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Abstract. Temozolomide (TMZ), an alkylating agent, is 
recommended as the initial treatment for high-grade glio-
blastoma. TMZ is widely used, but its short half-life and the 
frequency of tumor resistance limit its therapeutic efficacy. 
In the present study, the anticancer effect of vitamin D (VD) 
combined with TMZ upon glioblastoma was determined, 
and the underlying mechanism of this effect was identified. 
Through cell viability, clonogenic and wound healing assays, 
the current study demonstrated that treatment of a C6 glio-
blastoma cell line with TMZ and VD resulted in significantly 
increased in vitro antitumor effects compared with either VD 
or TMZ alone. Autophagy, hypothesized to be the dominant 
mechanism underlying TMZ-based tumor cell death, was 
maximally activated in TMZ and VD co-treated C6 cells. This 
was demonstrated by ultrastructural observations of autopha-
gosomes, increased size and number of microtubule-associated 
protein 1 light chain 3 (LC3) puncta and increased conversion 
of LC3-I to LC3-II. However, the extent of apoptosis was not 
significantly different between cells treated with TMZ and VD 
and those treated with TMZ alone. Addition of the autophagy 
inhibitor 3-methyladenine markedly inhibited the anticancer 
effect of TMZ and VD treatment, indicating that the chemo-
sensitizing effect of VD in TMZ-based glioblastoma therapy 
is generated through enhancement of cytotoxic autophagy. 
TMZ and VD co-treatment also significantly inhibited tumor 
progression and prolonged survival duration in rat glioblas-
toma orthotopic xenograft models when compared with TMZ 
treatment alone. These in vivo results are concordant with the 
aforementioned in vitro results, together revealing that the 

combined use of TMZ and VD exerts synergistic antitumor 
effects on rat models of glioblastoma and may represent an 
effective therapeutic strategy.

Introduction

Gliomas account for ~50% of all brain tumors  (1,2). Among 
these, malignant gliomas are extremely invasive and are rarely 
removable by en bloc resection. Despite the use of aggressive 
therapies, including radical resection, irradiation and chemo-
therapy, the median survival time of the most malignant type 
of glioma, glioblastoma multiforme (GBM), is ~1 year from 
the initial diagnosis (3,4). Temozolomide (8-carbamoyl-3-meth
ylidazo(5,1-d)-1,2,3,5-terrazin-4(3H)-one; TMZ) has emerged 
as a well-tolerated, orally administered alkylating agent, 
delivering a methyl group to DNA purine bases (O6-guanine; 
N7-guanine and N3-adenine), and has the ability to cross the 
blood-brain barrier and thereby treat primary and recurrent 
gliomas (5,6). However, its relatively short half-life (~1.8 h) 
and the presence of methylguanine-DNA methyltransferase 
within the tumor result in a high recurrence rate following 
TMZ-based monotherapy (7). Novel strategies devised to 
enhance response and thwart resistance are, therefore, the 
focus of clinical investigation, and are essential for the future 
improvement of patient prognosis (8,9).

Previous studies have reported that glioma cells respond 
to TMZ treatment with autophagy, referred as type II 
programmed cell death (10-12). Notably, Kanzawa et al (13) 
demonstrated that 3-methyladenine (3-MA) inhibits autophagy 
through the inhibition of microtubule-associated protein 1 light 
chain 3 (LC3) localization to the autophagosomal membrane, 
thereby attenuating glioblastoma cell death. However, the 
role of autophagy is dependent on cellular context; apart 
from a cytotoxic role during TMZ action, autophagy induc-
tion following mild or moderate cellular stress (for example, 
starvation) is a cytoprotective process that eliminates 
stress-reactive cytoplasmic aggregates, macromolecules and 
organelles in mammalian cells by the lysosomal system and, 
in turn, supplies energy to the cells to maintain homeostasis 
through these catabolic phenomena (14-16). Such paradoxical 
roles of autophagy indicate that an autophagy activator may 
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exert antitumor effects when applied in combination with 
TMZ, causing increased glioblastoma cell autophagy, whilst 
exerting no detrimental effects or even being beneficial to 
normal tissue.

