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Pigossi SC. Avaliagao de compositos a base de celulose bacteriana-hidroxiapatita com peptideo
osteogénico para reparagdo Ossea [Dissertacio de Mestrado]. Araraquara: Faculdade de

Odontologia da UNESP; 2014

RESUMO

A celulose bacteriana (CB) ¢ um biopolimero sob a forma de hidrogel nanoestruturado, o qual
¢ uma excelente matriz para incorporacao de outros compostos, € nos ultimos anos a CB tem
demonstrado resultados promissores para reparacao tecidual. Além disso, compositos baseados
em CB e hidroxiapatita (CB-HA) sdo osteocondutores, e quando este composito associado a
peptideos como OGP (osteogenic growth peptide) e a sua sequéncia C-terminal o
pentapeptideo OGP(10-14) poderdo proporcionar-lhe propriedade osteoindutora. O presente
estudo avaliou os compositos CB-HA associados ou ndo a estes peptideos para reparacao Ossea
de defeitos criticos em calvaria de camundongos. Os grupos experimentais avaliados foram CB-
HA, CB-HA OGP, CB-HA OGP(10-14) e controle, nos respectivos periodos de andlise: 3, 7,
15, 30, 60 e 90 dias. Apds 3 dias de pds-operatorio, as membranas CB-HA OGP e CB-HA
OGP(10-14) promoveram maiores niveis de expressdo dos principais genes marcadores de
formacao 6ssea. Além disso, apds 7 dias foi observado na andlise histomorfométrica que as
membranas CB-HA e CB-HA OGP(10-14) promoveram maior neoformacdo Ossea.
Semelhantemente, essas membranas apresentaram maiores porcentagens de neoformacao dssea
como foi observado na microtomografia computadorizada nos periodos de 60 e 90 dias. Maiores
niveis de expressdo de alguns biomarcadores 6sseos, como Alpl, Sppl e Tnfrsfl1b também
foram observados para as mesmas membranas em 60 e 90 dias de pds-operatério. Conclui-se
que os materiais CB-HA e CB-HA OGP(10-14) apresentaram melhor potencial na reparagao
Ossea em defeitos criticos em calvaria de camundongos, destacando o papel osteoindutor nos

periodos iniciais de formacao 6ssea da membrana de CB-HA OGP (10-14).



Palavras-Chave: Materiais Biocompativeis, Celulose, Osteogénese



Pigossi SC. Evaluation of bacterial cellulose/hydroxyapatite nanocomposite with osteogenic
growth factor for bone repair [Dissertacao de Mestrado]. Araraquara: Faculdade de Odontologia

da UNESP; 2014

ABSTRACT

Bacterial cellulose (BC) is a biopolymer in the form nanostructured hydrogel, which is
an excellent matrix for the incorporation of others compounds, and at last years, BC has
demonstrated promising results for tissue repair. In addition, composites based on BC and
hydroxyapatite (BC-HA) is osteoconductor; and when this BC-HA composite associated with
the osteogenic growth peptide (OGP) or its C-terminal sequence the pentapeptide OGP (10-14)
could be provide osteoinductive properties. This study aimed to evaluate the potential of BC-
HA composites with or without OGP and OGP (10-14) in bone repair in critical-size calvarial
defect in mice. The analyzed experimental groups were BC-HA, BC-HA-OGP, BC-HA-OGP
(10-14) and control group in the respective periods: 3, 7, 15, 30, 60 and 90 days of
postoperative. After 3 days of postoperative, bone biomarkers were upregulated mainly by BC-
HA OGP and BC-HA OGP (10-14) membranes. In addition, a higher new bone formation was
observed in the histomorphometric analysis for BC-HA and BC-HA OGP (10-14) membranes
7 days of postoperative. Similarly, in 60 and 90 days, high percentage of bone formation could
be observed in micro-computed tomography analysis for BC-HA and BC-HA OGP (10-14)
membranes. High expression of some bone biomarkers, such as Alpl, Sppl and Tnfrsf11b were
also observed for the same membranes 60 and 90 days of postoperative in mice calvarial. In
conclusion, the BC-HA and BC-HA OGP (10-14) membranes promoted a better bone formation
in critical-size calvarial defects in mice, mainly the BC-HA OGP (10-14) nanocomposite in the
early periods of bone repair.

Keywords: Biocompatible Materials, Cellulose, Osteogenesis.
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INTRODUCAO

A perda Ossea associada a traumas, neoplasias, cirurgias reconstrutivas, defeitos
congénitos ou a doencga periodontal pode levar a grandes déficits de tecido dsseo **. Além
disso, a perda 6ssea pode ser considerada um problema de saiude, uma vez que em casos de
doenca periodontal, quase metade dos adultos entre as idades de 45 e 65 anos tem periodontite
moderada ou avangada com perda Ossea associada, que se ndo tratada pode levar a perda 6.5
dentes/individuo ** *>. Sendo assim, nesses casos em que o processo de reparacio Ossea
fisiologico ¢ insuficiente, ¢ necessario realizar procedimentos de regeneracdo Ossea para
reabilitar a funcdo mastigatoria e a estética bucal do paciente. Por conseguinte, na ultima
década, inumeros esfor¢os foram direcionados para desenvolver biomateriais seguros e
eficazes para substituir e promover a reparacdo 6ssea > %°.

A reparagdo dssea ¢ um processo fisioldgico complexo envolvendo muitos fatores
regulatorios locais e sistémicos, como fatores de crescimento e diferenciacdo celular,
horménios, citocinas e proteinas da matriz extracelular 2’. Apds a implantacgdo, os biomateriais
de forma imediata e espontaneamente adquirem uma camada de proteinas adsorvidas do
hospedeiro tais como albumina, fibrinogénio complemento, fibronectina, globulina entre
outros, que irdo interagir com as células inflamatorias e de adesdo !. Assim,
macrofagos/fagocitos e células gigantes multinucleadas sdo atraidos para o sitio de
implantagdo. Essas células podem controlar a dissolugdo dos biomateriais e estimular a
formag¢do de novos vasos sanguineos por meio da producdo e liberagdo de mediadores
inflamatérios e fatores de crescimento 2. Répida e extensa vascularizagdo tem sido mostrada
ser um elemento-chave para a formagcdo de tecido 6sseo 2! 22, Portanto, o ntimero de células

gigantes multinucleadas e o grau de vascularizagdo no sitio de implantagdo sdo responsaveis

pela degradacdo e integragdo do biomaterial e sucesso na reparagdo do defeito .
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Os osteoblastos sao células presentes no tecido dsseo, capazes de sintetizar matriz
mineralizada, colageno tipo I (COL-1), osteopontina (OPN), fosfatase alcalina (ALP) e
sialoproteina ossea (BSP) entre outras proteinas, contribuindo com um vasto potencial
regenerativo do tecido 6sseo. Mudangas nos niveis de expressdao dessas moléculas sdo
caracteristicos de células em diferentes graus de desenvolvimento 6sseo ou de maturacao. A
citodiferenciagdo em osteoblastos comeca a partir de células-tronco mesenquimais multi-
potentes localizadas na superficie periosteal e na medula dssea . Na fase intermediaria de
pré-osteoblastos, expressam-se varias proteinas como ALP, COL-1 e receptor do hormonio da
paratireoide (PTHR). ALP também ¢ expressa pelo osteoblasto maduro, além de BSP e
Osteocalcina (OCN) e encontra-se adjacente ao ostedide recém-sintetizado +°.

Em células de calvéria de fetos de ratos verificou-se que a expressao de COL-1 foi
relativamente alta no inicio da formagdo do tecido 6sseo, diminuindo em seguida; OPN foi
expressa antes de outras proteinas da matriz ossea, incluindo a BSP, que foi detectada pela
primeira vez em osteoblastos diferenciados, ¢ a OCN expressou-se na fase de deposi¢do
mineral na matriz 6ssea, sendo que a ALP diminuiu quando a fase de mineralizac¢do estava bem
avangada. Um pico de expressdao de COL-1 foi observado no estagio de proliferacdao e um pico
de expressdo de OPN, no estagio de diferenciacio do tecido dsseo *.

Todavia, os estagios de migragdo, proliferacdo, quimiotaxia, diferenciacdo celular e
sintese de proteinas extracelulares podem ser afetados no processo de reparagdo Ossea, ja que
cada uma dessas etapas ¢ dependente das condi¢des no local da injuria, como os niveis de
fatores de crescimento, hormonios, nutrientes e pH **. Os fatores de crescimento sio
polipeptideos biologicamente ativos que afetam a prolifera¢do, a quimiotaxia e diferenciagdo
das células do epitélio, do tecido conjuntivo e 6sseo '¢. Dentre os mais importantes fatores de
crescimento para o tecido dsseo estdo proteinas da superfamilia do fator de transformagdo do

crescimento tipo beta (TGF-B) incluindo as proteinas morfogenéticas 6sseas (BMPs), o fator
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de crescimento similar a insulina (IGF-1 e 2), o fator de crescimento fibroblastico (FGF-2), o
fator de crescimento derivado de plaquetas (PDGF) e o fator de crescimento endotelial vascular
(VEGF) . O VEGF promove a angiogénese, um pré-requisito para o recrutamento local de
células precursoras de osteoblastos durante a formagdo 6ssea '*. A angiogénese, é um processo
critico nas respostas fisiologicas e patoldogicas em uma variedade de condig¢des, incluindo a
regeneragdo periodontal 2% 28 A habilidade das plaquetas promoverem a cicatrizagdo tem
sido explorada recentemente na terapia periodontal regenerativa !, principalmente devido a
acao de VEGF.

