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Abstract

:

Background: Osteosarcoma (OS) is the most common primary malignancy of the bone and is notoriously resistant to radiation therapy. High-dose cytotoxic chemotherapy and surgical resection have improved the survival rate and prognosis of patients with OS. Nonetheless, treatment challenges remain when the tumor cannot be removed by surgery. Boron neutron capture therapy (BNCT) provides high linear energy transfer (LET) radiation, and its internal targeted characteristics make BNCT a novel therapy for removing OS and reducing radiation damage to adjacent healthy tissues. Methods: In this study, a UMR-106-grafted OS rat model was developed, and boric acid (BA) was used as the boron drug for BNCT. The pharmacokinetics of BA, following intravenous injection, were evaluated to determine the optimal time window for neutron irradiation. OS-bearing rats were irradiated by an epithermal neutron beam at Tsing Hua Open-Pool Reactor (THOR). The therapeutic efficacy of and tissue response after BNCT were evaluated by radiographic and histopathological observations. Results: OS-bearing rats were irradiated by neutrons in the first hour following the intravenous injection of BA. The prescription-absorbed doses in the tumor regions were 5.8 and 11.0 Gy. BNCT reduced the body weight of the tumor-bearing rats, but they recovered after a few days. The BA-mediated BNCT effectively controlled the orthotopic OS tumor, reduced osteolysis, and induced bone healing. Autoradiography and histological analysis confirmed that the BA retention region is consistent with the calcification region in OS tissue. Conclusion: BA is specifically retained in OS, and the BA-mediated BNCT can significantly reduce the tumor burden and osteolysis in OS-bearing rats.
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1. Introduction


Osteosarcoma (OS) originates from undifferentiated mesenchymal cells that have the ability to differentiate into various types of connective tissue. It is a primary malignant tumor of the bone, that is characterized by the direct formation of an immature bone or osteoid tissue [1]. OS is the most common cancer in adolescents and children due to their rapid skeletal development, and usually starts in the tubular long bones, with 78% occurring in the distal femur and proximal tibia [1].



Although adjuvant chemotherapy with extensive surgery is the standard treatment for OS in the clinic, survival remains around 60–70% after five years and is as low as 30% when pulmonary metastases are detected at diagnosis [2,3]. OS is radioresistant to standard radiotherapeutic doses, therefore radiotherapy is not used for treating this type of tumor. High-dose irradiation may be administered after extensive surgery; however, the postoperative radiotherapy (RT) could damage the normal tissues [4,5]. Owing to osteosarcoma radioresistance, RT treatment for this tumor requires a higher dose than for other malignancies. The administered total RT dose is tailored to the surgical margins and the proximity of organs at risk [6]. The most important issues associated with OS therapy are the improvement of therapeutic efficacy and the reduction of complications. An effective treatment method should have minimal effects on normal tissue and facilitate the rapid recovery of patients.



Boron neutron capture therapy (BNCT) is an internal targeted radiotherapy, which may be effective in addressing the above issues. This treatment employs sufficient 10B that is selectively delivered to the tumor and absorbs thermal neutrons during irradiation. The boron neutron capture nuclear reaction yields high linear energy transfer (LET) α particles (196 keV/μm) and recoiling of 7Li (162 keV/μm); these heavy particles have a path length of 5–9 μm in the tissue, and a high relative biological effectiveness [7,8,9]. High LET-charged particle radiation is more cytotoxic per unit dose than low LET radiation, because high LET radiation produces more clustered DNA damage. Clustered DNA double-strand breaks are repaired poorly, so the mutagenic and cytotoxic effects of clustered lesions exceed those of isolated lesions [10,11,12,13].



In BNCT, energy is deposited within the diameter of a single cell, allowing the selective irradiation of the cells. The use of short-range radiation ensures that adjacent normal tissues are spared from radiation-induced damage. Therefore, only neoplastic cells loaded with 10B are differentially ravaged following thermal neutron irradiation. The Tsing Hua Open-Pool Reactor (THOR) provides a high-quality neutron beam that can be used for BNCT. More than 330 patients with brain tumors and head and neck cancer have been treated with BNCT at the THOR, with favorable results [14,15,16]. Consequently, the main goal of research on BNCT for OS is to develop an appropriate boron drug.



In vivo and in vitro studies reveal that boric acid (B(OH)3, BA) has a strong affinity for hydroxyapatite in the bone, because it binds to the cis-hydroxy groups [17,18,19]. The ratio of the boron concentration in the blood to that in soft tissue is approximately one, but boron concentrations in bones exceed those in blood by a factor of four, following the oral administration of BA to rats or humans [20,21,22]. Therefore, the purpose of this study is to evaluate the efficacy of BA-mediated BNCT in local tumor control, as well as radiographic and histological responses, using an orthotropic OS model in rats [23].




