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Bone remodeling during alveolar repair is impaired by RANKL antagonist
Remodelacéo 6ssea durante o reparo alveolar é prejudicada por antagonista da RANKL

La remodelacion 6sea durante la reparacion alveolar se ve afectada por el antagonista de RANKL
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Abstract

Post-menopausal osteoporosis is detrimental to bone metabolism as well as alveolar repair. This osteometabolic
disorder is an obstacle to the success of maxillofacial rehabilitations, since a large number of patients are carriers of
the disease. Denosumab is widely used as a treatment for post menopausal osteoporosis. This drug exerts an
antiabsorptive action by inhibiting RANKL, helping to reduce the bone loss caused by osteoporosis. This study aimed
to evaluate the repair bone formed after the extraction of the upper incisor of estrogen-deficient rats treated with anti-
RANKL monoclonal antibody. The rats (Rattus novergicus albinus, Wistar) were ovariectomized or SHAM operated
(n=36). Half of the ovariectomized rats were treated with osteoprotegerin with an Fc fragment (OPG-Fc; 10mg/kg,
twice a week), the other half received saline solution as control. After 30 days the rats had their right upper incisor
extracted. After 60 days of extraction, the alveoli were evaluated by immunohistochemical, computerized
microtomography and confocal microscopy. The OPG-Fc decreased the percentage of bone volume (BV/TV),
thickness (Th.Th) and number of alveolar trabecules (Th.N) when compared to groups that received saline solution
(p<0.005). The OPG-Fc increased the separation between the trabecules (Th.Sp) and the porosity (Po.tot) of the
reparative alveolar bone (p<0.005). The OPG-Fc decreased immunolabelling for RANKL and TRAP when compared
to groups that received saline solution. Treatment with OPG-Fc decreased bone neoformation but preserved
preexisting bone tissue. This data is supported by the mineral apposition rate, which showed higher values for
OVX/OPG-Fc when compared to the OVX group.

Keywords: Osteoporosis; Bone remodeling; Bone density; Tooth socket; Denosumab.

Resumo

A osteoporose pds menopdusica é prejudicial ao metabolismo ésseo, bem como ao reparo alveolar. Essa desordem
osteometabdlica é um obstaculo para o sucesso das reabilitacdes maxilofaciais, visto que uma grande parcela dos
pacientes sdo portadores da doenga. O Denosumab é amplamente utilizado como tratamento da osteoporose pos
menopausica. Esse medicamento exerce acdo antireabsortiva pela inibicdo do RANKL, auxiliando na diminuicéo da
perda dssea provocada pela osteoporose. Este estudo teve como objetivo a avaliagdo do osso reparacional formado
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apos a exodontia do incisivo superior de ratas com deficiéncia de estrégeno tratadas com o anticorpo monoclonal anti-
RANKL. As ratas (Rattus novergicus albinus, Wistar) foram ovariectomizadas ou SHAM operadas (n=36). Metade
das ratas ovariectomizadas receberam tratamento com osteoprotegerina com um fragmento Fc (OPG-Fc; 10mg/kg,
duas vezes por semana), o restante das ratas recebeu solucgdo salina como controle. Apds 30 dias as ratas tiveram o
incisivo superior direito extraido. Decorridos 60 dias da exodontia, os alvéolos foram avaliados por imunoistoquimica,
microtomografia computadorizada e microscopia confocal. A OPG-Fc diminuiu a porcentagem de volume 6sseo
(BVITV), espessura (Th.Th) o nimero das trabéculas (Th.N) alveolares quando em comparacdo aos grupos que
receberam solucdo salina (p<0,005). A OPG-Fc aumentou a separacdo entre as trabéculas (Th.Sp) e a porosidade
(Po.tot) do osso alveolar reparacional (p<0,005). A OPG-Fc diminuiu a imunomarcacdo para RANKL e TRAP
quando comparada aos grupos que receberam solucdo salina. O tratamento com OPG-Fc diminuiu a neoformacéo
6ssea, mas preservou o tecido dsseo preexistente. Esse dado é suportado pela taxa de aposicdo mineral, que
apresentou valores maiores para OV X/OPG-Fc quando comparado ao grupo OVX.

Palavras-chave: Osteoporose; Remodelagdo 6ssea; Densidade 6ssea; Alvéolo dental; Denosumab.

