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ABSTRACT 
 
Integrins play a role in growth, motility, regulating adhesion and survival, leading to the increase of the 
proliferation capacity, invasion and metastasis of the tumors. Cilengitide inhibits the integrins αVβ3 and αVβ5 and 
its effect is in clinical evaluation in gliomas, being promising based on its great anticancer potential. Thus, the 
combination of ionizing radiation with Cilengitide is an alternative therapeutic strategy. Studies have shown the 
effect of combined therapy on tumor lines, which may lead to a radiosensitization effect by inhibiting the 
interaction of matrix proteins with integrin receptors, increasing the cytotoxic effect of ionizing radiation. 
Therefore, in this study we determined the radiosensitizing effect of cilengitide in the treatment of resistant 
tumors and compare to the effect of combination therapy with cisplatin, a molecule already used in clinical 
practice. The radiosensitizing effect of the cilengitide was evaluated by the quantification of metabolic cell 
viability through the MTT assay. Inhibition of colony formation was investigated in clonogenic assays. Flow 
cytometer was used to investigate the induction the generation of ROS in monotherapy and combined 
treatments. We observed that in cell line examined, cilengitide promoted detachment, metabolic alterations and 
reduced proliferation, but also induced the generation of ROS. Combined treatment with cilengitide and ionizing 
radiation showed an synergistic effect further reducing proliferation and metabolism compared to the both 
monotherapies (Cilengitide and Cisplatin), but also potentiated the induction of the generation of ROS. 
Combined therapy with cilengitide was more potent than with cisplatin, evidencing that therapies with anti-
integrins are excellent therapeutic strategies to radiossensitize tumors.  
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1. INTRODUCTION 

 
Glioblastoma multiforme (GBM) is a brain tumor considered to be highly malignant and 
aggressive, presenting a poor prognosis and a high probability of recurrence [1]. The current 
treatment options are surgery, radiotherapy and chemotherapy, but the molecular 
characteristics of brain tumors may be related to their development, as well as their 
aggressiveness and resistance to the usual treatments [2]. 
 
Radiotherapy is effective in tumor control, but several tumors have molecular characteristics 
that lead to radioresistance and possible post-treatment recidivism [3]. Glioblastomas have 
overexpression of αVβ3 and αVβ5 integrin receptors. Integrins play an important role in 
growth, motility, regulation of adhesion and survival, leading to increased proliferation, 
invasion and metastasis of tumors, making these receptors excellent targets for the 
development of new therapies [4, 5]. 
 
Cilengitide is a cyclic peptide inhibitor of αVβ3 and αVβ5 integrin receptors, notable for its 
large antitumor potential against gliomas having cytotoxic, anti-angiogenic and anti-invasive 
effects, as well as the induction of apoptosis through activation of caspase-8 [6-8]. However, 
the potential of radiosensitizing glioma cells is still poorly studied. 
 
Therefore, in this study, the radiosensitizer effect of the combined treatment of cilengitide 
with ionizing radiation on glioblastoma cells (U87) was determined, as well as the effect of 
the combination therapy with cisplatin, a molecule already used in clinical practice. 
 
 
 

2. MATERIAL AND METHODS 
 

2.1. Cell lines and culture conditions 

The tumor cell line U87 (human glioblastoma) was obtained from the American Type Culture 
Collection (ATCC, USA). Cells were grown as monolayers and maintained in Dulbecco’s 
Modified Eagle’s Medium (DMEM, Cultilab, Brazil) supplemented with 10% fetal bovine 
serum (Cultilab, Brazil) and 50 U/mL penicillin (Cultilab, Brazil), and incubated at 37 ºC in 
humidified atmosphere air/CO2 (95%/5%). Cells 70-80% confluents were used in all 
experiments. After 24 hours incubation cells were treated.  
 

2.2. Morphological Analysis 
 
Morphological changes were analyzed 48 hours after the treatment by contrast-phase 
microscopy (Zeiss Observer Z1).  
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2.3. Cytotoxicity Assay 

The cytotoxicity of treatments was determined with 3-(4,5-dimethyl-2- thioazolyl)-2,5-
diphenyltetrazolium bromide (MTT) assay which measures the cellular metabolic viability. 
The cells line U87 was seeded in 96-well plates and 24 hours after incubation for growth and 
adhesion and they received different treatments. After 24 and 48 hours of treatment the cells 
were incubated with 0,5 mg/mL of MTT for two hours in darkness. The formazan crystals 
were solubilized in dimethylsulfoxide (DMSO). The absorbance was measured in a 
microplate reader at 570 nm.  
 

