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Abstract

:

Bone defects may be a result of different pathologies and represent a challenge in different fields of dentistry. Techniques for the correction of bone defects involving the use of several types of grafts have been proposed. This study evaluated bone repair in rat tibiae after surgically created critical-size defects were filled with β-tricalcium phosphate (RTR®, Septodont, FR). Critical-size bone defects were created in the tibiae of 32 male Wistar rats, which were divided into four groups (n = 8): Control 30 days, Control 90 days, RTR® 30 days, and RTR® 90 days. After the experimental period, the animals were euthanized and specimens were collected, embedded in paraffin, serially cut, and stained with hematoxylin and eosin to evaluate the inflammatory and repair response. Two parameters were analyzed: neoformed bone tissue areas (NBA) and neoformed cortical areas (NCA). Statistical analysis was performed by ANOVA and Tukey’s test (p < 0.05). The RTR® group demonstrated superior bone healing compared with the control group in both analyzed parameters (NBA and NCA), with repair of the cortical bone and bone-tissue formation in the central region of the defect, which showed partial repair in the defect area (p < 0.05). RTR® enhanced bone neoformation in the adopted experimental model and may be a useful biomaterial to boost healing in cases of critical-size bone defects.
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1. Introduction


Bone defects arising from dental extractions, trauma, or pathology present significant challenges in surgical rehabilitation due to the physiological resorption of bone, which often leaves insufficient healthy tissue for effective repair [1,2,3,4]. Autogenous bone grafting utilizing the patient’s own bone tissue is traditionally considered the gold standard for repairing such defects. This preference is due to the graft’s complete compatibility with the recipient site, which results in notable osteogenesis, osteoconductivity, and osteoinductivity [5]. Despite its advantages, autogenous bone grafting is limited by the available volume of bone and the potential for donor-site morbidity, prompting the search for alternative bone substitutes [6].



The search for viable alternatives has led to the exploration of biomaterials, both natural and synthetic, designed to mimic the function of human tissues and organs without the need for donor tissue [7]. The effectiveness of these graft materials in dental applications is measured by their ability to support bone regeneration by acting as scaffolds for bone growth. These materials are evaluated for osteogenesis (the introduction of bone-forming cells), osteoconductivity (the support of cell proliferation), and osteoinductivity (the induction of cell differentiation into osteoblasts), with the ideal material exhibiting all three properties. However, while autogenous grafts meet these standards, biomaterials tend to exhibit strong osteoconductivity but fall short in osteogenic and osteoinductive capabilities [5,8].



Bone substitutes are divided according to source and immune response into four categories: autogenous (obtained from the patient), homogenous (bone graft from a bone bank), heterogenous (graft from a different species), and alloplastics (produced and synthesized in the laboratory). β-tricalcium phosphate (β-TCP) is an example of an alloplastic ceramic material that has demonstrated good biocompatibility, and several studies have demonstrated its ability to stimulate bone formation by osteoconduction in the repair of bone defects [9,10,11,12,13,14,15,16].



RTR® (Septodont, Saint-Maur-des-Fosses, France) is a bone substitute comprising β-TCP granules of different sizes, ranging from 500 µm to 1 mm, that is used for bone-defect reconstruction in surgical procedures in dentistry [17], with satisfactory clinical and radiographic results for bone neoformation [17,18,19,20]. RTR® has been shown to positively influence the differentiation of osteoblasts, the expression of bone morphogenetic proteins (BMPs), and the subsequent expression of markers critical for bone formation, such as alkaline phosphatase, type I collagen, osteopontin, and osteocalcin [18,19].



The animal model adopted in this study was proposed by Bernabé et al. [20]. Different sites are used to evaluate new bone formation in rats, such as the calvaria, tibia and mandible. The rat tibia was chosen because it was possible to keep the materials in contact with the bone tissue, thus representing a condition similar to that in which bone grafts are normally used in humans. The significance of the bone-defect size was also considered, emphasizing defects of a critical size—those that would not naturally repair over the animal’s lifespan—as per Schmitz & Hollinger [21].



Addressing the paucity of research on the capabilities of RTR® for inducing bone neoformation in animal models, this study aims to assess its effectiveness in repairing critical surgical bone defects by examining the integrity and quality of the newly formed bone tissue. The null hypothesis posits that RTR® lacks the ability to stimulate bone neoformation in rat tibias.




2. Materials and Methods


2.1. Experimental Models


This study was approved by the Committee on Ethical Conduct in the Use of Animals in Experimentation (No.: 00249-2016). In total, 32 male rats (Rattus albinus, Wistar) weighing 450 to 500 g were used. The animals were housed in a controlled-temperature environment (22 °C ± 1 °C) with a 12 h light cycle and access to food and water ad libitum. The animals were randomly assigned to one of four experimental groups (n = 8): Control 30 days, Control 90 days, RTR® 30 days, and RTR® 90 days.




