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Abstract

We investigated the effect of photodynamic therapy (PDT) and of an anti-vascular cell adhesion molecule-1 (VCAM-1) monoclonal 
antibody on the in vivo growth of C6 glioma. Seven days after inoculation with C6 cells, adult male Wistar rats weighing 280-300 g 
with MRI-confirmed glioma were randomly assigned to 4 groups (N = 15 per group): PDT + VCAM-1 antibody group; PDT group; 
VCAM-1 antibody group; control group. Eight days after inoculation, hematoporphyrin monomethyl ether (HMME) was administered 
as a photosensitizer and PDT was performed at 630 nm (illumination intensity: 360 J/cm2) for 10 min. VCAM-1 antibody (50 µg/
mL) was then administered (0.5 mL) through the tail vein every other day from day 8 to day 16. At day 21, 5 rats in each group 
were sacrificed and cancers were harvested for immunohistochemistry and Western blot assay for the detection of VCAM-1, and 
TUNEL assay was used to detect apoptosis. Survival and tumor volume were recorded in the remaining 10 rats in each group. In 
the PDT group, tumor growth was significantly suppressed (67.2%) and survival prolonged (89.3%), accompanied by an increase 
in apoptosis (369.5%), when compared to control. Furthermore, these changes were more pronounced in the PDT + VCAM-1 
antibody group. After PDT, VCAM-1 expression was markedly increased (121.8%) and after VCAM-1 monoclonal antibody treat-
ment, VCAM-1 expression was significantly reduced (58.2%). PDT in combination with VCAM-1 antibody can significantly inhibit 
the growth of C6 glioma and prolong survival. This approach may represent a promising strategy in the treatment of glioma.
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Glioma is a common intracranial malignancy accounting 
for approximately 40~50% of intracranial malignancies. The 
5-year survival rate is approximately 30% in patients with 
astrocytoma (1). Photodynamic therapy (PDT) has been an 
effective auxiliary strategy in the treatment of glioma (2-4). 
In PDT, either a photosensitizer or its metabolic precursor is 
administered to the patient. The target tissue is subjected to 
irradiation at specific wavelengths. When the photosensitizer 
and an oxygen molecule are in proximity, oxygen undergoes 
a chemical reaction that yields a reactive oxygen species. 
Through numerous signaling pathways, cell structures are 
damaged and cell functions are impaired, resulting in the 
death of cancer cells. 

PDT with a lethal light dose can directly suppress the 
proliferation of cancer cells. However, PDT with a sublethal 
light dose may not only induce apoptosis of cancer cells, but 

activate signaling pathways related to cell survival, resulting 
in an escape response of cancer cells. This, in turn, com-
promises the efficacy of PDT and may lead to metastasis 
and recurrence of cancer (5). In addition, the energy density 
of light that deep tissues receive is relatively low due to the 
limited depth penetration of light used in PDT, and, therefore, 
the efficacy of PDT in deep cancer tissues is not favorable, 
often resulting in different PDT dose effects (6). 

Vascular cell adhesion molecule-1 (VCAM-1) is a mem-
ber of the immunoglobulin superfamily and its receptor is 
very late antigen-4 (VLA-4). VCAM-1 is poorly expressed 
in endothelial cells at their quiescent stage and in normal 
brain, but highly expressed in gliomas (7). In the serum of 
glioma patients, the sVCAM-1 level is also elevated, a fact 
that may be related to the invasiveness and angiogenesis 
of gliomas (8). 
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Hematoporphyrin monomethyl ether (HMME) is a novel 
photosensitive reagent developed in China. In vitro and in 
vivo studies (9-11) have shown that HMME is a promising 
photosensitizer. In the present study, the effect of HMME-
mediated PDT and of VCAM-1 monoclonal antibody on the 
growth of glioma was investigated in order to explore their 
anti-angiogenesis effect on this tumor. We also studied 
VCAM-1 expression to better understand the mechanism 
of action of PDT on gliomas with the hope that our results 
may demonstrate the clinical application of PDT.

Material and Methods

Cell culture 
The C6 glioma cell line was purchased from the Beijing 

Institute of Science, and cultured in RPMI 1640 medium 
(Gibco, USA) containing 10% fetal bovine serum (Gibco) 
in an incubator containing 5% CO2 at 37°C.