Resumen

La osteoporosis posmenopausica es perjudicial para el metabolismo 6seo y la reparacion alveolar. Este trastorno
osteometabdlico es un obstaculo para el éxito de las rehabilitaciones maxilofaciales, ya que un gran ndmero de
pacientes son portadores de la enfermedad. EI denosumab se usa ampliamente como tratamiento para la osteoporosis
posmenopausica. Este farmaco ejerce una accion antiabsorbente al inhibir RANKL, ayudando a reducir la pérdida
Gsea provocada por la osteoporosis. Este estudio tuvo como objetivo evaluar el hueso de reparacién formado tras la
extraccion del incisivo superior de ratas deficientes en estrogenos tratadas con anticuerpo monoclonal anti-RANKL.
Las ratas (Rattus novergicus albinus, Wistar) fueron ovariectomizadas u operadas con SHAM (n = 36). La mitad de
las ratas ovariectomizadas fueron tratadas con osteoprotegerina con un fragmento Fc (OPG-Fc; 10 mg / kg, dos veces
por semana), la otra mitad recibié solucion salina como control. Después de 30 dias, se extrajo el incisivo superior
derecho de las ratas. Después de 60 dias de extraccion, los alvéolos fueron evaluados por inmunohistoquimica,
microtomografia computarizada y microscopia confocal. La OPG-Fc disminuyo el porcentaje de volumen éseo (BV /
TV), grosor (Th.Th) y nimero de trabéculas alveolares (Th.N) en comparacion con los grupos que recibieron solucién
salina (p <0,005). La OPG-Fc aumento la separacidn entre las trabéculas (Th.Sp) y la porosidad (Po.tot) del hueso
alveolar reparador (p <0,005). El OPG-Fc disminuy6 el inmunomarcaje de RANKL y TRAP en comparacion con los
grupos que recibieron solucién salina. El tratamiento con OPG-Fc disminuy6 la neoformacion 6sea pero conservé el
tejido dseo preexistente. Estos datos estan respaldados por la tasa de aposicion de minerales, que mostr6 valores mas
altos para OV X / OPG-Fc en comparacion con el grupo OVX.

Palabras clave: Osteoporosis; Remodelacién 6sea; Densidad osea; Alvéolo dental; Denosumab.

1. Introduction

Osteoporosis is a worldwide public health problem, and its incidence is rising, in view of the increased life expectancy
of the population. Thus, osteoporosis is a disease of great importance, since it makes the individual carrier more susceptible to
bone fractures that can lead to death (Eastell, 1998). This osteometabolic disorder occurs when there is an imbalance in bone
remodeling, with an overlap of the rate of bone resorption over the rate of bone formation. After menopause, estrogen
deficiency increases osteoclastic activity without a corresponding increase in osteoblastic activity, leading to osteopenia, which
affects about two thirds of the female population. When it is associated with age, estrogen deficiency causes osteoporoses
(Gallagher, 2008).

Denosumab is a fully human monoclonal antibody that acts by inhibiting RANKL, one of the main modulators of
osteoclastogenesis, being the first RANKL molecule inhibitor approved by the FDA for use in postmenopausal women at risk
of osteoporosis. In humans it is administered subcutaneously in doses of 60mg every six months. Antibodies against RANKL
are powerful antiabsorbing agents (Kostenuik et al., 2009; Adami et al., 2012), however they do not interact with murine
RANKL. Osteoprotegerin (OPG) is a natural RANKL antagonist. When an Fc fragment (OPG-Fc) is added to the OPG, its
survival in the bloodstream is extended. Mouse OPG-Fc can be used to study the effects of anti-RANKL treatment on mouse
models (Kostenuik et al., 2009; Ominsky et al., 2008).

Ovariectomy of rats has been associated with increases in RANKL protein (Kostenuik et al., 2009; Nakamichi et al.,
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2007), demonstrating that RANKL is responsible, in parts, for the bone loss that occurs when there is estrogen depletion in
mice. To support this, studies have shown that RANKL inibition by OPG decreased bone resorption in animals with estrogen
deficiency (Yoneda et al., 2004; Kostenuik et al., 2001). The evaluation of the bone architecture in face of the anti-RANKL
action in ovariectomized rats has been poorly studied until the present moment, making this model interesting, since it mimics
a condition that is present in a large part of the population.

The evaluation of alveolar repair after extraction of the rat upper incisor is a classic model used to study the dynamics
of bone repair (Okamoto & Russo., 1973; Manrique et al., 2015), since the chronology of the process as well as the cellular
responses are very well defined. It is an interesting model when the purpose is to characterize the alveolar bone, since the
objective is the production of tissue with adequate quality for rehabilitation with implant-supported prosthesis.

Considering the prevalence of osteoporosis cases, as well as the increased demand for procedures to replace lost teeth,
the objective of this study was to evaluate the alveolar repair process in rats with estrogen deficiency and treated with OPG-Fc,

through immunohistochemical analysis, microtomographic analysis and confocal microscopy analysis.