Com base nos conhecimentos sobre o processo de regeneracdo Ossea, a engenharia
tecidual tem buscado desenvolver um biomaterial ideal que se assemelhe ao osso natural, seja
biocompativel e que promova adequadamente o processo de reparacao dssea. Nesse contexto,
varios materiais a base de polimeros naturais e sintéticos t€ém sido desenvolvidos para serem
utilizados como biomateriais na reparagao 6ssea. Destaque pode ser dado aos polimeros que
estdo presentes naturalmente em organismos vivos e trazem consigo certas propriedades
nativas que sdo uteis no processo de regeneracio tecidual *°.

A celulose € o biopolimero mais abundante no mundo, com uma produgao anual de mais
de 50 bilhdes de toneladas *®, sendo que a maior parte da produgio ocorre a partir das paredes
celulares das plantas. Entretanto, a celulose também pode ser obtida quimica e enzimaticamente
por acdo bacteriana. A celulose ¢ um homopolissacarideo linear formado por unidades de B-D-
glicopiranose unidas em cadeias longas, ndo ramificadas, por ligacdes glicosidicas B (1—4).
Este polimero pode ser dividido em duas formas nativas: celulose pura ou celulose complexa.
Exemplos de celulose pura sao aquelas obtidas diretamente de seu estado natural, como do
algodao, da celulose bacteriana e da celulose produzida por algumas algas. A celulose complexa
inclui a maior parte da celulose presente na natureza, componente fundamental da parede

celular de plantas superiores, mas contém impurezas como lignina, pectina e hemicelulose?.
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Atualmente acredita-se que a CB possa se tornar um dos produtos biotecnolégicos com
maior potencial tanto para area da satide quanto para o setor industrial, pois pode ser obtida em
larga escala com baixo custo de fabricacdo a partir de rotas biossintéticas de bactérias dos
géneros Gluconacetobacter, Rhizobium, Sarcina, Agrobacterium, Alcaligenes. Como
mencionado, esta celulose ¢ quimicamente pura, livre de componentes biogénicos como
ligninas, hemiceluloses e outros polissacarideos encontrados embebidos na celulose vegetal,
fator que diminui o custo final da produgao.

Gluconacetobacterxylinuns (Acetobacterxylinum) ¢é uma bactéria gram-negativa
quimioheterotrofica, que secreta celulose como camada de exopolissacarideos; que esta
disposta em forma de fitas compostas de microfibrilas flutuantes organizadas de forma linear
ao longo do eixo axial da bactéria '°. Vigorosos tratamentos com bases fortes em altas
temperaturas permitem a remogao das células bacterianas embebidas na trama permitindo obter
um biomaterial no pirogénico, atoxico e biocompativel !5,

A membrana formada em condi¢cdes de cultura estatica resulta numa estrutura
tridimensional constituindo em um sistema ultrafino de nanofibras (10-50 nm), cujas fibras sao
orientadas uniaxialmente, o que ndo ocorre em celulose vegetal, cuja dimensdo das fibras ¢
micrométrica. Esta estrutura 3-D da CB resulta numa celulose altamente cristalina (60-80%)
quando comparado a celulose vegetal (~40%), similar a cristalinidade do algoddo (~70%) *3, e
com maior resisténcia mecanica. As ligagdes de hidrogénio inter e intra-molecular mantém as
cadeias de celulose juntas conferindo essas propriedades, além da baixa solubilidade e alta
retencao de agua.

Com base no conhecimento cientifico disponivel, sabe-se que a membrana de CB pode
ser empregada na regeneracdo ossea guiada, em defeitos periodontais ou peri-implantares '3 3!:

33, como substituto da dura-mater *°, potencial substitui¢do do menisco ° e cartilagem articular

4l Nos casos dos defeitos periodontais e periimplantares a CB funciona como uma barreira
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mecanica impedindo que células fibroblasticas e tecido conjuntivo fibroso invadam o local dos
defeitos 6sseos, inibindo a fibrose e promovendo neoformagao ossea efetiva no local agredido
18 Novaes et. al.*? (1990) avaliou o potencial de membranas de CB em lesdes de furca Classe
IT e relatou histologicamente que a membrana de CB promoveu regeneracao tecidual completa
em animais. Semelhantemente, um estudo clinico prévio comparou o potencial das membranas
de CB e politetrafluoretileno expandido na regeneracao tecidual guiada e demonstrou que
ambas as membranas foram efetivas no tratamento de lesdes de furca Classe II em molares
inferiores '¥. Além disso, um relato de caso demonstrou clinica e histologicamente que o uso
da membrana de CB associada a hidroxiapatita porosa foi eficaz para o reparo completo do
defeito 6sseo associado a um implante TiAl6v4 (IMZ)*!. Portanto, a CB, além de suas
excelentes propriedades ja descritas, tem sido Util como uma eficiente matriz para o
desenvolvimento de novos compositos para aplicagcdo na regeneracao e engenharia tecidual.
Além disso, os polimeros podem estar associados a outros biomateriais como o colageno
tipo I, hidroxiapatita e outros fosfatos de célcio, que sdo comumente utilizados na engenharia

tecidual Ossea .

Esses materiais promovem a adesdo e diferenciacdo de células
osteoprogenitoras aumentando a formagio 6ssea *® #7. No entanto, esses materiais tém
limitagdes nas suas propriedades mecanicas e dificuldades de degradagado, prejudicando sua
utilizacdo. Sendo assim, para superar essas limitacdes, esses tém sido combinados a outros
materiais naturais/sintéticos como a CB, melhorando suas propriedades mecénicas *.

Desses materiais utilizados, destacam-se os fosfatos de célcio, que sdo materiais
ceramicos com razoes molares Ca/P variadas, sendo a forma mais conhecida a hidroxiapatita
(HA), a qual esta presente nos ossos e dentes. A quimica estrutural da hidroxiapatita bioldgica
¢ muito complexa, devido a sua composi¢cdo ndo ser totalmente pura (ndo estequiométrica).

Frequentemente esta ¢ uma hidroxiapatita deficiente em calcio ou enriquecida com ions

carbonatos, formando a carbonatoapatita®®. Como mencionado, a HA ¢ um dos componentes
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do tecido 0sseo e dentes, e ha muitos anos diferentes formas de sinteses e aplicacdo desses
fosfatos de calcio tem sido avaliada na reconstrucao e regeneracao de estruturas osseas. As
hidroxiapatitas sintéticas sao muito utilizadas para esta finalidade por serem materiais bioativos
e com razoes molares Ca/P geralmente menor que 1,67. Desta forma, sdo mais eficazes
clinicamente devido a suas similaridades com a composi¢ao do tecido 6sseo e pela sua
propriedade de osteocondugio 6.

Fang et al. '? (2009) realizaram estudo in vitro com células mesenquimais derivadas da
medula 6ssea de humanos (hBMSC) e verificaram que o compdsito a base de CB e
hidroxiapatita (HA) ndo foi citotoéxico, promovendo proliferagao e diferenciacao celular.
Estudos revisados por Grande et al (2009) revelaram por avaliagdes in vitro que compdsitos
CB-HA tém um 6timo potencial para aplicacdo em reparagio dssea 2°, devido a HA conferir a
celulose propriedades bioativas e osteocondutivas 3%,

As membranas de CB também podem ser impregnadas com moléculas como fatores de
crescimento e proteinas da matriz extracelular que estimulam a proliferagdo das células
6sseas’®. O peptideo de crescimento osteogénico (OGP — osteogenic growthpeptide),
descoberto no inicio dos anos 90, ¢ um peptideo de ocorréncia natural cuja estrutura primaria €
1déntica a sequéncia C-terminal da histona H4. Esta presente fisiologicamente no soro humano,
de ratos, e aparentemente de outras espécies de mamiferos em concentragio micromolar °. Esta
conservagdo evolucionaria indica a importancia biologica do OGP ?*. A maioria (cerca de 90%)

do OGP sérico encontra-se especialmente na forma de um complexo de proteina de ligacao

OGPBP-OGP (OGPBP: OGP bindingprotein) 6.

A concentragdo do OGP sérico ¢ aumentada transitoriamente durante uma injuria local
ao tecido 6sseo, medula 6ssea ou a reagdes osteogénicas sistémicas, e também quando baixas
doses de OGP exdgeno sao administradas, ja que ele € requerido para a estimulag¢ao da formagao

6ssea. Isso sugere uma fung¢io auto-regulativa para os complexos OGPBPs * 2425 Bab et al.’
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(1999) verificaram que a sequéncia PreOGP, ¢ traduzida do RNA mensageiro da propria H4
[85-103], ou seja, configurando o PreOGP contendo os aminoacidos [85-103], o qual ¢
convertido em OGP endogeno [90-103] apos a clivagem proteolitica que resulta na remocgao de
cinco aminoacidos terminais (e.g. H4 [90-103]). Este mecanismo biossintético, aparentemente
esta presente em muitas, se ndo em todas, as células, podendo desempenhar uma fungao crucial
no feedback positivo do OGP, controlando a proliferagdo ¢ diferenciacdo de células Osseas e
hematopoiéticas. Defeitos em ossos longos de coelhos tratados com scaffolds de PLGA
(poly(lactic-co-glycolicacid) com OGP sintético adsorvido demonstraram, através da anélise
radiogréfica e histoldgica, menor tempo de reparo 6sseo em relagdo aos animais que receberam
o OGP por via sistémica, indicando um importante resultado na via de administracdo destes
peptideos, ja que o efeito terapéutico foi mais eficaz quando aplicado localmente *°.

