TMZ (8). A laboratory
study indicated that TMZ killed brain tumor cells more effi-
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ciently when epigallocatechin gallate (EGCG), a component
of green tea, was added (9). More recently, use of the novel
oxygen diffusion-enhancing compound trans sodium croceti-
nate (TSC) when combined with TMZ and radiation therapy
has been investigated in preclinical studies and a clinical trial
is currently underway (10).

Clinical studies have shown that depressive disorder is
common among patients with advanced cancer,and anti-depres-
sion treatment in cancer patients not only improves depressive
symptoms, but also enhances immunologic function, thereby
improving the quality of life of cancer patients (11,12). Thus,
anti-depressants are routinely prescribed to cancer patients
with depression. As a representative of selective serotonin
reuptake inhibitors (SSRIs), fluoxetine (FLT) is one of the
most commonly used anti-depressants (13). While increased
attention has been given to the direct effects of antidepres-
sants on tumor cells, recent preclinical studies suggest that the
use of FLT may be associated with a reduced colon cancer
risk (14-16). Actually, a growing body of evidence has demon-
strated that FLT possesses antitumor activity in different
cancer cell types, such as hepatocellular carcinoma (17), OC2
human oral cancer (18) and human epithelial ovarian cancer
OVCAR-3 cell lines (19). In addition, FLT was also found
to have a synergistic effect with anticancer drugs and can
overcome drug resistance (20-22). However, the downstream
apoptotic signaling pathway involved in FLT-induced cell
death remains unknown.

In the present study, we determined the in vitro cytotox-
icity of FLT and explored the underlying mechanisms involved
in its effects against glioma cells, and assessed the potential
synergism of FLT and TMZ in inhibiting the growth of C6
glioma cells. These findings may provide a new therapeutic
strategy to achieve anti-glioma synergism.

Materials and methods

Chemicals and antibodies. FLT and TMZ were obtained from
Sigma-Aldrich (St. Louis, MO, USA). The antibodies against
phospho-PERK, CHOP and caspase-3 were obtained from
Cell Signaling Technology (Danvers, MA, USA) , The anti-
bodies against PERK, elF2a, phospho-elF2a, ATF4, ATF6
and GADD34 were obtained from Abcam (Cambridge, UK).
The antibody against 3-actin and horseradish peroxidase-
conjugated anti-mouse or anti-rabbit IgG were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell culture. Cells were purchased from the Chinese Academy
of Sciences Cell Bank (Shanghai, China). The cells were
routinely cultured in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum and
100 U/ml penicillin and streptomycin (all from Invitrogen,
Carlsbad, CA, USA) in a humidified incubator with 5% CO,
at 37°C.

CCK-8 assay. Cell viability assay was analyzed using a Cell
Counting Kit-8 (CCK-8) (Dojindo Laboratories, Kumamoto,
Japan). Briefly, the cells were plated on a 96-well culture plate at
a density of 6,000 cells/well and were cultured overnight. The
cells were then incubated in fresh culture medium containing
FLT and/or TMZ at various concentrations for 24 h. The cell
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viability was then assessed according to the manufacturer's
instructions.

Apoptosis assay. C6 cells were seeded in 96-well microplates
at 3,500 cells/well and treated with FLT for 24 h. Then, 50 ul
of MitoTracker/Hoechst solution (Cellomics, Pittsburgh, PA,
USA) was added to each well, and the cells were incubated
at 37°C for 30 min. Next, the cells were fixed with 100 ul of
the fixation solution, without removing the medium and the
incubation continued in a fume hood at room temperature for
10 min. The plate was sealed after being washed once and was
run on the ArrayScan high-content screening (HCS) reader
(Cellomics). The nuclear size and intensity of Hoechst fluo-
rescence were also calculated and analyzed by Cell Motility
BioApplication software.

Flow cytometric analysis. C6 cells were seeded at 4.0x10°cells/
well in 6-well plates and treated with FLT for 24 h, and then
washed twice with cold PBS and re-suspended at a concentra-
tion of 1x10° cells/ml. Next, 5 ul FITC-Annexin V and 10 pul
PI (both from BD Biosciences) were added into 100 ul of the
solution. After that, the cells were mixed gently and incubated
for 15 min at room temperature in the dark. Finally, 1 ml PBS
was added and the samples were detected by flow cytometric
analysis (Beckman Coulter, Brea, CA, USA) within 1 h.