2. Materials and Methods


2.1. Preparation of Boric Acid (BA) Solution and Determination of Boron Concentration


10B-enriched 99.5% BA was purchased from Stella Chemifa Corporation and used as a boron drug in BNCT to treat osteosarcoma (OS). The BA solution was prepared by adding an adequate amount of BA powder to a normal saline solution, to yield the required 10B concentration. The solution was stored as a stock solution (6000 μg/mL) at 4 °C until use. The boron concentration was measured using an inductively coupled plasma atomic emission spectrometer (ICP-AES) [24,25].




2.2. UMR-106 Cell Culture


The UMR-106 rat osteogenic sarcoma cell line (BCRC No: 60270) originated from the 32P-induced neoplasm in a Sprague-Dawley (SD) rat. Cells were maintained in Dulbecco’s Modified Eagle Medium (Gibco, Waltham, MA, USA), that was supplemented with inactivated 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin in a 5% CO2 incubator at 37 °C. They were confirmed to be mycoplasma-free by routine testing [23].




2.3. Animal Model


Four-week-old male SD rats were purchased from BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan). They were bred in an animal room at 22 ± 2 °C and relative humidity of 50–70% with a 12-h light–dark cycle. Unlimited animal feed and water were available, and feeding patterns were monitored. An orthotopic rat model of OS was established mainly following the methods described previously [26,27,28,29]. This model allows for the in vivo imaging and monitoring of tumor growth and was used to develop BA-mediated BNCT strategies. SD rats were anesthetized with 2.5% isoflurane (Halocarbon Laboratories, River Edge, NJ, USA) and the operative field was depilated and disinfected. UMR-106 cells in log-phase growth were harvested and resuspended in a serum-free medium. A 200 μL suspension of cells (1 × 107 cells/200 μL) that was supplemented with a Matrigel matrix (BD Bioscience, 354248, East Rutherford, NJ, USA) was aspirated into a 250 μL fitted, 25-gauge needle, which was inserted by drilling into the femoral condyle of the distal femur. Once the bone was traversed, the needle was inserted further to fracture the posterior cortex of the femur. A 100 μL volume of the cell suspension was injected into the parosteal muscle; another 100 μL was injected into the femoral epiphysis or metaphysis (0.5 cm below the skin surface), while the needle was slowly pulled back. The animals were immunosuppressed by the daily administration of cyclosporin (10 mg/kg, Sandimmun®, Novartis, Basel, Switzerland) from day 3 to day 9, following inoculation with the UMR-106 cells. The animal experiments were conducted according to the institutional guidelines that were set (Approval No: 10009) by the Institutional Animal Care and Use Committee (IACUC) of the National Tsing Hua University, Taiwan. All experiments were performed according to sound ethical principles.




2.4. Pharmacokinetics and Biodistribution of BA in OS-Bearing SD Rats


2.4.1. Pharmacokinetic Analysis


Each rat was intravenously bolus-injected with BA (25 mg 10B/kg BW) via the tail vein. Blood was sampled at various time intervals to measure the boron concentration by ICP-AES. Pharmacokinetic analysis was conducted to determine the optimal time window for, and duration of, neutron irradiation [24].




2.4.2. Biodistribution Analysis


Rats were intravenously bolus-injected with BA (25 mg 10B/kg BW) via the tail vein, and sacrificed at 1, 2 or 3 h after BA injection. Liver, kidney, muscle, intestine, testis, blood, and tumor samples were collected. The samples were weighed and then digested using a microwave digestion system for the subsequent measurement of boron concentration in the tissues, using ICP-AES.





2.5. Neutron Irradiation In Vivo


On the 11th day after the tumor cell inoculation, the rats were intravenously injected via their tail veins with 25 mg 10B/kg BW of BA, one hour before irradiation. After being anesthetized by a subcutaneous injection with atropine (0.1 mg/kg) and zoletil (0.3 mg/kg), the tumor-bearing legs were irradiated by an BNCT beam at the THOR. The rat holder used for irradiation was made from PMMA (polymethylmethacrylate) and PE (polyethylene) and designed to accommodate three rats irradiated simultaneously. For the rat hind limb irradiation, the osteosarcoma-bearing legs were pulled out of the holder to the beam center. Using the MCNP (Monte Carlo N-particle) simulation code, the physical dose for different parts of the rat were calculated. The rat body and femurs were simulated as a cylinder. The materials in the simulation were defined as specified by the International Commission on Radiation Units Report 46 and the National Institute of Standards and Technology material database.