A clivagem proteolitica do OGP pode gerar o pentapeptideo OGP (10-14), que também
tem como fung¢do estimular proliferacao e diferenciacao de células osteoprogenitoras e células
progenitoras hematopoiética. A regeneracdo hematopoiética estd relacionada ao efeito
secundario do OGP 7> %263 1T vitro o peptideo OGP (10-14) possui excelente potencial
mitogénico para células de linhagem fibroblastica e osteoblastica & ® 24, favorecendo a
neoformagio 6ssea '**°. Também favorece o aumento da atividade da fosfatase alcalina (ALP)
e da mineralizagio da matriz dssea > *’. Desta forma, este peptideo apresenta um grande
potencial para utilizacdo na medicina regenerativa, empregando-o na funcionalizagdao de
biomateriais.

A metodologia detalhada desse trabalho cientifico est4 presente no Apéndice.
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PROPOSICAO

O objetivo do presente estudo foi avaliar o potencial do composito a base de celulose
bacteriana-hidroxiapatita associado ou nao aos peptideos OGP ¢ OGP (10-14) para reparacao
ossea em defeitos criticos de calvaria de camundongos por meio das analises de
microtomografia computadorizada, histologia, histomorfometria e expressao génica de

biomarcadores 0sseos.
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ABSTRACT

This study aimed to evaluate the potential of bacterial cellulose/hydroxyapatite (BC-
HA) composites associated with osteogenic growth peptide (OGP) or pentapeptide OGP (10-
14) in bone repair in critical-size calvarial defects in mice. In this study were utilized 264
animals, randomly distributed in four groups (BC-HA; BC-HA-OGP; BC-HA-OGP (10-14);
control group) which were analyzed in the periods: 3, 7, 15, 30, 60 and 90 days. In each analysis
period, the specimens were evaluated by micro-computed tomography, histology,
histomorphometric, gene expression of bone biomarkers and VEGFR-2 (vascular endothelial
growth factor) quantification by ELISA immunoassay. After 3 days of postoperative, bone
biomarkers were upregulated mainly by BC-HA OGP and BC-HA OGP (10-14) membranes.
New bone formation could be observed in the histomorphometric analysis for BC-HA and BC-
HA OGP (10-14) membranes 7 days of postoperative. Similarly, in 60 and 90 days, high
percentage of bone formation could be observed in micro-computed tomography analysis for
BC-HA and BC-HA OGP (10-14) membranes. High expression of some bone biomarkers, such
as Alpl, Sppl and Tnfrsf11b were also observed for the same membranes 60 and 90 days of
postoperative in mice calvarial. In conclusion, the BC-HA and BC-HA OGP (10-14)
membranes promoted a better bone formation in critical-size mice calvarial defects, mainly the
BC-HA OGP (10-14) nanocomposite in the early periods of bone repair.
Keywords: Biomaterial, Bacterial Cellulose, Bone repair, Osteogenic Peptide, Gene

Expression
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1. INTRODUCTION

The increase in lifespan and interest in quality of life have concurrently stimulated the
development of new biomaterials for various clinical applications. Bone loss due to trauma,
neoplasia, periodontal disease or to other damage, is an important human health problem. Based
on this problem, the goal of tissue engineering is to offer effective materials to replace and
promote bone repair [1]. In this context, natural polymers as collagen, elastin, alginate, chitosan,
starch, and cellulose have all been investigated as biomaterials to promote bone healing [2].

Among these biopolymers, bacterial cellulose (BC) is an emerging biocompatible
polymer with good physical and chemical properties characterized by high tensile strength,
elastic modulus and hydrophilicity [3, 4]. Furthermore, BC has a unique nano fibril network
morphology, similar to collagenous fibers, which mimics the properties of the extracellular
matrix and exhibits tissue integration [2, 5]. This feature, makes this polymer even more
promising for tissue engineering/regenerative medicine applications, such as in wound healing,
artificial skin, coverings for nerve surgery, dura mater prostheses, and as an arterial stent
coating [4]. In addition, BC has also been successful used as a physical barrier in the repair of
periodontal tissue [6, 7].

Type I collagen, hydroxyapatite (HA), and other calcium phosphate biomaterials have
been used to promote osteoblast and osteoprogenitor attachment and differentiation to enhance
bone formation [8, 9]. However, these materials alone have mechanical limitations [5].
However, these materials can be made into composites with synthetic/natural polymers to
improve their mechanical properties. The incorporation of HA into BC (BC-HA) as an in vitro
substrate for osteoblasts allowed cells to adhere, proliferate and mineralize better as compared

to the BC polymer alone [5, 10-12]. Furthermore, in vivo BC-HA nanocomposite membranes
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have been shown to be effective in bone repair by accelerating new bone formation at defects
on rat tibiae [13].

Osteoblasts are cells completely differentiated responsible by osteogenesis, whose
function is to synthesize the organic compounds of organic matrix such as, collagenous proteins
(type I and V collagen) and non-collagenous proteins (fibronectin, bone sialoprotein,
osteocalcin, osteopontin, alkaline phosphatase, bone morphogenetic proteins, among other)
[14]. Thus, osteoblasts regulate the gene expression of these proteins, promoting a dynamic
equilibrium of ionic exchanges, mainly of Ca®" and PO4* ions and initiating apatite crystal
nucleation into bone matrix.

BC membranes can be impregnated with molecules such growth factors and
extracellular matrix proteins to encourage cell proliferation, cell attachment, spreading,
proliferation and osteoinduction [15-17]. One interesting option is osteogenic growth peptide
(OGP), an H4 histone-related peptide. A via alternative translational of H4 genes predicts the
synthesis of a 19-amino acid peptide, H4-(85-103), hereby designated Pre OGP, which may be
converted to OGP by removal of its five amino-terminal residues [18]. Its primary sequence
contains a highly conserved 14-amino acid motif (NH2-ALKRQGRTLYGFGG-OH). This
peptide was isolated from blood during osteogenic remodeling of post ablation marrow
regeneration. [ 19].OGP is proteolytically cleaved, thus generating the C-terminal pentapeptide
(NH2-YGFGG-OH, OGP (10-14)).OGP (10-14) may be the physiologically active form of OGP
inasmuch as it is this C-terminal pentapeptide, not the full length OGP, that activates the
cytoplasmic OGP signaling pathway [20] . Therefore, this suggests that OGP (10-14) is the
bioactive form of OGP [21, 22].

Previous studies have established that OGP and OGP (10-14), as a soluble peptide,
stimulate the proliferation, differentiation, alkaline phosphatase activity and matrix

mineralization in osteoblastic lineage cells [19, 23]. Furthermore, OGP regulates the expression
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of transforming growth factor, insulin-like growth factor and basic fibroblast growth factor [24],
and also increasing bone formation and trabecular bone density in vivo. OGP peptide
systemically administered increases the rate of ossification repair in distraction osteogenesis
[17,[25]. Using the same approach, OGP and OGP (10-14) have stimulated fracture healing
when administered in normal or osteoporotic experimental animals [26, 27]. In addition, OGP
can stimulate hematopoiesis in vivo [28].

Therefore, based on these biological properties, OGP and OGP (10-14) are considered
good candidates for tissue engineering applications. Previous studies have been carried out to
evaluate the effectiveness of OGP and OGP (10-14) incorporated into tissue engineered
scaffolds/membranes, in which the peptides demonstrated a positive effect on the osteogenic
process [15, 29].

Based on the excellent physicochemical properties of BC and the important
participation of HA, OGP and OGP (10-14) peptides in bone repair, the aim of this study was
to evaluate the potential of a BC-HA nanocomposite associated with OGP and OGP (10-14) for
bone repair at critical-size defects in the mice cranial bone by microcomputed tomography,
histological and histomorphometric analysis, as well to investigate the gene expression of bone

biomarkers in this process.

2. MATERIALS AND METHODS
2.1 In vivo experiments.

All experiments followed protocols approved by the Research Ethics Committee of the
Araraquara Dental School, UNESP. Two hundred sixty-four male Balb/c mice (10-weeks—old)
were used in this study. The mice were randomly allocated in four groups: a control and three
experimental groups, i.e. BC-HA, BC-HA OGP and BC-HA OGP (10-14). General anesthesia

was induced using intramuscular injections of ketamine hydrochloride (25 mg/kg; Agener
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Unido, Brazil) and xylazine hydrochloride (5 mg/kg; Bayer, Brazil). Surgery was performed
using standard aseptic techniques. After shaving and preparation of the fronto parietal region,
an incision (approximately 20 mm long) was made over the interparietal suture. Bone defects
not associated with the parietal suture were executed on the left parietal bone (lateral ostectomy)
in each animal with a 4-mm-diameter trephine bur (Neodent®, Brazil), under copious saline
irrigation. The resulting bone fragments were carefully elevated with a Freer elevator
(Quinelato, Schobell Industrial Ltda), thereby maintaining the integrity of the dura mater and
brain.

Bone defects in the control group were filled with a blood clot only. Bone defects of the
other experimental groups (Group I: BC-HA; Group II: BC-HA OGP; Group III: BC-HA OGP
(10-14)) received the respective membrane. Before implantation, membranes were immersed
in saline solution and were positioned in order to cover the defect. The flaps were sutured with
4-0 vicryl® (polyglactin 910) and 4-0 mononylon (Ethicon, Johnson & Johnson, Brazil). In the
immediate postoperative period, all animals received an intramuscular administration (single
dose) of 0.1 ml/kg of sodium dipyrone (Ibasa, Porto Alegre, RS-Brazil).