The hormonally active form of vitamin D (VD), 
1,25-dihydroxycholecalciferol, has well-established actions 
on autophagy and has low toxicity at low concentrations 
(<1,000 µg/day, causing conditions such as hypercalcemia 
only when administered in excess) (17). The present study thus 
aimed to investigate the potential of using VD as a chemo-
sensitizing agent in glioblastoma treatment. The induction of 
autophagy by VD relies on an increase in cytoplasmic Ca2+ 
concentration, which may result from VD receptor-mediated 
changes to calcium-regulating protein expression. An increase 
in cytoplasmic Ca2+ concentration activates Ca2+/calmod-
ulin-dependent kinase kinase-β, which is followed by the 
activation of AMP-activated kinase (AMPK), a well-known 
potent inducer of autophagy (18). AMPK activation induces 
autophagy via the inhibition of mammalian target of rapamycin 
complex 1, the major gatekeeper of mammalian autophagy, 
and the subsequent activation of several autophagy-associated 
proteins (19,20). 

The present study aimed to determine the anticancer 
effect of VD and TMZ in the co-treatment of glioblastoma, 
and to identify the underlying mechanism of action. Using 
the C6 glioblastoma cell line, the in vitro anticancer effects 
of TMZ and VD were compared with those of TMZ alone 
through a cell viability assay. In accordance with a previous 
study, which demonstrated that 100 nM VD could trigger 
autophagy in breast tumor cells without any signs of apoptotic 
morphology (21), a 100 nM concentration of VD was used in 
the present study. Western blotting, flow cytometry, transmis-
sion electron microscopy (TEM) and immunofluorescence 
(IF) were also performed to identify whether autophagy 
enhancement was the underlying mechanism of this anticancer 
effect. Finally, these treatments were applied to rat orthotopic 
xenograft models to determine their antitumor effects in vivo. 

Materials and methods

Cell culture. The C6 rat glioblastoma cell line was purchased 
from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). Cells were cultured under sterile condi-
tions, at 37˚C, in a humid environment containing 5% CO2; 
culture medium consisted of Dulbecco's modified Eagle's 
medium supplemented with 10% fetal bovine serum, 4 mM 
glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin 
(all purchased from Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). The cultures were regularly checked and 
trypsinized when cells reached 85% confluence. 

3‑(4,5‑Dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide 
(MTT) assay. In order to determine the half-maximal inhibi-
tory concentration (IC50 value) of TMZ, 5x103 C6 cells in 
single-cell suspensions were seeded into individual wells of 
96‑well plates and incubated for 24 h at 37˚C prior to treatment 
with TMZ (0.1, 0.5, 1, 5 or 10 µM; Sigma-Aldrich, St. Louis, 
MO, USA) diluted in dimethyl sulfoxide (DMSO; Gibco; 
Thermo Fisher Scientific, Inc.) for 24 h (data not shown). 
Following determination of the IC50 value of TMZ as 1 mM, 

cells were treated for 24 h with DMSO alone, 1 mM TMZ, 
100 nM VD (Tocris Bioscience, Ellisville, MO, USA) or a 
combination of the two (1 mM TMZ plus 100 nM VD). To 
reveal the role of autophagy on C6 cell cytotoxicity, which 
may be induced by various treatments as mentioned above, 
cells were treated with 1 mM 3-methyladenine (3-MA; 
Sigma-Aldrich), an autophagy inhibitor, at 30 min treatments. 
MTT solution (Thermo Fisher Scientific, Inc.) was added to 
each well and the plate was incubated for 4 h at 37˚C prior 
to removing the culture medium. DMSO was then added for 
30 min at room temperature. Cell viability was determined 
using a spectrophotometer by measuring the absorbance at 
492 nm (Ultrospec 7000; Biochrom, Holliston, MA, USA). 
Viability for each group was calculated as a percentage of that 
of the control group.

Clonogenic assay. Prior to plating, the cell culture medium was 
removed and the cells were washed twice with phosphate-buff-
ered saline (PBS). Adherent cells were then trypsinized and 
counted. A total of 5,000 cells were seeded into 60-mm tissue 
culture dishes (Greiner Bio-One GmbH, Frickenhausen, 
Germany) containing culture medium supplemented with 
DMSO, 1 mM TMZ, 100 nM VD or a combination of 1 mM 
TMZ and 100 nM VD. Colonies were allowed to form for 
72 h. The cell culture medium was then removed and the cells 
were washed twice with PBS. Colonies were fixed using 100% 
methanol for 30 min at room temperature, and stained with 
Coomassie Blue (Thermo Fisher Scientific, Inc.) for 15 min. 
The number of colonies containing ≥50 cells was counted. 
This experiment, and the following assays were performed in 
triplicate.

