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RESUMO

O numero de pacientes idosos em busca de tratamento com implante
dentario aumentou nos ultimos anos. Ao mesmo tempo, espera-se que um
numero maior desses pacientes sofra de uma ou mais doencas metabdlicas
crénicas, como a osteoporose, que afetam a cicatrizagado 6ssea e podem levar a
mais falhas nos implantes. Este trabalho tem como objetivo geral caracterizar a
modulagdo 6ssea e expressdo génica em relagdo a diferentes superficies de
implantes dentais e acetilagdo de Histona 3 através do uso farmacolégico de
Vorinostat (HDACi) em condi¢gdes de normalidade e submetidos a osteoporose.
Este estudo foi dividido em trés objetivos especificos; Objetivo especifico 1:
avaliar o efeito de uma superficie de tratamento hidrofilico na diferenciagéo de
osteoblastos e seus efeitos na osseointegracdo. Objetivo especifico 2:
determinar o padréo de formagao 0ssea e expressao génica em duas superficies
diferentes de implantes de titanio (hidrofébica e hidrofilica) em um modelo
osteoporético. Objetivo especifico 3: investigar modificagdes globais na
cromatina presente no nucleo celular mediadas por nano superficie de titanio e
influéncia farmacologica da acetilagdo de histonas influencia na diferenciagéo de
células-tronco mesenquimais, especialmente em condicbes de osteoporose.
Devido ao aumento da expressdo de genes relacionados a diferenciagao
osteogénica e a quantidade significativa de calcio e volume 6sseo formado
diretamente sobre a superficie de implantes dentarios SAE-HD, a escolha da
superficie hidrofilica em situagcées de osteoporose pode ser significativamente
considerada a fim de melhorar processo de osseointegragdo. Superficies
hidrofilicas e em nanoescala, assim como Vorinostat mediados pela histona,
podem desempenhar um papel fundamental na diferenciacdo das células-tronco
mesenquimais em osteoblastos, especialmente nas condigdes de osteoporose.
Isso ocorre devido propriedades osteocondutoras e possibilidade de melhorar

eventos biolégicos que ocorrem na interface osso/implante.
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ABSTRACT

The number of elderly patients seeking dental implant treatment has increased in
recent years. At the same time, more of these patients are expected to suffer from
one or more chronic metabolic diseases, such as osteoporosis, that affect bone
healing and may lead to more implant failures. This study aimed to characterize bone
modulation and gene expression in relation to different surfaces of dental implants
and Histone 3 acetylation through the pharmacological use of Vorinostat (HDACI) in
conditions of normality and submitted to osteoporosis. This study was divided into
three specific objectives; Specific objective 1: to evaluate the effect of a hydrophilic
treatment surface on osteoblast differentiation and its effects on osseointegration.
Specific objective 2: to determine the pattern of bone formation and gene expression
on two different surfaces of titanium implants (hydrophobic and hydrophilic) in an
osteoporotic model. Specific objective 3: to investigate global modifications in
chromatin present in the cell nucleus mediated by titanium nano surface and
pharmacological influence of histone acetylation influences the differentiation of
mesenchymal stem cells, especially under conditions of osteoporosis. Due to the
increased expression of genes related to osteogenic differentiation and to the
significant amount of calcium and bone volume directly formed on the surface of SAE-
HD dental implants, the choice of hydrophilic surface in osteoporotic situations can be
significantly considered in order to improve process of osseointegration. Hydrophilic
and nanoscale surfaces, as well as histone-mediated Vorinostat, may play a key role
in the differentiation of mesenchymal stem cells into osteoblasts, especially under
osteoporotic conditions. This is due to osteoconductive properties and the possibility
of improving biological events occurring at the bone/implant interface.
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1. INTRODUGAO E REFERENCIAL TEORICO

O numero de pacientes idosos em busca de tratamento com implante
dentario aumentou nos ultimos anos. Ao mesmo tempo, espera-se que um
numero maior desses pacientes sofra de uma ou mais doengas metabdlicas
cronicas, como a osteoporose, que afetam a cicatrizacdo 6ssea e podem levar
a mais falhas nos implantes (Gaetti-Jardim et al., 2011; Giro G et al., 2015). A
osteoporose € definida como uma desordem esquelética caracterizada por uma
reducdo na massa 0ssea e deterioracdo microarquitetural do tecido 6sseo que
aumenta o risco de fratura. Tanto a etiologia quanto a terapia da osteoporose
(estrégenos, vitamina D e bifosfonatos) podem interferir no processo de
cicatrizagdo de uma ferida 6ssea e osseointegragcéo (Highlights NIH, 2011;
Sanfilippo et al., 2003; Fini et al., 2004; Erdogan et al., 2007; Tsolaki et al., 2009).