The animals were evaluated in the 3, 7, 15, 30, 60, and 90 postoperative days. Specimens
were harvested and reduced, preserving the periosteum, dura mater and part of the encephalus.
One hundred and twenty animals (n=5 per group; n=20 per period) were utilized for the
microcomputed tomography analysis (LCT), histological and histomorphometric analysis; one
hundred and twenty animals (n=5 per group; n=20 per period) were utilized to assess the gene
expression of bone biomarkers. At least, 24 animals (n=3 per group; n=12 per period) were
used to analyze the expression of vascular endothelial growth factor receptor 2 (VEGFR-2) by

an enzyme-linked immunosorbent assay (ELISA) at days 3 and 7.
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2.2 VEGFR-2 Expression Analysis

The ELISA for growth factor receptor detection was carried out to assess VEGFR-2
expression. Tissue samples were obtained from the calvarial bone defects and the harvested
tissue samples (per group/ per period) were macerated and homogenized in a cocktail
containing tissue protein extraction reagent buffer (T-PER, Pierce, Rockford, IL). The samples
were centrifuged for 5 minutes at 13,000 rpm at 4 °C, and the supernatant was transferred to
another tube and stored at —20 °C. The total amount of protein was quantified according to the
Lowry method (DC Protein Assay, Bio-Rad). The concentration of the VEGFR-2 protein was
measured using a commercially available ELISA kit following the manufacturer’s instructions
(PathScan® Total VEGFR-2 Sandwich ELISA kit, Cell Signaling Technology, MA, USA). In
order to normalize the VEGFR-2 protein concentration, we utilized the values obtained by

Lowry methods.

2.3 Gene expression analyses

Transcriptional changes in osteogenic factors were performed in mice calvarial bone
defects in the control group and in the respective treatment groups were assessed on postoperative days
3, 7, 15, 30, 60 and 90. After the induction of anesthesia, an 8-mm-diameter trephine bur
(Neodent®, Brazil) was centralized on the defect site and a bone sample was harvested from
each mouse. Bone samples were stored in RNAlater (AMBION) to conserve RNA integrity.
Samples were crushed in dry ice and mRNA was extracted from the bone with TRIzol®
(Invitrogen, Carlsbad, CA) and the corresponding cDNA was synthesized using Capacity
cDNA Reverse Transcription (Invitrogen™). Messenger RNA (mRNA) levels of osteogenic
factors were determined in duplicate by quantitative PCR (qPCR) performed on a real-time
PCR system. TagMan Gene Expression Assay kits (Applied Biosystems, Foster City, CA,

USA) were utilized, and the primers and probe sets employed were specific for Sppl
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(osteopontin; Applied Biosystems catalog number MmO00436767 ml), Alpl (alkaline
ahosphatase; catalog number Mm00475834 m1), Tnfrsfllb (osteoprotegerin; catalog number
MmO01205928 m), Runx2 (Runx; catalog number Mm00501584 ml), Bglap (osteocalcin;
catalog number Mm00649782 gH), Vegf (vascular endothelial growth factor; catalog number
MmO01281449 ml), and Gapdh (catalog number Mm99999915 g1). The optimization of PCR
conditions indicated an ideal volume of 0.625ul for all primers and probes and 3ng of cDNA in each
gPCR reaction. All gPCR reactions were performed in a final volume of 12.5ul in 96-well optical plates
using the following cycling parameters: 2 minutes at 50 °C, 10 minutes at 95 °C and 40 cycles of 15

seconds at 95 °C and 60 seconds at 60 °C. The negative control included nuclease-free water
instead of cDNA. Calculations to determine the level of gene expression were performed in
reference to the housekeeping gene (glyceraldehyde-3-phosphate dehydrogenase - Gapdh) in
the sample using the cycle threshold (Ct) method. The mean Ct values from duplicate
measurements were used to calculate expression of the target gene, with normalization to the

Gapdh gene using Expression Suite Software (Applied Biosystems®).

2.4 Microcomputed tomography analysis (UCT)

At the designated time points, the animals were sacrificed by an overdose of ketamine
and xylazine. The heads of five animals in each experimental group were removed and fixed in
10% buffered formalin for 24h; afterwards, the samples were transferred and maintained in a
70% ethanol solution. Subsequently, the samples were scanned and reconstructed with 17.48-
um isotropic voxels on a uCT analysis system (SkyScan 1174, SkyScan, Aartselaar, Belgium),
coupled with a 1.0-mm Al filter in the beam. Reconstructions of the images were performed
using specific software (NRecon 1.6.1.5 — SkyScan N. V. Belgium). After the reconstruction,

the images were three-dimensionally repositioned using Dataviewer software (Skyscan 1174,
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Aartselaar, Belgium) with the following parameters: spatial plan: anteroposterior; ROI: round

with 120 x 120 pixels; threshold: 64—183.

2.5 Histological analysis

Subsequent to uCT analysis, the specimens were reduced and decalcified with a
solution containing equal parts 50% formic acid and 20% sodium citrate. Routine histological
processing for light microscopy was carried out, and 6um thick sections were stained with
hematoxylin-eosin (H&E). Sections were analyzed under a DIASTAR optical microscope
(Leica Reichert & Jung products, Germany) coupled to a DXC-1107A/107AP digital camera
(Sony Electronics Inc, Japan). A researcher (S.C.P) blinded to the experimental groups
analyzed the following parameters: mineralized bone quality, evidence of fibrotic tissue
formation within the defect site, angiogenesis, inflammatory reactions, degradation, and
encapsulation of the membranes. The inflammatory reaction observed in the specimens was

measured using a score table according to the ASTM F981-04 standard [30].

2.6 Histomorphometric analysis

This analysis was performed in order to evaluate the percentage of critical- size bone
defect closure and to assess the percentage of newly formed bone in the defect using the
software Image J (U.S. National Institutes of Health, Bethesda, Maryland, USA). The
percentage of bone defect closure was obtained by a linear measurement performed on the
middle portion of the bone defect, the initially measured size (TO) and the remaining defect
size (TR) were recorded. From these data, the percentage closure was obtained by the equation:
TR x 100/TO. Moreover, to evaluate the percentage of newly formed bone, a measurement of
the total defect area (TA) and the area of bone formation (AO) was performed. Then, the

percentage of newly formed bone was obtained by the equation: AO x 100/AT. In both
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analyses, three sections of each sample were randomly selected for analysis. All measurements

were performed by a blinded, trained, and calibrated examiner for analysis.

2.7 Statistical Analyses

Quantitative data obtained for VEGFR-2 protein levels, gene expression, uCT and
histomorphometric analyses were tested for normality with the Kolgomorov-Smirnov test.
Afterward, for VEGFR-2 protein levels, pCT and histomorphometric analyses the t test was
used, while for gene expression, the Mann Whitney test was used to evaluate differences
between each experimental group and the control group. For analysis of the inflammatory
reaction the data were tested for normality with the Lilliefors test. Subsequently, the Kruskal-
Wallis test and Dunn post-hoc test were used to evaluate differences among groups and
regarding the effect of the follow-up time in each group. Moreover, intra-examiner calibration
(for histomorphometric analysis and microcomputed tomography analysis) was evaluated by
repeating, with a one-week interval, the measurements of 10% of the previously measured
samples. The Paired t-tests showed no statistically significant differences between the
measurements. In addition, the Pearson correlation test provided a correlation coefficient of
R=0.90 and R=0.80 for the histomorphometric and microcomputed tomography analysis,
respectively. All statistical analyses were performed using GraphPad Prim 5 (San Diego, CA,
USA) and the statistical differences were considered significant if their p values were less than

0.05 (*p<0.05).
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3. RESULTS

Postoperative day 3

VEGFR-2 protein concentration associated with BC-HA OGP membrane was found
statistically significant lower than the control (Figure 1). Regarding the gene expression
analysis, the BC-HA OGP nanocomposite was the material that seemed to induce the greatest
gene expression of bone biomarkers, since, excepting the Sppl gene, all genes were
significantly upregulated in comparison with the control group (p<0.05) (Figure 2A). Similarly,
the BC-HA OGP (10-14) nanocomposite induced the expression of more genes involved in
bone regulation than the other nanocomposites (p<0.05). The investigated material which
seemed to induce less expression of bone genes was BC-HA, since only the Bglap, gene was
upregulated by treatment with this material.

Histological analysis of all experimental groups revealed incipient granulation tissue
formation mainly composed of mononuclear leukocytes, supported by thin collagenous fibers,
fibroblasts and blood vessels associated with viable osteocytes on the edges of the critical-size
defect (Figure 8). Furthermore, in the central portion of the bone defect, no granulation tissue
was observed, but many blood clots were observed. A moderate inflammatory reaction
associated with the nanocomposites was also observed in relation to the control group
(p<0.005). In addition, early bone formation, i.e. an osteoid matrix, was observed in the BC-
HA OGP and BC-HA OGP (10-14) groups adjacent to the edges of the bone defects (Figure

8).

Postoperative day 7
There were no significant differences in the mRNA levels of the investigated genes in

any of the groups (Figure 2B). The uCT analysis showed that the critical calvarial defects
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(CCD) covered with the BC-HA OGP (10-14) membrane presented statistically significant
highest percentage of new bone formation volume than the control group(Figure 5). The
histomorphometric analysis revealed that the CCD covered with BC-HA and BC-HA OGP (10-
14) membranes presented significantly greater new bone formation than the CCD covered with
BC-HA OGP or filled with a blood clot (p<0.05) (Figure 6). At this time point, the granulation
tissue was composed of chronic inflammatory cells, newly formed blood vessels and fibroblasts
filling the bone defect; moreover, a moderate inflammatory reaction was observed with the BC-
HA and BC-HA OGP (10-14) nanocomposites, and a very slight reaction was seen with the
BC-HA OGP membrane and in the control group. Although, the BC-HA OGP (10-14)
membrane promoted a moderate inflammatory reaction, no statiscally significant difference
was observed in relation to the control group (p=0.0248). At the edges of the bone defects,
viable osteocytes, an osteoid matrix and newly formed immature bone were observed to a
greater extent in the treatment groups, i.e. BC-HA, BC-HA OGP and BC-HA OGP (10-14)

(Figure 8).

