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We studied in vitro effect of epithermal neutrons in various doses on viability of glioblastoma 
U87 tumor cells. Increasing the dose from 1.9 to 4.1 Sv promoted cell death. Cytofl uorimetric 
analysis revealed no activation of apoptosis in the irradiated cells, which attested to necrotic 
death of the tumor cells exposed to epithermal neutron radiation.
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Boron neutron capture therapy (BNCT) is a promising 
method of the therapy of diffuse tumors of various lo-
calities. The method is based on introduction of boron 
isotope 10B into the tumor followed by irradiation of 
this tumor with external source of epithermal neu-
trons. This irradiation is characterized by lower energy 
in comparison with other types of radiation used in 
medicine and produces less damage to the adjacent 
tissues. However, capture of a neutron by 10B atom 
results in its decay into 7Li and α-particle 2He. These 
high-energy particles destroy tumor cells. Therefore, 
BNCT should selectively kill tumor cells with minimal 
damage to adjacent normal tissue [11].

Clinical studies of the effi ciency of BNCT in the 
treatment of malignant neoplasms and multiple distant 
metastases [4,8,9,10] went ahead the fundamental re-
search in this fi eld. BNCT is a promising tool for the 

treatment of glioblastomas and various diffuse tumors, 
but it is still at the stage of experimental testing [7,10]. 
In many respects, it is related to the lack of funda-
mental data on the effects of the priming epithermal 
neutron irradiation itself and molecular mechanisms 
of its action on biological objects both in vivo and 
in vitro. Dual irradiation employed within BNCT (by 
epithermal neurons and α-particles) was shown to af-
fect viability of carcinoma cells in the oral cavity and 
their potency to form colonies predominantly due to 
cell cycle arrest in G1-phase and triggering apoptosis 
[5], the effect being dependent on mutations in gene-
suppressor of p53 tumor [3]. 

Our aim was to examine the effect of priming ra-
diation with epithermal neutrons on viability of tumor 
cells of human glioblastoma in vitro. In experiments 
we used the accelerator-based source of epithermal 
neutrons developed in Institute of Nuclear Physics 
(SD RAS) [1,2].

MATERIALS AND METHODS

The study was carried out on human glioblastoma 
U87 tu mor cells and normal mouse fibroblasts. 
The cells were cultured in a 6-well plastic plate in 
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IMDM+glutamine+penicillin/streptomycin+10% FCS 
(Sigma). Cells of each type were subdivided into 
control (not irradiated) and experimental (irradiated) 
subgroups. The experimental plates were taken from 
the incubator to be exposed to various doses of epi-
thermal neutrons (1.9, 2.9, 3.0, and 4.1 Sv) for 2-3 
h. The control plates with the same cells were also 
taken away from the incubator for the time equal 
to the radiation exposure. Then the control and ex-
perimental cells were returned to the incubator. The 
cells were daily examined under an “Axiovert 40” 
(Carl Zeiss) light microscope equipped with a digital 
camera (Canon).

Viability of normal and tumor cells was assessed 
by specifi c staining with trypan blue. The analysis 
is based on the fact that dead cells lose membrane 
integrity and become permeable for the dye, while 
live cells remain unstained. Seventy-two hours af-
ter irradiation, the control and experimental cells of 
both types were routinely harvested from plates with 
trypsin/EDTA (Sigma) and washed two times in phos-
phate buffered saline. An aliquot of cell suspension 
was stained with 0.1% trypan blue and stained (dead) 

and live (unstained) cells were counted in a Goryaev 
chamber under a light microscope. The remaining cells 
were fi xed in 70% ethanol and stored at -20oC.

Apoptotic death of damaged cells was analyzed 
by fl ow cytofl uorimetry with propidium iodide (PI), 
which made it possible to assess quantitatively the 
content of apoptotic cells in a sample. For cytofl uo-
rometric analysis of the cell cycle and apoptosis ac-
tivation, the cells were washed in phosphate buffered 
saline and stained with PI (25 μg/ml) for 20 min. 
Stained cells were analyzed in a BD FACSCanto II 
fl ow cytofl uorimeter. The phases of cell cycle and the 
percentage of the apoptotic cells were determined us-
ing FACS Diva software.

RESULTS

Evaluation of the effect of epithermal neutrons on 
viability of tumor and normal cells exposed to vari-
ous irradiation doses (Fig. 1) revealed morphological 
changes in U87 cells with increasing the irradiation 
dose: irradiated cells retained the monolayer type 
of cell growth for a long period (Fig. 1, a), while in 

Fig. 1. Effect of epithermal neutron irradiation at the doses of 2.9 Sv (I) and 4.1 Sv (II) on glioblastoma U87 tumor cells, 20. a) irradiated 
tumor cells; b) control (not irradiated) tumor cells.
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control (not irradiated) U87 cells, disruption of cell 
monolayer and formation of spherical cell clusters 
characteristic of this cell line were seen (Fig. 1, b). 
The density of irradiated tumor cells in the plates was 
signifi cantly lower in comparison with that of con-
trol tumor cells, which indirectly attests to accelerated 
death of tumor cells exposed to epithermal neutrons. 
To test this hypothesis, the tumor and normal cells 
were exposed to various doses of neutron radiation 
and 72 h after irradiation the content of live and dead 
cells was determined (Fig. 2).