2.6. Histological Analysis


Histological analysis was performed to characterize the response of tissue in the OS-bearing rats to BA-mediated BNCT. UMR-106 cells were inoculated into the femur of SD rats. After 38 days, the rats were sacrificed one hour following BA injection (25 mg10B/kg BW). The sampling time, following BA injection, was determined from the pharmacokinetic data. Following sacrifice, the extraskeleton tumor on the legs was collected and processed for paraffin embedding. Embedded specimens were cut into (30 μm thick sections using a microtome (Leica RM 2145, Nussloch, Germany)), and stained with hematoxylin and eosin (Muto Pure Chemicals Ltd., Tokyo, Japan). Alizarin red staining was used to visualize the calcified elements on the tumor slide [30]. An adjacent tumor section was collected for autoradiographic analysis.




2.7. Autoradiography


The localization and microdistribution of boron in tumor-containing tissues of the OS-bearing rat were determined by neutron capture autoradiography. The boron distribution was evaluated by analyzing alpha tracks, using the ImageJ1 software. The neutron autoradiograph was compared to that of a histologically prepared slice. Their fused image was used to determine the distribution of boron in the tissue [31].




2.8. Radiographic Examination


Radiographic examinations were performed weekly before and after the BNCT. Radiography was carried out on animals that were anaesthetized with zoletil (0.3 mg/kg), using a digital mammographic device (Lorad Selenia, Lorad/Hologic®) at the Department of Radiology of the HsinChu Mackay Memorial Hospital, Taiwan. Radiographic images, that are obtained in a fixed mode (24 kVp exposure, 12 mA), wereused to assess the area of an extraskeletal tumor, while those obtained in an auto-filter mode were used to evaluate radiographic grading. The margin of the tumor area was traced to assess the tumor area, using an ImageJ system (ImageJ; National Institute of Mental Health, in. Bethesda, Md.) The tumor area in a rat in each group was compared with that of the same rat on the day of the BNCT treatment to yield the relative tumor size.




2.9. Statistical Analysis


Data are expressed as the mean ± SD. The student’s two-tail t-test was used to compare the parameters of the groups. The difference between the control and treated groups was regarded as statistically significant at p < 0.05.





3. Results


3.1. Biodistribution of Boron in Osteosarcoma-Bearing Rat


The boron concentration in the major organs, and various tumor tissues was assayed one, two, and three hours after the injection of boric acid on the 11th day, following tumor implantation. Figure 1 shows these boron concentrations. The boron concentrations in soft tissue were similar to that in the blood. At one hour after administration, the boron concentrations in the blood, extraskeletal tumor, tumor-bearing proximal femur, and the tumor-bearing distal femur were 22.1 ± 3.5, 32.5 ± 3.9, 63.2 ± 8.2, 51.6 ± 3.7 μg 10B/g, respectively; at two hours after administration, the corresponding values were 14.1 ± 3.4, 19.3 ± 2.7, 41.5 ± 7.8, 31.7 ± 5.4 μg 10B/g, respectively; and at three hours after administration, the values were 11.2 ± 1.5, 15.8 ± 1.3, 39.0 ± 1.9, 29.5 ± 1.4, respectively. The ratios of the boron concentrations in the extraskeletal OS tumor, tumor-bearing proximal femur, and tumor-bearing distal femur to that in blood were 1.5 ± 0.4, 2.8 ± 0.5, and 2.3 ± 0.4 at one hour after administration, respectively.




3.2. Physical Dose for BNCT


UMR-106 cells were injected into the femur of SD rats. On day 11 following inoculation, the tumor-bearing rats were separated into three groups: the tumor control group, the high-dose, and the low-dose BNCT groups (n = 3–5). These rats were intravenously injected via their tail veins with 25 mg 10B/kg BW of BA, one hour before irradiation. After the rats were anesthetized, they were fixed in a holder and irradiated with an epithermal neutron beam. The actual reactor power and irradiation time were corrected using an online neutron monitoring system. Table 1 shows the physical doses that correspond to 0.5 and 1 h of neutron irradiation in the low-dose and high-dose BNCT groups, respectively. In the high-dose BNCT group, the tumor-bearing femurs received a total dose of 15.1 Gy, which includes the neutron dose (1.11 Gy), the gamma dose (1.95 Gy), and the boron dose (12.03 Gy), corresponding to 7.4%, 12.9% and 79.7% of the total physical dose, respectively. The rat body and tumor received 2.43 and 11.03 Gy during irradiation, respectively.



The physical doses that correspond to 0.5 h (low-dose BNCT group), and 1 h (high-dose BNCT group) of neutron irradiation are shown in Table 1.




3.3. Effect of BNCT on Body Weight


Figure 2 plots the dose-related changes in the body weights of rats as a result of two doses of BNCT. Animals in the high-dose BNCT group lost weight and those in the low-dose BNCT group stopped gaining weight as a result of BNCT. In the low-dose group, each rat started gaining weight on the 3rd day following BNCT; in the high-dose BNCT group, each rat started gaining weight on the 8th day after BNCT. The body weights of BNCT-treated rats changed due to diarrhea and loss of appetite. The body weight of the tumor-bearing control rats increased up to day 35, after the implantation of tumor cells, and decreased thereafter. The results reveal that the weight loss as a result of irradiation was a temporary side effect of BNCT, and the lost weight was recovered thereafter.




