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Sanchez Puetate JC. Avaliacdo da superficie hidrofilica na osseointegragdo e do protocolo
PenTo (Pentoxifilina + a-Tocoferol) na progressao da periodontite induzida: estudo pré-clinico
em ratos tratados com bisfosfonatos [tese de doutorado]. Araraquara: Faculdade de Odontologia
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RESUMO

Objetivo: Este estudo teve como objetivo avaliar os efeitos das superficies de implantes
hidrofobicas (HFB) e hidrofilicas (HFL) na osseointegracao, e a influéncia da pentoxifilina e
a-tocoferol na remodelacdo do osso alveolar durante a progressao da Periodontite Experimental
(PD), em ratos tratados com altas doses de bisfosfonatos (BP). Materiais e Métodos: Estudo |
— Osseointegracdo: Foram incluidos 64 ratos (n=8) divididos em 2 grupos: Grupo CG
(controle): ratos tratados com solucdo salina; Grupo BP: ratos tratados com BP. Apés 60 dias
do tratamento, os ratos de cada grupo foram subdivididos em 2 subgrupos de acordo com o tipo
de implante instalado na tibia [superficie hidrofébica (grupos CG-HFB e BP-HFL) e hidrofilica
(grupos CG-HFL e BP-HFL)]. Os animais foram submetidos a eutanasia apds 15 e 45 dias para
andlises biomecanicas, microtomogréficas, histomorfométricas e imuno histoquimicas. Estudo
Il — Periodontite experimental: 120 ratos (n=8) receberam solucéo salina (SS) ou BP durante
60 dias, seguido pela inducéo de PD por ligadura, os animais foram alocados de forma aleatéria
em cinco grupos: GC: recebeu SS durante todo o experimento, BPG-B: recebeu 1mg/kg/dia de
BP durante todo o experimento, BPG-Pent: 50 mg/kg/dia de pentoxifilina (Pent) pds-ligadura
apos tratamento prévio com BP, BPG-To: 40 mg/kg/dia de a-tocoferol (aTo) pds-ligadura apos
o tratamento prévio com BP, BPG-PenTo: 50 mg/kg/dia de Pentoxfilina mais 40 mg/kg/dia de
a-Tocoferol pos-ligadura apos tratamento prévio com BP. A eutanésia foi realizada aos 7, 15 e
30 dias, seguida de avaliagdes por microtomografia computadorizada (uCT) e analises
histoldgicas, histomorfométricas e estereométricas. Nos dois experimentos a inducdo da alta
concentracdo de BP foi realizada por injecdo subcutanea diéria (1 mg/kg) iniciada 60 dias antes
da colocacdo do implante ou instalacdo da ligadura. Resultados: No estudo I, tanto as
superficies HFB quanto as HFL permitiram a osseointegracdo em ratos sob terapia com BP. As
superficies HFL demonstraram melhor desempenho biomecénico, maior contato osso-implante
e maior volume 6sseo. No estudo 11, 0 grupo BPG-PenTo exibiu consistentemente percentagens
mais altas de fragdo de volume 6sseo (BVF) ao longo do estudo, preservando o 0sso alveolar.
A combinagéo de pentoxifilina e a-tocoferol mitigou a inflamagéo em todos os grupos tratados.
Conclusoes: As superficies de implantes HFL demonstraram uma osseointegracdo aprimorada
em ratos em terapia com BP. Além disso, a combinagdo de pentoxifilina e a-tocoferol mostrou
reducdo na perda Ossea alveolar durante o tratamento com BP na PD experimental. Esses
achados destacam o potencial para melhorar e preservar o 0sso alveolar em individuos
submetidos ao tratamento com BP.

Palavras-chave: Difosfonatos. Osseointegracdo. Periodontite. Pentoxifilina. alfa-
Tocoferol.



Sénchez Puetate JC. Evaluation of hydrophilic surface on osseointegration and the PenTo
protocol (Pentoxifylline + Alpha-Tocopherol) on the progression of induced periodontitis:
preclinical study in bisphosphonate-treated rats [tese de doutorado]. Araraquara: Faculdade de
Odontologia da UNESP; 2023.

ABSTRACT

Objective: This study aimed to evaluate the effects of hydrophobic (HFB) and hydrophilic
(HFL) implant surfaces on osseointegration, and the influence of pentoxifylline and a-
tocopherol on alveolar bone remodeling during the progression of Experimental Periodontitis
(PD), in rats. treated with high doses of bisphosphonates (BP). Materials and Methods: Study
| — Osseointegration: 64 rats (n=8) were included, divided into 2 groups: Group CG (control):
rats treated with saline solution; BP group: BP-treated rats. After 60 days of treatment, the rats
in each group were subdivided into 2 subgroups according to the type of implant installed in
the tibia [hydrophobic surface (groups CG-HFB and BP-HFL) and hydrophilic (groups CG-
HFL and BP-HFL )]. The animals were euthanized after 15 and 45 days for biomechanical,
microtomographic, histomorphometric, and immunohistochemical analyses. Study Il -
experimental Periodontits study, 120 rats (n=8) received either SS or BP for 60 days, followed
by ligature-induced PD. The animals were then randomly assigned to five groups: CG: which
received SS throughout the experiment, BPG-B: received 1mg/kg/day BP throughout the
experiment, BPG-Pent: 50 mg/kg/day pentoxifylline (Pent) post-ligature following prior BP
treatment, BPG-To: 40 mg/kg/day a-tocopherol (aTo) post-ligature following prior BP
treatment, BPG-PenTo: 50 mg/kg/day pentoxifylline plus 40 mg/kg/day a-tocopherol post-
ligature following prior BP treatment. Euthanasia was performed at 7, 15, and 30 days, followed
by evaluations using microcomputed tomography (LCT) and histological, histomorphometric,
and stereometric analyses. In both experiments, high-dose BP induction was achieved through
daily subcutaneous injections (1 mg/kg) initiated 60 days before implant placement or ligature
installation. Results: In the study I, both HFB and HFL surfaces enabled osseointegration in
rats under BP therapy. HFL surfaces demonstrated better biomechanical performance, greater
bone-implant contact, and increased bone volume. In the study Il, the BPG-PenTo group
consistently exhibited higher Bone Volume Fraction (BVF) percentages throughout the study,
preserving alveolar bone. Conclusions: HFL implant surfaces demonstrated enhanced
osseointegration in rats on BP therapy. Furthermore, the combination of pentoxifylline and a-
tocopherol showed a reduction in alveolar bone loss during BP treatment in experimental PD.
These findings highlight the potential to improve and preserve alveolar bone in individuals
undergoing BP treatment.

Keywords: Diphosphonates. Osseointegration. Periodontitis. Pentoxifylline. alpha-
Tocopherol.
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1 INTRODUCAO

Os bisfosfonatos (BP) foram inicialmente introduzidos para o tratamento de distarbios
6sseos metabdlicos:? e sdo conhecidos por seus potentes efeitos antirreabsortivos. Atuam
inibindo a funcdo dos osteoclastos por meio da inducdo de apoptosed4, inibicdo da
diferenciacédo, adesdo e recrutamento dessas células para a superficie 6ssea®>’ e diminuicdo do
transporte intracelular. Seu mecanismo de acgdo envolve o impedimento da prenilacdo de
pequenas proteinas de sinalizacdo da guanosina tri-fosfatase por meio da inibi¢do da farnesil
difosfato sintase na via de biossintese do colesterol®. Varias pesquisas demonstraram impactos
adicionais dos BP, incluindo seu potencial para modificar os processos angiogénicos® e reduzir
os niveis do fator de crescimento endotelial vascular (VEGF) com o uso prolongado®.
Consequentemente, a reducdo da atividade dos osteoclastos induzida pelos BP influencia
indiretamente a vascularizagdo do osso'!. Atualmente, os BP estdo posicionados como agentes
bem estabelecidos para o tratamento de condicGes relacionadas ao cancer, incluindo fraturas
patoldgicas associadas a metastases 6sseas no contexto de tumores solidos (como céanceres de
mama, préstata e pulmdo) e mieloma multiplo e outras doengas metabdlicas 6sseas, como
osteoporose e doenca de Paget!?13,

Os BP também tém sido investigados no contexto da terapia periodontal por seu
potencial de atenuar a perda éssea alveolar associada a Doenca Periodontal (PD), devido a sua
capacidade de inibir a atividade osteocléstical*?2. No entanto, as evidéncias demonstraram uma
eficacia limitada, sendo um tdpico de controvérsia na literatura®?2, Essa controvérsia é
particularmente evidente a luz dos graves efeitos colaterais sistémicos e locais associados a
terapia de longo prazo com altas doses de alguns tipos de BP administrados por via intravenosa.
Um dos efeitos colaterais descritos é a ocorréncia da osteonecrose maxilofacial relacionada a
medicamentos (MRONJ)*23 apds procedimentos cirdrgicos odontolégicos, como extracdo
dentéria, tratamento periodontal e instalacdo de implantes?26, Essa condicdo é caracterizada
pela presenca de 0sso exposto ndo cicatrizado e acessivel por meio de uma sonda (fistula) na
regido maxilofacial persistindo por um periodo superior a 8 semanas em individuos submetidos
a terapias antirreabsortivas. Apesar de sua prevaléncia relativamente baixa, conforme delineado
no posicionamento da AAOMS (American Association of Oral and Maxillofacial Surgeons)?*?,
a MRONJ pode ocorrer em Vvarios grupos de pacientes que recebem BP intravenoso, com
frequéncias variando de 0% a 18% no tratamento de malignidades com zoledronato, 0,02% no

tratamento da osteoporose com zoledronato e entre 0,043% a 0,05% na administragédo oral de
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BP. Outros estudos®-?® também relataram essas ocorréncias. Por essas razdes, opcoes
terapéuticas tém sido propostas com o objetivo de mitigar alguns dos efeitos colaterais do BP.

Nos ultimos anos, os procedimentos de implante dentério tornaram-se cada vez mais
populares, especialmente entre a populacdo idosa que busca restaurar a denticdo perdida por
meio de préteses suportadas por implantes. No entanto, esse aumento na busca por tratamentos
com implantes em pacientes idosos tem trazido a tona varias condigdes sistémicas e doencas
que se tornam mais prevalentes com o envelhecimento, incluindo as alteracbes no metabolismo
0sseo e a osteoporose. Dentre essas condices, a osteoporose se destaca como a doenca
metabolica crdnica mais comum, afetando mais de 200 milhdes de pessoas em todo o mundo,
especialmente mulheres na pds-menopausa®.

Modificar a superficie por jateamento e ataque acido e manter em contato com solucéo
de cloreto de sédio até o momento da instalacdo do implante, mostrou acelerar e aprimorar o
processo de osseointegracdo-34, Essa aceleragdo ocorre precisamente devido a manutencéo das
camadas de 6xido na superficie do implante promovida pela presenca da solugéo de cloreto de
sodio que promove o aumento e a molhabilidade da superficie®?. Pesquisas demonstraram a
superioridade dessa superficie hidrofilica em comparacdo com outros tipos de modificacdes de
superficie®33, Portanto, pode ser considerada uma solucéo para melhorar a osseointegracéo em
condi¢des que o metabolismo 6sseo é comprometido pelo uso de medicamentos como os BP.

