Bone repair in defects filled with AH Plus sealer and different concentrations of MTA: a study in rat tibiae
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Abstract
Objectives
This study aimed to evaluate the effects on bone repair of different concentrations of mineral trioxide aggregate (MTA) added to AH Plus.

Materials and Methods
Bone tissue reactions were evaluated in 30 rats (Rattus norvegicus) after 7 and 30 days. In the AH + MTA10, AH + MTA20, and AH + MTA30 groups, defects in the tibiae were filled with AH Plus with MTA in proportions of 10%, 20% and 30%, respectively; in the MTA-FILL group, MTA Fillapex was used; and in the control group, no sealer was used. The samples were histologically analyzed to assess bone union and maturation. The Kruskal-Wallis and Mann-Whitney tests were performed for multiple pairwise comparisons (p ≤ 0.05).

Results
At the 7-day time point, AH + MTA10 was superior to MTA-FILL with respect to bone union, and AH + MTA20 was superior to MTA-FILL with respect to bone maturity (p < 0.05). At the 30-day time point, both the AH + MTA10 and AH + MTA20 experimental sealers were superior not only to MTA-FILL, but also to AH + MTA30 with respect to both parameters (p < 0.05). The results of the AH + MTA10 and AH + MTA20 groups were superior to those of the control group for both parameters and experimental time points (p < 0.05).

Conclusions
The results suggest the potential benefit of using a combination of these materials in situations requiring bone repair.
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INTRODUCTION
Root canal sealers are used to provide a seal between the dentinal walls and the filling material along the entire length of the root canal. Ideally, these cements should have sealing ability, dimensional stability, adequate setting time, insolubility, and biocompatibility, given the risk of material extrusion beyond the apical constriction and direct contact with periapical tissues [1234]. Sealers are commonly categorized according to their main chemical constituents: zinc oxide eugenol, calcium hydroxide, glass ionomer, silicone, resin, and bioceramic-based sealers [35]. Bioceramics were introduced in endodontics as root repair cements and root canal sealers, and this category includes alumina, zirconia, bioactive glass, glass ceramics, hydroxyapatite, and calcium phosphates. They may be categorized into 2 groups: calcium silicate-based sealers (mineral trioxide aggregate [MTA]-based and non-MTA-based) and calcium phosphate-based sealers [5].
MTA was introduced as a root filling material in the 1990s. It is a powder that forms a hardened cement after it is mixed with water. Its main components are tricalcium silicate, tricalcium aluminate, tricalcium oxide, and silicate oxide [6]. Osteoconductivity is one of the favorable properties of MTA. This property enables the material to stimulate the production of tissue similar to bone and cementum in the periapical region in response to endodontic treatment, thereby providing an effective apical seal [6]. However, its long setting time, unfavorable handling characteristics, and poor flow performance still compromise its use. Therefore, a number of bioactive endodontic cements, the composition of which includes calcium and silicate, have been introduced to the market. It has been claimed that these materials have properties similar to those of MTA, but without its drawbacks [7].
MTA Fillapex is a paste-catalyst MTA containing a resin-based bioceramic sealer, which allows it to be appropriately inserted into the root canal as a conventional endodontic sealer [5]. It is composed of salicylate resin, resin diluent, natural resin, radiopacifying agent, silica nanoparticles, MTA, and pigments. MTA Fillapex is one of the most studied sealers [28910]. All in vivo studies have shown an inflammatory reaction in response to the various sealers, independently of type, ranging from slight to severe inflammatory reactions [2]. Nevertheless, most studies have shown that calcium silicate sealers, such as MTA Fillapex, are biocompatible [1]. The ability of MTA Fillapex to facilitate re-establishment of the original bone structure has been shown [28].
The epoxy resin-based AH Plus sealer is considered the gold standard for endodontic sealers, owing to its excellent physicochemical properties, such as resistance and dimensional stability [1]. It is also one of the materials that have been most widely assessed in the literature [2]. However, its biological properties, such as possible mutagenicity, cytotoxicity, and an inflammatory response, require further improvement [12]. Thus, several studies have tried to increase its biocompatibility by adding materials such as calcium hydroxide or MTA [111213].
In the present study, MTA was added to AH Plus with the ultimate aim of combining the ability of MTA to stimulate hard tissue deposition with the physicochemical properties of AH Plus. Therefore, the purpose was to compare the repair of bone defects filled with different concentrations of MTA added to AH Plus and MTA Fillapex in rat tibiae. The null hypothesis was that there would be no differences among the materials tested.