Rat C6 glioma model 
Inoculation of C6 cells was performed as previously 

described by Zelenkov et al. (12). Rats were anesthetized 
with 10% chloral hydrate (3 mL/kg; Sigma, USA) and then 
fixed in a stereotaxic instrument. After sterilization and skin 
incision, a hole was made in the skull 1.0 cm anterior to the 
anterior fontanel and 3.0 cm lateral to the sagittal suture. A 
syringe was inserted 5 cm into the cerebral cortex, and 10 µL  
C6 glioma cell suspension (106 cells) was injected. Injection 
was performed for 10 min and the syringe remained in the 
brain for 5 min, followed by slow retraction. The hole was 
sealed with bone wax and the wound was closed. 

Grouping and treatment
One week after inoculation, MRI was employed to detect 

cancer in the brains of the rats. A total of 60 male Wistar 
rats with gliomas, weighing 280-300 g (Beijing Vitalriver 
Experimental Animal Co., Ltd; License No. 046, China) were 
randomly assigned to 4 groups (N = 15 per group): PDT 
+ VCAM-1 antibody group; PDT group; VCAM-1 antibody 
group; control group. Eight days after inoculation, PDT was 
carried out and 0.5 mL VCAM-1 monoclonal antibody (50 
µg/mL; R&D Systems, USA) was given every other day 
through the tail vein from day 8 to day 16 (13,14). Rats 
in the control group and PDT group received saline (0.5 
mL). On day 21, 5 rats in each group were sacrificed and 
perfused transcardially with 4% paraformaldehyde and the 
brain was harvested for immunohistochemistry and Western 
blot assays. The remaining rats were used to determine 
survival rates. MRI was performed at both 2 and 3 weeks 
after inoculation to detect tumor volume and to calculate 
tumor growth inhibition rate. At the end of the experiment, 
animals were anesthetized and perfused transcardially with 
4% paraformaldehyde (Sigma) and coronal sections were 
performed to observe the tumors. Tissues were processed 
for the Western blot assay and immunohistochemistry. All 

experimental procedures were approved by the Committee 
on Bioethics (Harbin Medical University).

PDT treatment
PDT was carried out as previously described (15). 

HMME (5 mg/kg; Fudan Zhangjiang Biotech Co., Ltd., 
China) was administered through the tail vein, and 3 h 
later animals were anesthetized with 10% chloral hydrate 
and fixed in a stereotaxic device, the skull was exposed, 
and a 1-cm diameter craniotomy was drilled over the right 
hemisphere 2.5 cm from the midline and 2.0 cm anterior to 
the bregma. Three minutes later, the inoculated tumor was 
exposed by a microneurosurgical method. The optical fiber 
of the PDT instrument (wavelength: 630 nm; DIOMED630 
Limited, UK) was placed on the tumor, followed by photo-
dynamic treatment (light spot diameter: 1.1 cm) for 10 min. 
The treatment dose rates were 200 mW/cm2, equivalent to 
360 J/cm2. After PDT, the hole was sealed with bone wax 
and the skin was sutured. Rats in the VCAM-1 antibody 
group and the control group did not receive HMME, but 
were subjected to all other procedures. 

MRI scanning
MRI scanning was carried out using the Signa 3.0 T 

MRI System. The conditions for scanning were previously 
described (16): T1-weighted coronal and horizontal images 
were acquired from both unenhanced and enhanced scans. 
For enhanced scans, Gd-DTPA (0.4 mmol/kg; Schering AG, 
Germany) was injected through the tail vein. The largest 
enhanced areas on the horizontal and coronal planes were 
analyzed and the maximum anteroposterior diameter (L), 
width (W) and height (H) determined were used for the 
calculation of tumor volume (V), as follows: V = (4/3 x π x 
L x W x H) x 1/8 (mm3). 

