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Abstract. Currently, clinically available options for treating 
glioblastoma (GBM) are quite limited, and there is a clear need 
to develop novel treatment strategies that can more effectively 
manage tumors. Here, we present a combination treatment of 
temozolomide (TMZ), a blood-brain barrier penetrating DNA 
alkylating agent, and ZD6474 (vandetanib), a VEGFR2 and 
EGFR dual-targeting anti-angiogenic agent, as a novel treat-
ment strategy for GBM. In a U-87MG orthotopic xenograft 
model, the combination treatment provided a marked 94% 
tumor volume reduction. This reduction was greater than that 
achieved by monotherapy of either agent, and was correlated 
with a statistically significant reduction in microvessel density 
(CD31+ cells) and proliferation (PCNA+ cells). These results 
confirm the necessity to target angiogenesis in addition to 
utilizing cytotoxic approaches, and provide the rationale 
for application of TMZ + ZD6474 combination therapy for 
treating GBM patients in the clinical setting.

Introduction

Glioblastoma (GBM) is the deadliest and most malignant form 
of glioma. GBM presents as locally infiltrating and invasive 
types, and is associated with a poor prognosis due to the high 
proliferation of microvasculature (1,2). Treatments for GBM 
typically involve surgical removal, radiation therapy and 
chemotherapy, but they often fail due to the highly resistant 
nature of the tumor (3,4). Temozolomide (TMZ) is the most 
widely used chemotherapy for GBM and is orally admin-
istered (5). TMZ is a small-molecule DNA alkylating agent 
that easily penetrates the blood-brain barrier and elicits DNA 
methylation to effect tumor cell death (6,7).

GBM is morphopathologically classified as having highly 
active neovascularization and proliferation, and there has been 
extensive interest in suppressing angiogenesis to control tumor 
growth. ZD6474 (vandetanib) is an anti-angiogenesis chemo-
therapeutic agent that is currently undergoing clinical trial for 
glioma (8) and non-small cell lung cancer (9). ZD6474 targets 
both vascular endothelial growth factor receptor (VEGFR) and 
epidermal growth factor receptor (EGFR), and is expected to 
perform better than existing anti-angiogenic therapeutics (9).

In this study, we studied the combination therapy of TMZ 
that suppresses tumor growth by DNA alkylation, together with 
ZD6474 whose anti-angiogenic mode of action is orthogonal 
to TMZ, in an orthotopic xenograft glioblastoma Balb/c-nu 
mouse model.

Materials and methods

Cell culture. The U-87MG human glioblastoma cell line was 
maintained in Eagle's minimal essential medium containing 
1 mM sodium pyruvate, 0.1 mM non-essential amino acids, 
2 mM L-glutamine and 1.5 g/l sodium bicarbonate, supple-
mented with 10% FBS and 1% penicillin/streptomycin in 
standard tissue culture conditions. The cells were implanted 
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into the mice within three passages for the development of the 
orthotopic xenograft models.

Orthotopic glioblastoma xenograft model generation. 
Six-week-old male Balb/c-nu mice were used. Mice were anes-
thetized with intramuscular injection of 100 mg/kg ketamine 
and 10 mg/kg xylazine and fastened to a stereotactic frame for 
the intracerebrum injection of U-87MG cells. U-87MG cells 
(2x105)/5 µl HBSS were injected using Hamilton syringes into 
the mice cerebrum at AP 0.5 mm, ML +1.7 mm, DV -3.2 mm 
to generate the orthotopic glioblastoma xenograft model. The 
mice were subgrouped to control, TMZ alone, ZD6474 alone, 
and TMZ + ZD6474 combination groups. For the TMZ alone 
group, 2.5 mg/kg TMZ (Temodal® capsule; Schering-Plough, 
USA) was administered intraperitoneally on days 15-19 post-
U‑87MG injection (Fig.  1). For the ZD6474 alone group, 
50 mg/kg ZD6474 (vandetanib, 1751-100; BioVision, USA) 
was administered orally on days 15-28 post-U‑87MG injection 
(Fig. 1). For the combination group, TMZ and ZD6474 were 
administered using the same schedule as the respective single 
agent groups (Fig. 1). For all groups, mice were sacrificed at 
4 weeks post-injection using CO2 gas. All animal experiments 
were performed according to the National Institute of Health 
Guide for the Care and Use of Laboratory Animals (NIH 
publication no. 80-23, revised in 1996), and according to the 
Association for Assessment and Accreditation of Laboratory 
Animal Care-Accredited Guidelines of our institute's Animal 
Use and Care Committee.

Immunohistochemistry. Brains collected from the mice were 
sectioned in 2-mm slices. The sections containing the injection 
site were fixed and embedded in 10% neutral formaldehyde, 
while the remaining sections were embedded in frozen blocks 
using OCT compound. Paraffin and frozen blocks were micro-
tome sliced to 4- and 8-µm microslices, respectively, and 
stored at room temperature or -20˚C, respectively. For tumor 
mass volume quantification, H&E staining was performed 
in the paraffin sections and the sections were then observed 
under an optical microscope. Tumor volume was calculated as 
length (mm) x [width (mm)]2 x 0.5.