TABLE 1. Effect of Epithermal Neutron Radiation on the Death of Glioblastoma U87 Cells (M±m)

Experimental conditions

Irradiation dose

Type of cell death, %

1.9 Sv 2.9 Sv 4.1 Sv

Control 16.5±1.3 17.3±1.2 13.2±1.9 Total cell death (trypan blue)

5.1±0.8 9.9±0.9 10.2±1.7 Apoptosis (FACS, PI)

Irradiated cells 30.4±2.2 28.4±1.9 38.7±2.8 Total cell death (trypan blue)

6.2±1.6 14.1±0.9 11.8±0.7 Apoptosis (FACS, PI)

Analysis of viability of tumor cells after irradia-
tion revealed intensifi cation of cell death with increas-
ing the irradiation dose. Promotion of cell death by 
neutron radiation is demonstrated in Figure 2 for a 
dose of 3 Sv, which increased the content of dead 
tumor cells from the control value 28% to 36%. The 
corresponding values for normal (fi broblast) cells were 
38 and 63%. These data showed that the effect of neu-
tron irradiation at the used dosage is not therapeuti-
cally effi cient, because the death of even 38% tumor 
cells is far from being acceptable. Thus, this study 

Fig. 2. Effect of epithermal neutron irradiation on cell death, 30. Dead cells were counted 72 h postradiation by trypan blue staining. Light 
bars: control cells; shaded bars: irradiated cells.
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corroborated the view on the necessity to sensitize the 
tumor with boron-containing agents to make it specifi -
cally vulnerable to external neutron radiation. Within 
BNCT technique, such sensitization is performed with 
sodium borocaptate BSH or boronophenylalanine BPA, 
which greatly increase the damaging effect of the tu-
mor cells [6].

Although the method used in this study can as-
sess the total fraction of dead cells, it cannot reveal 
the mechanism of cell death and its acceleration after 
irradiation. We hypothesized that the neutron radiation 
triggers apoptosis in the cells damaged by radiation. 
To test this hypothesis, we used fl ow cytofl uorometry 
with PI. This agent binds stoichiometrically to nucleic 
acids to produce fl uorescence proportional to DNA 
concentration in the examined sample (Fig. 3).

Cytometric analysis of cells stained with PI sho-
wed a wide hypodiploid peak (Sub-G1) characteristic 
of the apoptotic cells, which could be easily distin-
guished from the narrow peak characteristic of normal 
(diploid) DNA. The existence of sub-G1 peak attests 
to cell cycle arrest in the G1 and G2 phases and trig-
gering of the apoptotic process.

Comparative analysis of the content of apoptotic 
cells in the control and experimental groups performed 
for each radiation dose revealed no signifi cant differ-
ences between these groups. In other words, neutron 
irradiation did not activate apoptosis (Table 1).

The irradiation dose of 1.9 Sv doubled the content 
of dead cells in samples (from 16 to 30%). Further 
increasing the radiation dose from 1.9 to 4.1 Sv even 
more increased the content of dead cell (from 13 to 
38%). The absence of apoptosis activation in irradiated 
cells and the dose-dependence of the biological effect 

of neutron radiation attest to the necrotic mechanism 
of the death among the tumor cells.

This study showed that irradiation of human 
glio blastoma U87 cells with epithermal neutrons 
promotes necrotic death of tumor cells. Increasing 
the irradiation dose to 4.1 Sv even more enhances 
cell death indica ting a principal possibility to apply 
neutron radiation as an effi cient tool to kill tumor 
cells. The therapeutic potential of neutron radiation 
should be further stu died.

This work was supported by Federal Agency on 
Science and Innovations of Russian Federation (State 
Contract No. 02.518.11.7146).

REFERENCES

 1. A. S. Kuznetsov, G. N. Malyshkin, A. N. Makarov, et al., Pism. 
Zh. Teor. Fiz., 35, No. 8, 1-6 (2009).

 2. B. Bayanov, V. Belov, E. Bender, et al., Nucl. Instr. Meth. 
Phys. Res., Sec. A, 413, Nos. 2-3, 397-426 (1998).

 3. Y. Fujita, I. Kato, S. Iwai, et al., Radiat. Oncol., 4, 63 (2009).
 4. N. Fuwa, M. Suzuki, Y. Sakurai, et al., Br. J. Radiol., 81, No. 

969, 749-752 (2008).
 5. A. Kamida, Y. Fujita, I. Kato, et al., J. Radiat. Biol., 84, No.3 , 

191-199 (2008).
 6. E. B. Kullberg, Q. Wei, J. Capala, et al., Int. J. Radiat. Biol., 

81, No .8 ,  621-629 (2005).
 7. U. Linz, Technol. Cancer. Res. Treat., 7 ,  No. 1, 83-88 (2008).
 8. M. A. Pisarev, M. A. Dagrosa, and G. J. Juvenal, Arq. Bras. 

Endocrinol. Metabol., 51, No. 5, 852-856 (2007).
 9. M. Suzuki, H. Tanaka, Y. Sakurai, et al., Radiother. Oncol., 

92, No. 1, 89-95 (2009).
10. C. M. van Rij, A. J. Wilhelm, W. A. Sauerwein, et al., Pharm. 

World Sci., 27, No. 2, 92-95 (2005).
11. T. Yamamoto, K. Nakai, and A. Matsumura, Cancer Lett., 262, 

No. 2, 143-152 (2008).

Fig. 3. Cytograms of U87 tumor cells irradiated with epithermal neutrons and stained with PI. The radiation doses: 1.9 (a), 2.9 (b), and 
4.1 Sv (c).
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