Branemark e seus colegas descobriram acidentalmente um mecanismo de
adesao do titanio ao osso quando estudavam a microcirculagdo na tibia de
coelho (Lemus et al.,, 2009). Esse fendbmeno ficou conhecido como
osseointegracdo (Melo et al., 2006). Em 1981, Adell et al. relataram que
aproximadamente 90% dos implantes colocados na regido anterior da
mandibula tiveram sucesso entre 5 a 12 anos apds a instalagéo; entretanto,
taxas mais baixas foram observadas para implantes na maxila anterior (Adell et
al., 1981). Noack et al. (1999) relataram que os implantes mandibulares tiveram
uma taxa de sucesso maior que na maxila, com uma taxa de perda protética
total de 1,9%, enquanto 4,3% dos implantes foram perdidos apds o tratamento
protético. Segundo Saab et al. (2007) observaram que o problema se deve ao
padrao de perda éssea, que ndo pode ser previsto com precisdo na regido dos
dentes maxilares anteriores. A maxila pode apresentar quantidade insuficiente
de osso para insercdo dos implantes, sendo um grande desafio cirurgico-
protético devido a reducdo da qualidade Ossea e baixa densidade trabecular
(Capelli et al., 2007).

ApOGs o posicionamento do implante e sua carga inicial, 0 osso da crista
sofre um processo de remodelagdo e reabsorgdo (Danza et al., 2010). Esse
processo de remodelamento no osso peri-implantar pode ser influenciado pela
diregao, repeticdo e magnitude da carga biomecanica (Hasan et al., 2011). Os

fatores que podem afetar a magnitude das for¢as nas zonas peri-implantares do
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0SSO sd0 geometria, posicdo e numero de implantes (Sahin et al., 2002). A
aplicacado de forgas funcionais induz cargas e tensées no conjunto protese-
implante, afetando o processo de remodelagdo 6ssea ao redor dos implantes
(Bidez et al., 1992). Entretanto, os limites de toleréncia fisiolégica das mandibulas
humanas n&o s&o conhecidos e algumas falhas nos implantes podem estar

relacionadas a magnitude das tensdes desfavoraveis (Sahin et al., 2002).

Pesquisas envolvendo o titanio e suas ligas, a fim de atender e auxiliar na
saude geral do paciente, vém sendo progressivamente utilizadas na fabricagéo
de implantes ortopédicos e odontoldgicos. Isso se deve a presencga de excelente
biocompatibilidade (Wang et al., 2018), alta resisténcia mecanica, alta resisténcia
a corrosdo e baixa densidade desse material (Hotchkiss et al., 2016). E
importante notar que o desenvolvimento de biomateriais compativeis com tecidos
€ necessario para manter a viabilidade celular e induzir proliferagcdo e
diferenciagdo em linhagens especificas. Muitos tipos de tratamentos de
superficie de implante foram realizados para este fim (Kapoor et al., 2010). E
podem ser classificados em cinco grupos: usinados, macrotexturizados,
microtexturizados, nanotexturados ou biomiméticos (Ahn et al., 2010). Os
tratamentos de superficie de implantes dentarios tém mostrado resultados
positivos na reducdo do tempo de osseointegragdo e constantemente novos
tratamentos de superficie sdo desenvolvidos para reduzir o processo de
cicatrizagdo do osso ao redor dos implantes (Wang et al., 2018).

Devido aos varios tipos de tratamentos de superficie de implante, é
possivel obter varias formas de caracterizacdo da superficie, auxiliando na
compreensao da formagao 6ssea e do comportamento celular. A modificacdo
quimica das superficies de titanio pode resultar em uma superficie hidrofilica que
pode alterar o comportamento das células e melhorar a osseointegracao (Buser
et al., 2004; Bosshardt et al., 2011). Estudos anteriores mostraram que o
aumento da rugosidade superficial e molhabilidade de uma superficie de Ti pode
melhorar a osseointegracdo (Wennerberg et al., 2009). A topografia e a
molhabilidade da superficie podem afetar a diferenciacdo das células de
diferentes maneiras, mas ha uma falta de compreensao do mecanismo molecular

que regula a osteogénese nessas superficies.