For CD31 staining, the frozen sections were dried at 
room temperature for 30  min and fixed in cold acetone, 
acetone:chloroform (1:1) and acetone (5 min each). After 
washing in PBS, the sections were incubated in 3% H2O2/meth-
anol for 12 min to suppress the endogenous cellular peroxidase 
activity. After blocking in 5% normal horse serum/1% normal 
goat serum at room temperature for 20 min, the sections were 
incubated in rat anti-mouse CD31 (BD Bioscience, 553370; 
1:400 dilution) overnight at 4˚C and washed three times in 
PBS. After reaction with horseradish peroxidase-conjugated 
anti-rat IgG for 1 h, the sections were washed three times in 
PBS and developed in 3,3'-diaminobenzidine tetrahydrochlo-
ride (DAB·4HCl; Sigma, St. Louis, MO, USA). The sections 
were counterstained with Harris hematoxylin for 1  min 
and mounted for observation under an optical microscope. 
CD31-positive microvessels within the tumor were counted in 
randomly chosen, multiple fields of view.

For PCNA staining, paraffin was removed from sections 
using xylene, followed by multiple submersions in alcohol and 
distilled water for rehydration. The antigens were restored by 

microwaving for 20 min in 0.1 M citrate buffer. After washing 
in PBS, endogenous peroxidase activity was suppressed as 
described above. To suppress non-specific staining, Mouse 
on Mouse kit (BMK-2202; Vector Laboratories, Burlingame, 
CA, USA) was used for 1 h. Sections were incubated in PCNA 
primary antibody (M0879, Dako; 1:300 dilution) overnight at 
4˚C. After washing with PBS, tissues were reacted with biotin-
conjugated anti-mouse secondary antibody (Vector Elite kit; 
Vector Laboratories) for 1 h, followed by development in 
DAB·4HCl (Sigma). The sections were counterstained with 
Harris hematoxylin for 1 min and mounted for observation 
under an optical microscope. PCNA-positive cells within the 
tumor were counted in randomly chosen, multiple fields of 
view.

Statistical analyses. All results are reported as the means ± 
standard error. One-way ANOVA was used for group-to-
group comparison, followed by LSD test for multiple group 
comparison, with p<0.05 denoting statistical significance.

Results

Synergistic effect of TMZ and ZD6474 on tumor volume reduc-
tion. To determine the synergistic effect of TMZ and ZD6474 
combination therapy on glioblastoma, the tumor volume of 
the orthotopic xenograft models was measured. Twenty-eight 

Figure 1. Experimental design. Six-week-old Balb/c-nu mice were used for 
generation of the orthotopic xenograft model. The control group did not 
receive any treatment. The TMZ alone group received 2.5 mg/kg TMZ daily 
during days 15-19 post-injection. The ZD6474 alone group received 50 mg/
kg ZD6474 daily during days 15-28. The combination group received both 
agents at the same dose and schedule as the corresponding monotherapy 
group. All mice experiments were terminated on day 28. i.c., intracranial; 
i.p., intraperitoneal; p.o., per oral.

Figure 2. Synergistic effect of the combination treatment of TMZ and ZD6474 
on tumor mass volume in the glioblastoma orthotopic xenograft model. Data 
are expressed as the means ± SE. *p<0.05, **p<0.01 vs. the control.
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days after U-87MG intracerebrum injection, the control 
group exhibited a tumor volume of 27.2±12.4 mm3, while the 
TMZ and ZD6474 single agent treatment groups had signifi-
cantly smaller tumor volumes of 5.9±2.8 and 9.5±2.1 mm3, 
respectively (p<0.05). Furthermore, the TMZ and ZD6474 
combination group exhibited even greater suppression of 
tumor growth, with a 1.6±0.7 mm3 tumor volume significantly 
different than that of the control (p<0.01). Compared to the 
single agent treatments, the combination treatment resulted in 
a 94% tumor suppression, confirming the synergistic effect of 
TMZ and ZD6474 (Fig. 2).

Synergistic effect of TMZ and ZD6474 on microvessel density 
reduction. There is a close correlative relationship between 
tumor growth and angiogenesis. Microvessel density (MVD) 
was determined by CD31 staining to evaluate the synergistic 
effect of the TMZ and ZD6474 combination therapy. The 
control group had a high MVD of 40±1.98, while the TMZ 

alone and ZD6474 alone groups had an MVD of 30±1.70 
and 19±0.28, respectively, which were significantly different 
than the control (p<0.05 and 0.001, respectively). The TMZ + 
ZD6474 combination group exhibited an even greater MVD 
reduction of 14±1.32 (p<0.001), which correlated to a 57.7% 
MVD reduction (p<0.001) compared to the TMZ alone 
group, confirming the synergistic effect of the combination 
treatment (Fig. 3).