A PD, uma doenca inflamatoria cronica que afeta as estruturas de suporte dos dentes,
continua sendo uma preocupacdo global de saude com implicaces significativas para a saude
bucal e bem-estar geral®’*8. A intrincada interacdo entre a resposta imune do hospedeiro,
citocinas, atividade dos osteoclastos e fatores dishioticos do biofilme microbiano orquestra o
complexo processo de reabsorcdo 0ssea alveolar, uma caracteristica da doenca que, em ultima
instancia, compromete a estabilidade dentaria, funcdo e leva a perda dentaria3®4,

Esforcos para elucidar os mecanismos fisiopatoldgicos subjacentes a PD revelaram
algumas abordagens terapéuticas potenciais que poderiam atenuar a progressao da reabsorcao
6ssea alveolar e aprimorar o potencial regenerativo do periodonto*#2, Entre essas estratégias,
as intervencgdes farmacoldgicas tém despertado interesse devido ao seu potencial para modular
processos inflamatdrios e de remodelagdo 6ssea**#’. Nas Ultimas décadas, tem sido relatado o
uso de medicamentos farmacoldgicos e compostos naturais, com o objetivo de suprimir a
destruicdo 6ssea durante a PD em modelos animais*’. Um desses agentes é a pentoxifilina, um
derivado de metilxantina e inibidor de fosfodiesterase que promove o aumento do fluxo
sanguineo periférico por meio do aumento da vasodilatagdo*®. Também existem numerosos

relatos de que o tratamento com pentoxifilina reduz a concentracdo de citocinas pro-
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inflamatérias ' , como o fator de necrose tumoral-a (TNF-o)**-5 interleucina-1 beta (IL-1pB)%* e
interleucina-6 (IL-6)%%%°, o que posiciona a pentoxifilina como um candidato plausivel para
atenuar o ambiente inflamatorio e influenciar as caracteristicas da PD.

Além disso, os tocoferdis sdo uma classe de compostos quimicos organicos que
consistem em varios fenois metilados®°’. Nesse grupo, o o-tocoferol (vitamina E) produz
efeitos antioxidantes para estabilizar a estrutura da membrana oral, reduzindo a peroxidacao
lipidica®® e aumentando os niveis de superéxido dismutase (SOD)%¢%’. Ademais, diminui a
expressdo de iNOS, um mediador de inflamacéo e estresse oxidativo em células gengivais®®,
interrompendo assim as reacgdes de radicais livres e mostrando potencial para combater danos
teciduais induzidos pelo estresse oxidativo®.

Embora os beneficios individuais da pentoxifilina e do a-tocoferol, coletivamente
conhecidos como o protocolo PenTo, tenham encontrado apoio na literatura com uma analise
abrangente de suas acBes sinérgicas®6%-%° e revelado um perfil de seguranca favoravel e
resultados geralmente bem tolerados no manejo de efeitos colaterais especificos associados aos
BP, seu impacto na progressdao da PD experimental, especialmente na presenca de BP,
permanece relativamente inexplorado e requer uma elucidacdo mais aprofundada.

A medida que a populacdo que recebe tratamento com BP continua a crescer,
compreender como esses fatores interagem torna-se crucial para o desenvolvimento de
estratégias clinicas eficazes para procedimentos de implante dentario em pacientes com salde
sistémica desafiadora. Este trabalho apresenta os resultados de dois estudos independentes que
lancam luz sobre essa complexa dindmica, oferecendo insights valiosos para aprimorar o
sucesso dos implantes e preservar 0 0sso alveolar em um cenério clinico cada vez mais
relevante.

Compreender a complexa interacdo dindmica entre as intervengdes de superficies
hidrofilicas e protocolo PenTo e seu impacto na remodelacdo Ossea no contexto da
Osseointegracdo e PD experimental no modelo de animais sob os efeitos das altas
concentragdes de BP, é crucial para avancgar nossas possiveis estratégias terapéuticas no manejo
pacientes sob os efeitos dos BP. O conhecimento obtido deste estudo pode fornecer insights

para o desenvolvimento de abordagens de tratamento inovadoras.
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2 PROPOSICAO

Este estudo teve como objetivo avaliar os efeitos das superficies de implantes hidrofébicas
(HFB) e hidrofilicas (HFL) na osseointegracdo, e a influéncia da pentoxifilina e a-tocoferol na
remodelacdo do 0sso alveolar durante a progressao da Periodontite Experimental (PD), em ratos tratados

com altas doses de bisfosfonatos (BP).
2.1 Estudo 1

Avaliar os efeitos das superficies de implantes hidrofobicas (HFB) e hidrofilicas (HFL) na

osseointegracdo em ratos tratados com altas doses de bisfosfonatos (BP).
2.2 Estudo 2
Avaliar a influéncia do uso isolado e combinado da pentoxifilina ¢ a-tocoferol (protocolo

PenTo) na remodelacdo do osso alveolar durante a progressdo da Periodontite Experimental (PD)

induzida por ligadura, em ratos tratados com altas concentrac6es de bisfosfonatos (BP).
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3 PUBLICACOES

Os dados obtidos em nossa pesquisa sdo apresentados a seguir no formato de artigos
cientificos. O primeiro estudo resultante do estudo 1 ja esta sendo revisado por pares na revista
Clinical Oral Investigations, e o segundo artigo, resultante do estudo 2, segue o formato da

revista Journal of Periodontal Research, na qual pretendemos submeté-lo.

3.1 Publicagéo 1*

Assessing Bone Formation on Hydrophilic and Hydrophobic Implant Surfaces in a
Murine Model Treated with Bisphosphonates.

Authors:
Julio Cesar Sanchez-Puetate!; Bruno Luis Graciliano Silval; Felipe Eduardo Pinottit; Camila
Chierici Marcantonio®; Guilherme José Pimentel Lopes de Oliveira?; Elcio Marcantonio

Junior!; Rosemary Adriana Chierici Marcantonio®

Institutional affiliations:
! Séo Paulo State University (UNESP), School of Dentistry of Araraquara, Department of
Diagnosis and Surgery, Araraquara, Brazil

2 Federal University of Uberlandia, School of Dentistry at Uberlandia, Department of

Periodontology and Implantology, Uberlandia, Brazil.
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Abstract

Objective: To evaluate the osseointegration of implants with hydrophobic (HFB) and
hydrophilic (HFL) surfaces in a murine model of high-dose bisphosphonates (BPs). Materials
and Methods: Sixty-four rats were randomly allocated into four groups: control group with
HFB implants (CG-HFB), control group with HFL implants (CG-HFL), BP group with HFB
implants (BP-HFB), and BP group with HFL implants (BP-HFL). Animals were euthanized
after 15 and 45 days (n=8). The dependent variables assessed were the removal torque
(biomechanical analysis), the bone volume around the implants (%BV/TV) (microtomographic
analysis), the bone-implant contact (%BIC), the bone between the threads (%BBT)
(histomorphometric analysis), and the expression of bone metabolism markers
(immunohistochemistry analysis). Results: The CG-HFL and BP-HFL groups presented higher
removal torque than the CG-HFB and BP-HFB implants. The %BIC of the CG-HFL surfaces
was slightly higher than that of the CG-HFB implants. The BP-HFB and BP-HFL groups
presented a higher %BIC than that of the CG-HFB and CG-HFL groups (p<0.001). BP therapy
also increased the %BBT at both implant surfaces. Higher levels of ALP were observed in the
matrix region of bone tissue on the HFL surfaces than on the HFB surfaces. Conclusion: Both
surfaces enable osseointegration in rats under BP therapy. Clinical Relevance: The study
demonstrates that hydrophobic (HFB) and hydrophilic (HFL) implant surfaces can promote
osseointegration in rats undergoing bisphosphonate therapy. The HFL surfaces exhibited
improved biomechanical performance, higher bone-implant contact, and increased bone
volume, suggesting their potential clinical relevance for implant success in individuals on
bisphosphonate treatment.

Keywords: dental implants; surface properties; osseointegration; bisphosphonates.
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1. Introduction

The increase in life expectancy has resulted in a growing number of elderly patients
undergoing dental implant placement procedures to restore lost dentition with implant-
supported prostheses[1]. Certain diseases and systemic conditions in this population become
more evident daily, such as changes in bone metabolism and osteoporosis. Osteoporosis is this
group’s most common chronic metabolic disease, affecting more than 200 million people
worldwide, mainly postmenopausal women [2, 3]. Medications such as bisphosphonates treat
some systemic conditions, such as osteoporosis and cancers, which can directly interfere with
osseointegration [3-5].

Bisphosphonates (BPs) are molecular drugs and endogenous regulators of bone
mineralization that can inhibit bone resorption by osteoclastic cells through four mechanisms:
induction of apoptosis[2, 3], inhibition of recruitment to the bone surface [6], inhibition of
adhesion of these cells[4], and osteoclastic activity on the bone surface[5, 6]. In addition to
osteoclasts, BPs indirectly act on osteoblasts, inhibiting bone turnover or neoformation[7-9].
Inhibition of resorption stabilizes bone loss and increases mineral density[10]. Some studies
have shown other effects of bisphosphonates, such as their ability to alter the mechanism of
angiogenesis [7, 8] and decrease levels of vascular endothelial growth factor (VEGF) when
used chronically[11, 12]. Therefore, the decrease in osteoclasts by bisphosphonates indirectly
alters bone vascularization [9, 10]. These drugs have been used in patients with osteoporosis
and cancers because they change the metabolism of this tissue by the abovementioned
mechanisms [3, 11, 12].

Despite the risk of BPs inducing severe side effects after oral surgeries (i.e.,
osteonecrosis of the jaws)[13-15], this event is uncommon[16-18]. However, previous studies
have shown that BPs can delay bone formation around implants[19-23] and bone grafts[24—
26]. Implants in the rat maxilla treated with zoledronic acid presented 2-3 times lower bone-
implant contact values than those in control rats[27]. Osteoconductive bone substitutes (i.e.,
deproteinized bovine bone and biphasic ceramics based on hydroxyapatite and B-tricalcium
phosphate) presented less bone formation in critical-sized calvaria defects of rats treated with
alendronate than the control rats[26].

Modifying the surface by sandblasting and acid etching and keeping it in a sodium
chloride solution has accelerated and improved the osseointegration process[28—31]. This
acceleration occurs precisely as described by Sartoretto et. al. [29] “due to the maintenance of
oxide layers on the implant surface promoted by the presence of the sodium chloride solution

in contact with the surface until the moment of implant installation, which maintains the oxide
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layer and increases the surface wettability”. Research has demonstrated the superiority of this
surface modification compared to other types of surface modifications. Therefore, it can be
considered a solution for conditions where bone metabolism is modified using drugs such as
bisphosphonates.

This study aimed to evaluate osseointegration around titanium implants with two
different surfaces (hydrophobic and hydrophilic) in a murine model of high-dose

bisphosphonates.

2. Materials and Methods

At approximately three months of age, sixty-four male rats (Rattus norvegicus,
Holtzman Albinus variation) were used. The animals were kept under controlled conditions of
humidity (65%-70%), light (12-h light cycle), and temperature (21£1 °C). The animals were
fed solid rodent chow and had access to water ad libitum before and throughout the
experimental period. This study was submitted and approved by the Ethics Committee on
Animal Use of the Sao Paulo State University (Unesp), School of Dentistry, Araraquara, Brazil
(CEUA: 07/2019). This study was conducted according to the ARRIVE 2.0 guidelines.

The sample size calculation was performed according to the data of a previous study
that showed that the slightest difference between the means of groups that showed a statistically
significant difference was 19.29%, with a standard deviation of 6.59%. Thus, a sample of seven
animals per group/period was sufficient for applying statistical tests with an a-type error of 0.05
and a B-power of 0.90. Eight animals per group were employed to account for a minimum loss

of 14%, which is considered acceptable[30].

2.1. Group division

A total of sixty-four animals were randomly divided into four groups and evaluated in
two different experimental periods: 15 and 45 days (n=8). The groups were divided according
to the application of BP therapy and implant surface type: CG-HFB — Hydrophobic implant
surface modified by oxide blasting and acid etching (NeoPoros®, Neodent®, Curitiba, PR,
Brazil) placed in control animals; CG-HFL — Hydrophilic implant surface modified by oxide
blasting and acid etching in a vacuum environment and kept in sodium chloride solution
(Acqua®, Neodent®, Curitiba, PR, Brazil) placed in control animals; BP-HFB — Hydrophobic
implant surface modified by oxide blasting and acid etching (NeoPoros®, Neodent®, Curitiba,
PR, Brazil) placed in animals challenged with a high dose of BPs; BP-HFL — Hydrophilic

implant surface modified by oxide blasting and acid etching in a vacuum environment and kept
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in sodium chloride solution (Acqua®, Neodent®, Curitiba, PR, Brazil) placed in animals

challenged with a high dose of BPs.