3.4. Therapeutic Efficacy


3.4.1. BNCT Reduces Size of Tumor


The therapeutic efficacy of BNCT was evaluated from the changes in the tumor areas that were determined by radiographic examination. Relative tumor size was calculated as tumor area after BNCT, divided by tumor area on the day of BNCT. Figure 3 displays the size reduction of extraskeletal tumor, as a result of BNCT. The relative tumor sizes on day 5 were 2.9, 1.1, and 1.3 in the tumor control, high-dose, and low-dose BNCT groups, respectively; on day 10, the relative tumor sizes were 3.8, 0.7, and 1.1, respectively; and on day 30, the relative tumor sizes were 4.1, 0.2, and 0.3, respectively. In the tumor control group, the OS-bearing rats were sacrificed for large tumors, and the tumor sizes were measured on day 30. The relative tumor areas in the high-dose and low-dose BNCT groups on day 80 were 0.1 and 0.2, respectively. The relative tumor areas in the BNCT group and the control group on day 5 differed significantly (p < 0.05). The rate of reduction of the tumor size gradually declined within 30 days following BNCT treatment, and the tumor sizes were reduced continually without recurrence in 80 days.




3.4.2. Radiographic Investigation


Radiographs of the hind limbs of rats were obtained. Figure 4 displays the radiographs of the tumor control, high-dose-treated and low-dose-treated rats on the day before BNCT and 10, 30, 60, and 80 days following BNCT treatment. The reductions of the tumor sizes in the BNCT-treated groups were investigated, and increases in tumor sizes in the tumor control group were observed. The tumor sizes declined significantly on the 30th day following BNCT. Inhibition of tumor growth and tumor shrinkage were apparent when tumor cells were injured as a result of BNCT. By day 80 after BNCT, high-radiodensity scar tissue had been formed by the shrinkage of the large tumors in both high-dose and low-dose BNCT groups. Evidently, BA-mediated BNCT significantly and rapidly shrank the extraskeletal tumor.



On the 10th day following BNCT, a small radiolucent lesion was present on the posterior site of the injection in the tumor control group. On day 30 after BNCT, the radiolucent lesion was shown on the posterior site of the injection, and the radiolucent lesion on the anterior site of injection was also increased. The progressive radiolucent lesion was extending in the tumor control group and the rat was sacrificed when the tumor was too large.





3.5. Relationship between BA Retention and Calcification in OS Tissue


The relationship between BA retention and calcification in OS tissue was investigated using autoradiography and Alizarin red staining. The spatial boron distribution and calcified deposits in OS tissue were analyzed. Figure 5 presents autoradiographic images of a slice of OS tissue and the corresponding Alizarin-red-stained histological section. The high-density dark zones correspond to high 10B concentrations in the alpha-track autoradiographs, and these were compared to the Alizarin-red-stained regions of the histological section. The microdistribution of the alpha tracks in the tumor regions was heterogeneous. The region of high-density alpha tracks corresponds closely to that of Alizarin-red-positive deposits. The BA retention area in OS tissue is consistent with the calcified area.





4. Discussion


In this study, boric acid (BA) was used as a boron-containing drug, and an animal model of OS-bearing rats was used to prove that BNCT was effective for treating OS. Owing to the high radiation resistance of OS, the potential toxic effect of conventional radiotherapy on adjacent structures or organs is an issue. BNCT is an internally targeted radiotherapy, and the distribution of radiation that is delivers is determined by the selective accumulation and microdistribution of the boron drug in the tumor. BNCT can hence overcome the shortcomings of traditional radiotherapy and is effective for treating OS.



BA-mediated BNCT is not only an effective method for treating OS, but also has advantages in the treatment process. In BA-mediated BNCT, the boron-containing drug (BA) is administered intravenously to the patient. The patient’s affected part (tumor) does not need to be surgically removed for ex vivo irradiation [32], as the tumor is irradiated with neutrons in situ.



Under conventional radiotherapy, the delivery of high doses to target volumes in OS may be greatly limited by the usually large size of the primary tumors and their frequent localization in anatomically challenging regions, such as the pelvis or the paraspinal area [5,6]. However, the affected region can be treated multiple times in BNCT. Since BNCT is an internally targeted radiotherapy, it provides a favorable dose distribution, allowing the administration of radiation to tumors near or in anatomically challenging regions. The high LET radiation, that is generated by the boron neutron capture reaction at tumor sites, may overcome the radiation resistance of OS cells. Moreover, OS is most often found in long bones, mostly in the legs and sometimes in the arms. In BNCT, the highest possible dose could be administered to the tumor, given the nearby organs could be protected. When an OS undergoes BNCT, since no critical organ is close to the long bone, the affected region can be given a high dose of irradiation, effectively killing the tumor cells.