Wound healing assay. Wound healing experiments were 
performed, as previously described (22). Briefly, the cells 
were seeded on 60-mm tissue culture dishes and grown to 
confluence. The cells were treated with DMSO, TMZ, VD or a 
combination of TMZ and VD, and scratched with a sterile 20-µl 
pipette tip to create an artificial wound. Immediately and 24 h 
after wounding, the wound healing process was imaged using 
an inverted microscope with a 10X long-working-distance 
objective (1X51; Olympus Corporation, Tokyo, Japan). Cell 
migration was quantified by measuring the diameter of the 
wound at 0 and 24 h using the image analyzing software, 
ImageJ (version 1.45; NIH, Bethesda, MA, USA).

Hoechst 33258 staining. In order to evaluate levels of apoptosis, 
1x106 cells/well were plated on coverslips (BD Biosciences, 
Bedford, MA, USA) in a 12-well plate. The cells were treated 
with DMSO, TMZ, VD or a combination of TMZ and VD and 
kept in a CO2 incubator at 37˚C for 24 h. Following incuba-
tion and addition of fresh medium, the cells were incubated 
with 5 µl Hoechst 33258 (Sigma‑Aldrich) per well at 37˚C for 
10 min. The number of apoptotic cells was then assessed using 
an LSM 700 laser confocal microscope (Zeiss, Oberkochen, 
Germany). Increased fluorescence with shrunken nuclei was 
indicative of apoptotic cells, whereas weak fluorescence with 
normally-sized nuclei was indicative of non-apoptotic cells. 
The number of apoptotic cells was quantified by capturing 
images in random fields and counting ≥200 cells from 
4 random fields in each well.
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IF staining. LC3 is a reliable marker for cells undergoing 
autophagy (23). A total of 1x106 cells/well were seeded onto 
sterile glass coverslips. After a 24 h treatment with DMSO, 
TMZ, VD or a combination of TMZ and VD, cells were fixed 
using 4% paraformaldehyde (Sigma-Aldrich), blocked with 
3% normal goat serum (Dako, Carpinteria, CA, USA) and 
incubated in 1% bovine serum albumin (Sigma-Aldrich)/10% 
normal goat serum/0.3 M glycine in 0.1% PBS-Tween for 1 h to 
permeabilize the plasma membrane and to block non‑specific 
protein-protein interactions. The cells were then incubated 
with a rabbit polyclonal anti-LC3 antibody (1:500; ab128025; 
Abcam, Cambridge, UK) for 2 h. Cells were washed twice 
with PBS, incubated for an additional 30 min with fluorescein 
isothiocyanate-conjugated anti-rabbit IgG antibody (1:1,000; 
ab6717; Abcam), washed again with PBS and mounted 
onto slides with 4',6-diamidino-2-phenylindole-conjugated 
mounting medium (Abcam). Following image acquisition with 
the LSM-700 laser confocal microscope, LC3 puncta in cells 
were quantified using 10 randomly‑selected images from each 
drug treatment group. 

Flow cytometry. Cells were analyzed for the presence of 
LC3 using a FACSCanto II flow cytometer (BD Biosciences) 
according to the manufacturer's protocol. Following 2 washes 
with PBS, cells were fixed using 4% paraformaldehyde for 
10 min at 37˚C and permeabilized with 0.25% Triton X‑100 
in PBS for 10 min. Cells were stained with rabbit polyclonal 
anti-LC3 antibody (1:100; ab128025; Abcam, Cambridge, 
UK) for 1‑2 h at 4˚C (1:100) and goat anti-rabbit IgG antibody 
(1:200; ab6717; Abcam) for 1 h on ice. Following 2 additional 
washes with PBS, cells were fixed using 4% paraformaldehyde 
and assayed immediately. Flow cytometry data were collected 
using 10,000-30,000 cells and were analyzed using FlowJo 
software (version 10.1; Tree Star, Ashland, OR, USA).

TEM. Cells were collected and fixed in 2% paraformaldehyde 
and 0.1% glutaraldehyde in 0.1 M sodium cacodylate for 2 h, 
post‑fixed with 1% OsO4 for 1 h, PBS-washed and stained 
for 1 h in 3% aqueous uranyl acetate. The cells were washed 
again, dehydrated with graded alcohol and embedded in 
Epon-Araldite resin (Canemco Inc., Gore, QC, Canada). Ultra-
thin sections were cut using an ultramicrotome (Reichert, Inc., 
Depew, NY, USA), counterstained with 0.3% lead citrate and 
examined using an HT7700 transmission electron microscope 
(Hitachi, Ltd., Tokyo, Japan).