2.2. Surgical Procedures


The animals were first anesthetized intramuscularly with a mixture of ketamine 75 mg/kg (Cetamin 10%, Syntec, São Paulo, Brazil) and xylazine 25 mg/kg (Xilazin 2%, Syntec, São Paulo, Brazil). After trichotomy and antisepsis of the surgical site, a linear incision of about 15 mm was made over the tibia, involving the skin, muscle, and periosteum of the animal to expose the bone tissue (Figure 1). Bone defects were created with a 4.1-mm diameter trephine drill (3i Implant Innovations Inc., Palm Beach Gardens, FL, USA) in the tibia of each animal [20]. Then, two marks were made on the ends of the bone defects using a small cavity filled with an amalgam to assist in our identification of the bone defects during analysis (Figure 2). Bone defects were treated according to the conditions set for each group. In the Control Group, bone defects were filled only with blood clots, and in the RTR Group, the defects were filled with RTR® (Septodont, Saint-Maur-des-Fossés, France). After the bone defects were filled, the tissues were carefully repositioned and sutured with 5.0 and 4.0 silk thread (Ethicon, São Paulo, Brazil).




2.3. Sample Collection


After the 30- and 90-day experimental periods, the animals were euthanized with an overdose of anesthetic solution. Their tibias were removed and stored in a 10% formaldehyde solution for 24 h and decalcified in 10% buffered EDTA (Sigma-Aldrich, Darmstadt, Germany), which was changed once a week for three months. The samples were embedded in paraffin after conventional laboratory processing. Then, 6-μm-thick semi-serial sections were cut and stained with hematoxylin and eosin for analysis under an optical microscope (DM 4000B, Leica, Wetzlar, Germany).




2.4. Histomorphometric Analysis


Histological analysis was used to describe the bone-repair process in each surgical defect created in ruptured cortical bones and the characteristics of the new tissue occupying this region. Overall, six histological sections of the central area of the surgical defect of each specimen were chosen. Each section was imaged, and the images were transferred to ImageLab 2000 (Diracom Bio Informática LTDA, Vargem Grande do Sul, São Paulo, Brazil).



In each image, the area to be analyzed (corresponding to the region of the tibia in which the bone defect had been created) was delimitated and called the total area (TA). Neoformed bone area (NBA) areas were selected and delimited within the total area (TA). The TA value was considered to be 100% of the analyzed area, and the NBA value was calculated as a percentage of TA as follows: NBA% = 100 × NBA/TA (mm2) [20].



To measure the cortical bone, the total analyzed cortical area (TCA) was considered to be 100%. For TCA, neoformed cortical areas (NCA) were identified and delimited as follows: NCA% = 100 × NCA/TCA (mm2) [20].




2.5. Statistical Analyses


The values were tabulated for each experimental group, and the data were analyzed using Sigma Plot (V12.0 Systat Software Inc., San Jose, CA, USA). After the Shapiro–Wilk test of normality, analysis of variance (ANOVA) was performed, followed by Tukey’s post-test with a significance level of p < 0.050.





3. Results


3.1. Control 30 Days


All specimens showed minimum neoformed bone area (NBA), with an average percentage of 2.46%. After the same period of 30 days, the RTR group presented an average NBA percentage of 31.31%, for a statistically significant difference between the groups (p < 0.05). Differentiating connective tissue with a small number of fibroblasts occupied the surgical defects, which showed no neoformation of the ruptured cortical bone (Figure 3A) (Table 1).




3.2. Control 90 Days


In this group, we observed partial repair of the NCA and the NBA. Compared to the Control 30 days group, more areas isolated of immature bone-tissue formation were observed close to the fibrous connective tissue in the area of the surgical defect. In the cortical area, the repair was more extensive, with an area 22.01% greater compared to that in the 30 days group (Figure 3C) (Table 1).




3.3. RTR® 30 Days


The cortical neoformation NCA was complete, with an average area percentage of 34.95%. It is possible to observe an inflammatory infiltrate and the total closure of the bone defect, with thinner tissue than the original tibial bone. Also, small formations of neoformed bone area (NBA) in the central region of the defect were found, but there were no RTR® particle remnants (Figure 3B) (Table 1).




3.4. RTR® 90 Days


After 90 days, cortical bone repair (NCA) was complete, with an average percentage of 42.84%. Newly formed tissue thinner than the original tibial bone and formations of immature bone tissue in the region of the surgical defect were observed (NBA) (Figure 3D and Table 1), with no remnants of RTR® particles.