In clinical BNCT in the THOR, the blood of the patient is sampled and the boron concentration is evaluated at one and two hours during the boron-drug infusion. The boron concentration in the blood sample in the second hour was one of the operating parameters that is input to the on-line monitoring system for dose calculation. Then, the power is set and neutron beam irradiation is initiated. Since BA does not specifically accumulate in the soft tissues of a living creature, and the concentration of boron in a patient’s blood is approximately that of the patient’s soft tissues, thus, the blood boron concentration can be used to calculate the limiting dose in normal tissues around the tumor, and to estimate the dose that is received by the tumor.



Our prior studies have shown that the distribution of Alizarin-red-stained positive regions in histological sections were similar to that of high-density alpha tracks in the autoradiographs. A perfect co-localization between the regions of high 10B concentration and Alizarin-red-positive deposits was observed (Figure 5), revealing that the deposition of BA in OS tissue is related to its calcification activity. In vivo and in vitro studies indicate that boric acid (B(OH)3, BA) has a strong affinity with hydroxyapetite in the bone, owing to its binding to the cis-hydroxy groups [17,18,19]. OS cells are characterized by the formation of calcified tissues from osteoids. More BA, specifically, accumulates in the osteoids of tumor tissues than in the soft tissues of a living creature. The effect of boric acid on cartilage formation of osteochondral defects in rabbit knee has been reported [33]. Additionally, the vasculature of a tumor is different from that of normal tissue, and it may take up more BA than normal vasculature. Therefore, when an OS undergoes neutron irradiation, the vasculature may suffer more damage than that of normal tissue [24,34].



In this OS-bearing animal model, lung is the most frequent metastatic site. On the 15th day after tumor cell inoculation, some rats died due to lung metastasis. Lung histological examination showed that the tumor was nodular, with round-to-spindle-shaped tumor cells, high degree of mitosis, and a few osteoid giant cells. Once osteosarcoma cells invaded the lungs, SD rats quickly lost weight and had difficulty breathing, and even died. On the 41st day after tumor inoculation, OS-bearing rats partly died due to lung metastasis and the rest were humanely sacrificed, because the diameter of the in situ tumors exceeded 4 cm. There were no surviving rats in the untreated group.



In this study, the UMR-106 cell suspension was injected into the parosteal muscles and distal femoral epiphysis or metaphysis. Thus, OS formed in the distal femur and extraskeletal tumors in the parosteal muscles. These tumor models were used to study the therapeutic and radiobiological effects of boric-acid-mediated BNCT. BA-mediated BNCT was verified to have the potential of treating OS of the femur, by shrinking the tumor and healing the bone. BA selectively accumulates in OS tissue, and is involved in tissue calcification during the development of OS. The rapidly grown Os produced more osteoid in tissues, causing the accumulation of more BA in the tumor tissue. However, as shown in Figure 4, the low-dose BNCT group does not appear to be significantly different from the high-dose BNCT group, possibly indicating that low-dose BNCT has sufficient therapeutic effect on OS. The clinical relevance of each entity requires further study.




5. Conclusions


The results of this study indicate that BA can be specifically retained in OS, revealing that the deposition of BA in OS tissue is related to its calcification activity. The radiobiological effects of BA-mediated BNCT have a temporary side effect and can be recovered, thereafter. Thus, BA-mediated BNCT significantly reduces the tumor burden and osteolysis in the OS-bearing SD rats.







Author Contributions


C.-F.H.: Formal analysis, Writing. H.-M.L.: Formal analysis, Conceptualization. J.-J.P.: Formal analysis, Conceptualization. J.-W.L.: Formal analysis, Conceptualization. K.-S.C.: Formal analysis. Y.-W.C.: Conceptualization, Supervision. Y.-J.C.: Conceptualization, Supervision. F.-I.C.: Formal analysis, Conceptualization, Supervision, Writing—original draft. All authors have read and agreed to the published version of the manuscript.




Funding


The authors would like to thank the National Tsing Hua University, and the Ministry of Science and Technology of Taiwan, for financially supporting this research under contracts No. 102-2314-B-007-002-MY2 and 103-2622-B-007-002-CC2, respectively.




Institutional Review Board Statement


The animal experiments were conducted according to the institutional guidelines that were set (Approval No: 10009) by the Institutional Animal Care and Use Committee (IACUC) of National Tsing Hua University, Taiwan. All experiments were performed according to sound ethical principles.




Informed Consent Statement


Not applicable.