Western blot assay 
Total protein was extracted from 200 mg frozen tis-

sue and the protein concentration was determined. The 
protein was stored at -70°C before use. Then, 20 µg total 
protein was subjected to SDS-polyacrylamide gel (6% 
resolving gel and 5% stacking gel) electrophoresis, and 
transferred to PVDF membranes. The membranes were 
blocked with 5% non-fat milk in Tris-buffered saline and then 
treated with VCAM-1 antibody (1:500; Santa Cruz, USA) 
at 4°C overnight followed by incubation with horseradish 
peroxidase-conjugated secondary antibody (Santa Cruz) 
for 2 h at room temperature. Development was carried out 
with enhanced chemiluminescence reagents. β-actin was 
used as an internal reference. 

Immunohistochemistry 
Tissues were embedded in paraffin, cut into 5-μm sec-

tions and stained with H&E. Sections were observed under 
a light microscope. 

For immunohistochemistry, sections were deparaffinized 
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and hydrated, followed by antigen retrieval. Endogenous 
peroxidase was inactivated with hydrogen peroxide. These 
sections were treated with rabbit anti-rat VCAM-1 antibody 
(1:400; Santa Cruz) or with rabbit anti-rat GFAP (glial fibril-
lary acidic protein) antibody (1:500; Santa Cruz). Immuno-
histochemistry was performed according to manufacturer 
instructions. Evaluation of sections was performed based on 
the proportion of positive cells: <10%, negative (-); 11~30%, 
weakly positive (+); 31~50%, positive (++); >50%, strongly 
positive (+++). Sections were independently evaluated 
by two experienced pathologists who were blind to the 
conditions of the study. When the scores were different, a 
consensus was reached through consultation. 

Determination of apoptotic index by TUNEL assay
The paraffin-embedded tissues were cut into sections 

and TUNEL assay was performed according to manufac-
turer instructions (Roche, Germany). TUNEL-positive cells 
demonstrated karyopyknosis, chromatin aggregation and a 
dark nucleus. Negative cells were blue and had a normal 
nucleus. A total of 20 fields were selected randomly from 
each section at a magnification of 400X, positive cells 
were counted and the apoptotic index (AI) was calculated 

as follows: AI = (number of positive cells / total number of 
cells) x 100%. 

Statistical methods
Data are reported as means ± SD. Statistical analyses 

were performed using the SPSS10.0 software. The survival 
data were analyzed by Kaplan-Meier survival analysis. Sta-
tistical comparisons of tumor volume, VCAM-1 expression, 
as well as numbers of apoptotic tumor cells between two 
different treatment groups, were made using t-tests. P < 
0.05 was considered to be statistically significant.

Results

H&E staining, GFAP expression and MRI scanning
H&E staining showed invasive growth of the cancers. In 

addition, the nuclei of the cancer cells showed disintegration. 
Cancer cells invaded normal brain tissues without a clear 
boundary. Newly generated vessels were also noted. 

Immunohistochemistry for GFAP revealed positive stain-
ing (brown granules) in a variety of cells, suggesting the 
presence of a glioma. A brain MRI scan revealed gliomas 
in the rat brain (Figure 1). 

Figure 1. GFAP expression and representative photographs from MRI scanning. A, GFAP expression; B, 
H&E staining; C, H&E staining; the arrow shows the boundary between the cancer and normal brain tis-
sue; D, the arrow on the rat MRI shows the cancer 1 week after inoculation. GFAP = glial fibrillary acidic 
protein.
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Tumor volume and survival time 
One week after PDT treatment, tumor volume in the 

PDT group was markedly decreased compared to the 
control group (P < 0.05), suggesting decelerated cancer 
growth. In the VCAM-1 antibody group, tumor volume did 
not markedly change during the first week. However, 2 
weeks after VCAM-1 antibody treatment, cancer growth 
was significantly slower compared to the control group (P < 
0.05). In the PDT + VCAM-1 antibody group, cancer growth 
was significantly slower than in the control group or VCAM-
1 antibody group, but not different from the PDT group (P 
> 0.05) during the first week. Two weeks after treatment, 
cancer growth of the PDT + VCAM-1 antibody group was 
remarkably slower than in the PDT group (P < 0.01). In the 
PDT + VCAM-1 antibody group, the tumor inhibition rate 

was as high as 80.7%, which was markedly higher than 
that of the PDT group (67.2%) or VCAM-1 antibody group 
(54.6%; Figure 2A). 