Estudos in vitro e pré-clinicos em animais ovariectomizados relataram que a
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baixa densidade 6ssea poderia retardar a cicatrizagdo de fraturas do fémur
(Namkung-Matthai et al., 2001), defeitos cranianos de tamanho critico apos
enxerto com substitutos 6sseos aloplasticos (Kim et al., 2004), soquetes poés-
extragdo10,11 e a osseointegracédo de implantes dentarios de titanio (Fini et al.
2004; Tsolaki et al., 2009). A modificagao da superficie do implante de titanio, e
pela deposicéo de revestimentos inorganicos / organicos, foi tentada antes para
melhorar a resposta implante-osso em comparacdo com condigdes
osteopordticas vs. Saudaveis (Gao et al., 2009; Vidigal et al., 2009; Mardas et al.,
2011; Qi et al., 2012; Yang et al., 2012; Alghamdi et al., 2013). Embora estudos
experimentais tenham demonstrado que os revestimentos osteogénicos s&o
efetivos no aumento do contato implante-osso, sua relevancia clinica requer mais
investigacbes Ghanem et al., 2017. Por outro lado, a superficie hidrofilica tem
sido usada para reduzir o tempo de cicatrizacdo e também para promover uma
osseointegracdo mais segura em pacientes com doengas sistémicas, como
diabetes e osteoporose.

Estudos experimentais com Células-Tronco Mesenquimais (MSC)
fornecem evidéncias de que a formagdo Ossea poderia ser promovida por
modificagdes na superficie do implante, dependendo das alteracbes da
topografia e rugosidade da superficie (Palmquist A et al., 2010), embora o
processo biolégico ndo seja bem compreendido. A diferenciagdo celular é
influenciada por mudangas no interior da célula (Mosser DM et al., 2008),
implicando assim um papel para diferentes topografias em relagdo a
osseointegragdo. A nanotopografia pode contribuir para o mimetismo de
ambientes celulares naturais que promovem a acumulacdo oéssea rapida
(Stanford CM et al., 2010). A topografia em nanoescala tem efeitos diretos e
indiretos no comportamento celular. Ele imita o ambiente celular favorecendo a
adsorcao de proteinas, modulando interagdes célula/superficie e destino celular
(Masuda et al., 1997; Stanford et al., 2010).

Sabe-se que a regulagao epigenética € um modulador importante na
diferenciagdo de células-tronco e um fator chave na diferenciacdo de
osteoblastos relacionados a topografia do implante (Ezhkova et al., 2009; Lian et
al., 2006). A acetilacdo das histonas desempenha um papel na transcricdo do
DNA mesmo sem modificagao da sequéncia de DNA. Histonas s&o proteinas que
auxiliam no empacotamento do DNA e podem sofrer modificacbes pods-
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traducionais, como acetilagdo ou desacetilacdo. Essas modificagdes resultam na
transcricdo do gene através do desenrolamento da cromatina ou silenciamento
do gene através da compactacdo do DNA (Warburton et al., 2005; Cooper et al.,
1998; Dike LE et al., 1999; Mendonca, et al., 2009). Em geral, as modificagcbes
das histonas modulam uma gama diversa de processos biologicos, incluindo
regulagdo génica, reparo de DNA, diferenciagdo via remodelamento
cromossémico (Mendonca et al., 2009).