Caspase-3 activity measurements. C6 cells were seeded on a
96-well microplate at a density of 3,000 cells/well and treated
with FLT at 24 h. Then, 100 ul of Caspase-Glo® 3/7 reagent
(Promega, Madison, WI, USA) was added to each sample
after allowing the plates to equilibrate at room temperature.
The contents of the wells were gently mixed for 0.5-2 min
and incubated at room temperature for 1 h. The luminescence
intensities were then analyzed using a multimode reader
(Tecan, Ménnedorf, Switzerland) and the enzyme activities
were expressed as relative luminescence units.

Measurement of the mitochondrial membrane potential. C6
cells were seeded on a 96-well plate at a density of 3,000 cells/
well and exposed to the drugs for 24 h. Fifty microliters of
MitoTracker/Hoechst solution (Cellomics Inc.) was added to
each well, and the cells were incubated for 30 min at 37°C.
Next, we added 100 ul of the fixation solution directly to each
well without removing the medium and incubation was carried
out in a fume hood at room temperature for 10 min. Then we
aspirated the supernatant and washed the plate once with
150 pl wash buffer. Images were acquired on the ArrayScan®
HCS system; the intensity of red fluorescence represented the
MMP of the cells.

Quantitative real-time RT-PCR. C6 cells were plated on a
6-well plate at a density of 4x10° cells/well, and exposed to the
drugs for 24 h. Total RNA extraction was isolated from the
cells using an RNeasy Mini kit (Qiagen, Valencia, CA, USA).
The first strand cDNA synthesis was carried out using
RevertAid™ First Strand cDNA Synthesis kit (Fermentas,
Burlington, CA, USA). The RT mixture was mixed with
Quanti Fast SYBR Green PCR Kit (Qiagen, Hilden, Germany)
and gene-specific primers in a final volume of 20 ul. The
following oligonucleotide primers were used as specific for the
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gene CHOP (5'-CTGGAAGCCTGGTATGAGGA-3' and
5'-AGG TGCTTGTGACCTCTGCT-3') and gene GADD34
(5'-CCT TGATGTGGAAGCCCAAAGTT-3' and
5"TCCACTTCT TGCTCTCTAAGGCCAT-3") (Invitrogen).
The expression levels of the genes were normalized with that
of P-actin (5'-CCCATCTATGAGGGTTACGC-3' and
5'"TTAATGTCA CGCACGATTTC-3") housekeeping gene
product as an endogenous reference. The quantitative real-time
RT-PCR was performed in ABI 7500 Fast Real-Time PCR
(Life Technologies, Carlsbad, CA, USA). The amplification
conditions were as follows: hold for 15 min at 95°C, followed
by 40 cycles of 60°C for 30 sec and 59°C for 31 sec. The final
results were expressed as fold differences in target gene
expression related to both the endogenous control gene expres-
sion and the calibrator was determined using the 2-44¢T
method.

CHOP protein analysis. C6 cells were seeded on a 96-well
plate at a density of 3,000 cells/well and exposed to FLT for
24 h. After fixation and permeabilization, 50 ul of the mouse
monoclonal anti-CHOP antibody (Abcam) solution was added
to each sample, which was incubated for 1.5 h at 37°C. Next,
50 ul of the secondary antibody conjugated with the fluoro-
phore Alexa Fluor® 555/Hoechst solution (Cellomics) was
added and incubated at room temperature for 1 h. Then the
plate was washed twice with 100 ul of blocking buffer. The
plate was read on an HCS system reader. The fluorescence
intensity represented the level of CHOP protein in the C6 cells.