Kaplan-Meier survival analysis showed that the mean 
survival was 25,300 ± 1592 days for the control group, 
which was significantly shorter than that of the PDT group 
(47,900 ± 1130 days) or VCAM-1 antibody group (41,900 
± 1329 days; P < 0.05). The survival in the PDT + VCAM-1 
antibody group was the longest at 62,300 ± 2450 days (P 
< 0.01; Figure 2B). 

Detection of protein expression of VCAM-1 by  
Western blot assay

The protein expression of VCAM-1 is reported as the 
ratio of absorbance of the bands of VCAM-1 to that of 
β-actin. The expression of VCAM-1 was 0.55 ± 0.21 in the 
control group, 1.22 ± 0.45 in the PDT group, 0.23 ± 0.09 in 
the VCAM-1 antibody group, and 0.68 ± 0.26 in the PDT + 
VCAM-1 antibody group. VCAM-1 expression in the PDT 
group was markedly higher compared to the control group 
(P < 0.05). However, VCAM-1 expression in the VCAM-1 
antibody group was markedly lower compared to the control 
group (P < 0.05). Moreover, VCAM-1 expression in the PDT 
+ VCAM-1 antibody group was lower compared to the PDT 
group (P < 0.05), but not different from the control group 
(P > 0.05; Figure 3).

Immunohistochemistry for VCAM-1
VCAM-1-positive cells contained brown granules. 

Figure 2. Tumor volume at 1, 2, and 3 weeks after inoculation (A) 
and Kaplan-Meier survival curves (B) in the 4 different groups. 
PDT = photodynamic therapy; antibody = VCAM-1 (vascular cell 
adhesion molecule-1). *P < 0.05 compared to the control group 
(two-sided paired t-test).

Figure 3. Western blot assay. A, Representative bands of VCAM-
1 and β-actin; B, expressions of VCAM-1 normalized to β-actin 
for each of the 4 groups. PDT = photodynamic therapy; antibody 
= VCAM-1 (vascular cell adhesion molecule-1). *P < 0.05 com-
pared to the control group (two-sided paired t-test).
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VCAM-1 was mainly expressed in 
the cytoplasm and membrane of 
cancer cells and endothelial cells. 
VCAM-1 expression was markedly 
higher in the PDT group than in the 
control group, but was lower in the 
VCAM-1 antibody group compared 
to the control group. Moreover, 
VCAM-1 expression in the PDT + 
VCAM-1 antibody group was mark-
edly lower compared to the PDT 
group, but not different from the 
control group (P > 0.05; Figure 4). 

Apoptotic index
In the PDT group, VCAM-1 an-

tibody group and PDT + VCAM-1 
antibody group, the TUNEL assay 
showed that some cells had shrink-
age and chromatin margination 
characterized by a crescent or 
lobular shape. Apoptotic bodies 
were noted. The AI was 39.3 ± 3.4, 
25.4 ± 2.8, and 61.7 ± 4.9% for the 
PDT group, VCAM-1 antibody group 
and PDT + VCAM-1 antibody group, 
respectively. In the control group, 
the cells showed integral morphol-
ogy and scant apoptotic cells. The 
AI for the control group was 7.8 ± 
0.5% (Figure 5). 

Discussion

Local invasion is the most impor-
tant characteristic of glioma growth. 
Recurrence is frequently found in 
glioma patients and approximately 
90% of recurrent gliomas are found 
only 2 mm away from the primary 
cancer (17). Therefore, removal 
of residual cancer cells is critical 
for the prevention of glioma recur-
rence. Our results showed that, 
after PDT, residual cancer cells 
highly expressed VCAM-1 (which is 
beneficial for angiogenesis) but that 
PDT in combination with VCAM-1 
antibody significantly inhibited the 
growth of C6 gliomas.

Generally, the normal blood 
brain barrier may hinder the entry 
of photosensitizers into the brain. 
However, the blood brain barrier is 
damaged by cancer cells and is un-

Figure 4. Immunohistochemistry for vascular cell adhesion molecule-1 (VCAM-1). A, Con-
trol group; B, photodynamic therapy (PDT) group; C, VCAM-1 antibody group; D, PDT + 
VCAM-1 antibody group. The arrows show the VCAM-1-positive cells.