Data Availability Statement


All the data supporting the conclusions of this article are included within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Klein, M.J.; Siegal, G.P. Osteosarcoma: Anatomic and histologic variants. Am. J. Clin. Pathol. 2006, 125, 481–555. [Google Scholar] [CrossRef] [PubMed]

	



Smeland, S.; Bielack, S.S.; Whelan, J.; Bernstein, M.; Hogendoorn, P.; Krailo, M.D.; Gorlick, R.; Janeway, K.A.; Ingleby, F.C.; Anninga, J.; et al. Survival and Prognosis with Osteosarcoma: Outcomes in More than 2000 Patients in the EURAMOS-1 (European and American Osteosarcoma Study) Cohort. Eur. J. Cancer 2019, 109, 36–50. [Google Scholar] [CrossRef] [PubMed]

	



Nagarajan, R. Quality of life (QOL) in patients with osteosarcoma. In Treatment of Bone and Soft Tissue Sarcomas; Tunn, P.-U., Ed.; Recent Results in Cancer Research; Springer: Berlin/Heidelberg, Germany, 2009; Volume 179, pp. 339–344. ISBN 9783642096785. [Google Scholar]

	



Picci, P. Osteosarcoma (osteogenic sarcoma). Orphanet J. Rare Dis. 2007, 2, 6. [Google Scholar] [CrossRef] [PubMed]

	



Shimanovskaya, K.; Shiman, A.D. Radiation Injury of Bone: Bone Injuries Following Radiation Therapy of Tumors; Pergamon Press: New York, NY, USA, 1983. [Google Scholar]

	



Heng, M.; Gupta, A.; Chung, P.W.; Healey, J.; Vaynrub, M.; Rose, P.S.; Houdek, M.T.; Lin, P.P.; Bishop, A.J.; Hornicek, F.J.; et al. The Role of Chemotherapy and Radiotherapy in Localized Extraskeletal Osteosarcoma. Eur. J. Cancer 2020, 125, 130–141. [Google Scholar] [CrossRef] [PubMed]

	



Barth, R.F.; Coderre, J.A.; Vicente, M.G.H.; Blue, T.E. Boron neutron capture therapy of cancer: Current status and future prospects. Clin. Cancer Res. 2005, 11, 3987–4002. [Google Scholar] [CrossRef] [PubMed]

	



Coderre, J.A.; Morris, G.M. The radiation biology of boron neutron capture therapy. Radiat. Res. 1999, 151, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



Hall, E.J.; Giaccia, A.J. Radiobiology for the Radiologist, 7th ed.; Wolters Kluwer Health/Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2012. [Google Scholar]

	



Nickoloff, J.A.; Sharma, N.; Taylor, L. Clustered DNA Double-Strand Breaks: Biological Effects and Relevance to Cancer Radiotherapy. Genes 2020, 11, 99. [Google Scholar] [CrossRef] [PubMed]

	



Iliakis, G.; Mladenov, E.; Mladenova, V. Necessities in the Processing of DNA Double Strand Breaks and Their Effects on Genomic Instability and Cancer. Cancers 2019, 11, 1671. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.Y.; Lai, Z.Y.; Hsu, T.J. Boron Neutron Capture Therapy Eliminates Radioresistant Liver Cancer Cells by Targeting DNA Damage and Repair Responses. J. Hepatocell. Carcinoma 2022, 9, 1385–1401. [Google Scholar] [CrossRef]

	



Coderre, J.A.; Makar, M.S.; Micca, P.L.; Nawrocky, M.M.; Liu, H.B.; Joel, D.D.; Slatkin, D.N.; Amols, H.I. Derivations of relative biological effectiveness for the high-let radiations produced during boron neutron capture irradiations of the 9L rat gliosarcoma in vitro and in vivo. Int. J. Radiat. Oncol. Biol. Phys. 1993, 27, 1121–1129. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.H.; Tsai, P.E.; Liu, H.M.; Jiang, S.-H. Characterization of a BNCT beam using neutron activation and indirect neutron radiography. Radiat. Meas. 2010, 45, 1167–1170. [Google Scholar]

	



Gueulette, J.; Liu, H.M.; Jiang, S.H.; Liu, H.Y.W.; De Coster, B.M.; Liu, Y.H.; Tsai, W.C.; Wambersie, A.; Chen, A.Y. Radiobiological Characterization of the Epithermal Neutron Beam Produced at the Tsing Hua Open-Pool Reactor (THOR) for BNCT: Comparison with Other BNCT Facilities. Ther. Radiol. Oncol. 2006, 13, 135–146. [Google Scholar]

	



Chen, Y.W.; Lee, Y.Y.; Lin, C.F.; Pan, P.-S.; Chen, J.-K.; Wang, C.-W.; Hsu, S.-M.; Kuo, Y.-C.; Lan, T.-L.; Hsu, S.; et al. Salvage Boron Neutron Capture Therapy for Malignant Brain Tumor Patients in Compliance with Emergency and Compassionate Use: Evaluation of 34 Cases in Taiwan. Biology 2021, 10, 334. [Google Scholar] [CrossRef] [PubMed]