2. Material and Methods

2.1 Study design and ethics committee

This research was approved by the Ethics Committee on Animal Use of Aragatuba Dental School, UNESP - Paulista
State University (process 00685-2015). The whole study was developed according to the ARRIVE guidelines. A total of 36
rats (Rattus novergicus albinu, Wistar), three months old, whose body weight ranged from 250 to 300 grams, were used. The
animals were kept in cages in a stable temperature environment (22 ° C + 2 ° C light control cycle 12 hours light and 12 hours
dark), balanced diet (Ra¢do Mogiana Alimentos SA, Campinas, Brazil) and water ad libitum, except in the period of 12 hours
preceding the surgical act. The animals were divided into 3 groups: SHAM (n=12), OVX (n=12) e OVX/OPG-Fc (h=12)
(Table 1). The animals underwent ovariectomy or sham surgery. The SHAM and OVX animals were treated with saline
vehicle, while the OV X/OPG-Fc animals were treated with OPG-Fc by subcutaneous route. The treatments started right after
the surgery and lasted until the end of the experiment, totaling 90 days of administration. 30 days after the ovariectomy, the
right upper incisor was extracted and after 60 days the samples were collected for analysis. Six jaws were destined for
immunohistochemical analysis using the Osteoprotegerin (OPG), nuclear factor activator receptor binder kappa B (RANKL),
Osteocalcin (OCN) and Acid Tartarate Resistant Phosphatase (TRAP).For the evaluation of the reparative bone tissue using
computerized microtomography, the evaluation parameters were selected based on guidelines described previously (Bouxsein
et al., 2019). The parameters evaluated were bone volume (BV/TV), trabecular thickness (Tb.Th), trabecular separation
(Th.Sp), number of trabeculars (Th.N) and total porosity [Po. (tot)]. The microtomographic analysis was performed using 6
jaws from each experimental group. After computerized microtomography, the same maxilla (n=6) were processed for

confocal microscopy analysis for the histometrical evaluation of bone dynamics and mineral apposition rate (MAR).

Table 1. Experimental groups according to the experimental surgeries and treatment.

SHAM Sham surgery
OovX Ovariectomy
OVX/OPG-Fc Ovariectomy and anti-RANKL treatment

Source: Authors.
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2.2 Estral cycle classification

The rats were separated in individual cages for daily evaluation of the estral cycle. The technique used was described
by Evans and Long in 1922 (Evans & Long., 1922), which consists of introducing 1-2 drops of saline solution inside the
vagina followed by aspiration. The collected serum is placed on a histological slide for visualization under the microscope to

recognize the phases of the estral cycle. The rats are selected after following 3 regular cycles.

2.3 Ovariectomy surgery

The estrogen deficiency was induced by removing the ovaries from the mice (Tedfilo et al., 2004). The rats of the
OVX and OVX/OPG-Fc groups were anesthetized by intramuscular injection with 50mg/kg Ketamine and 5mg/kg Xylazine
(Dopaser - Laboratério Calier do Brasil Ltda - Osasco, S&o Paulo, Brazil), then antisepsis of the surgical field was performed
with iodinated polyvinylpyrrolidone (Riodeine Industria Quimica e Farmacéutica Rio Quimica, Ltda). The incisions were
made in the region of both flanks, to expose the ovaries and remove them. After the hemostasis, the skin was sutured with
cotton thread. As prophylaxis, 0.02 of antibiotic (Pentabi6tico® Veterinario Pequeno Porte, Fort Dodge Animal Health Ltda.,
Campinas, SP, Brazil) was administered to the animals after the surgery. The SHAM rats were submitted to sham surgery, in
which only surgical access to the ovaries is performed, without their removal, in order to submit the rats to the same surgical

stress, as the ovariectomized ones.

2.4 Drug Treatment

The drug treatment with OPG-Fc was administered subcutaneously at a dose of 10mg/kg, twice a week corroborating
the experimental model described in previous studies (Gerstenfeld et al., 2009). The treatment lasted until the end of the
experiment (euthanasia), totaling 90 days of administration. During the same period, SHAM and OV X animals were treated

with saline solution subcutaneously.

25 ELISA

After 30 days of OPG-Fc administration, blood samples were collected and stored in tubes before being centrifuged to
separate the blood plasma. The level of nuclear activator receptor binder kappa B (RANKL) was determined by an Enzyme
Linked ImmunonoSorbent Assay (Booster Biological Technology Co., Ltda., Pleasanton, CA, USA), to verify the efficacy of
the OPG-Fc dose used (Figure 1).
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Figure 1. Absorbance of RANKL expressed in SHAM groups (45 pg/ml) OVX (91 pg/ml) and OVX/OPG-Fc (41 pg/ml)
obtained by ELISA. Evaluation period: 30 days after starting anti-RANKL treatment.

RANKL absorbance

pf_f'.'l'

HAM VX oPG

Source: Authors.

2.6 Exodontic Surgery

After 30 days of starting the drug treatment, the 36 rats were submitted to extraction of the right upper incisor. The
animals were submitted to fasting for eight hours before the surgery. They were sedated with a combination of 50 mg / kg of
intramuscular ketamine (Vetaset® - Fort Dodge Animal Health Ltda., Campinas, SP, Brazil) and 5 mg / kg of xylazine
hydrochloride (Dopaser - Laboratdrios Calier do Brasil Ltda., Osasco , SP, Brazil). Then the antisepsis of the operative field
was performed using topical iodopovidone germicide (10% PVP-I, Soft Derma Degerming Riodein, Rioquimica, S&o José do
Rio Preto, SP, Brazil) and the upper right incisor was extracted using a specially adapted instrument. The gingival mucosa was
sutured with 910 polyglactin yarn (Vicryl 4.0).