Figure 5. TUNEL assay. A, Control group; B, photodynamic therapy (PDT) group; C, 
VCAM-1 antibody group; D, PDT + VCAM-1 antibody group. Antibody = VCAM-1 (vascular 
cell adhesion molecule-1). The arrows show apoptotic cells.
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able to hinder the entry of photosensitizers. Thus, glioma 
cells have the ability to take up photosensitizers. In an in 
vitro study, Hu et al. (18) showed that HMME-mediated 
PDT could induce the apoptosis of C6 glioma cells and 
that calcium overload played an important role in extensive 
ultrastructural damage. 

In the present study, the survival of the PDT group 
was significantly longer compared to the control group, 
which further confirmed that PDT can inhibit the growth of 
gliomas. Unfortunately, the energy density of light received 
by deep tissues is relatively low due to the limited light 
penetration depth used in PDT and, therefore, the efficacy 
of PDT in deep cancer tissues is not favorable, limiting its 
wider application 

In the 1970’s, Folkman et al. (19) first proposed the 
suppression of angiogenesis as an anti-tumor therapy. 
The growth and metastasis of solid vascular cancers, such 
as malignant gliomas, depend on angiogenesis, or newly 
generated blood vessels, for their blood supply. Since that 
time, the efficacy of anti-angiogenesis therapy has been 
confirmed in many clinical trials. 

A variety of researchers have applied PDT in combina-
tion with anti-angiogenesis to the treatment of cancers with 
great success. Zhou et al. (20) showed that angiogenesis 
inhibitors (SU5416 and SU6668) in combination with PDT, 
when used in the treatment of mouse nasopharyngeal 
carcinoma, not only prolonged mouse survival but also 
inhibited cancer growth. Ferrario et al. (21) applied PDT to 
the treatment of mouse breast cancer. The results showed 
that vascular endothelial growth factor (VEGF) expression 
was increased after PDT but was markedly decreased after 
treatment with angiogenesis inhibitors (IM862 and EMAP-2). 
Bhuvaneswari et al. (22), using a mouse model, reported 
that anti-VEGF antibody (Bevacizumab) in combination 
with PDT was also effective in the treatment of human 
bladder cancer. 

Kosharskyy et al. (23) applied an angiogenesis inhibitor 
(TNP-470) and PDT to the treatment of mouse prostate 
cancer and showed that PDT followed by treatment with 
TNP-470 was more effective than treatment with TNP-470 
followed by PDT. This may be explained by the fact that 
TNP-470 treatment before PDT inhibits the angiogenesis 
of the cancer, preventing the photosensitizer from effec-
tively entering the cancer and thus decreasing the efficacy 
of PDT. Bhuvaneswari et al. (24) showed that epidermal 
growth factor receptor (EGFR) expression was highly ex-
pressed after PDT. In addition, PDT followed by treatment 
with EGFR monoclonal antibody (Erbtux) not only inhibited 
the expression of EGFR but also reduced tumor volume 
and prolonged survival. Ferrario et al. (25,26) indicated 
that cyclooxygenase-2 (COX-2) expression was markedly 
increased after PDT, influencing the efficacy of PDT. Yee et 
al. (27) applied a selective inhibitor of COX-2 (celecoxib) to 
enhance the efficacy of PDT in nasopharyngeal carcinoma 
and showed that the apoptosis of cancer cells was mark-

edly increased, accompanied by inhibition of inflammatory 
angiogenesis, producing a favorable outcome. 

However, the combined therapy with PDT and anti-
VCAM-1 antibody has not yet been applied to glioma 
management. Whether or not anti-VCAM-1 antibody can 
counter the up-regulated VCAM-1 expression and action 
induced by PDT and thereby increase the responsiveness 
of glioma to PDT has not been determined.

Our results showed that, after PDT, residual cancer 
cells highly expressed VCAM-1, which is beneficial for 
angiogenesis. Thus, cancer cells can escape the attack, 
with consequent proliferation of residual cancer cells and 
subsequent recurrence and metastases, which are the main 
cause of unfavorable long-term efficacy of PDT. Our study 
revealed that PDT in combination with VCAM-1 monoclonal 
antibody could markedly decrease PDT-induced VCAM-1 
expression and simultaneously increase the apoptosis of 
cancer cells, which may be the primary way VCAM-1 mono-
clonal antibody enhances the efficacy of PDT in gliomas. 
However, the exact mechanism requires further study. 