MATERIALS AND METHODS
Study design
The procedures used and the animal care protocol were approved by the Institutional Animal Care and Use Committee of Uninovafapi University Center (approval No. 001/18). Thirty male rats (Rattus norvegicus, Wistar; age, 6 months; weight, up to 300 g) were selected. The animals were placed in plastic cages (40 × 32 × 17 cm), kept in an air-conditioned vivarium (21°C to 25°C) with adequate lighting (12:12 hour light-dark cycle), and received a balanced diet (Nuvilab, Colombo, PR, Brazil) and water ad libitum [14].

Surgical protocol
The animals' weight was measured and drug doses were adjusted. All animals were anesthetized with intramuscular injections of xylazine hydrochloride solution (10 mg/kg, Ceva Saúde Animal, Paulínia, SP, Brazil) and ketamine (25 mg/kg Dopalen, Ceva Saúde Animal). After confirming the anesthetic effect, trichotomy and disinfection of the areas over the tibiae of the right and left paws with 5% iodopovidone solution, a 3.0-cm incision was made in the skin and muscle in the middle third of the bone until the periosteum was reached [14].
After exposure of the bone tissue, a unicortical defect sufficiently deep to attain the medullary canal (3.0 mm) was made on each tibia, in the region of the largest lateral extent of the middle third of the bone. To do this, a trephine bur 3.3 mm in diameter (Dentsply Sirona, Petrópolis, RJ, Brazil), mounted in an implant contra-angle handpiece (FX 200, Dentflex, Ribeirão Preto, SP, Brazil) was used, driven by an electric motor (D Force 1000, Dentflex), under copious cooling with a sterile physiological solution [14].
Thirty rats (Rattus norvegicus) were divided into 5 groups according to the material used to fill the bone defect. For random allocation, we employed IBM SPSS Statistics 20 software (IBM Brasil, São Paulo, SP, Brazil) to generate a table of random numbers. The 5 groups were as follows: the AH + MTA10 group, which received AH Plus sealer (Dentsply DeTrey GmbH, Konstanz, Germany) and MTA (Angelus, Londrina, PR, Brazil) in a proportion of 10% (w/w); the AH + MTA20 group, which received AH Plus sealer with MTA in a proportion of 20% (w/w); the AH + MTA30 group, which received AH Plus sealer with MTA in a proportion of 30% (w/w); the MTA-FILL group, which received MTA Fillapex sealer (Angelus); and the control group, in which the defect was filled only with the animal's own blood clot. All the materials were manipulated according to the recommendations of their respective manufacturers: AH Plus sealer was used at a ratio of 1:1, MTA Fillapex at a ratio of 1:1, and AH Plus was used together with 10%, 20%, and 30% proportions of MTA calculated using a precision scale; after all weighing, the materials were spatulated on a glass plate until homogeneous consistency [15].
After mixing the cements, they were individually inserted into the bone defects until the defects were completely filled, thereby establishing the experimental groups. Each rat had a different cement randomly placed in the right and left tibiae. In each fifth bone defect, no type of material was inserted. The muscle and skin layers were then sutured with 3-0 silk thread (Shalon Fios Cirúrgicos, São Paulo, SP, Brazil), and the area was cleaned again with a 5% povidone-iodine solution [14].
After 7 and 30 days, the animals were euthanized (15 per period) using a 10% ketamine hydrochloride solution at 0.35 mL/kg (Dopalen, Ceva Saúde Animal). Their tibiae were dissected and fixed in a 10% formaldehyde solution, thus producing the 6 specimens planned for each group per period. After 24 hours of fixation, the specimens were washed in running water for 12 hours and demineralized in a solution of ethylenediaminetetraacetic acid (Merck, Darmstadt, Germany). Subsequently, the specimens were dehydrated in alcohol and hemisectioned in the transverse direction in the central region of the bone defect and embedded in paraffin in the direction of the cut surface. Five-micrometer-thick semi-serial sections were obtained and stained with a hematoxylin-eosin solution (Merck) [14].