Western blot analysis. C6 cells were cultured on a 6-well plate
at a density of 4x10° cells/well overnight. Cells were treated with
FLT for 24 h. Then we aspirated media, washed the plate with
ice-cold 1X PBS for twice and lysed cells with RIPA buffer.
Total cell lysates were separated by 10 or 12% SDS-PAGE and
electrotransferred to PVDF membrane (Millipore, Bedford,
MA, USA). The membranes were blocked in blocking buffer
(5% nonfat milk in TBS containing 0.1% Tween-20) for 2 h
at room temperature. After washing in TBST buffer [10 mM
Tris-HCl (pH 8.3),0.05% Tween-20)] (Tween-20; Sigma-Aldrich,
St. Louis, MO, USA), the membranes ware incubated overnight
at 4°C with the primary antibodies against GADD34 (1:500)
and p-actin (1:1,000) (both from Santa Cruz Biotechnology) as
control. Then the membranes were incubated with horseradish
peroxidase-conjugated anti-mouse IgG (1:5,000; Zhongshan,
Beijing,China) at room temperature for 1 h. The immunoblots
were visualized using a chemiluminescence detection kit
(Pierce Chemical, Rockford, IL, USA).

Small interference RNA experiments. The CHOP-specific
siRNAs (5'-UCAAGGAAGAACUAGGAAATT-3' and
5'-UUUCCUAGUUCUUCCUUGATT-3") and scrambled
siRNA (5'-UUCUCCGAACGUGUCACGUTT-3' and 5-ACG
UGACACGUUCGGAGAATT-3") were designed and synthe-
sized by Shanghai GenePharma Co., Ltd. (Shanghai, China).
C6 cells were plated in a 12-well plate or in a 96-well plate
1 day before transfection. After 60% confluency was achieved,
siRNA was transfected into the culture plates using
Lipofectamine 2000 (Invitrogen Life Technologies) following
the manufacturer's instructions. Scrambled siRNA was used
as a negative control. The knockdown effect was measured by
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real-time RT-PCR and HCS. Then, the cells were treated with
FLT for 24 h. After a 24-h incubation, the cells were washed
with medium and used for caspase-3 activity measurement and
CCK-8 assays.

Statistical analysis. Data are presented as means + SEM and
were analyzed by analysis of variance (ANOVA) followed
by Dunnett's test, where P<0.05 indicated a significant
difference.

Results

FLT inhibits the growth of glioma cell lines. FLT is well
recognized for its anti-proliferative activity. To determine the
effect of FLT on the growth of glioma cells, various glioma
cell lines including C6,U87-MG, U373 and U251 glioma cells
were used to exam the growth inhibitory ability of FLT by
using a CCK-8 assay. All the four glioma cells showed signifi-
cant inhibition of cell proliferation upon FLT treatment in
a dose-dependent manner (Fig. 1A). The ICs, levels of FLT
for C6, U87-MG, U373 and U251 cells were 14.7, 21.8, 48.5
and 22.9 uM, respectively. In particular, C6 cells had a highly
sensitive response to the addition of FLT. Thus, C6 cells were
selected for further study.

FLT induces apoptotic cell death in C6 glioma cells. To deter-
mine whether FLT influences C6 cell apoptosis, we examined
the effects of FLT on cell apoptosis. The results showed that
FLT treatment for 24 h decreased the nuclear size of the C6
cells and increased the Hoechst fluorescence intensity in the
nuclei in a dose-dependent manner. The nuclei of the C6 cells
were significantly condensed at the FLT concentration of
10 xM with the concomitant enhanced intensity of Hoechst
fluorescence in the nuclei, showing the typical phenotype of
apoptosis. This effect was more pronounced with the increase
in the drug concentration to above 20 M (Fig. 1B and C). To
further determine whether FLT influences cell apoptosis, flow
cytometry was performed. As shown in Fig. 2A and B, the early
apoptosis rate of the C6 cells following FLT (0, 10, 20 xM)
treatment by flow cytometry was 6.5, 9.21 and 45.3%, respec-
tively, which demonstrated that FLT significantly increased
the percentage of apoptotic cells (Fig. 2A and B). We further
assessed the activation of a key apoptosis mediator caspase-3.
After FLT treatment, the enzyme activities of caspase-3 in the
C6 cells were evidently enhanced (Fig. 2C). These results indi-
cated that FLT can effectively promote the apoptosis of C6 cells.