2.2. Bisphosphonate therapy
The animals were subjected to BP therapy with sodium alendronate (ALCON
Laboratory, S&o Paulo, SP, Brazil) by daily subcutaneous injection (1 mg/kg). BP
administration started 60 days before implant placement and was maintained throughout the

experimental periods of 15 or 45 days after the surgical procedure [32] (Figure 1a).

a
-60 days Baseline 15 days 45 days
1 l |

I T T 1
Start BPs administration Implant Placement Euthanasia Euthanasia

Fig. 1 a) Flowchart of the study containing the experimental model. BP administration was
started 60 days before implant placement. The animals were submitted to euthanasia 15 and 45
days after implant installation; (b-e) Surgical procedure of implant installation. b) Aspect of the
perforation where the implants were placed; ¢) Implant placement; d) Implants in the final
position; e) Final aspect of the sutures
2.3. Surgical procedure

Animals were anaesthetized with an intramuscular injection of ketamine (Agener Unido
Ltda, Sdo Paulo, SP, Brazil) at a dose of 0.08 ml/100 g body mass and xylazine (Rompum,
Bayer S.A., Sdo Paulo, SP, Brazil) at a dose of 0.04 ml/100 g body mass. Subsequently, the
animals were submitted to trichotomy of the internal region of the right and left tibiae, where
antisepsis had already been performed.

An incision of approximately 10 mm was made over the tibial tuberosity, and delicate
tissue dissection was performed. The surgical site was prepared for implant placement by a

progressive sequence of drills (spear drill; 2.0 mm spiral drill - Neodent®; Curitiba, PR, Brazil)
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to install a 4 x 2.2 mm titanium implant (NeoPoros and Acqua surface implants, Neodent®,
Curitiba, PR, Brazil). All perforations were performed with an electric motor adjusted to 1200
rpm (BLM 600, Driller, Sdo Paulo, Brazil) under abundant irrigation with sterile saline solution.
The implant was placed with the help of a digital key (1.2-mm hexagonal digital key —
Neodent®, Curitiba, PR, Brazil). The tissue was sutured internally with 5.0 resorbable suture
(Vicryl Ethicon, Johnson & Johnson, S&o José dos Campos, Brazil) and externally with 4.0 silk
thread (Ethicon, Johnson & Johnson, Séo José dos Campos, Brazil). The animals received a
single dose of intramuscular penicillin with streptomycin at a dosage of 0.1 ml/kg body mass
(Pentabiotic® (Wyeth-Whitehall Ltda, Sdo Paulo, Brazil) and subcutaneous ketoprofen at a
dosage of 0.03 ml/kg body mass (Ketoflex; Mundo Animal, Sdo Paulo, Brazil) (Figure 1 b-e).

The implants were placed on the left tibiae and on the right in each animal, a total of
one hundred and twenty-eight implants were installed (64 on the left tibiae and 64 on the right
one). There were no unexpected adverse effects. At 15 and 45 days after implant placement,
the animals were euthanized by an overdose of anaesthetic. The tibiae were removed and
separated; one was used for microtomographic and histomorphometric analysis, while the other

was used for biomechanical and immunohistochemistry analysis.

2.4. Biomechanical analysis
2.5.
A hexagonal wrench (1.2-mm diameter) was connected to both the implant and the torque
wrench (Tohnichi, model ATG24CN-S, Toquio, Japan). An anti-clockwise movement was
performed to unscrew the implant. The maximum peak torque required to move the implant

was the peak of the removal torque value (Ncm) (Figure 2 a-b).

Fig. 2 (a-b) Representative image of the removal torque value (Ncm) registration of the

implants
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2.6. Microtomographic analysis (LCT)

The tibiae selected for this analysis were fixed in 4% paraformaldehyde for 48 hours
and then stored in 70% alcohol. To perform the microtomographic evaluation, the tibiae were
scanned by a microtomographic (Skyscan, Aatselaar, Belgium) with the following parameters:
camera pixel, 12.45; X-ray tube power, 65 kVP; X-ray intensity, 385 JA; integration time, 300
ms; filter, Al-1 mm; and voxel size, 18 um3. After scanning the samples, the images were
reconstructed, spatially repositioned, and analysed by specific software (NRecon, Data Viewer,
CTAnalyser, Aatselaar, Belgium).

The region of interest (ROI) was defined as a 0.5-mm circular region around the entire
implant diameter. This ROl was defined as the total volume (0.5-mm margin around the
implants - 4.5 mm x 3.2 mm). As the implants placed did not have a cover screw, in some cases,
bone formation occurred within the prosthetic platform. A second ROI was defined to remove
volume from the platform to prevent this bone formation from interfering with the analysis
around the implant (Figure 3 a-b). With the results obtained from the two ROIs, it was possible
to define the volume of bone formation using the formula: total volume — platform volume =
volume of bone tissues. The threshold used in the analysis was 25-90 greyscale, and the volume
values of the mineralized tissue around the implants were obtained as a percentage (BV/TV%)
(Figure 3 ¢). A trained examiner blinded to the experimental groups performed this analysis
(BLGS).

Fig. 3 a) Representative figure of the ROIs of sections for uCT analysis. The more significant
ROI is represented by the green circle and the radiolucent area within it, and the smaller ROl is
represented by the red circle and the radiolucent area comprising it; b) Axial view of alignment
the ROIs; c) 3D reconstruction of the analyzed area of the ROIs.
2.7. Histomorphometric analysis
After microtomographic scanning, the tibiae that were not decalcified were dehydrated

in an increasing ethanol series (60-100%) and infiltrated and polymerized in light-curing resin
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(Technovit 7200 VLC, Kultzer Heraus GmbH & CO, Wehrheim, Germany). The blocks
containing the implant and the surrounding bone tissue were cut at a central point using a cutting
and grinding system (Exakt Apparatebeau, Hamburg, Germany). The 45-um-thick sections
were stained with Stevenel’s blue associated with acid fuchsin and analysed under a light
microscope (DIASTAR - Leica Reichert & Jung products, Wetzlar, Germany) at 100x
magnification. Histomorphometric evaluations were performed with image analysis software
(FIJI, San Rafael, CA, USA). The percentages of bone-to-implant contact (BIC%) and the bone
area between threads (BBT%) were assessed separately in the first three threads of the implants
inserted into the cortical bone[30] (Figure 4). A blinded and trained examiner (BLGS)
performed these analyses.

Fig. 4 Representative figure of a non-decalcified section. Selection of the first three implant
threads inserted into the cortical bone, bilaterally, for BIC (%) (green line) and BBT (%) (blue

area)

2.8. Immunohistochemical analysis
Immunohistochemical analyses were performed on the tibiae where the implants were
removed after biomechanical analysis to identify and localize the expression of proteins related
to bone remodelling, namely, alkaline phosphatase (ALP) and bone morphogenic protein-2
(BMP-2). Histological sections were mounted on silanized slides, followed by routine
laboratory procedures for deparaffinization and rehydration. Subsequently, the sections were

subjected to nonspecific epitope blockade by applying 3% hydrogen peroxide for 30 min and
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3% bovine albumin protein for 120 min. Then, the sections were incubated for 16 hours in the
following primary antibodies: ALP (1:100) and BMP-2 (1:50). As a negative control,
histological sections were treated with 1% phosphate buffered saline (PBS). Subsequently, the
sections were treated with avidin-biotin-peroxidase complex and stained with
diaminobenzidine (Dako, Glostrup, Denmark). The sections were counterstained with Carrazi’s
haematoxylin solution to visualize the cell nuclei. The images were obtained using a camera
coupled to a light microscope (Leica Reichert Diastar Products & Jung, Wetzlar, Germany).
The expression levels of the proteins were assessed by applying a protein labelling extension
index[33] that was performed in the coronal half of the surgical implant bed at 15 days: (0) no
labelling (0% of cells/matrix); (1) weak labelling (<25% of cells/matrix); (2) moderate labelling
(25%-50% of cells/matrix); and (3) intense labelling (<50% of cells/matrix). The analyses were

performed by a blinded and trained examiner (GJO).

2.9. Statistics

Jamovi 2.4.1 (Sidney, Australia) was used for statistical analysis. The data obtained
from the biomechanical, microtomographic, and histomorphometric analyses were evaluated
for normality using the Shapiro—Wilk test, demonstrating, in all evaluations, a normal
distribution (0=0.05). The relationship between the implant surface type vs. experimental
period vs. BP therapy condition and the differences between groups were examined using three-
way ANOVA followed by Tukey’s post hoc test (p<0.05). The comparison of the protein
expression was performed by the nonparametric Kruskal-Wallis test followed by the Dunn test.

All the statistical tests used in this study were applied with a significance level set at 95%.

3. Results

3.1. Biomechanical analysis

The experimental period, BP therapy, and implant surface influenced the removal force
torque. The HFL surface implants had higher removal torque values than the HFB surface
implants in the CG (9.63 + 0.98 Ncm vs. 2.81 £ 1.43 Ncm at 15 days; 24.31 + 5.46 Ncm vs.
20.39 + 3.02 Ncm at 45 days) and BP therapy animals (32.48 + 3.80 Ncm vs. 28.76 + 6.53 Ncm
at 45 days) (p<0.0001). When comparing the same surface in the two experimental BP therapy
conditions, it was shown that the BP-HFB group presented higher removal torque than the CG-
HFB group at 15 days (10.01 + 2.57 Ncm vs. 2.81 + 1.43 Ncm; p = 0.0068) and 45 days (28.76
+ 6.53 Ncm vs. 20.39 £ 3.02 Ncm; p = 0.0088). The same pattern was observed with the HFL
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surface since the BP-HFL group exhibited a higher removal torque than the CG-HFL group at
45 days (32.48 + 3.80 Ncm vs. 24.31 + 5.46 Ncm; p = 0.0194) (Table 1).

Table 1 Median and standard deviation of the removal torque data assessed by biomechanical
analysis. * p<0.05 - Higher removal torque than the HFB groups; # p<0.05 - Higher removal
torque than the CG groups — Three-Way ANOVA complemented by Tukey test

Groups / Period 15 days 45 days
CG-HFB 2.81+1.43 20.39 + 3.02
CG-HFL 9.63 +0.98" 24.31 +5.46"
BPs - HFB 10.01 + 2.57% 28.76 + 6.53%
BPs - HFL 12.68 £2.79 32.48 + 3.80™

3.2. Microtomographic analysis (UCT)

Although there were no statistically significant differences, the HFL surface led to a
slightly increased percentage of bone tissue surrounding the implants (%BV/TV) in all the
groups. Additionally, a more significant %BV/TV was observed after 45 days compared to at
15 days in all groups (p<0.05) (Table 2).

Table 2 Median and standard deviation of the %BV/TV data assessed by microtomographic
analysis. * p<0.05 - Higher %BV/TV than the 15-day period within the same group — Three-
Way ANOVA complemented by Tukey test

Groups / Period 15 days 45 days

CG-HFB 78.02 £ 3.20 79.45+2.34
CG-HFL 79.48 £ 4.29 81.46 + 3.36
BPs - HFB 81.77 £ 0.63 83.83 £ 0.65
BPs - HFL 82.96 £ 0.90 84.24 +1.65

3.3 Histomorphometric analysis
The experimental period, BP therapy, and implant surface influenced osteointegration.
The %BIC of the HFL surface was slightly higher than that of the HFB surface in the CG groups
at both experimental timepoints (44.35 + 11.82% vs. 35.20 + 12.66% at 15 days; 52.80 +
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22.39% vs. 43.98 + 14.53% at 45 days; p<0.001). BP therapy increased the %BIC associated
with the HFB (47.16 + 6.14% vs. 35.20 + 12.66% at 15 days; 67.13 £ 15.97% vs. 43.98 +
14.53% at 45 days) and HFL surface (70.98 + 9.27% vs. 52.80 £22.39% at 45 days) compared
with that of the CG groups (p<0.001) (Table 3). BP therapy also increased the %BBT at both
types of implant surfaces and at both experimental periods of evaluation (~15% difference in
%BBT in each experimental period between the CG and BP groups; p<0.001) (Table 4).
Representative images are shown in Figure 5.