2.4. Cell Treatments 

The cell line U87 was seeded in 96-well plates and incubated for 24 hours for growth and 
adhesion. For monotherapeutic treatment the cells were treated with cilengitide (3µM), 
cisplatin (3µM) or ionizing radiation (1, 2 or 3 Gy). For the combined treatment the cell were 
treated with cilengitide (3µM) or cisplatin (3µM) and after 1 hour the cells were irradiated 
with 1, 2 or 3 Gy. The cells were irradiated in the panoramic irradiator of Irradiation 
Laboratory CDTN range (Nuclear Technology Development Center), with a source of 60Co 
stored dry (Gammacell - Eɣ1 = 1172.3 keV and Eɣ2 = 1332.5 keV). Dose used were 1, 2 or 3 
Gy, and the dose rate during the experiments was 67-65 Gy / h. Irradiation was performed at 
room temperature in the presence of oxygen. ). After 24 and 48 hours of treatment the 
cytotoxicity of the combined treatment was assessed with MTT as described above. 
 

2.5. Clonogenic Assay 

The cells line U87 was seeded in 96-well plates and 24 hours after incubation for growth and 
adhesion, cells were incubated with either cilengitide or cisplatin (2-3 µM) and after 1 hour 
the cells were irradiated with 1, 2 or 3 Gy. After 24 hours of treatment the cells were 
trypsinized and counted, followed by dilution to appropriated levels. 50 cells were seeded 
into 6-well plates and maintained at 37ºC in the appropriate atmosphere for 6 days. Once 
colonies were visible, cells were washed with phosphate buffered saline (PBS), fixed with 
methanol and stained with Giemsa (0,074%) for 30 minutes. Colonies with more than 50 cells 
were counted.  
 

2.6. Reactive Oxygen Species (ROS) Generation 

ROS production was detected using dichlorodihydrofluorescein diacetate (DCFH-DA, 
Sigma). DCFH-DA is a non-fluorescent compound, that when it is taken up by passive 
diffusion into the cells, is hydrolyzed by esterases to yield non-permeable DCFH. In the 
presence of ROS, DCFH is oxidized to the fluorescent DCF [9]. Tumor cells were treated as 
described above for 24 hours and were then incubated with 10 µM DCFH-DA for 30 min at 
37 °C. After washed once with PBS and immediate detection by flow cytometer FACSCanto 
II (Becton Dickson, San Diego). The reading was performed in the FITC channel, with 
reading of 10.000 events per tube. 
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3. RESULTS 
  

 

3.1. Morphologycal Analysis 

 
Treatment with ionizing radiation induced morphological changes, as well as treatment with 
the chemotherapeutic compounds. In Fig. 1, we can observe the morphological alterations 
after the combined treatment with ionizing radiation. The most apparent changes in treatment 
with cisplatin were: volume reduction and formation of vacuoles in the cytoplasm, 
irregularities in the plasma membrane and rounding of cells. In the treatment with cilengitide, 
besides the reduction of the volume and formation of vacuoles in the cytoplasm, irregularities 
in the plasma membrane and roundness of the cells, the formation of cellular aggregates is 
observed, a mechanism characteristic of the action of anti-integrin molecules. 
 

 

Figure 1: Morphological changes of U87 cells treated with ionizing radiation combined 
with CDDP and Cilengitide. Photomicrographs show morphological changes after 48 

hours of treatment. The images were acquired with the help of the AxioCam HRm 
digital camera coupled to the Zeiss Observer Z1 microscope, using phase contrast (200x 
magnification). Cells showed rounding, volume reduction and membrane irregularities 

(Arrows). 
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3.2. Antitumor Effect of Combined Gamma Radiation Treatment with Cilengitide and 
Cisplatin on Metabolism and Cell Proliferation 

 
 

The cytotoxic effect of the combined treatment of gamma radiation with the 
chemotherapeutic agents was determined through the MTT test and in order to validate the 
result obtained in the metabolic evaluation, the cell count was performed in parallel (Fig. 2). 
 

 

Figure 2: Cytotoxic effect induced by the combined treatment of ionizing radiation with 
CDDP or Cilengitide in U87 cells. Cytotoxicity assessed after 24 and 48 hours of 

treatment with different doses of ionizing radiation combined with chemotherapeutic 
molecules. A: Metabolic viability measured by MTT after 24 and 48 hours of treatment 
with CDDP or Cilengitide B: Number of cells counted using Neubauer's chamber after 
24 and 48 hours of treatment with CDDP or Cilengitide. * p<0.001, **p<0.001.  Mean ± 

SD (n = 3). 
 

After treatment with low gamma radiation dosis alone the metabolic activity of the cells was 
not significantly disturbed up to 48h. On the other hand, we observed that the combined 
treatment with both chemotherapeutic compounds induced dose-dependent and time-
dependent cytotoxic effects. These effects were more important after 48 hours when.  
Combined therapy was significant (*p<0.001) when compared to each monotherapy alone. It 
is noticeable that cilengitide combined therapy with 3 Gy was significantly about 2 times 
more effective (**p<0.001) than cisplatin combined therapy suggesting that the strategy 
against integrin receptors was more potent than the clinical antineoplastic drug. 
 