FLT shows no effect on mitochondrial membrane potential. In
order to gain further insight into the mechanism of apoptosis
exerted by FLT on C6 cells, we performed a series of experi-
ments in the C6 cells. Since mitochondrial damage represents
an event extensively associated with apoptosis, MitoTracker
red fluorescence representing MMP was used through the
HCS System. Incubation of the C6 cells with FLT did not
affect the MitoTracker red fluorescence intensity (Fig. 3). The
results showed that FLT may induce cell programmed death
through a non-mitochondrial signaling pathway.

FLT induces C6 cell apoptosis through the endoplasmic
reticulum apoptotic pathway. Next, we focused on the
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Figure 1. Effect of fluoxetine (FLT) on cell viability and apoptotic death of glioma cell lines. (A) Effect of FLT on cell viability of the glioma cell lines. Cells
were incubated with various concentrations of FLT followed by CCK-8 assays for measuring viability. The data are presented as means + SEM from at least
three independent experiments. (B) FLT treatment for 24 h induced the apoptotic death of C6 glioma cells. Detection of apoptosis-specific nuclear morphology
with Hoechst dye staining in cell nuclei. (C) The effects of FLT treatment on nuclear size and intensity of Hoechst fluorescence in C6 cells. The data are

presented as means + SEM from at least three independent experiments.
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Figure 2. Fluoxetine (FLT) treatment for 24 h increases the early apoptosis rate and induces caspase-3 activation of C6 glioma cells. Cells were incubated with
various concentrations of FLT for 24 h. (A and B) Early apoptosis was measured by the Annexin V assay using flow cytometry. (C) The activity of caspase was
determined using a selective luminogenic substrate (Ac-LETD-pNA). The data are presented as means + SEM from at least three independent experiments

("P<0.05, “P<0.01 as compared with the control).

endoplasmic reticulum stress (ERS) apoptotic pathway. Firstly
we examined the effects of FLT on CHOP, a hallmark of ERS,
by real-time RT-PCR, western blotting and HCS, respectively.
The results showed that 10 uM FLT treatment for 24 h signifi-
cantly increased the transcription activation of CHOP mRNA
(P<0.05), and the effect was more pronounced under the higher

drug concentration (20 M) (P<0.01) (Fig. 4A). CHOP protein
is present in the cytosol under non-stressed conditions. It can
be robustly induced under cell stress conditions and thereafter
translocates into nuclei (Fig. 4C). The result of western blot-
ting showed that treatment of FLT (20 M, 24 h) significantly
increased the expression of CHOP protein (Fig. 4B).
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Figure 3. Effect of fluoxetine (FLT) on mitochondrial membrane potential (MMP) in C6 glioma cells. (A) Mitochondrial localization of MitoTracker Red in C6
cells. By the application of MitoTracker Red, red fluorescence occurred in the surrounding mitochondrial membrane. (B) Quantitation of mean fluorescence
intensity. The data are presented as means + SEM from at least three independent experiments.
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Figure 4. Fluoxetine (FLT) treatment for 24 h induces CHOP expression. (A) The effect of FLT on the mRNA expression of CHOP in C6 cells. The mRNA
expression was determined by quantitative real-time RT-PCR and was standardized to the 3-actin gene. (B) The effect of FLT on the CHOP protein expression
in C6 cells. (C) The effects of FLT on the nuclear translocation of CHOP in C6 cells. Color thumbnail images show the color-merged images of nuclear Hoechst
(green) and CHOP (red) in the cells, and the yellow areas indicate the co-localization of CHOP protein and nuclei. The data are presented as means + SEM
from at least three independent experiments (“P<0.01 as compared with the control).

Then, we investigated the upstream and downstream Irel, all of which induce expression of CHOP. The protein
signaling pathway of CHOP. The 3 principal unfolded protein  levels of PERK-elF2a-ATF4 and ATF6 were examined by
response (UPR) receptors involved are PERK, ATF6 and  western blotting. The results showed that FLT treatment (10
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as compared with the control).

and 20 pM) markedly increased the autophosphorylation of
PERK and elF2a. In addition, ATF4, the downstream target
of eIF20 was increased as well. Meanwhile, another ER stress
sensor ATF6 was also markedly upregulated following FLT
treatment (Fig. 5). Concomitantly, the protein expression of
GADD?34, one of the transcriptional downstream effector
genes of CHOP activation, was also upregulated (Fig. 5).