Table 3 Median and standard deviation of the %BIC data assessed by histomorphometric
analysis. *p<0.001 — Higher %BIC than the CG-HFB group at 15-day period; # p<0.001 —
Higher %BIC than the CG-HFB group at 45-day period; 6 Higher %BIC than the CG-HFL
group at 45-day period — Three-way ANOVA complemented by Tukey test

Groups / Period 15 days 45 days
CG-HFB 35.20 + 12.66 43.98 + 14.53
CG - HFL 44.35 + 11.82" 52.80 +22.39*
BPs - HFB 47.16 £ 6.14" 67.13 + 15.97%
BPs - HFL 49.20 £ 6.93 70.98 + 9.27°

Table 4 Median and standard deviation of the %BBT data assessed by histomorphometric
analysis. *p<0.001 — Higher %BBBT than the CG-HFB and CG-HFL groups at 15-day period;
# p<0.001 — Higher %BBT than the CG-HFB and CG-HFL groups at 45-day period — Three-
way ANOVA complemented by Tukey test

Groups / Period 15 days 45 days
CG-HFB 30.62 £ 7.27 31.76 £ 9.98
CG - HFL 31.14+4.41 34.12 £ 8.96
BPs - HFB 45.78 £ 5.47" 50.62 + 7.17%

BPs - HFL 47.10 £ 10.24" 55.54 + 8.09%
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BP

Fig. 5 Representative figures of the non-decalcified sections containing the first three implant threads inserted into

the cortical bone.

3.4. Immunohistochemistry analysis
Higher levels of ALP were observed in the matrix region of bone tissue on the HFL surface than on the
HFB surface, albeit with the administration of BPs (p<0.05) (Figure 6). In the BP group, this labelling was
observed only in the matrix, with no evidence of labelling in the cells. BMP-2 appeared as diffuse labelling in the
matrix and in cells. Although cell labelling was more evident in the control group, this difference was not
statistically significant. * p<0.05 Higher protein expression than the HFB surface; Kruskal-Wallis followed by the

Dunn test.
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CG
HFB

BPs

CcG
HFL

BPs

Fig. 6 Representative images and graphs of protein expression analysis at 15 days. It is possible
to note a higher expression of ALP associated with the HFL surface. BMP2 expression was not
different between the groups

4 Discussion

This study showed that the HFL surface enhances osseointegration in CG and BP
animals. Thus, this study confirms the benefits of the HFL surface in improving
osseointegration in hosts with systemic conditions/diseases who may be at risk for early failure
of dental implants. On the other hand, BP therapy was associated with improved bone
formation, which may be related to a lower resorption of the bone after implant placement.

The effect of the HFL on bone formation noted in this study (improving the removal
torque and osseointegration) is consistent with previous studies that indicate that HFL implants
significantly modulate pathways involved in bone formation, likely due to the surface’s
wettability[28, 29, 34]. An in vitro study evaluating the response of titanium discs with different
surfaces revealed a reduction in proinflammatory cytokine levels around hydrophilic surface

discs, suggesting the modulatory effect of the surface’s properties on the inflammatory
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response[35]. These findings are reinforced by another study that assessed protein expression
during the early stages of osseointegration of dome-shaped membranes of titanium placed in
the calvaria of rats with HFL (SLActive) and HFB (SLA) surfaces, which identified the
downregulation of a group of proteins related to inflammation and the upregulation of proteins
related to cell migration, osteoblast differentiation, and osteoblast metabolism associated with
the HFL surface[36].

The improvement in the %BIC and %BBT associated with using the HFL was
previously demonstrated in clinical and preclinical studies. One clinical study showed that using
the HFL surface increased osteointegration compared with HFB at 2 and 4 weeks after implant
placement[34]. Other preclinical studies with similar experimental models conducted by our
team showed that the HFL increases osseointegration in bone defects grafted with
osteoconductive bone substitutes[30], in hyperglycaemic animals[31] and in animals submitted
to nicotine application[37]. This study confirms the effect of HFL implants on improving bone
formation around dental implants despite the host’s systemic condition. Clinical studies to
evaluate implant osseointegration and clinical success must be performed in the future to test
HFL surface implants in challenging situations.

Another important finding of this study was the improvement in the osseointegration
and removal torque of implants placed in animals under BP therapy. These findings suggest
that BPs have a favourable impact on both short- and long-term osseointegration. These
outcomes may be related to the mechanism of action of the BPs and the experimental model
used in this study. Some studies[38, 39] revealed that bisphosphonates effectively reduced bone
turnover rates and correspondingly raised bone mineral density in osteoporotic patients within
the initial year of treatment, reaching a plateau. Several investigations [13-15] have
demonstrated a significant increase in bone mineral density among ovariectomized animals
subjected to bisphosphonate treatment, but these effects did not occur in healthy animals. The
decrease in bone remodelling rates associated with bisphosphonate treatment corresponds with
the outcomes of other investigations on the BP mode of action, demonstrating a reduction in
new bone formation[40]. These results provide further evidence supporting the effectiveness of
BPs in combating conditions related to increased bone resorption rates.

It is important to note that the experimental model can influence the outcomes of the
studies that evaluated the effect of BP therapy on osseointegration. Long bones are more prone
to presenting benefits regarding BP therapy than is the jawbone [16, 17]. Preclinical studies that
evaluated the effects of BPs on long bones in healthy rats showed that BP therapy improved

osseointegration[20, 41]. BP therapy also enhanced osseointegration in implants placed in
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ovariectomized animals[42, 43]. However, the effect of BP therapy on the osseointegration of
implants placed in the oral environment tends to induce a reduction in osseointegration,
especially in control animals. A preclinical study using an ovariectomized rat model with jaw
implant placement found a significant decrease in the BIC in the BP group after 14 days
compared to the control group[44]. A recent study showed that zoledronic acid therapy reduces
the %BIC of rough and turned implants placed on the postextraction sockets of maxillary first
molars in rats at 14-28 days of evaluation[27]. The findings of this study may be related to the
experimental model used where the implants were placed in long bones in nonovariectomized
rats, which tend to show a benefit with BP therapy on osseointegration.

The effects of BP therapy and the HFL surface on implant osseointegration shown in
this study may occur due to the close interactions of the surface with the vicinity of the bone.
The %BV/TV data showed no differences between the groups regarding the bone around the
dental implants, despite the differences in this study on the %BIC and removal torque. Micro-
CT analysis presents a limitation in the evaluation of osteointegration due to metallic
artefacts[45, 46], so in this study, this method was used to evaluate bone that was not in contact
with the implant’s surface. Interestingly, ALP expression was higher on the bone associated
with HFL implants during the 15-day period, albeit with BP therapy. ALP is a bone biological
marker of osteoblastic cell function. It is associated with bone formation[47, 48], and this
finding may be the reason for the higher osseointegration associated with the HFL surface. This
finding was not observed to be associated with BP therapy, and perhaps the higher
osseointegration was associated with BPs due to the lower bone resorption after implant
placement rather than the improvement in bone synthesis.

There are some limitations in our study. One such limitation is that the implants were
placed in the tibiae of rats rather than in the maxilla or mandible, which is the intraoral
environment in humans. Although this animal model is commonly used to evaluate
osseointegration, other factors specific to the intraoral environment, such as biofilm, implant
loading, and masticatory function, may affect the outcomes analysed. Therefore, future studies

should consider intraoral clinical situations to better assess the osseointegration process.

5 Conclusion

Both implant surfaces enable osseointegration in rats under BP therapy. The HFL and
BPs improved osseointegration; however, the effect of these factors may occur in different
ways. HFL may improve osteointegration by improving bone formation, while BPs may

improve osseointegration due to the reduction in bone resorption after implant placement.
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Abstract

Objective: Evaluate the effects of pentoxifylline and a-tocopherol on alveolar bone remodeling
during the progression of experimental Periodontitis (PD) in rats treated with Bisphosphonates
(BP).

Materials and Methods: One hundred twenty rats had PD induced by bilateral ligature
placement on their lower second molars. After 60 days of daily administration of either saline
solution (SS) or BP, animals were randomly assigned to one of five groups (n = 8/group), CG:
received SS throughout the experiment, BPG-B: received 1mg/kg/day BP throughout the
experiment. BPG-Pent: 50 mg/kg/day Pentoxifylline (Pent) post-ligature following prior BP
treatment. BPG-To: 40 mg/kg/day a-tocopherol (aTo) post-ligature following prior BP
treatment, BPG-PenTo: 50 mg/kg/day Pent plus 40 mg/kg/day aTo post-ligature following prior
BP treatment. Euthanasia was performed at 7, 15, and 30 days. Outcomes were assessed by
evaluating the bone remodeling process, including Bone Volume Fraction (BVF) using
microcomputer tomography (uCT) and histological, histomorphometric, and stereometric
analyses. Results: In uCT analysis, the BPG-PenTo group consistently exhibited higher BVF
percentages throughout the study. Histological examination revealed notable changes at seven
days, including inflammation and gingival migration. All treatment groups differed
significantly from the CG, preserving alveolar crest bone. Over time, similar histological
changes occurred with increased inflammation and bone resorption. BPG-PenTo maintained
bone crest levels, with a significant increase in bone area (p < .001). Interproximal CEJ-to-
tissue distance decreased (p < 0.05) in treated animals compared to the CG and gradually
increased over the study duration. The stereometric analysis supported increased volumetric
bone (VBo) values compared to the CG (p < .05). Conclusions: Combining pentoxifylline and
a-tocopherol showed preserving alveolar bone in rats with PD under bisphosphonate treatment.
Although all treated groups experienced early inflammation, combination therapy mitigated
these effects. These findings suggest a potential utility of combined pentoxifylline and a-
tocopherol therapy in preserving alveolar bone health during bisphosphonate treatment,
warranting further clinical exploration.

Keywords: Periodontitis, Alveolar bone remodeling, Bisphosphonates, Pentoxifylline, a-
tocopherol
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Introduction

Periodontitis, a chronic inflammatory disease affecting the supporting structures of the
teeth, remains a global health concern with significant implications for oral health and overall
well-being2. The intricate interplay of host immune response, cytokines, osteoclast activity,
and dysbiotic microbial biofilm factors orchestrates the complex process of alveolar bone
resorption, a hallmark of disease that ultimately compromises tooth stability, function and
eventual tooth loss®4.

Efforts to elucidate the pathophysiological mechanisms underlying PD have revealed
some potential therapeutic approaches that could attenuate the progression of alveolar bone
resorption and enhance the regenerative potential of the periodontium®. Among these
strategies, pharmacological interventions have garnered interest due to their potential to
modulate inflammation and bone remodeling processes’%. In parallel, the identification of
alternative pharmacological agents that can modulate bone metabolism and inflammation to
minimize the adverse effects associated with BP remains a pertinent research avenue.

Bisphosphonates (BP), were initially introduced for the treatment of metabolic bone
disorders'?!3 and are known for their potent antiresorptive effects by inhibiting the function of
the osteoclasts by impairing differentiation, induction of apoptosis'#*°, inhibition of recruitment
to the bone surface'®'’, inhibition of adhesion of these cells®®, decreasing the intracellular
transport and do so by hindering the prenylation of small guanosine tri-phosphatase signaling
proteins via the inhibition of farnesyl diphosphate synthase in the cholesterol biosynthesis
pathway'®. Several investigations have demonstrated additional impacts of bisphosphonates,
including their potential to modify angiogenic processes ° and reduce vascular endothelial
growth factor (VEGF) levels with prolonged usage?!. Consequently, the reduction in osteoclast
activity induced by bisphosphonates indirectly influences the vascularization of bone?.
Actually BP positioned as well-established agents for managing cancer-related conditions,
including pathologic fractures associated with bone metastases in the context of solid tumors
(such as breast, prostate, and lung cancers) and multiple myeloma and other bone metabolic
diseases such as osteoporosis, bone neoplasia, and Paget disease?3?,

The BP also have been investigated in the context of periodontal therapy for their
potential to attenuate alveolar bone loss associated with PD due to their capacity to inhibit
osteoclastic activity?5-32. However, there remain concerns regarding the long-term systemic and
local side effects of high doses of some intravenous types of BP, like medication-related
osteonecrosis of the jaws (MRONJ)?*34, a condition characterized by the presence of unhealed

exposed bone in the maxillofacial region persisting beyond an 8-week period in individuals
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undergoing antiresorptive therapies. As stated in the 2022 Update of the AAOMS Position
Paper on Medication-Related Osteonecrosis of the Jaw?4, the risk of developing MRONJ among
osteoporotic patients exposed to BP is low. The observed cases can be attributed to an
uncommon rare event within a substantial patient population, comprising 5.1 million
individuals over 55, who have been subjected to these medications. For these reasons, careful
consideration has led to the search for adjunctive therapeutic agents that can mitigate some of
the side effects of BP.