	



Ternane, R.; Cohen-Adad, M.T.; Panczer, G.; Goutaudier, C.; Kbir-Ariguib, N.; Trabelsi-Ayedi, M.; Florian, P.; Massiot, D. Introduction of boron in hydroxyapatite: Synthesis and structural characterization. J. Alloy Compd. 2002, 333, 62–71. [Google Scholar] [CrossRef]

	



Jodati, H.; Tezcaner, A.; Alshemary, A.Z.; Şahin, V.; Evis, Z. Effects of the doping concentration of boron on physicochemical, mechanical, and biological properties of hydroxyapatite. Ceram. Int. 2022, 48, 22743–22758. [Google Scholar] [CrossRef]

	



Kim, D.H.; Faull, K.F.; Norris, A.J.; Eckhert, C.D. Borate-nucleotide complex formation depends on charge and phosphorylation state. J. Mass Spectrom. 2004, 39, 743–751. [Google Scholar] [CrossRef] [PubMed]

	



Murray, F.J. A comparative review of the pharmacoketics of boric acid in rodents and humans. Biol. Trace Elem. Res. 1998, 66, 331–341. [Google Scholar] [CrossRef]

	



Devirian, T.A.; Volpe, S.L. The physiological effects of dietary boron. Crit. Rev. Food Sci. Nutr. 2003, 43, 219–231. [Google Scholar] [CrossRef] [PubMed]

	



Hunt, C.D. Regulation of enzymatic activity one possible role of dietary boron in higher animals and humans. Biol. Trace Elem. Res. 1998, 66, 205–225. [Google Scholar] [CrossRef]

	



Hsu, C.F.; Lin, S.Y.; Peir, J.J.; Liao, J.; Lin, Y.; Chou, F. Potential of using boric acid as a boron drug for boron neutron capture therapy for osteosarcoma. Appl. Radiat. Isot. 2011, 69, 1782–1785. [Google Scholar] [CrossRef]

	



Hung, Y.S.; Lin, Y.C.; Lin, Y.T.; Shih, G.-W.; Liao, J.-W.; Chen, K.-S.; Liu, H.-M.; Chen, Y.-W.; Chuang, Y.-J.; Yang, C.-M.; et al. Therapeutic Efficacy and Radiobiological Effects of Boric Acid-mediated BNCT in a VX2 Multifocal Liver Tumor-bearing Rabbit Model. Anticancer Res. 2019, 39, 5495–5504. [Google Scholar] [CrossRef] [PubMed]

	



Chou, F.I.; Lui, W.Y.; Wei, Y.Y.; Chung, R.J.; Kai, J.-J.; Chi, C.W. Preparation and in vitro evaluation of B-lipiodol as a boron delivery agent for neutron capture therapy of hepatoma. Anticancer Res. 1999, 19, 1759–1764. [Google Scholar] [PubMed]

	



Cherrier, B.; Gouin, F.; Heymann, M.F.; Thiéry, J.; Rédini, F.; Heymann, D.; Duteille, F. A new experimental rat model of osteosarcoma established by intrafemoral tumor cell inoculation, useful for biology and therapy investigations. Tumour Biol. 2005, 26, 121–130. [Google Scholar] [CrossRef]

	



Berlin, O.; Samid, D.; Donthineni-Rao, R.; Akeson, W.; Amiel, D.; Woods, V.L. Development of a novel spontaneous metastasis model of human osteosarcoma transplanted orthotopically into bone of athymic mice. Cancer Res. 1993, 53, 4890–4895. [Google Scholar]

	



Yu, Z.; Sun, H.; Fan, Q.; Long, H.; Yang, T.; Ma, B. Establishment of reproducible osteosarcoma rat model using orthotopic implantation technique. Oncol. Rep. 2009, 21, 1175–1180. [Google Scholar]

	



Farese, J.P.; Coomer, A.R.; Milner, R.; Taylor, D.; Salute, M.E.; Rajon, D.A.; Bova, F.J.; Siemann, D.W. Development of an intramuscular xenograft model of canine osteosarcoma in mice for evaluation of the effects of radiation therapy. Am. J. Vet. Res. 2009, 70, 127–133. [Google Scholar]

	



Mori, F.; Tanji, K.; Wakabayashi, K. Widespread calcium deposits, as detected using the alizarin red S technique, in the nervous system of rats treated with dimethyl mercury. Neuropathology 2000, 20, 210–215. [Google Scholar] [CrossRef]

	