Histopathological analysis
The tissue reactions observed in the specimens of the different groups were analyzed using an optical microscope (Olympus, Tokyo, Japan) coupled to a digital camera (Olympus), at magnifications of up to × 400. Three histological sections of each tibia were obtained, for a total of 180 sections.
The 5-level scoring system described by Hedner and Linde [16] was used to assess the healing process, based on the parameters of bone union and maturation (Table 1). A qualified pathologist, blinded to the type of material and period of time elapsed after material implantation, conducted the histological assessments.
Table 1 Histological scoring system described by Hedner and Linde [16] based on the parameters of bone union and bone maturation

[image: ]	Score	Parameters
	Bone union	
		0	No signs of newly formed bone.
		1	Small amount of new bone at the defect rims.
		2	Moderate amount of new bone at the rims; two-thirds of the defect remains.
		3	Profuse new bone formation; one-third of the defect remains.
		4	A minor rest defect remains.
		5	Complete bone union.
	Bone maturity	
		0	No signs of bone union.
		1	Cellular bone, consisting of relatively undifferentiated cells and thin collagen fibrils.
		2	Thick collagen fiber union. Proliferation and differentiation of osteoprogenitor cells to osteogenic cells.
		3	Scattered islands of premature bone.
		4	Branching and anastomosing spicules of premature bone organized in a heterogeneous pattern.
		5	Compact woven bone.



Statistical analysis
The data distribution was analyzed using the Kolmogorov-Smirnov test. Since the observed distribution was non-normal, the values obtained in the study groups were compared using the non-parametric Kruskal-Wallis test, followed by the Mann-Whitney test for multiple pairwise comparisons (p ≤ 0.05). IBM SPSS Statistics version 20 software (IBM Brasil) was used to perform the analyses.


RESULTS
Histopathologic analysis
1. AH + MTA10
At 7 days, the histological analyses mainly revealed a small or moderate amount of new bone at the defect rims, thick collagen fiber union, and proliferation and differentiation of osteoprogenitor cells to osteogenic cells in specimens of all groups. In particular, the AH + MTA10 group exhibited a moderate amount of immature bone at the defect rims, with only a small bone defect remaining in most samples. There was evidence of a moderate inflammatory infiltrate, composed mainly of polymorphous and mononuclear cells. Adjacent to the bone defect, residues of dispersed material were observed (Figure 1A). At 30 days, all specimens of different groups presented partial or complete formation of the hard tissue barrier. The AH + MTA10 group presented complete closure of the experimental defect with the formation of a thick cortical bone bridge, morphologically similar to the bone adjacent to the defect. There was a reduction in the intensity of inflammatory infiltrate relative to the 7-day period (Figure 1B).
[image: Figure 1]
Figure 1 Histological images representative of the bone repair observed after filling experimental defects created in rat tibiae with AH + MTA10 (A, B), AH + MTA20 (C, D), and AH+MTA30 (E, F), MTA Fillapex sealer (G, H), and the control group (I, J). At 7 days, only a small bone defect and immature bone consisting of osteoblasts and bone matrix (upward-pointing arrow) can be seen in the AH + MTA10 group, and residual material is also observed (downward-pointing arrow) (A). Differentiation of immature cells into osteoblasts and the deposition of varying amounts of collagen fibers predominate in the other groups (C, D, G, and I). At 30 days, closure of the experimental defect with the formation of a thick cortical bone bridge, morphologically similar to the bone adjacent to the defect, can be seen in the AH + MTA20 group (D). Mineralized, lamellar and irregular compact bone of variable thickness, and persistent medullary spaces (asterisks) can be seen in the other groups (B, F, H, and J) (hematoxylin and eosin stain; original magnification × 200).AH + MTA10, AH Plus sealer and mineral trioxide aggregate in proportions of 10%; AH + MTA20, AH Plus sealer and mineral trioxide aggregate in proportions of 20%; AH + MTA30, AH Plus sealer and mineral trioxide aggregate in proportions of 30%.