Postoperative day 15

Regarding the gene expression of bone biomarkers, in this period of analysis, the BC-
HA OGP was the nanocomposite which promoted significantly higher expression of the
majority of genes, such as Runx 2, Alpl, Tnfrsf11b and Bglap genes (Figure 3A). Following,
the BC-HA OGP (10-14) nanocomposite induced significantly higher expression of the Alpl,
and Tnfrsf11b genes (p<0.05).

The pCT analysis showed a higher percentage of new bone formation in the CCD
treated with the BC-HA membrane when compared with control group. (Figure 5).
Furthermore, no differences in bone formation were observed between the groups in the

histomorphometric analysis (Figure 6).
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In the histological analysis of critical-size bone defects, granulation tissue was found to
fill the defect, along with the presence of connective tissue that was more fibrous than the
previous periods.At the edges of the bone defect, regions with newly formed immature bone
were observed, along with bone remodeling and osteoclasts, in all treatment groups. A decrease
in the inflammatory response was observed in the treatment groups in comparison to the 7 day
time point, except for the BC-HA OGP group, in a significant increase in the inflammatory
reaction was observed (mild to moderate) (p=0.0064). However, this response was only

significant in relation to the control group (p<0.005) (Figure 9).

Postoperative day 30

Interestingly, at this time point, BC-HA and BC-HA OGP (10-14) induced significantly
higher expression of all genesin relation to the control group. (Figure 3B)..

The pCT analysis showed that CCD covered with the BC-HA OGP (10-14)
nanocomposite presented a higher percentage of new bone formation than all the other
materials and the control group, although there were no statistically significant differences
among groups (Figure 5). Moreover, no differences were observed between the groups in the
histomorphometric analysis (Figure 6).

Moreover the histological analysis demonstrated, the presence of fibrous connective
tissue on the edges of the defects with collagenous fibers in a regular pattern in all groups. A
mild inflammatory reaction was observed in the treatment groups and the control group, but no
statistically significant differences were measured among groups (p=0.0739). Newly formed
bone was identified in all treatment groups, which was apparently more organized and
mineralized in relation to the previous time point. In the defects treated with BC-HA and BC-

HA OGP areas of mineralized bone could be identified beneath the membrane (Figure 9).
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Postoperative day 60

In relation to the qPCR analysis, BC-HA at this time point continued to demonstrate
good induction of gene expression of bone biomarkers, since five of the six investigated genes
were upregulated in comparison with the control group (Figure 4A). BC-HA OGP also
significantly induced higher expression of four of the six investigated genes: Runx2,Vegf, Alpl
and Tnfrsf11b. All materials induced downregulation of the Bglap gene at this time point, in
comparison with the control group.

The pCT analysis showed that the CCD covered with the BC-HA, BC-HA OGP and
BC-HA OGP (10-14) membranes presented a significantly higher percentage of bone formation
than the control group (p<0.05) (Figure 5). This result also confirmed by the histomorphometric

analysis for BC-HA and BC-HA OGP (10-14) (Figure 6).

At this time point, the critical-size bone defects were not fully repaired yet and newly
formed bone appeared in various stages of maturation in all analyzed specimens. However, in
the treatment groups, the membranes promoted greater bone formation than in the control
group, mainly for the BC-HA OGP (10-14) nanocomposite (Figure 10). The periosteum
covering the defect was similar to that observed at the previous time point and the absence of

an inflammatory reactions was seen in all groups.

Postoperative day 90

Genes associated with bone mineralization, such as Alpl and Tnfrsfllb were
upregulated by the BC-HA OGP (10-14) membrane (Figure 4B). In addition, the BC-HA
membrane triggered a significant increase in Sppl gene expression.

Similar to the 60 day follow-up period, uCT analysis showed that the CCD treated with
the BC-HA, BC-HA OGP and BC-HA OGP (10-14) membranes presented a significantly

higher percentage of bone formation than the control group (p<0.05) (Figure 5). The volumetric
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analysis of newly formed bone also showed greater bone formation and better CCD closure
when the BC-HA and BC-HA OGP (10-14) membranes were used, but no statistically

significant differences were found between the groups. (Figure 6).

At the final time point, the histological analysis showed that the critical-size bone
defects were not fully repaired. However, when compared with pCT data, these results show
that bone formation increased in relation to the previous time point period of 30 days in the
specimens treated with BC-HA and BC-HA OGP [10-14] (Figure 5). Newly formed bone also
appeared in various stages of maturation in all analyzed specimens at this time point; mainly
mature bone was seen, with several osteocytes and blood vessels. No inflammatory response
was observed in the treatment groups. Areas of mineralized bone tissue were observed adjacent

to the membranes at this time point (Figure 10).

4. DISCUSSION

BC has been widely targeted in the development of new materials due to its excellent
physiochemical and biological properties and its high potential for applications in tissue
engineering/regenerative medicine [7, 31-38]. Indeed, several researchers have proposed BC
for applications in tissue engineering as a scaffold for cartilage [39-41], bone repair [16, 17, 41-
441, vascular grafts [45-49] and neural repair [50-52], or as a barrier membrane for guided bone
regeneration [7, 13, 31, 32, 44, 53]. Composites or biomaterials based on BC have demonstrated
that these materials are excellent at maintaining a cellular niche for stem cell-mediated tissue
regeneration. Additionally, stem cells or primary lineage cells on BC alone or BC composites
(HA, collagen, gelatin or chitosan) have also demonstrated excellent results regarding cell
adhesion and proliferation [43, 54-58]. These materials can be used in various applications such

as, bone, cartilage and neural repair, vascular grafts and tracheal grafts.
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In this study, the potential of BC-HA nanocomposites associated with OGP and OGP
(10-14) were evaluated for bone repair in critical-size defects in mice cranial bone. The results
observed to different analyses, mainly bone formation from the histomorphometric analysis,
revealed that both the BC-HA and BC-HA OGP (10-14) nanocomposites promoted better bone
repair of critical-size defects in mice cranial bone than the BC-HA OGP nanocomposite and
the control group.

On postoperative day 3, the histological results showed the presence of an osteoid matrix
around the bone defects treated with the OGP and OGP (10-14) membranes. This result is in
agreement with the gene expression analysis for bone biomarkers genes, since the BC-HA OGP
and BC-HA OGP (10-14) membranes induced the expression of more genes (Figure 2). In this
early period of bone repair, gene expression of Runx2 and Vegf could be highlighted because
they are related to osteoblast growth and differentiation [59-63]. Similarly, Matsumoto et. al.,
(2012) demonstrated that the use of a bioactive vitroceramic (biosilicate) in rabbit calvarial
defects permitted new bone formation and showed intense Runx-2 and VEGF
immunoexpression [64]. Runx-2 is an essential transcription factor for osteoblast differentiation
and subsequent bone formation [59, 60]. Otto et. al., (1997) demonstrated an interruption of the
osteoblasts development that impaired the skeletal formation in Runx2 -/- mice [65]. VEGF and
their receptors play important roles in the regulation of bone remodeling by inducing
neovascularization, attracting endothelial cells, and osteoclasts, and stimulating osteoblast
differentiation [62, 66-68]. VEGFR-2 is an endothelial specific receptor tyrosine kinase and is
considered as a major transducing receptor of the effects of VEGF [69]. Because of the indirect
importance of VEGFR-2 in bone repair, VEGFR-2 protein production was investigated on
postoperative day 3. Thus, this study evaluated whether the membranes could have different
effects in terms of the VEGFR-2 production, since this protein plays an important role in

angiogenesis and could favor bone tissue formation in this early period. Even though the results
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were not statistically significant, treatment with the BC-HA OGP (10-14) membrane led to a
higher level of VEGFR-2 protein induction on postoperative day 3. This may have occurred
due to the potential of OGP (10-14) to stimulate hematopoiesis, thereby increasing blood and
bone marrow cellularity in vivo and in vitro [28, 70, 71]. In addition, OGP (10-14) peptide acts
on human hematopoietic stem cells by enhancing the activity of some growth factors in vitro
[70].

On postoperative day 7, the histomorphometric analysis showed greater bone formation
associated with the BC-HA and BC-HA OGP (10-14) membranes (Figure 6). In agreement with
this, Saska et al. 2011 observed new bone formation associated a BC-HA membrane used to
treat noncritical-size bone defects in the rat tibia after 7 days [13]. In relation to gene expression,
no differences were found for any of the investigated materials in comparison to the control
group.

On postoperative days 15 and 30, significant differences in the percentage of bone
formation were found between BC-HA membrane and control group only for uCT analyses at
15 days. With regard to the gene expression analysis, at 15 days, the Bglap gene mRNA level
continued to be high, as well as in the previous time points at 3 and 7 days. The Bglap gene is
translated into the osteocalcin protein which is the most abundant non-collagenous bone matrix
protein. It is associated with the regulation of osteoblast/osteoclast activity during bone
mineralization [72-74].

BC-HA and BC-HA OGP (10-14) membranes significantly induced higher Tnfrsfl1lb
mRNA levels at the 30 day time point in comparison with control group. This finding confirms
the occurrence of bone remodeling at this time point, since the Tnfrsf11b gene is translated into
the osteoprotegerin protein, which is a key molecule in the interaction between osteoblasts and
osteoclasts during bone remodeling [75-77]. The gene expression inductive behavior observed

for the BC-HA membrane was interesting; at 15 days lower expression of the investigated genes
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was found, but at 30 days, this nanocomposite induced high expression of all the investigated
genes. He, (2012) tested an HA-coated hybrid silk scaffold and showed an increase in
osteogenic differentiation by the upregulation of Runx2 and Sppl gene after 3 weeks [78].
Moreover, these results show that HA acts as a nucleation site for mineralization and promotes
further deposition of HA from seeded cells [78, 79].