In recent decades, the use of pharmacological drugs and natural compounds (like
vitamins) aiming to suppress bone destruction during experimental PD in animal models has
been reported!’. In this context, one such agent is pentoxifylline, a methylxanthine derivative
and phosphodiesterase inhibitor with established peripheral blood flow by increasing
vasodilation properties . There are also numerous reports that pentoxifylline treatment reduces
the concentration of proinflammatory cytokines®® such as including tumor necrosis factor-a
(TNF- )34, interleukin-1 beta (IL-1B)*? and interleukin-6 (IL-6)3°43, thereby these attributes
position pentoxifylline as a plausible candidate for dampening the inflammatory milieu and
influencing characteristic of PD under bone with high-dose of BP. Additionally, tocopherols
are a class of organic chemical compounds consisting of various methylated phenols**4°, In this
group, a-tocopherol (vitamin E) produces antioxidant effects to stabilize the structure of the
oral membrane by reducing lipid peroxidation®, increasing superoxide dismutase (SOD)
levels*"“8, and reduced the expression of iNOS, a mediator of inflammation and oxidative stress
in gingival cells*®, thereby stopping free radical reactions and holds promise in counteracting
oxidative stress-induced tissue damage®°.

While the individual benefits of pentoxifylline and a-tocopherol, collectively known as
the PenTo protocol, a comprehensive analysis of their synergistic actions has found support in
the literature -8 and revealing a favorable safety profile and generally well-tolerated outcomes
in managing specific side effects associated with BP. Nevertheless, their impact on the
progression of experimental PD, particularly in the presence of BP, remains relatively
unexplored and demanding further elucidation.

Understanding the dynamic interplay between these pharmacological interventions and
their impact on alveolar bone remodeling within the context of experimental PD is crucial for
advancing our therapeutic strategies in the management of this complex disease. The
knowledge garnered from this study could offer insights into the development of novel
treatment approaches that not only address inflammation and bone resorption but also consider

the intricacies of systemic medication administration.
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This study aims to comprehensively evaluate the effects of pentoxifylline and a-
tocopherol (PenTo protocol) in the context of alveolar bone remodeling during the progression
of experimental PD under BP treatment. Through a multifaceted approach utilizing
microcomputer tomography (uCT), histological, histomorphometric, and stereometric analyses,
this investigation seeks to shed light on the potential therapeutic contributions of these agents

to periodontal health.

Material and Methods
Samples

The experimental protocol was approved by the Ethical Committee for Animal Use
(CEUA) of the School of Dentistry at Araraquara— UNESP (permit number: 16-2018) and
performed in accordance with the guidelines from the National Council for Animal Experiment
Control (CONCEA) and Animal Research: Reporting of In Vivo Experiments (ARRIVE 2.0)
guidelines. One hundred and twenty male Holtzman rats (Rattus norvegicus, variation Albinus,
Holtzman) weighing 180-220 g (18-week-old) were used. Animals were maintained in
appropriate cages (4 animals/cage) at the animal facility of the School of Dentistry at
Araraquara—UNESP and exposed to standardized conditions of temperature and humidity
(22°C £ 1°C, 65%—-70%), 12 h light/dark cycle (lights on at 7:00 AM), with access to food and
water ad libitum.

The sample size calculation was based on the variability observed in our previous
studies®>® that assessed the bone volume (as the major outcome) in rats submitted to
experimental periodontal disease. Thus, a sample of seven animals per group/period was
sufficient for applying statistical tests and detecting meaningful differences between groups
with an a-type error of 0.05 and a B-power of 0.90. Eight animals per group were employed to
account for a minimum loss of 14%, which is acceptable. This calculation ensures that the study
has a sufficient sample to detect meaningful differences between groups, enhancing the

reliability and robustness of our results.

Medications and BP induction

The animals received sterile SS and other medications with different types of
administration due to the nature of the compounds and the time of administration. When SS
was administered, it was in an amount of 0.3 ml via subcutaneous applications. The
bisphosphonate used was sodium alendronate at a concentration of 1mg/kg and was

administered systemically by daily subcutaneous injections following the methodology



42

previously reported by our research group®?. The experimental medications were administered
systemically by daily intraperitoneal injections at a concentration of 50 mg/kg of
Pentoxifylline®® and 40 mg/kg of aTocopherol®. To induce the high dose of BP, animals in the
BP experimental groups received 60 days of systemic administration of 1mg/kg of

Bisphosphonates (BP).

Periodontitis and experimental design of the treatment protocols

PD was induced by ligature placement in the subgingival region around the lower
second molars bilaterally, under general anesthesia by intraperitoneal administration of
ketamine (Ketamine Agener; Agener Unido Ltda, Sdo Paulo, SP, Brazil; 0.08 mL/100 g body
weight) and xylazine 2% (Rompum; Bayer S.A., Sdo Paulo, SP, Brazil; 0.04 mL/100 g body
weight). Then animals were randomly assigned to the following five experimental groups (n =
8/group): CG: a control group with animals that received SS during the whole experiment,
BPG-B: animals that received 1mg/kg/day of BP during the whole experiment, BPG-Pent:
animals that received 50 mg/kg/day of Pentoxifylline after installation of ligature and
previously treated with BP. BPG-To: animals that received 40 mg/kg of a-tocopherol after
installation of ligature and previously treated with BP, BPG-PenTo: animals that received a
combination of 50 mg/kg/day of pentoxifylline plus 40 mg/kg a-tocopherol after installation
of ligature and previously treated with BP. In the three groups that received the experimental
medications (BPG-Pent, BPG-To, and BPG-PenTo). BP applications were withdrawn after the
installation of the ligatures. After 7, 15, and 30 days of placement of the ligatures, the animals
were euthanized by lethal overdose of anesthetic, and the mandibles were divided into two

hemi-mandibles for different analysis processing (Figure 1).
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Figure 1- Experimental Design

Specimen processing

Subsequently, right and left hemi-mandibles were fixed with 4% paraformaldehyde for
48 h and washed under running water for 24 h. The right hemi-mandibles were transferred to
70% ethanol for microcomputer tomography (uCT) scanning. The left hemi-mandibles were
submitted to decalcification in 10% EDTA (pH 7.2) for 16 weeks.

Alveolar bone remodeling by three-dimensional radiographic analysis (UCT)

The right hemi-mandibles were scanned by a microtomography— pCT scan (Skyscan
1176, Bruker, Aatselaar, Belgium) following the parameters: Camera Pixel Size (um)=7.4;
Image Pixel Size (um)=12.000006; voxel size: 18 um3; Exposure (ms)=500; Source Voltage
(kV)=80; X-ray tube potency: 65 kVP; X-ray intensity: 385 pnA; Filter=Al 1mm; rotation step
0.4° across 360°.

The images were reconstructed by NRecon Software (NRecon 1.6.1.5; Bruker,
Aatselaar, Belgium), the following parameters were used: ring artifact correction, 4; pixel
defect mask, 5%; smoothing, 1%; beam hardening correction, 26%; and compressed sensing
(CS) to image conversion, 0.0-0.8. Then the images spatially repositioned by DataViewer
(Bruker, Aatselaar, Belgium) and analyzed by CTAnalyser (CTAnalyser, Aatselaar, Belgium).

A two-standardized region of interest (ROI) was meticulously defined in a sagittal
orientation. ROI 1: was delimited from the distal first molar root to the mesial third molar root

and extended from the top of the furcation and alveolar crest to the root apices, and ROI 2:
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delimited the roots. The ROIs were delimited every ten planes extending 100 slices. Once the
ROI values had been obtained, ROI 1 - ROI 2 were subtracted, resulting in the fraction volume
of the ROI occupied by mineralized tissue (bone volume fraction [BVF]) that was quantified
with a threshold of 90-225. This rigorous strategy maximizes bone quantification and
discarding tissues of the roots and teeth. A single trained blinded examiner performed all the

measurements. The results are representative of eight animals per group.

Histological Processing

After the decalcification process, the left hemi-mandibles were embedded in paraffin.
For each sample, approximately 30 semi-serial sections (4pum thickness) were obtained from
the sagittal plane towards the lingual/vestibular axis along the second mandibular molar and
divided into slides containing 3 sections each. The semi-serial sections were stained with

Hematoxilin and Eosin (H/E).

Histological analyses

Images from semi-serial section slides stained with H/E were taken using standardized
settings for image acquisition with an optical light microscope Leica DM2500 (Leica
Microsystems GmbH, Wetzlar, Germany) coupled to a color digital camera Leica DFC500
(Leica Microsystems GmbH, Wetzlar, Germany), under a 40x objective. The analysis of
morphological tissue structures was performed by a single trained blinded examiner through
the evaluation of the bone tissue remodeling processes and inflammatory reactions in each

experimental group, the results are representative of one semi-serial section per sample.

Histometric analyses

Analyses were carried out on images obtained under 20x objective and the same
standardized settings for image acquisition previously described in the manuscript and with a
similar methodology published by our group®. The ROI was delimited in the furcation and
interproximal regions. In the furcation region, after measuring 1000um from the top of the
furcation, an area was delimited between the roots. In this region, the area with the bone present
was measured. In the interproximal regions (mesial and distal), linear measurements were taken
between the cemento-enamel junction and the bone crest using straight lines. Measurements
were made using the image processing toolkit FIJI (National Institutes of Health, Maryland,

USA) by a trained blinded examiner with 3 semi-serial representative sections per sample.
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Stereometric analyses

The stereometric analysis was performed using the same images for histometric analyses
with methods employed by our previous research®45, The three ROI was defined as follows:
Interproximal tissues that were located between the first and second molars (mesial) and
between the third and second molars (distal), delimited coronally by the most apical portion of
the epithelial tissue; apically by the top of the bony crest; and laterally by the most prominent
region of the root of the second molar. The furcation region, which was located between the
roots, was delimited coronally by the top of the furcation, apically by the top of the bony crest,
and laterally by the roots of the second molar. Using a image processing tool FIJI (National
Institutes of Health, Maryland, USA), a 154-point grid was overlaid digitally on the region of
interest (ROI), and the proportion of Vital bone tissue (VBo0) was performed in relation to the
total number of points counted, and the percentage of each tissue component was calculated in
relation to the total number of points by a trained blinded examiner with 3 semi-serial

representative sections per sample.

Statistical analysis

Data obtained from each experiment were analyzed using GraphPad Prism version
10.0.2 for Mac (GraphPad Software Inc., Boston, MA, USA). The data were evaluated for
normality using the Shapiro—Wilk test, demonstrating, in all evaluations, a normal distribution
(@=0.05).

Two-way ANOVA followed by Tukey's test was performed to verify the existence of
statistical differences among treatment periods (inter-period analyses), and two-way ANOVA
followed by Dunnett’s test to verify statistical differences between the groups (intra-period

analyses). The significance level was set at 95% (p < 0.05) in all analyses.

Results

While conducting uCT analysis, we observed no statistically significant differences in
bone volume fraction measurements (Figure 2). However, it is noteworthy that the BG-PenTo
group exhibited a higher percentage of BVF compared to the other experimental groups along

the whole experiment.
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Figure 2 - 3D-uCT analysis of bone volume fraction (BVF) measurements in the ligature-
induced model of periodontitis. a) Representative 3D reconstructed images of each
experimental group in the lingual and vestibular views. b) The bar graph represents the
quantitative results of the ratio of mineralized tissue (BV/TV %) in the defined and standardized
region of interest (ROI), according to the experimental condition from 8 animals in each
experimental group and period. No statistically significant differences observed among the
experimental groups and periods.