2. AH + MTA20
The tissue reaction in the AH + MTA20 group was similar to that in the AH + MTA10 group for the different experimental periods, mainly with regard to the presence of inflammatory infiltrate and linear closure of the bone defect. At 7 days, the AH + MTA20 group exhibited a predominantly moderate amount of new bone at the rims, with about two-thirds of the bone defect remaining (Figure 1C). At 30 days, the inflammatory infiltrate was scarce and a large number of osteogenic cells were observed, with the formation of a compact mineralized bridge closing the experimental defect. Complete bone union with compact woven bone was the main finding at this time point (Figure 1D).

3. AH + MTA30
The bone defect repair observed in the AH + MTA30 group at 7 days was morphologically more immature than the previously described groups, consisting mainly of thick collagen fiber union, with proliferation and differentiation of osteoprogenitor cells to osteogenic cells; moreover, there was only a small amount of new bone at the defect rims. Additionally, there was a moderate to intense inflammatory component (Figure 1E). At 30 days, reductions were observed in the inflammatory response and the formation of a compact mineralized bridge, with lamellar bone and a larger amount of osteocytes, but persistent medullary spaces (Figure 1F).

4. MTA-FILL
At 7 days, the results of the MTA-FILL group were very similar to those of the AH + MTA30 group: the defects exhibited thick collagen fiber union, with proliferation and differentiation of osteoprogenitor cells to osteogenic cells, and a small amount of new bone. Numerous congested blood vessels were observed among mononuclear phagocytes engulfing residues of dispersed material (Figure 1G). At 30 days, there was partial formation of a hard tissue barrier, with a larger amount of osteocytes but persistent medullary spaces (Figure 1H).

5. Control
As described previously for the AH + MTA30 and MTA-FILL groups, the control group defects exhibited thick collagen fiber union, with proliferation and differentiation of osteoprogenitor cells to osteogenic cells, and a small amount of new bone at 7 days (Figure 1I). At 30 days, partial formation of a hard tissue barrier was observed, with a larger amount of osteocytes and persistent medullary spaces (Figure 1J).


Comparison among groups
Data were compared for each time point, as shown in Table 2. At 7 days, the bone union scores of the AH + MTA10 group were higher than those of the other groups (p < 0.05). Additionally, the bone union scores of the AH + MTA20 group were higher than those of the AH + MTA30 and control groups (p < 0.05). The bone maturation scores of the AH + MTA20 group were higher than those of the MTA-FILL group, and those of the AH + MTA10, AH + MTA20, and AH + MTA30 groups were higher than those of the control group (p < 0.05), with a higher concentration of scattered immature bone islands. At 30 days, the bone union and maturation scores of both the AH + MTA10 and AH + MTA20 groups were higher than those of the other groups (p < 0.05), with complete bone union and the formation of compact bone in most specimens.
Table 2 Median bone union and maturation scores of specimens 7 and 30 days after surgery performed to create and fill critical defects in rat tibiae