FLT sensitizes glioma cells to TMZ by activating CHOP. To
explore the possibility of synergistic cytotoxicity, C6 cells
were treated with various concentrations of FLT and TMZ,
either alone or in combination. Cell viability was determined
by CCK-8 assay and synergistic effects between the two drugs
were evaluated using the CompuSyn 2.0 software (ComboSyn,
Inc., Paramus, NJ, USA) (23). First, the effect of TMZ alone
on the viability of the C6 cells was examined. As shown in
Fig. 6A, TMZ dose-dependently reduced cell viability after
a 24-h treatment. In the TMZ treatment group, the 24-h ICs,
was 2.23 mM. Then, the C6 cells were treated in culture
with a combination of FLT and TMZ at various concentra-
tions for 24 h. The combination of FLT and TMZ at certain
drug concentrations led to marked effects in decreasing the
viability of the C6 cells (Fig. 6B). Synergistic analysis is
presented with a Fa-CI plot and CI values (Fig. 6C and D).
It was observed that the combination of FLT and TMZ
produced a significant synergistic effect and had a CI value
below 1.0 (range, 0.736-0.896). The synergism was particu-
larly obvious at lower inhibitory concentrations, whereas little
impact was observed at higher proliferation suppression. The
synergistic effects of FLT and TMZ were also determined in
caspase-3 activity analysis following treatment with TMZ and
FLT in the C6 cells (Fig. 6E). Knockdown of CHOP expres-
sion by CHOP-specific siRNA was used to further confirm

the role of CHOP in the synergistic effect of FLT. CHOP-
specific siRNA effectively downregulated CHOP mRNA and
protein levels (24). We did not observe enhanced cytotoxicity
following treatment with TMZ plus FLT compared to TMZ
alone in the C6 cells with CHOP depletion (Fig. 6F). These
results suggested that FLT may sensitize glioma cells to TMZ
by activating CHOP.

Discussion

Fluoxetine is one of the most commonly used antidepressants
for improving the mood of patients with depressive disorder
mainly though inhibiting selective serotonin reuptake.
In addition, it is also used to treat chronic pain and other
diseases (25,26). Actually, studies have shown that FLT exhibits
a series of target-off biological actions such as upregulation
of T-cell mediated antitumor immunity, anti-proliferative and
pro-apoptotic effects in cancer cells (17-19,27). Since FLT can
easily pass through the blood-brain barrier, and has a high
concentration in the brain, its direct action on brain tumors is a
‘hot’ issue. FLT was reported to induce brain tumor apoptosis
and even enhance the sensitivity of chemotherapeutic drugs
in cancer cells (20). However the underlying mechanisms of
apoptosis induced by FLT are not clear.

In the present study, we first found that exposure to FLT
significantly and dose-dependently inhibited the proliferation
of various glioma cell lines. Among these, C6 cells were most
sensitive to FLT treatment. Therefore, whether exposure to
FLT would trigger apoptosis was analyzed in C6 cells through
subsequent experiments. HCS assay showed that the typical
apoptotic morphological indicators such as nuclear shrinkage
and DNA condensation appeared in the C6 cells following
FLT treatment (Fig. 1). Meanwhile, flow cytometric analysis
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also found that FLT induced early apoptotic events in a dose-
dependent manner, and apoptotic percentage of 20 uM FLT
was ~45.3%. Simultaneously, caspase-3 activity was greatly
activated (Fig. 2), suggesting involvement of the caspase-
dependent pathway in the pro-apoptotic effect. However,
further study found there was no notable change in MMP after
FLT treatment, indicating an alternative apoptotic pathway
involved in the apoptotic action of FLT. The ERS apoptotic
pathway, which differs from the mitochondrial apoptosis
pathway, is involved in the apoptotic induction of various anti-
carcinogens and chemical compounds. Therefore, we next
focused on the ERS apoptotic pathway.