Additional studies (28) have revealed that VCAM-1 
can induce angiogenesis by promoting the migration of 
endothelial cells to the angiogenic site with their subsequent 
proliferation. The relationship between VCAM-1 and angio-
genesis has been confirmed in numerous cancer types. 
Hemmerlein et al. (29) synthesized a recombinant fusion 
protein targeting VCAM-1, aiming to block angiogenesis. 
This protein has been applied to the treatment of Hodgkin’s 
lymphoma and small cell lung cancer. The results showed 
that this fusion protein could effectively inhibit angiogenesis, 
leading to coagulation and obstruction of the vascular sys-
tem of cancers, with consequent cancer cell necrosis as well 
as delayed cancer growth. Garmy-Susini et al. (30) revealed 
that α4β1-VCAM-1-mediated adhesion between endothelial 
cells and pericytes was essential for the maturation of blood 
vessels. In addition, VCAM-1 antibody could inhibit the 
expressions of VEGF-A and basic fibroblast growth factor. 
Ding et al. (31) found that VCAM-1 expression was related to 
microvessel density in gastric cancer and might be involved 
in the angiogenesis and metastasis of gastric cancer. Maurer 
et al. (32) showed that the interaction between VCAM-1 
and its ligand (VLA-4) could activate endothelial cells, 
promoting the metastasis of cancers. Duan et al. (33) found 
that, after ischemia, numerous adhesion molecules were 
expressed on endothelial cells where VCAM-1 expression 
was significantly elevated, and that VCAM-1 promoted the 
adhesion and aggregation of monocytes and facilitated the 
release of cytokines, resulting in angiogenesis. Hemmerlein 
et al. (29) found that tumor-associated macrophages were 
closely associated with VCAM-1 in renal cell carcinoma. 
Tumor-associated macrophages could promote the prolif-
eration and invasion of cancer cells by secreting numerous 
cytokines, growth factors and/or matrix-degrading enzymes 
and were associated with angiogenesis in cancers (34). 
Shin et al. (35) found that the adhesion between gastric 
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cancer cells and endothelial cells depended on VCAM-1 
expression, in which caveolin-1 was involved. Caveolin-1 
is highly expressed in endothelial cells in vivo and in vitro 
and closely related to angiogenesis (36).

Our results showed that anti-VCAM-1 monoclonal 
antibody could inhibit not only the endogenous VCAM-1 
expression in normal C6 glioma cells but also the increased 
VCAM-1 expression induced by photodynamic therapy.

In this study, although PDT or antiangiogenic therapy 
alone indeed prolonged the survival time of the animals with 
gliomas, animals treated by the combined therapy had a 
significantly longer survival time than those receiving a single 
treatment modality. Concurrently, we found that the tumor 
response to this combination therapy was greater than the 
response to each treatment alone in terms of both direct 
inhibition of tumor growth and prevention of secondary tumor 
growth by inhibiting tumor angiogenesis and increasing tu-
mor cell apoptosis. PDT alone may shrink or destroy tumors; 
however, it induces angiogenesis, which promotes tumor 
regrowth. Anti-angiogenic treatment inhibits the growth of 

tumor cells by cutting off the tumor’s nutritional supply. Our 
data showed that the combined therapy provided additive 
anticancer efficacy in that the angiogenesis induced by PDT 
was counteracted by the antiangiogenic agents.

The combined therapy can more effectively inhibit can-
cer growth, prolong survival, and increase the apoptosis of 
cancer cells compared to either PDT or VCAM-1 monoclonal 
antibody alone. Therefore, the combination treatment may 
be a reasonable strategy to improve the clinical outcome of 
glioblastomas. Future experiments involving clinical gliomas 
can be performed, first using surgical resection and then 
using combination therapy with local invasion by killer cells. 
Medical intervention targeted on VCAM-1 in the process of 
photodynamic treatment has an optimistic prospect.
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