Immunoblotting. C6 cells treated with vehicle, TMZ, VD or a 
combination of TMZ and VD were lysed using a lysis buffer 
containing 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM 
EDTA, 100 mM NaF, 1 µg/ml leupeptin, 1 µg/ml antipain and 
1 mM phenylmethylsulfonyl fluoride. The protein content in 
the cell lysates was determined using a BCA protein assay 
kit (Thermo Fisher Scientific, Inc.). Immunoblotting was 
conducted by resolving 30-50 µg protein by 15% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and 
electroblotting onto polyvinylidene difluoride membranes for 
western blot analysis. Blots were probed with the following 
1:1,000-diluted primary rabbit antibodies: Anti-cleaved 
caspase-3 (ab32042), β-actin (ab189073), LC3 (ab128025), 
beclin‑1 (ab55878) and p62 (ab91526) overnight at 4˚C, followed 

by incubation with horseradish peroxidase-conjugated goat 
anti-rabbit IgG (1:1,000; ab6717) secondary antibody for 
1 h at room temperature. The proteins were then visualized 
by an enhanced chemiluminescence system (Thermo Fisher 
Scientific, Inc.) with exposure to X‑ray film. Finally, the blots 
were scanned and densitometric analysis was performed using 
Scion Image (Beta 4.02 release) software (Scion Corporation, 
Torrance, CA, USA).

Experimental animals. Male Sprague-Dawley rats were 
obtained from the Experimental Animal Center, Konyang 
University (Daejeon, South Korea). A total of 24 male rats 
(age, 2-months; body weight, 250-300 g) were used. The 
animals were housed at 23˚C and 60% relative humidity, with 
a 12:12 h light:dark cycle and free access to water and food. 
Animal handling and care conformed to the Konyang Univer-
sity institutional guidelines, which comply with international 
law and policy (as described in the NIH Guide for the Care and 
Use of Laboratory Animals; NIH Publication No. 85-23, 1985, 
revised 1996). The study was approved by the ethics committee 
of Konyang University, Daejeon, Korea). All experiments were 
designed to minimize the number of animals used and the 
detriment to the animals' mental and physical wellbeing.

Rat orthotopic xenograft model. To establish the rat glioblas-
toma model, the cell implantation procedure was conducted 
based on the method developed by Kobayashi et al (24). 
Briefly, each animal was anesthetized (ketamine 40‑90 mg/kg, 
intraperitoneally and xylazine 5-10 mg/kg, subcutaneously; 
both purchased from Daihan Pharmaceutical Co., Ltd., Seoul, 
Korea) and immobilized on a stereotaxic unit (Stoelting Co., 
Wood Dale, IL, USA). Following disinfection and incision of 
the skin with a scalpel, a hole was drilled through the skull 
2-mm lateral and 2-mm anterior to the bregma, on the right 
side of the skull. A total of 1x106 C6 cells, resuspended in 
10 µl saline solution, were injected with a 25-gauge Hamilton 
syringe (Hamilton, Reno, NV, USA) at a 3-mm depth from 
the dura, at a rate of 2 µl/min. A waiting time of 2 min 
was implemented following injection to avoid leakage. At 
post-operative day 7 (POD 7), animals were divided into 
three groups (n=8 animals per group). The first group was 
treated with 200 µl DMSO, the second group was treated 
intraorally (i.o.) with 10 mg/kg/day TMZ, dissolved in 
200 µl DMSO, and the third group received a subcutaneous 
(s.c.) injection of 0.2 µg/kg/day of VD dissolved in 200 µl of 
saline solution and also received TMZ as described above. 
The treatment duration was 1 week. Magnetic resonance 
imaging (MRI) was used to evaluate tumor size in vivo. Prior 
to imaging, rats were anesthetized, using the aforementioned 
anesthetics and doses, and placed in the imaging chamber of 
a 7T/30 cm MRI scanner (Pharmascan 7T; Bruker BioSpin 
GmbH, Karlsruhe, Germany). The parameters of the scan 
were as follows: Field of view, 60 mm; slice thickness, 
0.5 mm; multiple echo times, 35.1 msec; and repetition time, 
3,500 msec. Prior to drug treatment, the confirmation of 
successful modeling was conducted by T2-weighted MRI at 
POD 7. At the end of the 7-day treatment period, on POD 14, 
tumors from each rat were imaged again by MRI to compare 
the antitumor effects of the drug treatments. A total of 
20 MRI images per animal were obtained and tumor volume 
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was measured using 3D-Doctor Software (Able Software 
Corp, Lexington, MA, USA) with a thresholding method (25).