[image: ]	Variables	7 days	30 days
	Bone union	Bone maturity	Bone union	Bone maturity
	Q1	Median	Q3	Q1	Median	Q3	Q1	Median	Q3	Q1	Median	Q3
	Study group												
		AH + MTA10	3.00	4.00	5.00	3.00	3.00	3.00	4.00	5.00	5.00	4.00	5.00	5.00
		AH + MTA20	2.00	2.00	3.00	2.00	3.00	4.00	5.00	5.00	5.00	5.00	5.00	5.00
		AH + MTA30	1.00	1.00	2.00	1.00	2.00	2.00	5.00	5.00	5.00	2.00	4.00	5.00
		MTA-FILL	1.00	2.00	2.00	1.00	2.00	3.00	3.00	3.00	5.00	2.00	3.00	4.00
		Control	1.00	1.00	2.00	1.00	1.00	2.00	3.00	4.00	4.00	2.00	3.00	3.00
	Multiple comparisons (p value)		
		AH + MTA10 × AH + MTA20	0.010*	0.164	0.722	0.446
		AH + MTA10 × AH + MTA30	< 0.001*	0.489	< 0.001*	0.023*
		AH + MTA10 × MTA-FILL	< 0.001*	0.070	0.011*	0.002*
		AH + MTA10 × Control	< 0.001*	0.007*	< 0.001*	< 0.001*
		AH + MTA20 × AH + MTA30	0.006*	0.789	< 0.001*	0.007*
		AH + MTA20 × MTA-FILL	0.084	0.003*	0.040*	0.001*
		AH + MTA20 × Control	0.002*	< 0.001*	< 0.001*	< 0.001*
		AH + MTA30 × MTA-FILL	0.264	0.071	0.196	0.913
		AH + MTA30 × Control	0.608	0.006*	0.193	0.294
		MTA-FILL × Control	0.101	0.675	0.054	0.216

AH + MTA10, AH + MTA20, and AH + MTA30, AH Plus endodontic sealer (batch No. 294566) and mineral trioxide aggregate (batch No. 37310) in proportions of 10%, 20%, and 30% (w/w), respectively; MTA-FILL, MTA Fillapex endodontic sealer (batch No. 28382); Q1, first quartile (25%); Q3, third quartile (75%).
*Kruskal-Wallis test followed by the Mann-Whitney test (p ≤ 0.05).