Upon histological examination, notable alterations were observed in the periodontal
region. At the 7-day mark, a robust inflammatory process characterized by ulceration was
evident in the interproximal and furcation areas, concurrent with an apical migration of the
gingival epithelium relative to the cement-enamel junction. Notably, the four treatment groups
exhibited distinct histological characteristics compared to the CG, with the most prominent
distinction being the preservation of alveolar crest bone in the interproximal regions. In

subsequent time periods, the histological findings exhibited similarities across all experimental
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groups, albeit with a progressively heightened inflammatory response and increased bone

resorption (Figure 3a).

a CG BPG-G BPG-Pent BPG-To BPG-PenTo

7 days 15 days 30 days 2 7 days 15days 30 days 7 days 15 days 30 days
Figure 3 - Comprehensive Histological, Histometric, and Stereometric analysis of the gingival
tissues among treatment groups. a) Histological Evaluation (200x magnification): Histological
aspects of the experimental groups are depicted, highlighting tissue characteristics. b)
Histometric and Stereometric Analyses: various parameters were assessed. i) Furcation Bone
Area (mm?): The BPG-PenTo group maintained higher bone crest levels throughout the
experimental periods. ii) Interproximal CEJ-to-Tissue Measurements (um): A significant
decrease was observed in animals treated with the experimental medications compared to the
CG. iii) Vital Bone Percentage (VB0%): An evident increase in the BPG-PenTo group
compared to the CG, indicating enhanced bone vitality. Error bars represent the average values,
and vertical lines indicate standard deviations (SD). Significance was determined at p < 0.05
compared to the CG group within each period.

Remarkably, BPG-PenTo demonstrated the maintenance of bone crest levels in the
furcation region, accompanied by a notable absence of inserted collagen fibers. This
observation aligns with the highly significant increase in bone area measurements compared to
the CG group (p < .001).

Notably, the distance between the cementoenamel junction (CEJ) and the tissue in the
interproximal areas exhibited a notable decrease (p < 0.05) in animals treated with the
experimental medications as compared to the CG. Intriguingly, these values demonstrated a
progressive increase throughout the three experimental periods.
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Stereometric analysis reveals a statistically significant (p < .05) augmentation in the
BPG-PenTo group in volumetric bone (VBo) values when compared to the CG, in line with the

findings of other analyses.

Discussion

The present study sought to elucidate the effects of pentoxifylline and a-tocopherol
(PenTo protocol) on alveolar bone remodeling in a rat model of experimental PD treated with
bisphosphonates (BP). The findings provide valuable insights into potential therapeutic
approaches for mitigating the possible side effects of BP treatments on alveolar bone health.

One of the notable findings in this study was the preservation of alveolar crest bone in
all treatment groups compared to the CG. The histological and pCT data consistently showed
that all treatment groups, including those with pentoxifylline and a-tocopherol, exhibited better
preservation of alveolar crest bone compared to the CG. This preservation is a vital indicator of
the potential efficacy of these compounds in countering the adverse effects of BP on bone
health. This finding is consistent with the hypothesis that these agents may help maintain bone
integrity4146.5055,61,

The histological analysis revealed an early inflammatory response in all treatment
groups, characterized by inflammation and gingival migration aligns with the known
pathophysiology of PD 4. Periodontal ligature placement initiates an inflammatory cascade, a
hallmark of periodontal diseases®’. This observation underscores the challenging nature of the
progression of PD. While the combination proposed therapy appeared to mitigate the alveolar
bone resorption.

Several studies have demonstrated some effects of the experimental medications utilized
in this investigation, which align with our findings. Pentoxifylline has been shown to possess
notable anti-inflammatory properties, as evidenced by its ability to reduce proinflammatory
cytokines®®:373943 enhance vascular perfusion and stimulate angiogenesis®, and exhibit a
protective effect against alveolar bone loss, as reported in the study by Lima et al. (2004)%..
Additionally, a-tocopherol's well-documented mediator of inflammation and oxidative stress in
gingival cells*®, while their antioxidant capabilities are evident as demonstrated by Bas et al.
(2021)%° in its research. Additionally, emerging evidence suggests a potential synergistic effect
of these drugs. Several studies indicate that the PenTo protocol plays a pivotal role in promoting
tissue repair and modulating the inflammatory response °3-5961,

Bisphosphonates are recognized for their ability to interfere with the bone remodeling

process, principally by inhibiting osteoclast activity, potentially leading to aberrant bone
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turnover'®®8, The utilization of BP as a therapeutic approach to ameliorate PD has shown
limited evidence of efficacy?”* and has become a topic of controversy. This controversy is
particularly pronounced in light of reported severe adverse effects associated with long-term
BP therapy, most notably medication-related osteonecrosis of the jaw (MRONJ). Despite its
relatively low prevalence, as outlined in the AAOMS Position Paper on Medication-Related
Osteonecrosis of the Jaw — 2022 Update?*, MRONJ can occur in various patient groups
receiving intravenous BP, with frequencies ranging from 0% to 18% for malignancy treatment
with zoledronate, 0.02% for osteoporosis treatment with intravenous zoledronate, and between
0.043% to 0.05% for oral BP administration. Other studies %! have also reported on these
occurrences.

The clinical implications of our findings hold significant relevance, especially given the
extensive utilization of bisphosphonates in diverse medical scenarios, including , osteopenia,
osteoporosis and cancer-associated bone disorders 23. Our study contributes to this expanding
body of knowledge by shedding light on the promising prospects of a PenTo protocol.
Nevertheless, a comprehensive understanding of the exact mechanisms through which
pentoxifylline and a-tocopherol manifest their anti-inflammatory effects in experimental PD
demands further exploration.

While this study primarily focuses on alveolar bone remodelling process, it opens
avenues for exploring the broader effects of pentoxifylline and a-tocopherol in bone
metabolism. Given the systemic nature of these compounds, their impact on other skeletal sites
and overall bone density warrants investigation. Additionally, their potential role in enhancing
bone healing or managing bone disorders beyond PD and MRONJ could be explored.

The response to therapeutic interventions may vary among individuals due to genetic
factors and comorbidities. Future research could delve into personalized medicine approaches,
identifying biomarkers that predict treatment response. This would enable clinicians to tailor
treatment strategies for patients receiving bisphosphonate therapy, optimizing outcomes while

minimizing potential risks.

Conclusion

This study elucidated the potential benefits of pentoxifylline and a-tocopherol in
mitigating alveolar bone remodeling changes induced by experimental periodontitis in rats
under bisphosphonate treatment. The BPG-PenTo group consistently demonstrated superior
preservation of bone parameters, including higher BVF percentages and reduced interproximal

CEJ-to-tissue distance, suggesting a protective effect on alveolar crest bone. Notably, early
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histological changes, marked by inflammation and gingival migration, were observed across all
treatment groups, emphasizing the complex nature of PD progression. These findings
underscore the potential utility of combined pentoxifylline and o-tocopherol therapy in
preserving alveolar bone health in the context of bisphosphonate treatment, warranting further

investigation in clinical settings.
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4 CONCLUSAO

Apesar das limitacOes de nossos estudos, eles oferecem uma compreensao valiosa sobre
a osseointegracdo de implantes com superficies hidrofilicas e os efeitos da pentoxifilina e a-
tocoferol na remodelacgdo Gssea alveolar, em animais com altas concentragdes de BP.

No primeiro estudo, demonstrou-se que ambas as superficies testadas permitem a
osseointegracdo em ratos com altas concentrages de BP. Enquanto a superficie HFL e os BP
melhoraram a osseointegracdo, seus efeitos podem se manifestar de maneiras distintas. A
superficie HFL parece favorecer a osseointegracdo ao promover uma formacdo 6ssea mais
precoce, enquanto os BP podem melhorar a osseointegracdo ao reduzir a reabsorgdo 6ssea ap0s
a colocacdo do implante.

No segundo estudo, foram esclarecidos os potenciais beneficios da pentoxifilina e a-
tocoferol na atenuacdo das alteracGes na remodelacdo 0ssea alveolar induzidas pela periodontite
experimental em ratos tratados com BP. O grupo BPG-PenTo demonstrou consistentemente
uma preservacdo superior dos parametros 6sseos, indicando um efeito protetor sobre 0 0sso
alveolar. Importante notar que os grupos de tratamento exibiram alteracbes histoldgicas
precoces, caracterizadas por inflamacdo e migracdo gengival, enfatizando a natureza complexa
da progresséo da periodontite.

As implicacbes clinicas destas descobertas podem orientar o desenvolvimento de
estratégias clinicas mais eficazes, com o propdsito de otimizar as taxas de sucesso dos implantes
e melhorar os resultados para pacientes com periodontite que enfrentam desafios sistémicos
associados ao uso de BP. No entanto, € importante ressaltar que pesquisas adicionais e ensaios

clinicos sdo necessarios para validar e ampliar esses resultados.
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APENDICE A - MATERIAL E METODOS

Comité de Etica

Os dois projetos foram aprovados pelo Comité de Etica em Experimentacdo Animal da
Faculdade de Odontologia de Araraquara — UNESP. Projeto 1 (CEUA: 07/2019) (Anexo B), e
projeto 2: (CEUA: 16/2018) (Anexo C). Os experimentos foram realizados de acordo com as
diretrizes do Conselho Nacional de Controle de Experimentacdo Animal (CONCEA), e as

normas internacionais da Animal Research Reporting of In Vivo Experiments (ARRIVE 2.0).

Amostra

Neste estudo foram utilizados 184 ratos machos adultos (Rattus norvegicus, variacao
Albinus, Holtzman) com peso variando entre 180-220 gramas (18 semanas de idade)
provenientes do Biotério da Faculdade de Odontologia de Araraquara (FOAr) — UNESP. Os
animais foram mantidos em caixas apropriadas (4 animais/caixa) no biotério da Faculdade de
Odontologia de Araraquara-UNESP e expostos a condi¢cdes padronizadas de temperatura e
umidade (22°C £ 1°C, 65%-70%), ciclo claro/escuro de 12 horas (luzes acesas as 7:00 da
manha), com acesso a alimentos e agua ad libitum.

O célculo do tamanho da amostra foi baseado na variabilidade observada em nossos
estudos anteriores** que avaliaram o volume 6ésseo (como o principal resultado) em ratos
submetidos a doenca periodontal experimental. Assim, uma amostra de sete animais por
grupo/periodo foi suficiente para aplicar testes estatisticos e detectar diferencas significativas
entre 0s grupos com um erro do tipo o de 0,05 e um poder 3 de 0,90. Foram utilizados oito
animais por grupo para contabilizar uma perda minima de 14%, o que é aceitavel. Esse célculo
garante que o estudo tenha uma amostra suficiente para detectar diferencas significativas entre

0s grupos, aumentando a confiabilidade e a robustez dos nossos resultados.
Grupos Experimentais de Acordo com os Estudos
Estudo 1 (Publicacdo 1): Avaliar os efeitos das superficies de implantes hidrofébicas (HFB) e

hidrofilicas (HFL) na osseointegracdo no modelo de ratos tratados com altas doses de
bisfosfonatos (BP).
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Medicamentos e inducdo de BP

Os animais receberam 0,3 ml de solu¢do salina estéril (SS) ou alendronato de sédio (BP)
na concentracdo de 1mg/kg/dia por meio de aplicacdes subcutaneas seguindo a metodologia
relatada anteriormente pelo nosso grupo de pesquisal. Para induzir a alta dose de BP, os animais
dos grupos experimentais receberam 60 dias de administracdo sistémica de 1mg/kg de

Alendronato de sodio.

Desenho experimental

Um total de 64 animais foram divididos aleatoriamente em quatro grupos e avaliados
em dois periodos experimentais diferentes: 15 e 45 dias (n=8). Os grupos foram divididos de
acordo com a aplicacdo da terapia com BP e o tipo de superficie do implante em (Figura Al)
CG-HFB: Superficie de implante hidrofobica modificada por jateamento de Oxido e
condicionamento acido (NeoPoros®, Neodent®, Curitiba, PR, Brasil) colocada em animais
sem uso previo de BP.