2.7 Fluorochrome application.

The application of fluorochromes was performed on 6 animals of each group (SHAM,0OVX and OVX/OPG-Fc). Thus,
at 14 days after extraction of the right upper incisor it was administered by the intramuscular route 20 mg/kg of fluorocromo
calcein. After 28 days (42 days after extraction), the alizarin red fluorochrome was administered intramuscularly in the amount
of 20 mg/kg (Oliveira et al., 2019).

2.8 Euthanasia

All animals were euthanized 60 days after the exodontic surgery (n=18: immunohistochemical analysis; n=18:
fluorochrome analysis and computerized microtomography) with a lethal dose of intravenous anesthetic (sodium thiopental,
150 mg / kg) (Cristélia Ltda., Itapira, SP, Brazil).

2.9 Immunohistochemical Analysis

For this analysis, the right side of the jaw was removed and fixed in 10% formaldehyde. After 48 hours, the samples
were washed in running water for 24 hours and decalcified in EDTA (10%). Then dehydration was performed using a
sequence of alcohols. The diaphanization was performed with xylol for later inclusion in paraffin, to obtain cuts with 5 um of

thickness and later mounted on histological slides. The immunohistochemical reactions were performed in order to analyze the
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bone remodeling response using RANKL and OPG proteins. The presence of TRAP, positive in osteoclasts, indicates bone
resorption. Osteocalcin (OC) is deposited on the bone matrix during the bone mineralization process, when this tissue is
mature. These proteins were analyzed in a period of 60 days after the exodontic surgery.

Immunohistochemical reactions were performed using the immunoperoxidase detection method. The secondary anti-
goat IgG rabbit antibody (H + L), Biotin (Pierce Biotechnology, Waltham, Massachusetts, USA) was used; the signal of the
reaction was amplified through incubation in avidin and biotin (Kit ABC standard, Vector Laboratories); the reaction was
revealed using the chromogen Diaminobenzidine (Dako North America, Inc. 6392 Via Real Carpinteria, CA 93013, USA). At
the end of the immunohistochemical reactions, counter-coloration with Harris Hematoxylin was performed. For each of the
antibodies used, the expression of these proteins was evaluated by ordinal qualitative analysis through the attribution of
different scores according to the extension of the area of positive immunomark for diaminobenzidine during the alveolar repair
process. The analysis was performed with an optical microscope (Leica, Leitz Wetzlar, Germany, 25x objective). For 25% of
positive immunolabeling, it will be attributed the score 1; for 50% score 2; and for 75% score 3. The analyzer was submitted to
the Kappa test where the index above 0.8 was obtained, showing that the observed scores were consistent. Diaminobenzidine
markings were considered positive, being cautious to maintain negative controls for antibody specificity evaluation. These

scores were established based on previous studies (Pedrosa et al., 2009; Ramalho-Ferreira et al., 2017).

2.10 Computerized Microtomography

For the three-dimensional analysis, the jaws were removed, fixed in 10% formaldehyde and stored in 70% alcohol.
The pieces were examined for the first time by scanning X-ray beams in a digital computerized microtomography system. The
parts were scanned by the SkyScan microtomograph (SkyScan 1272 Bruker MicroCT, Aatselaar, Belgium, 2003) using cuts of
9um thickness (50Kv and 500u), with copper and aluminum filter and rotation pitch of 0.3mm. The images obtained by X-ray
projection on the samples were stored and reconstituted after the determination of the region of interest (ROI), using NRecon
software (SkyScan 2011, version 1.6.6.0, Bruker, Aartselaar, Belgium). In the DataViewer software (SkyScan, version 1.4.4
64-bit, Bruker, Aartselaar, Belgium), the images were reconstructed to adjust the standard positioning of all samples, and
observed in three planes (transverse, longitudinal and sagittal). Then, using the software CTAnalyser - AWC (SkyScan Bruker
MicroCT version 1.12.4.0, Bruker, Aartselaar, Belgium), the area of interest (ROI) for the three-dimensional evaluation was
defined. The middle third of the alveolar cavities was scanned in the apical to cervical direction in the longitudinal plane. The
CTAnalyser software was then used to analyze and measure the image according to the gray scale (threshold). The threshold
had from 25 to 90 shades of gray, which made it possible to obtain the volume of bone formed in the alveoli under repair.

The parameters used for the evaluation were percentage of bone volume (BV/TV), number of trabecules (Th.N),

separation between the trabecules (Th.Sp), thickness of trabecules (Th.Th) and total porosity [Po (tot)].