Yang, C.H.; Lin, Y.T.; Hung, Y.H. Autoradiographic and histopathological studies of boric acid-mediated BNCT in hepatic VX2 tumor-bearing rabbits: Specific boron retention and damage in tumor and tumor vessels. Appl. Radiat. Isot. 2015, 106, 178–180. [Google Scholar] [CrossRef]

	



Zonta, A.; Prati, U.; Roveda, L. Clinical lessons from the first applications of BNCT on unresectable liver metastases. J. Phys. Conf. Ser. 2006, 41, 484–495. [Google Scholar] [CrossRef]

	



Sefa Gök, M.D.; Fırat Ozan, M.D.; Ebru Akay, M.D.; Yamak, K.; Kayalı, C.; Altay, T. Effect of boric acid on cartilage formation of osteochondral defects in rabbit knee: An experimental study. Ulus. Travma Ve Acil Cerrahi Derg. 2021, 27, 504–509. [Google Scholar]

	



Carmeliet, P.; Jain, R.K. Angiogenesis in cancer and other diseases. Nature 2000, 407, 249–257. [Google Scholar] [CrossRef] [PubMed]








[image: Life 13 00514 g001 550] 





Figure 1. The boron concentrations in major organs, extraskeletal tumor tissue and tumor-bearing bone in the OS-bearing rats. The rats received a tail vein injection of boric acid at a dose of 25 mg 10B/kg body weight. The organs and tissues were sampled at 1, 2 and 3 h after the boric acid injection. The tumor to muscle ratio was 1.34. Each bar represents the mean ± SD (n = 3–5, ** p < 0.01 relative to tumor, * p < 0.05 relative to tumor). 
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Figure 2. Body weight of OS-bearing rats within 80 days following BNCT. In the high-dose BNCT group, the tumor regions of OS-bearing rats received a dose of 11.0 Gy; and in the low-dose BNCT group, the tumor regions of OS-bearing rats received a dose of 5.8 Gy. Each point represents the mean ± SD (n = 3–5). 
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Figure 3. Relative extraskeletal tumor areas before and after BNCT treatment in OS-bearing rats. In the high-dose BNCT group, the extraskeletal tumor regions received a dose of 11.0 Gy; and in the low-dose BNCT group, the tumor regions received a dose of 5.8 Gy. The tumor region was traced using radiography within 80 days after BNCT. The relative tumor size was calculated as the tumor area after BNCT, divided by the tumor area on the day of BNCT. Each bar represents the mean ± SD (n = 3–5, ** p < 0.01 relative to controls, * p < 0.05 relative to controls). 
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Figure 4. Radiographic investigation of BA-mediated BNCT rats. Radiographs taken of rats in the high-dose BNCT group and the low-dose BNCT group were obtained on the day before BNCT and the 10th, 30th, 60th, and 80th days after BNCT, respectively. The OS-bearing rats in the tumor control group were sacrificed and data were collected until day 30. 
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Figure 5. Autoradiography and histological observation of OS tissue section. (A) Alpha-track autoradiographic image of an extraskeletal tumor section; (B) corresponding Alizarin-red-stained histological section. Tissue sample: UMR-106 cells were inoculated into the femur of an SD rat. After 38 days, the rat was sacrificed one hour after the BA injection (25 mg 10B/kg BW). Scale: 1 mm. 
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Table 1. The physical dose components of BNCT delivered to tumor and tumor-adjacent tissue in osteosarcoma-bearing rat.
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Organ

	
Low-Dose BNCT Group (Gy)

(% of Total Dose)

	
High-Dose BNCT Group (Gy)

(% of Total Dose)




	
Total Dose

	
Neutron Dose

	
Gamma Dose

	
Boron Dose

	
Total Dose

	
Neutron Dose

	
Gamma Dose

	
Boron Dose






	
Rat body

	
1.27

	
0.14 (11%)

	
0.37 (29 %)

	
0.76 (60 %)

	
2.43

	
0.26 (11%)

	
0.71 (29 %)

	
1.46 (60%)




	
Tumor-bearing femur

	
7.90

	
0.58 (7%)

	
1.02 (13%)

	
6.30 (80%)

	
15.09

	
1.11 (7%)

	
1.95 (13%)

	
12.03 (80%)




	
Extraskeletal Tumor

	
5.77

	
0.82 (14%)

	
1.20 (21%)

	
3.76 (65%)

	
11.03

	
1.56 (14%)

	
2.30 (21%)

	
7.18 (65 %)




	
Testes

	
3.30

	
0.44 (13%)

	
0.89 (27%)

	
1.97 (60%)

	
6.30

	
0.85 (13%)

	
1.70 (27%)

	
3.76 (60%)




	
Intestine

	
3.01

	
0.24 (8%)

	
0.84 (28%)

	
1.93 (64%)

	
5.99

	
0.49 (8%)

	
1.67 (28%)

	
3.83 (64%)
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