CG-HFL: Superficie de implante hidrofilica modificada por jateamento de Oxido e
condicionamento acido em ambiente a vacuo e mantida em solucdo de cloreto de sddio
(Acqua®, Neodent®, Curitiba, PR, Brasil) colocada em animais sem uso prévio de BP.
BP-HFB: Superficie de implante hidrofébico modificada por jateamento de Oxido e
condicionamento acido (NeoPoros®, Neodent®, Curitiba, PR, Brasil) colocada em animais
com aplicacdo prévia de BP.

BP-HFL: Superficie de implante hidrofilico modificada por jateamento de oOxido e
condicionamento &cido em um ambiente a vacuo e mantida em solugdo de cloreto de sodio

(Acqua®, Neodent®, Curitiba, PR, Brasil) colocada em animais com aplicacédo prévia de BP.



65

Figura Al- Desenho experimental do projeto 1
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Fonte: Elaboracao propria.

Procedimento cirdrgico da instalacdo de implantes customizados

Para esse procedimento seguimos a metodologia desenvolvida anteriormente e bem
estabelecida na literatura pelo nosso grupo de pesquisa®®. Os animais foram anestesiados com
uma injecdo intramuscular de cetamina (Agener Unido Ltda., Sdo Paulo, SP, Brasil) na dose de
0,08 ml/100 g de massa corporal e xilazina (Rompum, Bayer S.A., Sdo Paulo, SP, Brasil) na
dose de 0,04 ml/100 g de massa corporal. Em seguida, os animais foram submetidos a
tricotomia da regido interna das tibias direita e esquerda, onde previamente foi realizada a
antissepsia.

Uma incisdo de aproximadamente 10 mm foi feita sobre a tuberosidade da tibia e uma
disseccédo delicada do tecido foi realizada. O local da cirurgia foi preparado para a colocacao
do implante por meio de uma sequéncia progressiva de brocas (broca de lanca; broca espiral de
2,0 mm - Neodent®; Curitiba, PR, Brasil) para instalar um implante de titdnio customizado de
4 x 2,2 mm (implantes de superficie NeoPoros e Acqua, Neodent®, Curitiba, PR, Brasil). Todas
as perfuracdes foram realizadas com um motor elétrico ajustado para 1200 rpm (BLM 600,

Driller, Sdo Paulo, Brasil) sob irrigacdo abundante com solucdo salina estéril. O implante foi
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colocado com o auxilio de uma chave digital (chave digital hexagonal de 1,2 mm - Neodent®,
Curitiba, PR, Brasil). O tecido foi suturado com fio de seda 4.0 (Ethicon, Johnson & Johnson,
Sdo José dos Campos, Brasil). Os animais receberam uma dose Unica de penicilina
intramuscular com estreptomicina na dosagem de 0,1 ml/kg de massa corporal (Pentabiotic®
(Wyeth-Whitehall Ltda., S&o Paulo, Brasil) e cetoprofeno subcutdneo na dosagem de 0,03
ml/kg de massa corporal (Ketoflex; Mundo Animal, S&o Paulo, Brasil).

Os implantes foram colocados na tibia esquerda e direita de cada animal, em um total
de cento e vinte e oito implantes instalados (64 na tibia esquerda e 64 na direita). Nao houve
efeitos adversos inesperados. Aos 15 e 45 dias ap0s a colocagdo do implante, os animais foram
sacrificados com uma overdose de anestésico. (Figura A2).

Figura A2 - Procedimento cirdrgico da instalagdo de implantes customizados na tibia dos animais

Fonte: Arquivo pessoal do autor.

Processamento das amostras

Ap0s as eutandsias as tibias foram removidas, separadas e armazenadas da seguinte
forma: As tibias do lado direito foram transferidas para etanol a 70% para posterior
escaneamento por tomografia computadorizada (uWCT) e avaliar Bone VVolume/Tissue Volume
(BVITV%) e posterior processamento do corte ndo descalcificado mediante sistema de corte e
retificacdo (Exakt Apparatebeau, Hamburgo, Alemanha) para realizar as analises
histomorfométricas Bone-to-implant Contact (BIC%) e Bone Between Threads (BBT%). E as
tibias do lado esquerdo, foram usadas para anélise biomecénica (remog¢éo do implante) e imuno-
histoquimica. Apds a remocao do implante essas amostras foram fixadas com paraformaldeido
a 4% por 48 horas e lavadas em agua corrente por 24 horas para posterior descalcificacdo em
EDTA 10% (pH 7,2) por 16 semanas.
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Andlise biomecanico

Uma chave hexagonal (1,2 mm de didmetro) foi conectada ao implante e a chave de
torque (Tohnichi, modelo ATG24CN-S, Toquio, Japéo). Foi realizado um movimento no
sentido anti-horario para remover o implante. O pico maximo de torque necessario para mover

o implante foi o valor do torque de remocgao (Ncm).

Analise microtomografica (UCT)

Para realizar a avaliacdo microtomogréfica, as tibias foram escaneadas por um
microtomografo (Skyscan, Aatselaar, Bélgica) com os seguintes parametros: pixel da camera,
12,45; poténcia do tubo de raios X, 65 kVP; intensidade de raios X, 385 WA; tempo de
integracdo, 300 ms; filtro, Al-1 mm; e tamanho do voxel, 18 um3. Ap6s o0 escaneamento das
amostras, as imagens foram reconstruidas, reposicionadas espacialmente e analisadas por um
software especifico (NRecon, Data Viewer, CTAnalyser, Aatselaar, Bélgica).

A regido de interesse (ROI) foi definida como uma regido circular de 0,5 mm em torno
de todo o diametro do implante. Essa ROI foi definida como o volume total (margem de 0,5
mm ao redor dos implantes - 4,5 mm x 3,2 mm). Como os implantes colocados ndo tinham um
parafuso de cobertura, em alguns casos, ocorreu formacao dssea dentro da plataforma protética.
Uma segunda ROI foi definida para remover o volume da plataforma a fim de evitar que essa
formacéo dssea interferisse na analise ao redor do implante. Com os resultados obtidos das duas
ROls, foi possivel definir o volume da formacédo 6ssea usando a férmula: volume total - volume
da plataforma = volume dos tecidos 6sseos. O limiar usado na andlise foi de 25-90 em escala
de cinza, e os valores de volume do tecido mineralizado ao redor dos implantes foram obtidos

como uma porcentagem (BV/TV%). (Figura A3).
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Figura A3- Andlise microtomogréfica (UCT)

Delimitacéo das regides de interesse (ROI) e comparacdo com fotografias clinicas.

Fonte: Arquivo pessoal do autor.

Andlise histomorfométrica

Apds o escaneamento microtomografico, as tibias que ndo foram descalcificadas foram
desidratadas em uma série crescente de etanol (60-100%) e infiltradas e polimerizadas em
resina fotopolimerizavel (Technovit 7200 VLC, Kultzer Heraus GmbH & CO, Wehrheim,
Alemanha). Os blocos contendo o implante e o tecido 6sseo circundante foram cortados em um
ponto central usando um sistema de corte e retificacdo (Exakt Apparatebeau, Hamburgo,
Alemanha). As secoes de 45 um de espessura foram coradas com azul de Stevenel associado a
fucsina acida e analisadas em um microscopio Optico de luz Leica DM2500 (Leica
Microsystems GmbH, Wetzlar, Alemanha) com magnificacion de 200x (Objetiva 20x e
amplificador de 10x). As avaliagdes histomorfométricas foram realizadas com o kit de

ferramentas de processamento de imagens FIJI (National Institutes of Health, Maryland, EUA).
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As porcentagens de contato osso-implante (BIC%) e a area 6ssea entre as roscas (BBT%) foram
avaliadas separadamente nas trés primeiras roscas dos implantes inseridos no osso cortical®
(Figura Ad e A5).

Figura A4 — Fotografias representativas do processamento dos cortes ndao descalcificados

Tty
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Fonte: Arquivo pessoal do autor.
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Figura A5 - Anélise histomorfométrica

500 um

Fotografia representativa de ldmina corada com Stevenel’s blue e esquema da delimitagdo das regies
de interesse (ROI) para anélise do BIC% e BBT%

Fonte: Elaboragdo propria.

Analise imuno-histoquimica

As andlises imuno-histoquimicas foram realizadas nas tibias onde os implantes foram
removidos apds a andlise biomecénica para identificar e localizar a expressdo de proteinas
relacionadas a remodelacdo Gssea, ou seja, fosfatase alcalina (ALP) e proteina morfogénica
Ossea-2 (BMP-2). As secdes histologicas foram montadas em I&minas silanizadas, seguidas de
procedimentos laboratoriais de rotina para desparafinizacdo e reidratacdo. Posteriormente, as
secOes foram submetidas a um bloqueio de epitopo inespecifico com a aplica¢éo de perdxido
de hidrogénio a 3% por 30 minutos e proteina de albumina bovina a 3% por 120 minutos. Em
seguida, as se¢des foram incubadas por 16 horas com 0s seguintes anticorpos primarios: ALP
(1:100) e BMP-2 (1:50). Como controle negativo, as secOes histoldgicas foram tratadas com
solucgéo salina tamponada com fosfato (PBS) a 1%. Posteriormente, as se¢des foram tratadas
com o complexo avidina-biotina-peroxidase e coradas com diaminobenzidina (Dako, Glostrup,
Dinamarca). As se¢Oes foram coradas com a solucéo de hematoxilina de Carrazi para visualizar

0s nucleos das células. As imagens foram obtidas com uma camera acoplada a um microscépio
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de luz (Leica Reichert Diastar Products & Jung, Wetzlar, Alemanha). Os niveis de expressdo
das proteinas foram avaliados pela aplicacdo de um indice de extensdo de marcacdo de
proteinas® que foi realizado na metade coronal do leito do implante cirdrgico aos 15 dias: (0)
nenhuma marcacdo (0% de células/matriz); (1) marcacgéo fraca (<25% de celulas/matriz); (2)
marcacdo moderada (25%-50% de ceélulas/matriz); e (3) marcacdo intensa (<50% de

células/matriz).

Estudo 2 (Publicacéo 2): Avaliar a influéncia da pentoxifilina e a-tocoferol (protocolo PenTo)
na remodelacdo do osso alveolar durante a progresséo da Periodontite Experimental (PD)
induzida por ligadura, no modelo de ratos sob os efeitos das altas concentragdes de
bisfosfonatos (BP).

Medicamentos e inducdo de BP

Os animais receberam solucéo salina estéril (SS) e outros medicamentos com diferentes
tipos de administracdo devido a natureza dos compostos e ao tempo de administracdo. Quando
a SS foi administrada, foi em uma quantidade de 0,3 ml por meio de aplicacdes subcutaneas. O
BP usado foi o alendronato de sddio na concentracdo de 1mg/kg e foi administrado por via
sisttmica por meio de injecGes subcutdneas diarias, seguindo a metodologia relatada
anteriormente pelo nosso grupo de pesquisal. Os medicamentos experimentais foram
administrados sistemicamente por injecGes intraperitoneais diarias em uma concentracdo de 50
mg/kg de pentoxifilinal® e 40 mg/kg de a-tocoferol, até 0 momento das eutanasias (7,15 e 30
dias)*. Para induzir a alta dose de BP, os animais dos grupos experimentais de BP receberam

60 dias de administracdo sistémica de 1mg/kg de BP.

Inducédo da Periodontite por ligadura

A Periodontite foi induzida pela colocagéo de ligaduras na regido subgengival ao redor
dos segundos molares inferiores bilateralmente, sob anestesia geral por meio da administracao
intraperitoneal de cetamina (Ketamine Agener; Agener Unido Ltda., Sdo Paulo, SP, Brasil; 0,08
mL/100 g de peso corporal) e xilazina 2% (Rompum; Bayer S.A., S&o Paulo, SP, Brasil; 0,04
mL/100 g de peso corporal).
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Desenho experimental

Um total de 120 animais foram distribuidos aleatoriamente nos cinco grupos

experimentais a seguir (n = 8/grupo) (Figura A6):

GC: grupo controle com animais que receberam SS durante todo o experimento.

BPG-B: animais que receberam 1mg/kg/dia de PB durante todo o experimento.

BPG-Pent: animais que receberam 50 mg/kg/dia de Pentoxifilina apos a instalacdo da ligadura
e previamente tratados com BP.