Statistical analysis. The survival curves of the tumor-bearing 
rats were estimated according to the Kaplan-Meier method, and 
the curves were compared using a generalized Wilcoxon test. 

One-way analysis of variance tests were performed to detect 
differences in effects between the treatments. All data are 
presented as mean ± standard error of the mean. Comparisons 
of the data between the groups were performed with Student's 
t-tests using SPSS software (version IBM Corp., Armonk, NY, 
USA). Differences with P-values <0.05 were considered to be 

Figure 1. In vitro effects of TMZ + VD combination therapy in the C6 rat glioblastoma cell line. (A) Representative microscopic images of C6 cells incu-
bated with DMSO, TMZ, VD or TMZ + VD for 24 h. Scale bar represents 100 µm. (B) Graph of the treatment cytotoxicity, measured by MTT assay. 
(C) Representative images of colonies formed by C6 cells incubated with DMSO, TMZ, VD or TMZ + VD for 72 h., marked with red circles. (D) Graph of 
the colony counts for each group. The number of colonies containing ≥50 cells was selectively counted. (E) Representative microscopic images of a wound 
healing assay using C6 cells treated with DMSO, TMZ, VD or TMZ + VD for 24 h. Scale bar represents 500 µm. (F) Graph of the wound diameter remaining 
following treatment, expressed as the mean ± standard error of the mean of ≥3 independent experiments. **P<0.01 and ***P<0.001 vs. DMSO-treated cells; 
##P<0.01 and ###P<0.001 vs. TMZ-treated cells. DMSO, dimethyl sulfoxide; TMZ, temozolomide; VD, vitamin D; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide.
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statistically significant. Each n-value refers to the number of 
separate experiments conducted.

Results

Combination with VD enhances the cytotoxicity of TMZ to 
a rat glioblastoma cell line in vitro. To examine whether 
co-treatment with TMZ and VD inhibited the growth of 
C6 cells, a rat glioblastoma cell line, in vitro experiments 
were performed. Cells were incubated in a culture medium 
containing DMSO, VD alone, or TMZ with or without VD, 
for 24 h. An MTT assay was then performed to compare the 

cytotoxicity of each treatment. As demonstrated in Fig. 1A 
and B, treatment with VD alone did not suppress cell growth, 
but TMZ alone or in combination with TMZ significantly 
inhibited cell growth (P<0.001), compared with the DMSO 
control. Notably, growth was inhibited to a greater extent 
in cells treated with TMZ and VD when compared with 
the growth of cells treated with TMZ alone (cell viability, 
29.9±3.7 vs. 54.2±14.3%, respectively; P<0.001). These data 
were supported by two additional experiments; TMZ treat-
ment reduced the number of colonies (Fig. 1C and D) and 
reduced the wound healing (i.e., migratory) ability of the 
C6 cells (Fig. 1E and F). TMZ and VD co-treatment was 

Figure 2. Enhancement of autophagic activity in C6 cells treated with TMZ and VD for 24 h. (A) Representative immunofluorescence images demonstrating 
LC3 immunoreactivity in C6 cells treated with DMSO, TMZ, VD or TMZ + VD. Scale bar represents 10 µm. (B) Graph of LC3 puncta quantification, demon-
strating the average number of LC3 puncta per cell from 10 randomly selected images. (C) Representative fluorescence‑activated cell sorting profiles for LC3 
expression in C6 cells treated with DMSO, TMZ, VD or TMZ + VD. (D) Graph of the MFI, expressed as the mean ± standard error of the mean from ≥3 inde-
pendent experiments. ***P<0.001 vs. DMSO-treated cells; ##P<0.01 and ###P<0.001 vs. TMZ-treated cells. (E) Autophagy in transmission electron micrographs 
(x9,700 magnification) of C6 cells treated with DMSO, TMZ, VD or TMZ + VD. Red arrowheads indicate autophagosomes. (F) Representative immunoblots 
demonstrating LC3, beclin-1 and p62 expression in C6 cells treated with the indicated drugs. Actin was used as a loading control. DMSO, dimethyl sulfoxide; 
TMZ, temozolomide; VD, vitamin D; LC3, microtubule‑associated protein 1 light chain 3; MFI, mean fluorescence intensity.
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more effective than TMZ alone in reducing colony forma-
tion (2.6±2.2 vs. 5.9±0.8 colonies, respectively; P<0.01) and 
inhibiting wound healing (wound distance, 0.56±0.05 vs. 
0.28±0.03 mm; P<0.001). These data suggest that the 
combined use of TMZ and VD may be an effective therapy 
for glioblastoma treatment.