The histomorphometric analysis showed a significantly higher percentage of bone
formation for the BC-HA and BC-HA OGP (10-14) membrane on postoperative day 60 days
(Figure 6), while the uCT analysis showed that the BC-HA OGP membrane also induced a
significantly higher percentage of bone formation in comparison with the control group.
Comparative studies evaluating the accuracy of 3D uCT morphological measurements with
traditional 2D measurements have reported a highly significant correlation between the two
methods. However, uCT usually over estimates bone volume [80, 81]. In this study, the results
obtained using both techniques were complementary, since differences between the two
methods were observed in relation to the percentage of bone formation. Furthermore, the
efficiency of the BC-HA and BC-HA OGP (10-14) membranes was confirmed by the
histological analysis since bone formation was observed on the membranes surface, indicating
the potential of these membranes for inducing bone formation. Regarding the gene expression
analysis, at 60 days, the BC-HA membrane demonstrated good effectiveness for inducing
significantly higher expression of fiveof the six investigated genes. It was noted, at 60 days, the
mRNA levels of Alpl were higher in comparison with the control group for all the membranes
tested, but most notably for the BC-HA membrane. This reflects the function of the Alpl gene
in this time point of the bone repair process since the alkaline phosphatase (ALP) is a key
enzyme in osteogenesis. ALP acts as a mineralization promoter by increasing the local
concentration of inorganic phosphate, thereby promoting hydroxyapatite deposition [82]. Fang

et. al., (2008) found a significant increase in ALP activity after treatment with BC-HA
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nanocomposites [11]. On postoperative day 90, the BC-HA membrane induced a decrease in
the mRNA levels of Alpl, since at this time point, the bone matrix usually is mineralized. On
the other hand, this membrane induced significantly higher mRNA levels of Sppl, which is
important at this time point in bone repair. Sppl is a marker of mature osteoblasts produced
during by osteogenic differentiation, and is expressed at higher levels at later stages during
mineralization when it helps in with bone remodeling [78]. This gene is translated into
osteopontin (OPN), an extracellular matrix protein present in several tissues that is strikingly
upregulate under conditions of inflammation and bone remodeling [83]. In mineralized tissues,
OPN is associated with osteoclastic activity [84, 85], osteoblastic/osteoclastic attachment
mediated by av/B3 integrin [86, 87] and the inhibition of HA formation [88]. The BC-HA OGP
(10-14) membrane also induced significantly higher expression of Alpl, Runx2 and Tnfrsfl1lb
at 90 days. Considering the significant results found for the BC-HA and BC-HA OGP (10-14)
membranes regarding gene expression, these results are in agreement with greater percentage
of bone formation shown in the uCT analysis (Figure 5).

The effectiveness of BC-HA membranes in bone repair gradually increased during this
study (Figure 7). In vitro studies have shown that nanostructured HA incorporated into
biomaterials mimics the chemical and morphological nanostructure of natural bone, promoting
osteoblast adhesion and proliferation and the deposition of calcium-containing minerals [89,
90]. Furthermore, HA, as a bioceramic, upon contact with tissues and fluid body, i.e. the
material tissue interface, initiate reactions on the molecular scale such as the dissolution of Ca**
and PO4>"ions. Subsequently, there is an increase of the local pH promoted by the liberation of
Ca?" ions. This increase in pH stimulates alkaline phosphatase (ALP) activity in pre-existing
osteoblast. Simultaneously, newly differentiated active osteoblasts synthesize more ALP, type
I collagen and other non-collagenous proteins. Therefore, the pH of the material-tissue interface

is gradually reestablished by the action of biological buffers and by decreasing the local
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chemical mediators produced by leukocytes, in addition to the liberation of PO4* ions from
molecules such as, adenosine-5’-triphosphate (ATP) and pyrophosphate, or from adjacent
tissue by ALP activity thereby promoting apatite crystal nucleation on collagen fibers. [91].
According to the literature, the use of HA for bone repair have demonstrated efficient results in
vivo [13, 92, 93]. Moreover, to improve the potential of the BC-HA nanocomposite, the OGP
and OGP (10-14) peptides were incorporated into the nanocomposite based on previous reports
showing that OGP is useful in bone repair. OGP stimulates cell attachment, proliferation and
alkaline phosphatase activity in osteoblastic cells in vitro[15, 19, 94, 95] and increase bone
mass in rats when injected in vivo[ 19, 25, 94]. In the present study, the BC-HA OGP membranes
showed similar performance regarding bone formation (Figure 7), but only at earlier time points
(7 and 15 days) compared with the BC-HA and control group. This was also observed for the
expression of bone biomarkers at 3 days. This result corroborates a study that utilized OGP
incorporated into poly(lactic-co-glycolic) scaffolds, in which more abundant new bone
formation was found in non-critical defects in the rabbit radius, on postoperative day 7 [29].
Thus, it can be suggested that an increase in the efficiency of locally administered peptides in
the early period can be attributed to the greater availability of peptides during the first events in
tissue repair. Therefore, early local release and action of these peptides, i.e. OGP and OGP (10-
14), associated with BC membranes or nanocomposites can promote a more rapid response
regarding cell proliferation/differentiation. However, other methods of analysis need to be
applied to confirm this hypothesis.

The BC-HA OGP (10-14) membranes induced greater new bone formation from the
initial periods until day 60 of the analysis (Figure 7). In vitro studies have demonstrated that
OGP (10-14) promotes the proliferation/differentiation of osteogenic cells, increases alkaline

phosphatase activity and enhances mineralized nodule formation [15, 23]. Moreover, the BC-
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OGP and BC-OGP (10-14) membranes demonstrated no in vitro cytotoxicity, genotoxicity or
mutagenicity[ 15].

All membranes evaluated, in this study, were biocompatible and did not promoted an
inflammatory reaction after 60 days. The BC-HA membranes promoted a moderate
inflammatory reaction at the early time points, i.e. 3 and 7 days, but a significant decrease in
the reaction was observed after 15 days (p<0.05). In the BC-HA OGP group, between the
periods 3 and 7 days of postoperative occurred a significant decrease of inflammatory degree
(p=0.0064); however, after 7 days this membrane promoted a significant increase in
inflammation (p=0.0064), while at 15 days a slight inflammatory reaction was observed
(p=0.0284). Finally, the BC-HA OGP (10-14) membrane promoted a moderate inflammatory
reaction at 3 and 7 days, which was significantly different in relation to the 15 and 30 day time
point (mild inflammatory reaction, p<0.05). According to the literature, studies using
subcutaneous BC membrane application in rats [33] or vascular grafts in pigs [96] demonstrated
that BC membranes do not promote foreign body or acute inflammatory reaction postoperative
day 90. In this study, the foreign body reaction was not observed at any time point.

Some questions remain regarding the use of these membranes, since this study had some
shortcomings. It is unknown how long the OGP peptide is released into the organism induce its
effects on bone repair. Moreover, it is worth consideting that this model of critical-size calvarial
bone defects impair optimum bone healing with membranes without a filling biomaterial. There
is a tendency of invasion of the connective tissue due to the membrane collapse or even the
invasion of the brain tissue that was not isolated by the membranes into the defect.. In clinical
situations, the treatment of a bone defect involves filling the defect with biomaterials, which
provides better space maintenance, then covering the defect with a membrane. Therefore, the
effects of the nanocomposite membranes tested here on bone repair in critical-size bone defects

could be evaluated associated with different types of biomaterials for bone filling. We did not
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utilize biomaterials to fill the defects in this study because we intended to challenge the efficacy
of the tested membranes. In general, we were satisfied with the results, which demonstrated that
even in adverse clinical situations (i.e. without using other biomaterials for bone filling), the
nanocomposite membranes are materials with potencial applications in bone repair.

The nanocomposite membranes investigated here were biocompatible and promoted
new bone formation. In particular, mainly the BC-HA and BC-HA OGP (10-14) membranes
were efficient for bone repair in critical-size bone defects, in particular the BC-HA OGP (10-

14) nanocomposite in the early periods of bone repair.
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LEGENDS

Figure 1:Enzyme-linked immunosorbent assay (ELISA) analysis of VEGFR-2 protein levels
after 3 (A) and 7 (B) days of postoperative. *p<0.05 when compared to control group; mean

and standard deviation values

Figure 2: Quantitative real-time RT-PCR analysis on Runx2, Vegf, Alpl, Sppl, Tnfrsf11lb and
Bglap mRNA after 3 (A) and 7 (B) days of postoperative. *p< 0.05 when compared to control

group;. mean and standard deviation values.

Figure 3: Quantitative real-time RT-PCR analysis on Runx2, Vegf, Alpl, Sppl, Tnfrsf11lb and
Bglap mRNA after 15 (A) and 30 (B) days of postoperative. *p<0.05 when compared to control

group; mean and standard deviation values.

Figura 4: Quantitative real-time RT-PCR analysis on Runx2, Vegf, Alpl, Sppl, Tnfrsfl1lb and
Bglap mRNA after 60 (A) and 90 (B) days of postoperative. *p< 0.05 when compared to control

group; mean and standard deviation values.

Figure 5: Percentage of new bone volume / tissue volume (BV/TV %) by Microcomputed
Tomographic Analysis (WCT) induced by the use of BC membranes during 7, 15, 30, 60 and 90

days. *p<0.05 when compared to control group; mean and standard deviation values.