BPG-To: animais que receberam 40 mg/kg de a-tocoferol apds a instalacdo da ligadura e
previamente tratados com BP.

BPG-PenTo: animais que receberam uma combinacédo de 50 mg/kg/dia de pentoxifilina mais
40 mg/kg de a-tocoferol apds a instalagdo da ligadura e previamente tratados com BP.

Nos trés grupos que receberam os medicamentos experimentais (BPG-Pent, BPG-To e
BPG-PenTo). As aplicaces de BP foram retiradas apos a instalacdo das ligaduras. Apés 7, 15
e 30 dias da colocacdo das ligaduras, os animais foram eutanasiados por overdose letal de
anestésico, e as mandibulas foram divididas em duas hemi-mandibulas para processamento de

anélises diferentes.
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Figura A6- Desenho experimental do projeto 2
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Fonte: Elaboracéo propria.

Processamento das amostras

Posteriormente, as hemi-mandibulas direita e esquerda foram fixadas com
paraformaldeido a 4% por 48 horas e lavadas em &gua corrente por 24 horas. As hemi-
mandibulas direitas foram transferidas para etanol a 70% para escaneamento por tomografia

computadorizada (uCT). As hemi-mandibulas esquerdas foram submetidas a descalcificacéo
em EDTA 10% (pH 7,2) por 16 semanas.
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Remodelacéo do osso alveolar por andlise radiografica tridimensional (uCT)

As hemi-mandibulas direitas foram escaneadas por uma microtomografia - puCT
(Skyscan 1176, Bruker, Aatselaar, Bélgica) seguindo os parametros: Tamanho do pixel da
camera (um)=7,4; tamanho do pixel da imagem (um)=12,000006; tamanho do voxel: 18 um3;
exposi¢édo (ms)=500; tensdo da fonte (kV)=80; poténcia do tubo de raios X: 65 kVP; intensidade dos
raios X: 385 WA, filtro=Al 1mm; etapa de rotacdo 0,4° em 360°.

As imagens foram reconstruidas pelo software NRecon (NRecon 1.6.1.5; Bruker,
Aatselaar, Bélgica), os seguintes parametros foram usados: correcdo de artefato de anel, 4;
mascara de defeito de pixel, 5%; suavizacdo, 1%; correcdo de endurecimento do feixe, 26%; e
conversao de sensoriamento comprimido (CS) para imagem, 0,0-0,8. Em seguida, as imagens
foram reposicionadas espacialmente pelo DataViewer (Bruker, Aatselaar, Bélgica) e analisadas
pelo CTAnalyser (CTAnalyser, Aatselaar, Bélgica).

Uma regido de interesse (ROI) de dois padrdes foi meticulosamente definida. ROI 1: foi
delimitada da raiz distal do primeiro molar até a raiz mesial do terceiro molar e se estendeu do
topo da furca e da crista alveolar até 100 fatias em sentido apical, e ROI 2: delimitou as raizes.
As ROIs foram delimitadas a cada dez planos. Apo6s a obtencédo dos valores de ROI, a ROI 1 -
ROI 2 foi subtraida, resultando na fracdo de volume da ROI ocupada por tecido mineralizado
(fracdo de volume dsseo [BVF]) que foi quantificada com um limite de 90-225. Essa estratégia
rigorosa maximiza a quantificacdo dssea e descarta os tecidos das raizes e dos dentes. Os

resultados sdo representativos de oito animais por grupo (Figura A7).
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Figura A7 - Andlise radiografica tridimensional (UCT). Delimita¢do esquematica do ROI
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Delimitacdo das regides de interesse (ROI) nas imagens representativas da reconstrucdo 3D e cortes
sagital e coronal.

Fonte: Elaboracéo propria.

Processamento histol6gico

Apbs o processo de descalcificacdo, as hemi-mandibulas esquerdas foram incluidas em
parafina. Para cada amostra, aproximadamente 30 se¢Oes semi-seriadas (4um de espessura)

foram obtidas a partir do plano sagital em direcdo ao eixo lingual/vestibular ao longo do
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segundo molar mandibular e divididas em laminas contendo 3 se¢Oes cada. As secbes semi-

seriadas foram coradas com Hematoxilina e Eosina (H/E).

Analises histologicas

As imagens das laminas das secGes semi-seriadas coradas com H/E foram obtidas
usando configuracGes padronizadas para aquisi¢cao de imagens com um microscépio éptico de
luz Leica DM2500 (Leica Microsystems GmbH, Wetzlar, Alemanha) acoplado a uma camera
digital colorida Leica DFC500 (Leica Microsystems GmbH, Wetzlar, Alemanha), com uma
objetiva de 40x. A andlise das estruturas morfologicas dos tecidos foi realizada por meio da
avaliagdo dos processos de remodelacdo do tecido 0sseo e das reacGes inflamatdrias em cada

grupo experimental; os resultados séo representativos de uma sec¢éo semi-seriada por amostra.

Andlises histométricas

As analises foram realizadas em imagens obtidas com a objetiva de 20x e as mesmas
configuracbes padronizadas para aquisicdo de imagens previamente descritas. A ROI foi
delimitada nas regides de furca e interproximal. Na regido da furca, apos medir 1000um do topo
da furca, foi delimitada uma area entre as raizes. Nessa regido, foi medida a area com 0 0ss0
presente. Nas regides interproximais (mesial e distal), foram feitas medigdes lineares entre a
juncdo cemento-esmalte e a crista 6ssea usando linhas retas. As medicdes foram feitas usando
o kit de ferramentas de processamento de imagens FIJI (National Institutes of Health, Maryland,

EUA) com 3 secdes representativas semi-seriadas por amostra (Figura A8).
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Figura A8 - Anélises histométricas

Fotografia reconstruida a partir de imagens com aumento de 20x de cortes corados com H/E, na regido
do segundo molar inferior. Setas M1 e D1, indicando as medidas lineares realizadas nesta regido
interproximal. Em destaque verde, a area analisada para histometria de regido de furca, Em azul,
delimitacdo da furca por ROI previamente definido.

Fonte: Elaboracéo propria.

Analises estereométricas

A anélise estereométrica foi realizada usando as mesmas imagens para analises
histométricas com métodos empregados em nossa pesquisa anterior®3. As trés ROI foram
definidas da seguinte forma: Tecidos interproximais localizados entre o primeiro e segundo
molares (mesial) e entre o terceiro e segundo molares (distal), delimitados coronalmente pela
porcao mais apical do tecido epitelial; apicalmente pelo topo da crista 6ssea; e lateralmente pela
regido mais proeminente da raiz do segundo molar. A regido da furca, localizada entre as raizes,
foi delimitada coronalmente pelo topo da furca, apicalmente pelo topo da crista dssea e
lateralmente pelas raizes do segundo molar. Usando uma ferramenta de processamento de
imagens FIJI (National Institutes of Health, Maryland, EUA), uma grade de 154 pontos foi

sobreposta digitalmente na regido de interesse (ROI), e a proporcéo de tecido 6¢sseo vital (VBo)
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foi realizada em relacdo ao numero total de pontos contados, e a porcentagem de cada
componente do tecido foi calculada em relagdo ao nimero total de pontos com 3 secdes

representativas semi-seriadas por amostra (Figura A9).

Figura A9 — Analises estereométricas
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Imagens histolégicas representativas coradas com H/E da metodologia utilizada para a analise
estereométrica de contagem de constituintes teciduais. Colocagdo da grade com 154 pontos na ROI
previamente definida. Magnificagdo 200x.

Fonte: Elaboracéo propria.

Andlise estatistica
Projeto 1:

O Jamovi 2.4.1 (Sidney, Australia) foi usado para analise estatistica. Os dados obtidos
das analises biomecénica, microtomografica e histomorfométrica foram avaliados quanto a
normalidade por meio do teste de Shapiro-Wilk e homoscedasticidade pela andlise das
variancias, demonstrando, em todas as avaliagdes, uma distribui¢do normal (a=0,05). A relagdo
entre o tipo de superficie do implante vs. periodo experimental vs. condicdo de terapia com PB
e as diferengas entre os grupos foram examinadas por meio do three-way ANOVA seguido pelo
teste post hoc de Tukey (p<0,05). A comparagdo da expressédo proteica foi realizada pelo teste
ndo paramétrico de Kruskal-Wallis seguido pelo teste de Dunn. Todos o0s testes estatisticos
usados neste estudo foram aplicados com um nivel de significancia definido em 95%.
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Projeto 2:

Os dados obtidos de cada experimento foram analisados com o GraphPad Prism versao
10.0.2 para Mac (GraphPad Software Inc., Boston, MA, EUA). Os dados foram avaliados
guanto a normalidade homocedasticidade usando o teste de Shapiro-Wilk e analise de
variangas, demonstrando, em todas as avaliagdes, uma distribuicdo normal (a=0,05).

O two-way ANOVA seguido do teste de Tukey foi realizado para verificar a existéncia
de diferencas estatisticas entre os periodos de tratamento (analises entre periodos) e o two-way
ANOVA seguido do teste de Dunnett para verificar as diferencas estatisticas entre 0s grupos
(analises intraperiodo). O nivel de significancia foi fixado em 95% (p < 0,05) em todas as

analises.
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esta de acordo com os Principios Eticos em Experimentagdo Animal adotado pela legislagao brasileira atualmente em vigor,
tendo sido aprovado pela Comissao de Etica no Uso de Animais (CEUA) da Faculdade de Odontologia de Araraquara-UNESP.

CERTIFICATE

We certify that the protocol 07/2019 referring to the research “EVALUATION OF THE OSSEOINTEGRATION OF IMPLANTS
WITH THE HYDROPHILIC SURFACE IN RATS WITH DIFFERENT SYSTEMIC ALTERATIONS” under responsibility of Prof®
Dr® Rosemary Adriana Chierici Marcantonio in agreement with the nowadays specific Brazilian laws and was approved by the
Araraquara Dental School-UNESP Ethical Committee for Animal Research (CEUA).

Araraquara, 24 de junho de 2022.

g ., I .
Prof* Dr* CARINA A. FABRICIO DE ANDRADE
Coordenadora da CEUA/FOAr/UNESP
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ANEXO C — CERTIFICADO DO COMITE DE ETICA DO PROJETO 2

AVA
wy

svavav  UNIVERSIDADE ESTADUAL PAULISTA
u nesp ‘JULIO DE MESQUITA FILHO”

Campus de Araraquara

FACULDADE DE ODONTOLOGIA

Proc. CEUA n° 16/2018
Araraquara, 21 de junho de 2023.

Senhor Pesquisador:

A Comissdo de Etica no Uso de Animal - CEUA desta Faculdade
procedeu a analise do formulario de alteragdo do projeto de pesquisa de sua
responsabilidade intitulado “Avaliagdo de medicamentos que interferem na
modulagdo 6ssea associado ou nao ao bisfosfonato. Estudo na gengivite
experimental em ratos”, e APROVOU a alteragdo na metodologia e prorrogagdo de
prazo até Margo/2026 .

Lembramos que o Relatério Final deste projeto devera ser entregue em
Abril/2026.

Atenciosamente.

- Assinado de forma digital por
u n e spA OG Debora Simoes de Almeida
Colombari:12257980867
Dados: 2023.06.21 11:18:09 -03'00'
Prof* Dr* DEBORA SIMOES DE ALMEIDA COLOMBARI
Coordenadora da CEUA/FOAr/UNESP

A

Prof* Dr* Rosemary Adriana Chiérici Marcantonio
DD. Pesquisador Responsavel

Departamento de Diagndstico e Cirurgia

Comissdo de Etica no Uso de Animais - CEUA
Rua Humaité n° 1.680 — Centro — CEP 14801-903 — Caixa Postal n° 331 - ARARAQUARA - SP
5° andar — fone (16) 3301-6459 / e-mail: ceua.foar@unesp.br - home page: http://www.foar.unesp.br
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Na&o autorizo a publicagdo deste trabalho pelo prazo de até 2 anos apds a data de defesa.
(Direitos de publicacéo reservado ao autor)

Araraquara, 23 de setembro de 2023.

Julio Cesar Sanchez Puetate
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