TMZ and VD co‑treatment enhances autophagy in glioblas‑
toma cells. TMZ and VD have separately been reported to 
induce autophagy in numerous cell types (26,27), so the present 
study examined the induction of autophagy by TMZ, VD or a 
combination of TMZ and VD in C6 cells. After 24 h of treat-
ment, cells were collected and stained using IF (Fig. 2A and B) 
and examined by flow cytometric analysis (Fig. 2C and D) to 
detect the presence of LC3. LC3 is an established autophagy 
marker due to its involvement in autophagosome membrane 
formation (28,29). TEM observation (Fig. 2E) was performed to 
detect activation of autophagy. All three drug treatments could 
activate autophagy in C6 cells. In the cells treated with a combi-
nation of TMZ and VD compared with the cells treated with 
TMZ alone, the estimated mean number of LC3 puncta per cell 

(Fig. 2A and B) and mean fluorescent intensity (Fig. 2C and D) 
were increased almost 2-fold (22.1±3.6 vs. 11.9±0.2 puncta; 
P<0.01) and 1.5-fold (1,210.3±62.5 vs. 820.2±34.4; P<0.001), 
respectively. Ultrastructural observation using TEM 
(Fig. 2E) revealed the generation of small autophagosomes, 
double‑layered structures engulfing intracellular organelles, 
in cells treated with TMZ or VD. However, the autophago-
some number and size increased in cells treated with TMZ 
and VD compared with the cells treated with TMZ alone, 
also confirmed by IF and TEM. The quantitative changes of 
autophagy-related protein expression in C6 cells were also 
measured. As demonstrated in Fig. 2F, TMZ treatment induced 
the conversion of LC3-I to LC3-II (lipidated form), a reliable 
marker of autophagosome generation. Furthermore, the expres-
sion levels of beclin-1 and p62, positive and negative upstream 
regulators of LC3 recruitment, respectively, were indicative 
of the induction of autophagy in TMZ-treated cells (30). The 
alterations of the level of autophagy-related protein expression 
were significantly increased by the TMZ and VD treatment. 

The effects of TMZ and VD co-treatment on apoptosis, 
morphologically and quantitatively, were also examined (Fig. 3A 

Figure 3. Apoptosis in C6 cells treated with TMZ and VD for 24 h. (A) Representative images demonstrating Hoechst 33258 staining. Shrunken nuclei 
with intense fluorescence (white arrowheads) were considered to be apoptotic nuclei, and normal‑sized nuclei with weak fluorescence were considered to 
be non-apoptotic. Scale bar represents 150 µm. (B) Graph of the proportion of apoptotic nuclei to all nuclei in 4 randomly‑selected microscopic fields (of 
≥100 cells in each field), expressed as a percentage. (C) Representative immunoblots of cleaved caspase‑3 expression in C6 cells treated with the indicated 
drugs. (D) Graph of the densitometric analysis, expressed as the mean fold change vs. the control ± standard error of the mean from ≥3 independent experi-
ments. Actin was used as a loading control.  **P<0.01 and ***P<0.001 vs. DMSO-treated cells. DMSO, dimethyl sulfoxide; TMZ, temozolomide; VD, vitamin D; 
N.S., not significant.
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and B). Following staining with Hoechst 33258, small, bright, 
condensed nuclei occurred at a significantly greater frequency 
in cells treated with TMZ alone or TMZ and VD (39.1±8.3 and 
35.0±3.4%, respectively), compared with DMSO-treated cells 

(P<0.01). Furthermore, western blot analysis to quantify cleaved 
(active-) caspase-3, the most important effector of the apoptotic 
process, supported increased apoptosis following these treat-
ments (Fig. 3C and D). Notably, no significant difference in 