DISCUSSION
The AH Plus sealer has been the most studied sealer over the last 2 decades, either as a test sealer or as a reference material. It is considered the gold standard in terms of physicochemical properties; however, its biological properties require further improvement [12]. Compared to other resin-containing sealants, AH Plus had the least cytotoxic effects, which makes it a good candidate for combination with materials that add bioactive properties [917]. Experiments combining MTA and AH Plus were previously described [131518]. The adhesive strength of AH Plus increased significantly when MTA was added in proportions of 20% and 30%, but was similar to that of the original AH Plus when MTA was added in a proportion of 10% [15]. The addition of MTA to AH Plus in proportions of 20% and 30% did not interfere with the radiopacity of the material, whereas MTA addition in a proportion of 10% significantly reduced radiopacity, even though the levels were still acceptable [18]. Regarding biocompatibility, the combination of 30% AH Plus and 70% MTA after 7 days induced slight to moderate inflammatory response in the subcutaneous tissue of rats, and after 50 days, the materials tested induced an insignificant inflammatory response. The authors concluded that the addition of AH Plus sealer to MTA did not influence its biological behavior [13]. However, the main benefit obtained by combining both materials is the addition of the osteoconductivity of MTA to AH Plus, which has yet to be investigated. Therefore, to the best of our knowledge, the present study was the first to evaluate the reparative capacity of different concentrations of MTA added to AH Plus in bone defects produced in the tibiae of rats.
On the basis of the results obtained, the null hypothesis tested was rejected, as significant differences were observed among the materials that were examined. At the 7-day time point, AH + MTA10 was superior to MTA-FILL with respect to bone union, and AH + MTA20 was superior to MTA-FILL with respect to bone maturity. At the 30-day time point, both the AH + MTA10 and AH + MTA20 experimental sealers were superior not only to MTA-FILL, but also to AH + MTA30, with respect to both parameters. The results of the AH + MTA10 and AH + MTA20 groups were superior to those of the control group regarding both parameters at both experimental time points. Although a higher percentage of MTA added to AH Plus would be expected to produce better results for bone neoformation, it was observed that more advanced stages of osteogenesis were seen in the specimens from the AH + MTA10 and AH + MTA20 groups. It is possible that the physicochemical characteristics of the materials resulting from the combinations of AH Plus with MTA in proportions of 10% and 20% resulted in higher MTA availability and consequently better osteoconductive performance than was found in the control and MTA Fillapex groups. It was observed subjectively that AH + MTA20 had less flow than AH + MTA10 and a longer working time than AH + MTA30. This furnishes evidence that the AH Plus sealer modified by the addition of 20% MTA provided the most favorable conditions for insertion and accommodation of the material into the cavity, but further research is necessary to confirm these findings.
The bioactivity of MTA is related to its ability to promote cell proliferation and migration, as well as tissue mineralization. The main component of MTA is calcium silicate, which is converted into calcium hydroxide following contact with tissue. Calcium hydroxide, in turn, dissociates into calcium and hydroxide ions, and these are continuously released into the surrounding environment [67]. When MTA was exposed to synthetic tissue fluid, simulating in vivo conditions, it produced precipitates that were similar to the hydroxyapatite layer. Hydroxyapatite layers, which have low toxicity, are highly biocompatible. This layer might have osteogenic potential because it can release calcium and phosphorus ions, which are involved in bone metabolism [19]. This property of MTA may have been preserved in the tested materials, since bone repair was observed in the present study.
The MTA-FILL and control groups presented similar results. A remaining bone defect was observed in these groups even after 30 days, with a predominance of relatively undifferentiated cells, collagen fibrils, and premature bone. Previous studies have reported the cytotoxicity of MTA Fillapex in contact with mesenchymal stem cells, endothelial cells, fibroblasts, and osteoblasts [92021]. Nonetheless, MTA Fillapex may still be accepted as a cytocompatible sealer due to viability values superior to 70% [21]. It was also reported that after setting, the cytotoxicity of MTA Fillapex decreased and the sealer presented suitable bioactivity to stimulate hydroxyapatite crystal nucleation [22]. Saraiva et al. [23] using a subcutaneous test, observed that MTA Fillapex was associated with fewer inflammatory cells mediated by interleukin-6, suggesting that the immune response is suppressed more rapidly in the MTA-based sealers. In bone studies, MTA Fillapex caused an inflammatory response similar to or more intense than that caused by AH Plus [824]. Regardless, both MTA Fillapex and AH Plus facilitated re-establishment of the original bone tissue structure and the inflammatory response decreased over time, meaning that they could be considered biocompatible [8]. Costa et al. [20] observed that MTA Fillapex sealer promoted the formation of a mineralized matrix and partial regeneration of bone defects in an ex vivo model.
An attempt was made to increase the biocompatibility of MTA Fillapex by adding ceramic particles; however, even though a decrease was observed in the acute and chronic inflammatory responses, no formation of mineralized tissue was seen [25]. The toxicity of MTA Fillapex has been attributed to its chemical composition, since the salicylate resin has already been shown to induce apoptosis [923]. Additionally, bismuth oxide, used as a radiopacifier in MTA Fillapex, is related to the inhibition of cellular proliferation and induction of the inflammatory response, so it was recently replaced by calcium tungstate in an effort to improve its biological properties [117]. With this new composition, cytocompatibility was reported both in a direct contact test and in terms of alkaline phosphatase activity and bioactive potential in subcutaneous tissue, but the authors highlighted the scarcity of studies to compare their data [1017].
Some limitations of the present study must be considered. First, an animal model was used, so the results cannot be extrapolated directly to humans. Second, the physical and chemical properties of the experimental materials have not been evaluated. However, the bone defect model is considered adequate to identify differences in tissue response to endodontic cements and has been widely adopted [8112425].

CONCLUSIONS
The present study showed that the osteoconductivity of AH Plus sealer modified by the addition of 10% and 20% MTA was superior to that of all other groups with respect to bone union and maturity at 30 days under the present experimental conditions. The results suggest a probable benefit of using a combination of these materials in situations in which bone repair is required. Nevertheless, additional properties must be further tested in order to validate the potential use of these combinations.
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