2.11 Confocal Laser Microscopy

After obtaining the results from Micro-CT, the samples were washed in running water for 24 hours and dehydrated
with gradually increasing concentrations of alcohol. Then, the jaws were infiltrated in a solution of acetone and methyl
methacrylate MMAL (Classic, Classic Dental Articles, S&o Paulo, SP, Brazil) in a proportion of 1:1, followed by baths of
methyl methacrylate. The 1% benzoyl peroxide catalyst (Riedel - De Haén AG, Seelze - Hannover, Germany) was added to the
last bath. The pieces were placed in glass flasks with caps which were kept at a temperature of 37 ° C for 5 days until the resin
was polymerized. After polymerization, the blocks containing the specimens were initially reduced with a "Maxcut" drill
mounted on a Kota bench motor (Strong 210, Sdo Paulo, SP, Brazil), parallel to the long axis of the hemimaxilla (sagittal
plane). Then, the progressive manual wear was performed in automatic polishing (ECOMET 250PRO/AUTOMET 250,
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Buehler, Lake Bluff, IL, USA) with 120, 300, 400, 600, 800 and 1200 grain sandpapers (Carbimet 2, Buehler, Lake Bluff, IL,
USA), under fluorescent light, up to the thickness of 80um measured by digital pachymeter (Mitutoyo, Pompeia, SP, Brazil).
The cuts obtained were mounted on histological blades with mineral oil (Petrolato liquido, Mantecor, Taquara, RJ, Brazil) and
fixed with laminules and enamel to prevent the oil from emptying, preventing the cut from drying out. The longitudinal
sections of the alveolar bone of the hemimaxillas adjacent to the apical third of the upper central incisor were obtained by the
Leica CTR 4000 CS SPE microscope (Leica Microsystems, Heidelberg, Germany), using a 10x objective (original
magnification 100). The bone next to the right upper incisor was taken as reference. Thus, the area of bone around this tooth
was evaluated in each sample. After selecting the thickness of the sections, the images were reconstructed in the software used
to manipulate the microscope (Leica CTR 4000 CS SPE, Leica Microsystems, Heidelberg, Germany). The images obtained
showed through the blue filter, the green color fluorochrome. The alizarin fluorochrome was revealed in red by the green filter.
Overlaying the images of the two fluorochromes it was possible to evaluate the calcium deposition in both periods. The images
were saved in TIFF format and moved to ImageJ software (Image Processing and Analysis Software, Ontario, ON, Canada).
Using the "color selection” tool, each image was standardized according to hue, saturation and brightness. Both fluorochrome
stains were evaluated in the same configuration on the same slide for bone dynamics and mineral apposition rate (MAR)
values. The green fluorescent color (calcein) was selected, and the measurement tool was used to calculate the corresponding
area in square micrometers. Then, the fluorescent red (alizarin) was measured, thus making possible the interpretation of peri-
implant bone dynamics in each tested condition. The rate of mineralization was obtained by the daily value of the
mineralization, using a straight tool to calculate the distance between the external surfaces of each fluorochrome precipitation
(beginning of the calcein precipitation until the end of the alizarin precipitation). These values were divided by 28 to represent
the interval days between the two fluorochrome injections. The result represented the value of the mineral apposition per day

(MAR) in micrometers.

2.12 Statistical Analysis

Statistical analysis, performed for micro-CT analysis (BV/TV BV, Th.Th, Tb.N, Th.Sp and Po.Tot) and confocal
microscopy (Bone dynamic and MAR), was performed using the GraphPad Prism 7.01 software. Homogeneity and
homoscedasticity tests (Shapiro-Wilk) were performed to select the appropriate statistical data. After confirmation of the
normal distribution, the one-way Anova test was performed to compare the results obtained in the SHAM, OVX and
OVX/OPG-Fc group followed by Tukey's post-test when necessary. For all statistical analyses a 95% significance level

(p<0.05) was adopted.

3. Results
3.1 Immunohistochemical Analysis

The immunohistochemical reaction was done to characterize the stage of bone tissue development in the different
experimental groups through the expression of osteocalcin (extracellular matrix protein expressed in later periods, when
calcium is precipitated in the bone tissue), as well as the balance of the bone remodeling process through the expression of
RANKL, OPG (proteins related to bone resorption and formation, respectively) and TRAP, related to osteoclastic activity and
bone resorption. The objective of the immunolabeling was to evaluate the efficacy of the drug in neutralizing the RANKL
protein, and the responses of the bone tissue under repair to the OPG-Fc action. The markings are evaluated in the middle third
of the alveolus under repair, region of greater cellular activity. It is possible to observe the expression of the proteins in the
cells by means of the brownish coloration, which is given by the use of the chromogen diaminobenzidine (Figure 2A-L). The