Figure 5. In vivo effects of TMZ and VD combination therapy on tumor size regression and prolonged survival in orthotopic, xenografted tumor-bearing 
rats (n=8). (A) Representative T2-weighted magnetic resonance images, used to monitor brain tumor progression at POD 7 and 14 in rats treated for 7 days 
(from POD 8 to POD 14) with vehicle, TMZ (10 mg/kg/day, i.o.) or TMZ (10 mg/kg/day, i.o.) + VD (0.2 µg/kg/day, s.c.). Red circles represent comparative 
tumor size between the TMZ- and TMZ + VD-treated groups. (B) Graph of tumor volumetric analysis, expressed as the mean ± standard error of the mean. 
***P<0.001 vs. vehicle-treated rats; ###P<0.001 vs. TMZ-treated rats. (C) Kaplan-Meier survival curves. Rats with intracranial C6 cells were observed for 6 weeks 
post-treatment; the arrows indicate the timing of the 7-day scheduled regimen for each treatment. TMZ, temozolomide; VD, vitamin D; POD, post-operative 
day; i.o., intraorally; s.c., subcutaneously.

Figure 4. Role of autophagy in the synergistic effect of TMZ and VD on C6 cell death. (A) Graph of the cytotoxic effect of a 24-h TMZ, VD or TMZ + VD 
treatment of C6 cells, with or without co-incubation with 3-MA, expressed as percentage of untreated control cells. (B) Representative immunoblots demon-
strating cleaved caspase-3 expression in C6 cells treated with the indicated drug combinations. (C) Densitometric analysis of cleaved caspase-3 expression in 
drug-treated C6 cells, with or without co-incubation with 3-MA, expressed as the mean fold change vs. untreated control cells ± standard error of the mean 
from ≥3 independent experiments. Actin was used as a loading control. ***P<0.001 vs. untreated control cells; ###P<0.001 vs. TMZ + VD-treated cells. TMZ, 
temozolomide; VD, vitamin D; 3-MA, 3-methyladenine.
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apoptosis was identified between the TMZ‑treated and the TMZ 
plus VD-treated cells. The present results suggest that TMZ 
and VD co-treatment enhanced the autophagic process, but not 
apoptosis, in glioblastoma cells.

Involvement of cytotoxic autophagy in the synergistic effect of 
VD and TMZ. The role of autophagy induced by the TMZ and 
VD co-treatment on tumor suppression was elucidated in the 
current study through use of the autophagy inhibitor 3-MA. As 
demonstrated in Fig. 4A, 3‑MA treatment significantly attenu-
ated the tumoricidal activity of the TMZ and VD co-treatment 
(cell viability, 25.4±8.1 vs. 12.2±2.5% in TMZ and VD-treated 
cells; P<0.001). Addition of 3-MA caused C6 cell survival rates 
to be restored to those of C6 cells treated with TMZ alone. The 
evaluation of caspase-3 expression levels using western blot 
analysis revealed that 3‑MA had no significant effect on apop-
tosis (Fig. 4B and C). These results indicate that the antitumor 
effect of the TMZ and VD co-treatment is due, at least in part, 
to the enhancement of autophagy, without affecting apoptosis.

Synergistic effect of VD in combination of TMZ in the in vivo rat 
glioblastoma model. The growth dynamics of xenografted C6 
tumors were analyzed by MRI. At POD 7 in all tumor-bearing 
rats, the glioblastoma presented as a hyperintensive tumor 
in the T2-weighted images; no significant difference was 
observed in tumor size between the experimental groups. In 
contrast to vehicle treatment, the administration of TMZ alone 
and of TMZ plus VD for 1 week significantly inhibited tumor 
growth (Fig. 5A), which reached 580±83 and 186±52 mm3 in 
rats treated with TMZ alone or TMZ plus VD, respectively. 
These results suggest a synergism between TMZ and VD 
(Fig. 5B). Tumor-bearing rats treated with TMZ plus VD 
demonstrated a significantly prolonged survival duration 
(Fig. 5C). The median survival duration was 4 weeks in rats 
treated with TMZ only, but ≥5 weeks for rats co-treated with 
TMZ and VD. These data together indicate that treatment with 
a combination of TMZ and VD enhanced TMZ therapeutic 
efficacy against glioblastoma in vivo.

Discussion

The current study established that a combination of VD and 
TMZ may have therapeutic potential in the treatment of GBM, 
and provided evidence that chemosensitization to TMZ by VD 
occurs through the enhancement of autophagy. Considering 
that GBM cells commonly carry mutations that inactivate the 
apoptotic pathway (31,32), the enhancement of autophagy by 
TMZ and VD combination therapy could represent an alterna-
tive method for the elimination of GBM cells. However, the 
mechanism by which autophagy enhancement kills GBM 
cells, and whether the enhancement of autophagy is the only 
mechanism involved in the action of TMZ and VD against 
GBM, remain to be determined.