4. Discussion


The histological and histometric analysis of the effect of RTR® (β-TCP) on the bone-repair process in surgically induced bone defects in rat tibiae revealed that RTR® promotes bone neoformation. This finding aligns with those of prior studies on β-TCP formulations, which have been noted for their biocompatibility, biodegradation [9,22,23,24,25], and osteoconductive capacities [10,22,26,27,28,29]. The findings of Bueno et al. [30] and Truedsson et al. [31], highlighting the influence of the physical and chemical properties of β-TCP granules, such as shape, size, and porosity, on osteoblastic behavior, lend further credence to the theory that these characteristics are crucial for enhancing bone regeneration [32,33]. Additionally, research by Benetti et al. [34] that investigated the inflammatory response and biomineralization induced by RTR® in subcutaneous tissues underscores its biocompatibility and potential to promote bone mineral formation.



Martinez et al. [33] have suggested that bone neoformation is intricately linked to the degradation of β-TCP particles, which ostensibly enhances osteoblastic activities. Our observations of diminished inflammatory responses and reduced graft-particle presence after 90 days, attributable to osteoclastic activity and subsequent bone neoformation in intimate contact with the biomaterial, align with these insights.



To better evaluate the development and formation of calcifications in hard tissue, researchers can also use an alkaline phosphatase (ALP) marker, as its enzymatic activity is related to bone cell development [35,36]. A study by Fathima & Harish [36], which compared morphological changes and ALP levels in fibroblasts cultured with various commercially available graft materials, revealed that RTR® induced significant morphological alterations and elevated ALP activity, signifying its superior bone-regeneration capacity.



Further research examining the effectiveness of bone grafts in patients with chronic periodontitis through a comparison of RTR®-associated platelet-rich fibrin (PRF) and a β-TCP allograft in treating class II mandibular furcation defects concluded that both materials substantially improved tissue regeneration [37]. This finding underscores the importance of carefully selecting experimental models that closely mimic human conditions and exhibit minimal variability [38], considering factors like gender and age [31,39]. The experimental model we adopted, rat tibiae [40,41,42], has good reproducibility and some similarities to human bone tissue, as tibiae are long bones with straight cortices but no contour and a medullary canal with great potential for differentiating osteoblasts and formation of bone tissue [41].



In our study, critical bone defects measuring 4.1 mm in diameter were strategically selected based on findings by Ribeiro et al. [42] and Mendes et al. [43], which suggested that defects of 3 mm diameter in rat tibias can heal spontaneously and might not accurately represent the challenges posed by larger defects. The absence of bone repair in the 30-day clot group with these larger defects confirms the critical nature of larger defects for regeneration, aligning with similar observations by Bernabé et al. [20].



Periods below 30 days make it impossible to observe the complete healing of defects, even with smaller cavities. Borrasca et al. [41] found similar results, as the 2 mm diameter bone defects in rat tibiae showed only a thin fibrous capsule containing collagen fibers, fibroblasts, a small number of blood vessels, a small number of inflammatory cells and immature bone trabeculae in their 10-day clot group.



The 90-day clot group showed partial repair of the cortical bone and small isolated formations of immature bone tissue in the surgical defect area. Bernabé et al. [20] found similar results for the same period, as they found no neoformed bone in critical defects. Cunha et al. [44] observed repair of the longitudinal fissures in rat tibiae with immature bone tissue in their 45-day clot group.



The RTR® group, after 30 and 90 days, showed better repair of the cortical bone and more bone tissue inside the defect than the clot group. Similar findings have been observed in rat calvary injuries [45] after 45 and 60 days [25].



Martinez et al. [33] found that β-TCP showed great bone-formation capacity, observing osteoblasts and osteocytes in close contact with the RTR® biomaterial after 30 days. Hirota et al. [19] also found bone repair. Despite evaluating critical bone defects, they found that RTR® created an effective substitute associated with autogenous bone in rat jaws after seven days. Another study evaluated critical defects in the jaws of dogs for 30 days, finding that RTR® enhanced neoformation of bone [45].



In defects surgically created after the extraction of rat molars [3], the authors found intense inflammatory process after five days and bone formation after 20 days following association of β-TCP with mesenchymal cells. These studies show the osteoinductive capacity of β-TCP, corroborating our findings.




5. Conclusions


Our investigation into the use of RTR® (β-TCP) as a bone substitute in critical-sized bone defects demonstrates its capacity to favor bone neoformation within our experimental model, positioning RTR® as a viable option for the treatment of critically sized bone cavities.
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Figure 1. (A) linear incision; (B) a 15 mm incision was made over the tibia, involving the skin, muscle and periosteum; (C) divulsion of tissues to expose the tibia. 
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Figure 2. Representative diagram of the bone defect. (A) Bone defects were created with a 4.1-mm diameter trephine drill; (B) checking the diameter of the bone defect with a millimeter periodontal probe; (C) two marks were created on the ends of the bone defects using a small cavity filled with an amalgam to assist our identification of the bone defects during analysis. 
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