Figure 6: Volumetric percentage of bone volume / tissue volume (BV/TV %) by the use of the
BC membranes observed in histomorphometric analysis after 7, 15, 30, 60 and 90 days. *p<

0.05 when compared to control group; mean and standard deviation values.
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Figure 7: Percentage of bone repair by the use of the BC membranes observed in
histomorphometric analysis after 7, 15, 30, 60 and 90 days. *p< 0.05 when compared to control

group; median values.

Figure 8: Histological images of membranes and control group after 3 and 7 days. Inflammatory
infiltrate (In); membrane (m); mature bone (B); granulation tissue (I); bone matrix (mo);

osteoclasts (osc); Hematoxylin-eosin staining (HE); scale bar (100 ux m).

Figure 9: Histological images of membranes and control group after 15 and 30 days.

Inflammatory infiltrate (In); membrane (m); mature bone (B); granulation tissue (I); New bone

formation (NB); Hematoxylin-eosin staining (HE); scale bar (100 p m).

Figure 10: Histological images of membranes and control group after 60 and 90 days.
Membrane (m); mature bone (B); granulation tissue (I); New bone formation (NB);

Hematoxylin-eosin staining (HE); scale bar (100 © m)
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Figure 3
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Figure 6
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CONCLUSAO
Conclui-se nesse estudo que:

¢ Os nanocompositos CB-HA, CB-HA OGP ¢ CB-HA OGP (10-14) investigados sao
biocompativeis e promoveram maior formagdo 6ssea em relagao ao grupo controle em defeito
critico em calvéria de camundongo. Sendo que, o potencial indutor da membrana de CB-HA
OGP foi inferior e limitou-se aos periodos iniciais do reparo 6sseo.

¢ As membranas CB-HA e CB-HA OGP (10-14) parecem apresentar melhor potencial
osteocondutor no reparo 6sseo nesse estudo, destacando a eficacia indutora da membrana de
CB-HA OGP (10-14) nos periodos iniciais da formagao dssea.

¢ As membranas CB-HA, CB-HA OGP e CB-HA OGP (10-14) nao foram reabsorvidas
até 90 dias de po6s-operatorio.

e Os dados obtidos mostram que as membranas apresentam potencial para serem
utilizadas na regeneracdo tecidual guiada uma vez que atuam como barreira mecénica e
apresentam propriedades osteoindutoras na presenga dos peptideos, contudo estudos clinicos

sdo necessarios para avaliar o uso desses materiais no tratamento de defeitos 6sseos.


javascript:void(0)
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PERSPECTIVAS FUTURAS
e Desenvolvimento de pesquisas cientificas que possibilitem maior compreensao, a nivel
molecular, do mecanismos de agdo e liberagdo dos peptideos OGP e do OGP (10-14) in
situ.
e Avaliar o desempenho das membranas de CB-HA e CB-HA OGP (10-14) associadas a
biomateriais de preenchimento 6ésseo em defeito criticos.

e Estudos clinicos para avaliar o potencial osteoindutor dos nanocompositos de CB associado
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APENDICE
METODOLOGIA DETALHADA
Os materiais foram confeccionados no Instituto de Quimica do Campus de Araraquara —
UNESP, sob a responsabilidade do Prof. Dr. Sidney José Lima Ribeiro e da P6és-Doutoranda
Dra. Sybele Saska Specian.
Foram investigados os seguintes materiais a base de celulose bacteriana sob a forma de
membranas:
e Grupo [: CB-HA
e Grupo II: CB-HA OGP
e Grupo III: CB-HA OGP (10-14)

e Grupo IV: Coagulo

Foram utilizados 264 camundondos (balb/c), machos, 10 meses, com peso médio de
30g, provenientes do biotério da Faculdade de Ciéncias Farmacéuticas de Ribeirdo Preto. Os
animais foram aleatoriamente separados em grupos de igual nimero e mantidos em gaiolas
plésticas em um ambiente com temperatura controlada (21£1°c), umidade (65-75%) e ciclos de
luz (12h claro-12h escuro)e alimentados com agua e ragdo ad libitum. Os grupos e condig¢des
experimentais estdo dispostos na Figura Al. O protocolo experimental foi aprovado pelo
comité de ética de experimentacdo animal local (CEUA n°03/2012 — Anexo 1) e realizado de

acordo com as normas do Colégio Brasileiro de Experimentacdo Animal (COBEA).
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Figura A1 - Fluxograma dos grupos e condigdes experimentais.

| | I | I I | Total de animais:

1
CIRURGIA  3DIAS 7DAS  15DIAS  30DIAS 90 DIAS .
l l B0 DIAS l HISTOLOGICO N=120 ANIMAIS

EXPRESSAO GENICA N=120 ANIMAIS

‘ ELISA N= 24 ANIMAIS

EXENIENI NN

Legenda:

# Histolégico n=5 animais
Expresséao Génica n=5 animais
ELISA n=3

§' Histolégico n=5 animais

Expressédo Génica n=5 animais

1 CONFECGAO DO DEFEITO OSSEO

Em cada animal foi realizado um defeito 6sseo no osso parietal. Cada defeito dsseo foi
recoberto por um tipo de material (Grupo I ao Grupo III), exceto o defeito controle que foi
preenchido somente com codgulo sanguineo (Grupo IV). Os camundongos foram divididos em
seis periodos de andlise: 3, 7, 15, 30, 60 e 90 dias, sendo que os periodos de 3 e 7 dias foram
utilizados treze (13) animais por grupo, e nos periodos restantes constaram de dez (10) animais
por grupo dando um total de 264 camundongos (Figura A1). Os animais foram anestesiados por
meio de administracdo intramuscular de cloridrato de ketamina (25 mg/kg; Agener Unido,
Brasil) e de cloridrato de xilazina (5 mg/kg; Bayer, Brazil), dosagem esta suficiente para 30
minutos de anestesia. Todos os procedimentos cirirgicos foram realizados sob rigoroso
protocolo asséptico. Apds a anestesia e tricotomia da regido parietal, os animais foram
acomodados em posi¢ao dorsal, onde receberam incisdo sobre a sutura sagital (Figura A2A),
seguida de descolamento e rebatimento dos tecidos contendo epiderme, tecido muscular e

peridsteo, até a exposi¢do do 0sso parietal.
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Os defeitos Osseos criticos foram realizadas com o auxilio de uma broca trefina de 4
mm de didmetro (Neodent®, Brazil) > 3, sob irrigacdo constante de soro fisiologico 0,9%
(Figura A2B). A confec¢do dos defeitos constituiu na perfuragao total do osso parietal
mantendo-se a integridade da dura-mater (Figura A2C). As membranas a base de CB foram
embebidas em soro fisiologico e posicionadas sob os respectivos defeitos (Figura A2D). A
sutura foi realizada por meio de ponto continuo com seda 4-0 (Ethicon, Johnson & Johnson,

Sao José dos Campos, SP, Brasil) (Figura A2E).
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Figura A2 - Obtencgdo das amostras bioldgicas; A: Incisdo com lamina de bisturi n° 15 sob o
osso parietal; B: Confeccdo do defeito critico no osso parietal com uma trefina de 4mm; C:
Perfuracao total do osso parietal mantendo-se a integridade da dura-mater; D: Posicionamento

da membrana ap06s ser hidratada em soro fisiologico; E: Sutura com fio de seda 4-0.
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2 ANALISE DE MICROTOMOGRAFIA COMPUTADORIZADA (uCT)

Apos os periodos de acompanhamento de 7, 15, 30 e 60 dias, os animais foram
sacrificados por sobredose anestésica. Apds o sacrificio, os 5 animais de cada grupo dos
respectivos periodos experimentais tiveram suas cabecas removidas e fixadas em formol a 10%
durante 24 horas; posteriormente as cabegasforam transferidas para uma solugao de alcool 70%
sendo conservadas em temperatura ambiente. As cabegas foram escaneadas por meio de um
sistema de microtomografia computadorizada (uCT) (Skyscan 1174, Aartselaar, Belgium).

Os parametros utilizados para o escaneamento foram: filtro de Al 1.0 mm; tamanho do
voxel: 17.48 pum; voltagem: 65 kV; corrente elétrica: 385 uA; espessura do corte: 18um. As
imagens foram reconstruidas, reorientadas e analisadas com auxilio de softwares especificos
(NRecon 1.6.1.5, Data Viewer, CtanSkyscan 1174, Aartselaar, Belgium). As imagens foram
analisadas tendo como referéncia a norma superior do cranio dos animais com regido de
interesse decircular com tamanho de 120 x 120 pixels com 20 sec¢des de espessura ethreshold

na faixa de 64—183 tons de cinza.

3 ANALISE HISTOLOGICA

ApoOs o escaneamento as pegas foram desmineralizadas em solucao de Morse (acido
formico a 50% e solucao de citrato de sodio a 20% na proporg¢ao 1:1 trocada a cada 48 h durante
30 dias). Posteriormente os espécimes foram lavados em agua corrente por 24 h e imersos em
uma solugdo de sulfato de sddio a 5% por 48 h para neutralizacdo do excesso de acido. Em
seguida, os espécimes foram novamente lavados em agua corrente por mais 6 h e imersos nas
seguintes solucdes: alcool 70% por 12 h, alcool 90% por 1 h, alcool absoluto por 24 h
(realizando trocas a cada 8 h), lavagem rapida com alcool-xilol (1:1), seguido de imersao em

xilol por 3 h (realizando troca a cada 1h) e inclusdo final em parafina.
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Os espécimes foram preparados com cortes semi-seriados de 6 u m para coloragdao em

Hematoxilina & Eosina (HE) para andlise descritiva. Utilizando-se um microscopio optico
DIASTAR (LeicaReichert& Jung products, Germany) com objetiva para aumento de 2,5/10
vezes e oculares com aumento de 10 vezes, as imagens foram captadas e enviadas para um
microcomputador, com o auxilio de uma camera de video DXC-1107A/107AP (Sony
EletronicsInc, Japdo). Os pardmetros analisados foram: qualidade do osso
mineralizado,viabilidade dos ostedcitos, qualquer evidéncia de formagdo de tecido fibroso no
interior do defeito, processo de angiogénese, reacdo inflamatoria e degradagao das membranas.
A resposta inflamatoria observada na andlise dos cortes histologicos foi mensurada utilizando
a tabela de escore (muito leve, leve, moderada ¢ intensa) de acordo com a norma da ASTM

F981-04!.