Autophagy is the principal cellular route used for 
degrading long-lived proteins and cytoplasmic organelles, 
and the catabolic advantage of increased autophagy may be 
critical in stress conditions (33,34). Induced autophagy may, 
therefore, reflect an adaptive mechanism used to prevent cell 
death. A marked correlation between reduced autophagy and 
cancer has previously been reported (35,36). A previous study 

has also indicated that several proteins and signaling pathways 
that are associated with autophagy are deregulated during 
malignant transformation, resulting in reduced autophagic 
activity; this previous study demonstrated that cytoplasmic 
levels of beclin-1 protein and mRNA were lower in GBMs 
compared with lower-grade astrocytomas and normal brain 
tissue (37). Another previous study involving biochemical 
analysis of biopsied tumor samples reported that high cyto-
plasmic levels of the protein beclin-1 positively correlated with 
the survival and performance status of patients, whereas a low 
expression level of beclin-1 correlated with an increase in cell 
proliferation (38). Furthermore, high LC3 expression has been 
associated with improved survival in GBM patients with poor 
performance scores (39). Based on these previous reports and 
the current data, restoration of autophagic activity to normal 
levels in GBM cells, which is commonly downregulated, 
may be a potential strategy to treat GBM, and could serve 
as a mechanism for the restriction of uncontrolled tumor cell 
growth.

In addition to the hypothesis of ‘autophagy restoration’ 
as a mechanism underlying the autophagy-induced antitumor 
effect, there may be another explanation; during normal 
autophagy, specific cytoplasmic constituents are isolated 
from the rest of the cell within an autophagosome, which 
then fuses with a lysosome and its cargo is degraded and 
recycled (40-42). When autophagy is upregulated, the rates 
of autophagosome formation exceed the rates of lysosomal 
degradation, a condition termed ‘autophagic stress’, is gener-
ated in the cell. If stress or dysregulated autophagy persist, cell 
death may occur through energy depletion or through altera-
tion of the beclin-1/bcl-2 balance. The cells may also apoptose 
due to the hyperactivity of autophagosomes, engulfing vital 
cytoplasmic organelles, including the mitochondria and the 
endoplasmic reticulum. It has been suggested that the overall 
autophagic activity is increased in a cell predisposed to death, 
when compared with the normal cytoplasmic and organelle 
turnover occurring in healthy cells. As a consequence, the 
cell ‘cannibalizes’ itself from inside, a key feature of type II 
programmed cell death. Although the precise pathway by 
which VD increases the therapeutic efficacy of TMZ against 
GBM remains to be elucidated, this combination treatment 
may exert its antitumor effects by utilizing the two aforemen-
tioned autophagy mechanisms. 

VD has multiple modes of action, which indicates that 
there may be other mechanisms underlying its synergism with 
TMZ besides the autophagy enhancement demonstrated in the 
present study; previous studies have demonstrated that VD 
exerts an antitumor effect by interfering with the transduc-
tion pathways of growth factor-activated receptors (receptor 
tyrosine kinases). This subsequently changes transcription 
and alters genomic functions, resulting in the inhibition of 
cell proliferation (43). VD has also been proposed to promote 
angiogenesis (44) and to increase the level of an endogenous 
protein, cystatin D, which possesses antitumor and anti-meta-
static properties (45). Furthermore, VD has been reported to 
facilitate cancer cell apoptosis by upregulating proapoptotic 
p53, p21 and Bax proteins, while downregulating anti-apoptotic 
bcl-2 protein (46). However, the current study did not identify 
changes in the number of apoptotic nuclei (Fig. 3A and B) or 
in cleaved caspase-3 expression levels (Figs. 3C and 4B and C) 
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in C6 cells treated with VD alone. This discrepancy regarding 
the role of VD in apoptosis may be due to a different VD dose 
regimen, C6 cell sensitivity to VD or differing duration of the 
experiment. 

In summary, to the best of our knowledge, the current study 
is the first to demonstrate that combining VD with TMZ exerts 
a synergistic effect on the antitumor activity of TMZ in GBM 
in vivo and in vitro. Although other mechanisms underlying 
these synergistic effects remain to be determined, an increase 
in autophagy was identified as a crucial tumoricidal mecha-
nisms of VD chemosensitization during TMZ-based GBM 
therapy.
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