immunohistochemical analysis is qualitative ordinal, in which the attribution of scores is made according to the extension of
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the area that presents immunocoloration (Table 2). Osteoprotegerin was positively marked in the three experimental groups. In
SHAM animals, light to moderate markings were observed in osteoblasts present in mature bone tissue (Figure 2A). In the
OVX group, moderate immunomarking of osteoblasts, present in the conjunctive tissue, was observed (Figure 2B). Although
moderate immunolabeling was observed in this exeperimental group, it is important to emphasize that the immunolabeling was
close to the non-mineralized tissue, showing the delay in the alveolar bone repair response. When the group treated with OPG-
Fc was analyzed, moderate immunolabeling of active osteoblasts in the bone tissue formed in the middle third of the alveolus
was observed, showing better bone repair in view of the OVX group (Figure 2C). Moderate marking for RANKL was observed
in the SHAM group (Figure 2D), showing balance in the bone remodeling process, since the OPG also presented itself in a
moderate manner. In OVX animals intense immunolabeling for RANKL was observed, highlighting that in this group little
bone tissue was observed in the middle third of the dental alveolus, with a predominance of connective tissue in this region
(Figure 2E). In the group treated with OPG-Fc, light immunomarkings for RANKL were observed in the bone tissue (Figure
2F). Osteocalcin was marked in osteoblasts in the final stage of mineralization, characterizing a more mature bone tissue. In
the SHAM group, the OCN was marked mainly in osteocytes present in the alveolar bone tissue, with moderate marking
(Figure 2G). The presence of osteocytes positively marked for osteocalcin characterizes the degree of maturity of the bone
formed in the alveolar bone. In the OVX group, moderate marking was observed in osteoblasts in connective tissue, without
presenting mineralization characteristics (Figure 2H). In the OVX/OPG-Fc group, bone tissue formed in the alveolus was
observed, with moderate marking for osteocalcin (Figure 21). TRAP was marked in mature osteoclasts in bone resorption
activity. In SHAM animals a discrete positive mark was observed for osteoclasts, indicating low osteoclastic activity (Figure
2J). In the OVX group, moderate to intense marking was observed in mature osteoclasts and greater presence of connective
tissue (Figure 2K). In the animals of the group treated with OPG-Fc, light marking was observed in active osteoclasts with

presence of connective tissue (Figure 2L).

Figure 2. Immunohistochemistry using proteins against OPG, RANKL, OCN and TRAP in the period of 60 days.
Immunolabelling of these proteins in SHAM, OV X, and OVX/OPG-Fc groups. (Original, 25x). Immunolabelling was defined

as: mild; moderate and intense. The yellow arrows show the immunolabelling of proteins in the extracellular matrix.
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Table 2. Immunolabelling scores for the OPG, RANKL, OCN and TRAP proteins at the different experimental groups.

OPG RANKL OCN TRAP
SHAM 2 2 2 1
ovX 2 3 2 3
OVX/O 2 1 2 1

PG-Fc

Source: Authors.

3.2 Computerized Microtomography

The SHAM group presented the best results for percentage of bone volume (45.31%), with statistically significant
difference when compared to other groups (p<0.05). For this same parameter, OVX and OVX/OPG-Fc values were 31.57%
and 23.05%, respectively, with statistically significant difference. As for the trabecular thickness, SHAM presented the highest
values (0.09223 mm), followed by the OVX group (0.07422 mm) and OVX/OPG-Fc, with the lowest value (0.07289 mm).
Statistical differences were between the SHAM/OVX (p<0.005) and SHAM/OVX/OPG-Fc (p<0.005) groups. Bone trabecules
from the SHAM group were less separated in relation to the other groups (0.1802 mm), followed by the OV X group (0.2246
mm) and the highest values were observed in the OVX/OPG-Fc group (0.3493 mm), which showed greater separation of
trabecules. Statistically significant difference was observed between the SHAM and OPG-Fc groups (p<0.05). The animals of
the SHAM group presented the highest number of bone trabecules (4.933/mm), followed by the OVX (4.324/mm) and
OVX/OPG-Fc (3.161/mm) groups, where the lowest number of trabecules was observed, with statistically significant
difference only between the SHAM and OVX/OPG-Fc groups (p<0.05). Higher porosity was observed in the OVX/OPG-Fc
group (76 mm3), followed by the OV X group (68.43 mm?2) and with lower porosity the SHAM group (54.69 mm?2). All groups
presented statistical difference when compared (p<0.05) (Figure 3A-E).
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Figure 3. Parameters obtained by computerized microtomography: Percentage of bone volume (A); Trabecular thickness (B);
Trabecular separation (C); Number of trabecules (D); Total porosity (E). The long axis of the alveolus has been defined as
ROI. The statistical difference between the groups is represented by different letters in the graph . (p > 0.05, one-way
ANOVA).
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Source: Authors.

3.3 Confocal Laser Microscopy

Fluorochromes have the property to bind to calcium at the time of matrix precipitation. Therefore, the extent of
fluorochrome marking represents the amount of calcium precipitation, thus allowing the measurement of the bone formation
event. Another aspect to consider is the period in which the fluorochromes were injected; as the first was calcein (green), the
bone marked (calcium precipitation) with the green fluorochrome represents the old bone. The last fluorochrome injected was
alizarin; therefore, the marked bone (calcium precipitation) with red fluorochrome represents the most recent bone.
Considering these points, it can be said that the different colors represent the different periods of bone formation (Figure 4).
The SHAM group presented the best bone renewal rate according to the alizarin precipitation. The OVX and OVX/OPG-Fc
groups showed a delay in bone neoformation, but the OVX/OPG-Fc group showed a high precipitation of calcein, indicating a
large amount of old bone and proving the effectiveness of the drug in inhibiting bone resorption.