Synergistic effect of TMZ and ZD6474 on cell proliferation. 
Cell proliferation was characterized using PCNA staining. The 
control had an active proliferation count of 400±8, while the 
TMZ alone and ZD6474 alone groups had 285±4 and 368±10, 
respectively, showing a significant difference (p<0.01). The 
TMZ + ZD6474 combination group exhibited a greater signifi-
cant reduction in the number of proliferating cells compared 
to the control (p<0.001), with a count of 240±4. The reduction 
in the combination group was also statistically significant 

Figure 3. Synergistic effect of the combination treatment of TMZ and 
ZD6474 on microvessel density in the glioblastoma orthotopic xenograft 
model. (A) Immunohistochemistry with anti-CD31 in tumor tissue. (B) Mean 
numbers of microvessels (each group, n=7). Data are expressed as the means 
± SE. *p<0.05, ***p<0.001 vs. control; ###p<0.001 vs. TMZ alone group.

Figure 4. Synergistic effect of the combination treatment of TMZ and 
ZD6474 on cell proliferation in the glioblastoma orthotopic xenograft model. 
(A)  Immunohistochemistry with anti-PCNA in tumor tissue. (B) Mean 
numbers of PCNA-positive cells (each group, n=7). Data are expressed as 
the means ± SE. **p<0.01, ***p<0.001 vs. control; ++p<0.01 vs. ZD6474 alone 
group.
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compared to the TMZ alone group (p<0.01), verifying that the 
combination treatment had a synergistic effect (Fig. 4).

Discussion

Glioblastoma (GBM) is the most malignant and lethal brain 
tumor. It is highly infiltrative to the surrounding tissues, such 
that total surgical resection is impossible, and additional 
radiotherapy and chemotherapy are imperative. Unfortunately, 
the median survival of GBM patients has not significantly 
improved (1-4). It has now become a standard to combine 
TMZ treatment with radiotherapy after surgical resection to 
help improve the survival of GBM patients. Yet, the median 
survival remains less than 2  years and novel therapeutic 
approaches, such as immunotherapy, gene therapy, anti-
angiogenic agents and growth factor inhibitors, are being 
pursued at the pre-clinical and clinical levels. Furthermore, to 
maximize the anticancer effects, combination therapy of two 
or more therapeutics with independent modes of action are 
being actively evaluated (10-12).

TMZ is administered orally because of its small molec-
ular weight with lipophilic properties. It was developed as 
a DNA alkylating agent that directly damages tumor cells 
(5-7). TMZ is stable in acidic conditions, but breaks down to 
5-(3-methyltriazen-1-yl)imidazole-4-carboxamide (MTIC) 
and forms methyldiazonium ions in alkaline conditions, such 
as the blood. It methylates the guanine base of the DNA to 
form O6- and N7-methylguanine, leading the DNA double-
strand damage to induce apoptosis (5-7,13). TMZ does not 
chemically cross-link with DNA and is known to have rela-
tively minor toxicity to the hematopoietic system compared 
to other alkaline therapeutics. Its small size allows it to easily 
pass the blood-brain barrier and is therefore widely used in 
the clinic for the treatment of tumors of the central nervous 
system and metastatic melanoma (14,15). Previous literature 
has reported that low dose, metronomic TMZ administration 
leads to lower resistance to the drug and even inhibits angio-
genesis (7,13). The present study also applied the low dose, 
metronomic TMZ therapy and observed a 80% reduction in 
tumor volume even with the single agent treatment.

To facilitate proliferative growth, tumor cells require 
an ample nutrient supply and thereby possess angiogenic 
potentials (16-18). Based on this observation, extensive devel-
opment of anti-angiogenic agents that specifically reduce 
tumor cell growth has been carried out (16-18). Some of the 
factors known to be involved in angiogenesis include vascular 
endothelial growth factor (VEGF), epithelium growth factor 
(EGF), transforming growth factor (TGF), cathespin D, angio-
statin, angiostatin-binding proteins, interleukin-4, VCAM-1 
and cadherin, and the representative therapeutics in the clinic 
include thalidomide and ZD6474 (vandetanib) (16-18). For 
suppressing angiogenesis, therapeutics targeting EGFR have 
been developed since the receptor was shown to be involved 
in tumor growth, migration, infiltration and metastasis (19). 
ZD6474 is an orally administrable 4-anilinoquinazoline 
that specifically targets VEGFR2 and EGFR, and published 
reports indicate that its combination with radiotherapy leads 
to effective tumor control (8,19). Based on these findings, we 
hypothesized that a combination of anti-angiogenic ZD6474 
with TMZ would lead to a synergistic effect.

Our results show that both monotherapies (TMZ alone and 
ZD6474 alone) efficaciously reduced tumor volume, corrobo-
rating with previous reports (7,8,13,20-22), while a more 
marked tumor volume reduction (94%) was achieved with 
the combination treatment, due to the highly anti-angiogenic 
(64% reduction of MVD) and anti-proliferative (40% reduc-
tion) effects of the combined therapy. To further understand 
the mechanisms involved, future studies need to investigate 
the expression changes of angiogenic markers, such as VEGF 
and EGF. Evaluation of this combination therapy in other 
glioblastoma cell lines is also necessary (23,24). Regardless, 
the study presented here provides the rationale for applying 
a combination therapy of TMZ and ZD6474 in the clinic in 
order to improve treatment efficacy compared to existing 
modalities for glioblastoma.
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