Due to the high glioma metabolic viability (around 60%) remaining 24h after combined 
treatments we further evaluated the proliferative capacity of these reminiscent cells (Fig. 3). 
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Figure 3: Effect induced by the combined treatment of ionizing radiation with CDDP or 
Cilengitide on the proliferation of U87 cells. Cells were treated with different doses of 
ionizing radiation. 24 hours after treatment cells were re-plated and incubated long 

enough to form isolated colonies. Mean ± SD (n = 3). 
 

After the monotherapeutic treatment with ionizing radiation, the proliferative capacity of the 
cells was reduced, being this effect dose-dependent. In treatment with 3 Gy about 40% of the 
cells lost their normal proliferative capacity. However, after the combination with cisplatin or 
cilengitide, the proliferation rate was significantly reduced, being dose-dependent, showing a 
pattern of potentiation of the effect of ionizing radiation.  Table 1 shows the results found. 
 
 

Table 1:  Potentiation factor  
 

Based on Fig. 3 we calculated the potentiation factor (PF), as a measurement of how 
many times the effect of the radiation was potentiated.  
 
 
The calculation of the PF shows that the combined treatments potentiated the action of the 
radiation doses tested, acting as radiosensitizers. At the dose of 3 Gy treatment with 3 μM 
cilengitide produced significative potentiation of 14.76 (p <0.0001) when compared to the 
monotherapy treatment with radiation. The combined treatment of glioma cells with 
cilengitide were slightly more potent than cisplatin. 
 
 
 
 

Treatment  Potentiation Factor (PF)  
 1 Gy 2 Gy 3 Gy 

CDDP 3 µM 6.16 4.15 11.53 
Cilengitide 3 µM 5.75 5.20 14.76 
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3.3. Antitumor Effect of Combined Gamma Radiation Treatment with Cilengitide and 
Cisplatin on Reactive Oxygen Species (ROS) Generation 
 

 
Studies have shown that ionizing radiation is capable of inducing the production of reactive 
oxygen species (ROS) which can cause a delay in cell cycle progression, DNA damage, cell 
cycle arrest, induction of apoptosis, induction of senescence and autophagy [9, 10]. 
 
N-acetyl-L- cysteine (NAC), an antioxidant, was used in order to shed more light on the 
mechanism of action of the radiosensitizing effect of cilengitide and cisplatin. 
 
The monotherapies and combined treatments increased ROS production in glioma cells 
compared with untreated cells, This effect was dose dependent (Fig. 4A). 
 
 

 
 

Figure 4: Evaluation of free radical generation (ROS) after combined treatment of 
gamma radiation with CDDP or Cilengitide for 24 hours in U87 cells. A: Cells were 

treated with different doses of ionizing radiation combined with CDDP or Cilengitide 
for 24 hours.  B: Cells were pretreated with NAC (10mM) and after 1 hour were treated 
with CDDP or Cilengitide alone or combined with irradiation. After the treatment time 

the cells were labeled with DCFH-DA and the fluorescence was measured using 
FACSCanto II flow cytometer. 

 
 
 

The treatment with 3 Gy was responsible for the increase of 12.60% of the content of ROS in 
U87 and pre-treatment with NAC was was able to revert the oxidative stress induced by 
radiation (Fig. 4B). The combination of 3 Gy treatment with 3 μM cisplatin induced a marked 
increase of ROS levels 64%. Interestingly, with 3 μM cilengitide induced ROS levels 
statistically higher than cisplatin (p <0.001), with the production of 85%. However, the ROS 
production induced by both combined treatments was significantly inhibited in the presence 
of NAC (Fig. 4B).  
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It was observed that the treatment with cilengitide produced higher rates of ROS, and the 
difference was statistically significant (p <0.001) when compared to treatment with cisplatin. 
 
Studies indicate that the generation of ROS may be related to different responses: senescence, 
autophagy and induction of apoptotic cell death. However, to prove this relationship it is 
necessary to deepen the investigation, being necessary studies with specific inhibitors. 
 
 

4. CONCLUSIONS 
 
The monotherapeutic treatments with cilengitide, cisplatin and ionizing radiation presented 
cytotoxic and anti-proliferative effects in the U87 tumor line, showing a dose and time 
dependent pattern. The combined treatment potentiated the effect of radiation on cytotoxicity 
and cell proliferation, which drastically reduced the proliferative capacity of both lines, also 
potentiating the induction of ROS, and may be related to the induction of cell death. The 
combined treatment with the anti-integrin molecule, cilengitide, when compared to treatment 
with cisplatin, proved to be more efficient under some experimental conditions. These data 
suggest once again the great radiosensitizer potential of cilengitide, being an excellent 
therapeutic alternative. 
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