In the results obtained by the histometric analysis (Bone dynamics), the SHAM group showed the largest area of
alizarin, corresponding to bone neoformation (47409,85675 um?), while the OVX/OPG-Fc group showed a larger area of
fluorochrome calcein (94863,1205 um3), indicating a lower rate of resorption. There was no statistical difference between the
groups (Figure 5). As for the mineral apposition rate the SHAM group presented a higher value (2 pm). The OVX/OPG-Fc
group had similar values to the SHAM group (1.865714 pm), while the OVX group had lower mineral apposition rate
(1.310286 um). There was a statistically significant difference between SHAM/OVX (p<0.0001) and OVX/OPG-Fc
(p<0.0001) (Figure 6).
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Figure 4. Calcein (green) and alizarin (red) marking of the fluorescent lines in the calcium matrix, demonstrating the dynamics
of the alveolar bone of the experimental groups: SHAM, OVX e OVX/OPG-Fc.

Source: Authors.

Figure 5. Evaluation of bone dynamics represented by precipitation of calcein (old bone) and alizarin (new bone) in the alveoli
under repair. SHAM: calcein: 78599,265 um?, alizarin: 47409,85675 pm?; OVX: calcein: 53481,456 um?, alizarin: 37582,0175
um?; OVX/OPG-Fc: calcein: 94863,1205 um?, alizarin: 31111,9605 um2 There was no statistical difference between the

groups.
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Source: Authors.
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Figure 6. Evaluation of the mineral apposition rate per day (um). SHAM: 2 um; OVX: 1,310286 um; OVX/OPG-Fc: 1,865714
um. The statistical difference between the groups is represented by different letters in the graph ([—p < 0.05, Tukey).

Mineral Apposition Rate

Hm

Source: Authors.

4. Discussion

The treatment with OPG-Fc was not able to promote improvement of the microarchitecture of the reparative bone
tissue in rats with estrogen deficiency, however the results of confocal microscopy showed great preservation of the old bone,
evidenced by the calcein, resulting from the antiabsortive action of OPG-Fc. Corroborating with these results, the marking of
the proteins by immunohistochemical allows us to affirm that the drug treatment was able to exercise its anti-RANKL function,
since the group treated with OPG-Fc presented the lightest markings for this protein that is closely associated with bone
resorption.

The experimental model of alveolar repair is useful to study the dynamics of bone tissue, since this process has its
chronology well defined (Okamoto & Russo., 1973). The experimental model of ovariectomy in rats is useful for inducing
estrogen deficiency and analyzing its impacts on bone tissue (Teofilo et al., 2004). The data obtained by the ELISA test proved
the increase in serum RANKL levels in the OVX group, caused by estrogen deficiency, as well as the efficacy of the
medication dose administered in the OV X/OPG-Fc group. The monoclonal antibody OPG-Fc can be used to study the action of
denosumab in murinos. The dose of OPG-Fc was selected based on a previous study that proved the efficacy of the drug in rats
(Ominsky et al., 2008; Gerstenfeld et al., 2009).

The SHAM qgroup, considered as a positive control, presented the best bone formation responses by the proposed
analyses. The bone tissue was repaired as expected (Okamoto & Russo., 1973). Ovariectomy triggered harmful cellular
responses during alveolar repair, which are represented by the larger immunohistochemical marking area for RANKL, and
smaller for OPG, suggesting an imbalance in the remodeling process, with predominance of bone resorption, caused by
estrogen deficiency. This result is corroborated by the intense expression of TRAP, related to the activity of osteoclasts. It is
worth mentioning that a greater presence of connective tissue was observed in the OVX group, characterizing a delay in the
alveolar repair process. These findings are in accordance with the results obtained by (Luvizuto et al., 2009; Ramalho-Ferreira
et al., 2017), who observed that ovariectomy leads to the loss of bone formation responses, leading to a delay in alveolar repair.
Furthermore, the parameters obtained by computerized microtomography and confocal microscopy demonstrated a decrease in
bone neoformation, as well as tissue mineralization, porosity and bone volume. Estrogen has a protective effect on osteocytes.

Since there is deprivation of this hormone, osteocytes are more prone to apoptosis. Studies suggest that the loss of osteocytes
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promotes the recruitment of osteoclasts. These findings correlate with the finding that living osteocytes secrete a growth factor
(TGF-pB) that inhibits osteoclastogenesis and bone resorption (Henriksen et al., 2009).