The endoplasmic reticulum serves many general func-
tions, including the folding and transport of protein (28,29).
Disturbances in calcium regulation, redox regulation, glucose
deprivation, and the overexpression of proteins can lead to an
endoplasmic reticulum stress response (ER stress) and severe
ERS may trigger the apoptosis pathway (30). CHOP is consid-
ered to be a crucial regulator of ER stress-related apoptotic
signaling (31). Therefore, whether exposure to FLT triggers the
ER stress response was analyzed in subsequent experiments.
We first determined the effects of FLT on CHOP. We found that
a 24-h FLT treatment greatly activated CHOP, which demon-
strated that ER stress was elicited by FLT, Then, we further

FLT, fluoxetine; TMZ, temozolomide.

explored the upstream and downstream of the CHOP signaling
pathway. The ER stress response triggered under stress condi-
tions is mediated through three main sensors, namely inositol
requiring element-1 (IRE-1), protein kinase-like ER kinase
(PERK) and activating transcription factor 6 (ATF6) (32). The
PERK-elF2a-ATF4 pathway and ATF6 pathway are the two
main branches that activate CHOP. Simultaneously, CHOP
mediates cell apoptosis through the induction of genes such
as Gadd34 and Erola (32). As expected, western blot results
indicated that FLT treatment increased PERK phosphorylation
concomitant with the stimulation of eIF2a phosphorylation,
and the levels of ATF4 and ATF6 protein were also increased.
Upregulation of Gadd34 expression was also observed in
the C6 cells exposed to FLT. All the results indicated that
the endoplasmic reticulum (ER) stress-related apoptotic
pathway was responsible for FLT-induced apoptosis in the C6
cells. FLT may induce C6 cell apoptosis through the PERK-
elF2a-ATF4-Chop and ATF6-Chop signaling pathways.
TMZ is the most effective chemotherapeutic drug in glioma
cancer therapy. As a second generation of DNA methylating
agents, its cytotoxicity is reported to be mainly mediated
through adduction of a methyl group to the O° position of
guanine in genomic DNA. However, more and more experi-
ments support that the antitumor effects induced by TMZ to
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non-DNA targets may also contribute to its action (33-35).
Despite the high TMZ potential, progression of disease and
recurrence are still observed. It is a key issue to find a strategy
by which to enhance the antitumor action of TMZ. A large
number of clinical studies have demonstrated that anti-depres-
sion treatment in cancer patients not only improves depressive
symptoms, but also enhances immunologic function, thereby
improving the quality of life of cancer patients. Thus, anti-
depression treatment has become an important means for
adjuvant therapy of cancer. Meanwhile, studies from our and
other laboratories have demonstrated that FLT inhibits glioma
cell proliferation and induces apoptosis. Therefore, we evalu-
ated whether FLT could improve the sensitivity of C6 glioma
cells to the combination chemotherapy. The CI method was
used to analyze the type of drug interactions in combination
chemotherapy. The combination index (CI) is a parameter that
indicates whether the interaction of 2 or more drugs is syner-
gistic (CI <1), additive (CI =1), or antagonistic (CI >1). Our
study showed that FLT exerted a synergistic effect on glioma
cells when combined with TMZ.

Accumulating data suggest that multi-targeted therapy
may produce greater benefits than those observed with
single-targeted therapies. The mechanism of FLT may
be different from TMZ. Thus, we postulate that FLT as
distinguished from TMZ may be partly responsible for their
synergistic cytocidal effect in C6 cells. An in vivo study is
now being undertaken in our laboratory to evaluate the syner-
gistic effect in inhibiting the growth of tumor xenografts in
mice, and we are also trying to identify potential predictive
biomarkers with respect to the drug interaction.

To summarize, we showed that FLT is a potential anti-
cancer drug that acts by activating an ERS-related apoptotic
pathway in the treatment of glioma. In addition, our findings
suggest that FLT exerts a synergistic effect on glioma cells
when combined with TMZ. Further studies are needed to
elucidate the role of the ERS-related apoptotic pathway in the
synergistic effect of FLT and TMZ.
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