4 ANALISE HISTOMORFOMETRICA

Essa analise foi executada com o intuito de avaliar a porcentagem de fechamento
do defeito critico, bem como avaliagdo da porcentagem de preenchimento ¢sseo do defeito
critico utilizando o Software Image J (U. S. National Institutesof Health, Bethesda, Maryland,
USA). Para avaliagdo da porcentagem de fechamento do defeito critico, uma medida linear foi
executada na por¢do mediana do defeito onde foi mensurado inicialmente o tamanho original
(TO) e o tamanho remanescente do defeito (TR), sendo que a porcentagem de fechamento foi
obtida por meio da féormula: TR x 100/TO (Figura A3). Para avaliagdo da porcentagem de
preenchimento 6sseo, foi executada uma mensuracdo da area total do defeito (AT) e da area de
formagao ossea (AQ), e a porcentagem de preenchimento 6sseo foi obtida por meio da formula:
AO x 100/AT (Figura A4). Em ambas as andlises,trés cortes de cada amostra foram
randomicamente selecionados para serem avaliados. Todas as mensuragdes foram executadas

por um examinador cego, treinado e calibrado para as analises.
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Figura A3 - Porcentagem de Fechamento do defeito critico; TO: Tamanho Original do defeito; TR:

Tamanho Remanescente do defeito

Figura A4 - Porcentagem de Preenchimento Osseo. A) A drea de formagio 6ssea(AO) foi obtida através
da soma das areas onde observou-se formacdo Ossea. B) A area total do defeito (AT) foi definida pela

multiplicacdo da espessura do cranio do animal (EC) pelo tamanho original do defeito (TO).

A - _ ' 5
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5 ANALISE DA EXPRESSAO DE VEGFR-2 POR ENSAIO

IMUNOENZIMATICO (ELISA)

Foram utilizados 3 animais de cada grupo nos periodos de 3 e 7 dias para a analise da
expressdao do VEGFR-2. No momento do sacrificio dos animais, o tecido de granulagdo do
interior da ferida cirargica foi removido com uma cureta para andlise da concentracdo de
VEGFR-2 por ensaio imunoenzimatico ELISA. Amostras de proteina total do tecido coletado
das feridas cirurgicas foram extraidas com o reagente T-Per (Pierce, Thermo Fisher) e
quantificadas segundo o método de Lowry (DC proteinassay, Bio-Rad).

O procedimento foi realizado segundo instru¢des do fabricante, e as leituras foram
realizadas em leitor de placas a 450 nm. A quantidade total de proteina presente em cada pogo
das placas de cultura de 96 pogos foi determinada pelo método de Lowry (DC proteinassay,
Bio-Rad) para normalizag¢do da concentracdo das proteinas-alvo.

A determinagdo da concentragdo do VEGFR-2 foi realizada seguindo rigorosamente as
recomendacdes fornecidas pelo fabricante do Kit (PathScan® Total VEGFR-2 Sandwich
ELISA kit, Cell Signaling Technology, Massachusetts, EUA).O curto periodo experimental
proposto se justifica por haver maior concentracao de fatores de crescimento no periodo inicial

da reparagio tecidual *.

6 ANALISE DA EXPRESSAO GENICA
Foram utilizados 5 animais por grupo para a analise da expressao génica para cada grupo
nos periodos de 3, 7, 15, 30, 60 e 90 dias. Imediatamente apos os animais serem anestesiados
como descrito acima, foi acessado o local onde foi realizado o defeito critico. Uma trefina de
8mm de didmetro foi centralizada na regido de interesse de modo a obter o tecido para as

analises de expressao génica (Figura AS).
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Figura AS - Esquema ilustrativo do defeito critico e da remogao do tecido de interesse

> . (s .
« 7 Defeito Critico com Trefina de 4mmm

Remocgio do tecido com Trefina de 8 mm

Esse tecido foi rapidamente transferido para o RNAlater (AMBION) para conservacao
da integridade do RNA. O tecido foi macerado em nitrogénio liquido, e em seguida a extragao
do RNA foi realizada utilizando TRIzol (Invitrogen, Carlsbad, CA) segundo o protocolo
recomendado pelo fabricante. Em seguida, a concentragdo do RNA extraido de cada amostra
foi medida por densidade Optica por meio do Nanodrop (ThermoScientific). As leituras no
Nanodrop mostraram que as amostras extraidas de RNA apresentavam concentragao suficiente
e qualidade adequada para realizagdo do qPCR (Média das Leituras: Concentracdo de RNA:
374.55 / Pureza: A 260/280= 1.78; A260/230= 1.80).

Foi sintetizado o DNA complementar (cDNA) de todas as sequéncias génicas expressas
por meio do RT-PCR utilizando o OligodTo) com o kit High CapacitycDNA Reverse
Transcription (Invitrogen™), de acordo com as instrugdes do fabricante.

As reacdes de PCR em tempo real (RT-qPCR) foram realizadas pelo sistema TagMan™
(Applied Biosystems, Foster City), que ¢ constituido por um par de primers e uma sonda
marcada com um fluor6foro. O gene para controle enddgeno da reagdo foi gliceraldeido-3-
fosfato desidrogenase (GAPDH ,cat. n® Mm99999915 gl1), cujo nivel de expressao foi usado

o

para normalizar a expressio dos genes de interesse SPP1(Osteopontin; cat. n
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Mm00436767 m1),ALPL (Alkaline Phosphatase; cat. n° Mm00475834 m1), TNFRSF11B
(Osteoprotegerin; cat. n°® Mm01205928 m), RUNX2 (RUNX; cat. n° Mm00501584 ml),
BGLAP (Osteocalcin; cat. n° Mm00649782 gH) ¢ VEGF (vascular endothelial growth factor;
cat. n”° Mm01281449 m1).

Foi realizada a validacao do sistema gene de interesse/controle enddgeno, a fim de
verificar se as eficiéncias de amplificagdo de ambos os genes sdo semelhantes e proximas a
100%. Para a quantificacdo relativa do gene selecionado as reagdes de PCR em tempo real
foram realizadas em duplicata a partir de: 6,25uL de TagMan Universal PCR Master Mix 2x,
0,625uL da solugdo de primers e sonda, 1,625uL de dgua e 4,0uL de cDNA (50ng), sendo que
no controle negativo, foi adicionado 4,0 uL de agua ao invés do cDNA. As condi¢des de
ciclagem utilizadas foram: 50°C por 2 minutos, 95°C por 10 minutos e 40 ciclos de 95°C por
15 segundos e 60°C por 1 minuto.

Os valores da expressdo génica relativa dos genes de interesse foram analisados
utilizando o software Expression Suite (Applied Biosystems®). O software utiliza o método
comparativo Ct (AACt) e possibilitou quantificar com precisdo a expressao génica relativa dos
genes analisados. Apos normalizacao pela expressao do gene controle endogeno, foram obtidos
os valores de expressao para cada gene alvo (ACt). A média dos valores de ACt de cada gene
de interesse (alvo) referente a indugdo de cada material investigado foram comparados entre si

para cada periodo analisado.

7 ANALISE DOS RESULTADOS

O software GraphPadPrism 6.0 (San Diego, CA, USA) foi utilizado para analise
estatistica desse estudo. Para avaliagdo da calibracao intra-examinador com relagdo as analises
histomorfométricas (porcentagem de formacdo 6ssea) e microtomografica foram realizadas

repeti¢des das mensuracdes de 10% das amostras, com uma semana de intervalo entre as
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mensuragdes. O teste t-pareado demonstrou que ndo houve diferencas estatisticamente
significativas entre as mensuracdes. Adicionalmente, por meio do teste de correlagao de
Pearson, os obtidos indices de correlacdo r=0.90 na analise histomorfométrica e r=0.80 na
analise microtomografica, demonstrou que o examinador estava devidamente calibrado.

Os dados das analises de pCT, histomorfométrica, expressao do VEGFR-2 e expressao
génica dos biomarcadores 6sseo foram submetidos ao teste de normalidade de Kolgomorov-
Smirnov test para avaliar se esses se distribuiram de acordo com o teorema da distribui¢ao
central. Para analise dos dados de nuCT, histomorfométrica, expressao do VEGFR-2 utilizado
o teste t. Para andlise dos resultados de expressdao génica foi utilizado o texto ndo paramétrico
de Mann Whitney, comparando cada grupo experimental com o grupo controle. Na andlise da
reacdo inflamatoria, os dados foram submetidos ao teste de normalidade Lilliefors. Em seguida,
o teste de Kruskal-Wallis e o pos-teste de Dunn foram utilizados para avaliar a diferenca entre
os grupos e entre os periodos analisados. O nivel de significancia estatistica estabelecido para
todas as analises foi de 5% (p<0.05), sendo que foi utilizado o programa GraphPad Prim 5 (San

Diego, CA, USA).
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