Treatment with OPG-Fc promoted better histological characteristics, presenting more mature bone tissue when
compared to the OVX group. The OPG expression remained moderate, however, RANKL expressed itself in a discrete way, a
behavior resulting from the anti-RANKL action of the drug administered in this experimental group. Consequently, the
immunomark for TRAP manifested itself mildly, resulting from RANKL inhibition, resulting in less active osteoclasts and
bone resorption. Although the histological results were favorable to the group treated with OPG-Fc, the parameters of
computerized microtomography were impaired by the action of the drug. Porosity, bone volume, amount and thickness of
trabeculae were inferior to SHAM and OV X groups. Evidencing the antiabsorptive effect of OPG-Fc, we observed important
preservation of the old bone, represented by the precipitation of fluorochrome calcein. This result is reflected in the mineral
apposition rate values, which are higher than the OVX group values. However, when we observe the precipitation of alizarin
fluorochrome, representing the most recent bone, we notice precarious bone formation. These findings suggest that inhibition
of osteoclastogenesis is not beneficial when we need the process of bone remodeling to repair the bone.

Bone remodeling is vital for the bone, since the damage caused to the bone tissue by trauma and age is repaired by the
action of this process (Roodman, 1999). Osteoblasts and osteoclasts are rigorously coordinated by growth factors and
hormones so that the remodeling cycle is balanced (Seeman & Delmas., 2006). Remodeling begins with the process of bone
resorption, mediated by the death of osteocytes at the site where the mechanical stress was exercised. This leads to
osteoclastogenesis and bone resorption of the damaged bone matrix. After resorption, the osteoclasts suffer apoptosis and
osteoblast precursors are recruited to begin bone formation by the osteoblasts of the resorbed area. Osteoblasts are also
mediator cells of osteoclastogenesis. Through the secretion of RANKL and M-CSF, osteoblasts stimulate the activation of
osteoclasts so that they perform the reabsorption of the compromised bone. By another mechanism, osteoblasts secrete
osteoprotegerin (OPG) which has the important role of neutralizing RANKL, inhibiting signaling for osteoclastic formation
and bone resorption (Henriksen et al., 2009). Thus, it is essential that the processes of bone resorption and formation occur in a
coordinated manner for the restoration and maintenance of healthy bone tissue. Any stimulus at any stage of bone remodeling
can impair the balance between resorption and formation and thus lead to metabolic changes such as osteoporosis and
osteopetrosis (Karsdal et al., 2007).

Since bone remodeling requires coupling between resorption activities and bone formation, we can state that
inhibiting the resorption pathway can hinder the complex process of bone remodeling that guarantees the integrity of the bone.
This explains the inferior results of the OVX/OPG-Fc group compared to the OVX group. In a study conducted by Martin in
2004 (Martin, 2004) it was demonstrated that for the anabolic action of parathyroid hormone to occur, bone resorption may be
necessary, suggesting that bone neoformation depends on signals emitted by osteoclasts. Furthermore, there is evidence that
there is a bidirectional signaling between osteoblasts and osteoclasts, through the expression of EphrinB2 by osteoclasts that
induces bone formation via attachment to EphB4 produced by osteoblasts, while the expression of EphB4 negatively
modulates osteoclastogenesis through attachment to EphrinB2. Thus, osteoclasts can possibly stimulate the differentiation of
osteoblasts in the bone formation phase (Zhao et al., 2006).

Confirming these findings, a human study in which denosumab was used as a treatment for post menopausal
osteoporosis demonstrated that antibody treatment against RANKL radically reduced bone resorption, considerably increasing
bone mineral density. However, biochemical markers of bone formation were reduced as well as bone turnover (McClung et
al., 2006). These data are still supported by a study in knock-in mice expressing human RANKL and were treated with

denosumab antiabsorbent, which shows significant reduction in histomorphometric levels of bone formation, as well as
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significant reductions in mineralization of the trabecular surface, mineral apposition rate and bone formation rate (Kostenuik et
al., 2009).

Thus, the inhibition of RANKL interrupts the regulation of osteoclastogenesis, however, due to the coupling process,
it is expected that, in turn, the reduction in the number and activity of osteoclasts will affect the cytokines derived from
osteoclasts and the release of matrix-derived growth factors during resorption, thus reducing bone formation. This phenomenon
probably occurs with most anti-resorptive drugs, such as denosumab and biphosphonates (Baron et al., 2011).

Another important aspect to be addressed is the growing number of cases of osteonecrosis of the jaws associated with
the use of denosumab. There is evidence that the absence of differentiation and function of osteoclasts favors the occurrence of
osteonecrosis of the jaws (Aghaloo et al., 2010).

In light of these findings, the clinical and dental conduct in patients who make use of denosumab should be cautious,
since invasive procedures in bone tissue can generate complications that lead to treatment failure and compromise the
individual's health.

In this study, treatment with OPG-Fc in rats with estrogen deficiency exerted a powerful anti-absorbent action on
bone tissue, however, this action impaired the functioning of the signaling pathway responsible for modulating the bone

remodeling cycle, leading to deterioration of the alveolar bone microarchitecture.

5. Conclusion

In view of the results, it is possible to conclude that the OPG-Fc plays an important anti-absorptive action on the bone
tissue under repair, preventing loss of pre-existing bone tissue caused by excessive osteoclastogenesis, characteristic of
estrogen deficiency. However, such mechanism of action is not enough to promote bone neoformation, causing delay in the

alveolar repair process. Further studies will be developed using other bone repair evaluation models using this medication.
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