A modificagdo pds-traducional das histonas influencia dinamicamente
a expressao génica independente de alteragbes na sequéncia do DNA. Estes
mecanismos séo frequentemente mediados por ligantes de histonas, associadas
ao recrutamento de proteinas de ligagdo ao DNA, proteinas que interagem com
HDAC | e Il, ativadores da transcrigao, coativadores ou compressores centrais.
Portanto, as histonas sdo marcadores moleculares de alteragdes epigenéticas
(Yang J et al.,, 2014). Evidéncias iniciais sugeriram que as histonas e seus
modificadores estdo envolvidos em processos sofisticados que modulam os
tecidos normais e o comportamento de tecidos tumorais junto com o fendtipo
celular. Apesar de todas as pesquisas realizadas neste campo, ainda ha uma
falta de conhecimento sobre como os sinais de topografia em nanoescala sao
integrados dentro da célula e controlam a diferenciagdo celular. Diante disso,
torna-se viavel estudar os efeitos de superficie de titdnio de maneira que otimize
a modulagao ossea a fim de promover rapida osseointegragao em situagdes de
baixa qualidade Ossea, prevenir e minimizar os danos causados pela
osteoporose de tal maneira que contribua com a melhora da qualidade de vida
de pacientes.

Diante de toda relevancia clinica, sabe se que no Brasil, cerca de 800
mil implantes s&o instalados por ano no pais, segundo levantamento da
Associacéo Brasileira da Industria Médica, Odontoldgico e Hospitalar (Abimo).
Com isso estabelece-se um horizonte que é de pacientes vivendo mais e muitos
deles com reabilitacbes dentais associadas a implantes. Pensar entdo em
doengas que interagem com a vida adulta ou terceira idade e que tenha impacto
na longevidade de implantes dentais € um horizonte importante para a pesquisa
cientifica e deve ser entendida como real problema de saude publica.

A produgédo intelectual da Odontologia brasileira ocupa hoje a segunda

posicdo mundial e tem se destacado tanto por indicadores quantitativos e
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qualitativos (Scariot et al., 2011; Scimago SJR, 2014). Porém os clinicos
brasileiros que atuam, por exemplo, na area de periodontia e implantodontia n&o
acompanham na mesma intensidade a divulgagdo de conhecimento com
evidéncia cientifica em peridédicos publicados em lingua inglesa e livremente
disponiveis no Brasil apenas para instituicbes com acesso ao Portal de
Periodicos da CAPES. Por outro lado, os eventos cientificos nacionais tém se
tornado cada vez mais foco de divulgagdo mercantil de novos implantes que
surgem a cada dia, produzidos muitas vezes por empresas com credibilidade
duvidosa. Revistas nacionais, publicadas na lingua portuguesa, de ampla tiragem
que cheguem aos consultérios odontoldgicos deve ser um horizonte para que de
forma complementar possa divulgar os principais achados cientificos em area tao
relevante econdmica e socialmente como o foco deste estudo produzido no
interior de uma Universidade Publica Brasileira.

Desta forma, parece pertinente utilizar associagdo de metodologias nao
destrutivas de analise microtomografia computadorizada aliado a testes
minuciosos, como analise de expressdo genica, imunohistoquimica, fosfatase
alcalina, para analisar de maneira integrada e progressiva os diferentes fatores
envolvidos no processo de osseointegragédo de implantes dentais e diferenciagéo
ossea, tanto em situagcdes de normalidade quanto em casos mais criticos, como
casos de osteoporose. Gerando com isso artigos a serem submetidos aos
periodicos de alto fator de impacto da odontologia mundial e ao mesmo tempo
gerar sintese destes achados articulado em uma visao de educagao continuada
e popularizagéo da ciéncia a ser submetido na forma de artigo de comunicagéo

aos clinicos brasileiros cumprindo a fungéo social da geragado do conhecimento.
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BJETIVOS

Superficies de implantes dentarios e acetilagdo de Histona 3 através do uso farmacoldgico de Vorinostat (HDACI): efeitos
na modulacdo dssea e expressdo génica em condicées de normalidade e submetidos a osteoporose — JESSICA
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2. OBJETIVOS

Objetivo Geral

Caracterizar a modulagdo Ossea e expressdo génica em relagdo a
diferentes superficies de implantes dentais e acetilagao de Histona 3 através do
uso farmacolégico de Vorinostat (HDACi) em condigbes de normalidade e
submetidos a osteoporose em condi¢des de normalidade e quando submetido a
osteoporose.

Objetivos especificos

Objetivo especifico 1
Capitulo 1 - Analysis in vivo of bone modulation in hydrophilic titanium
surfaces
O objetivo deste estudo foi avaliar o efeito de uma superficie de tratamento
hidrofilico na diferenciacdo de osteoblastos e seus efeitos na osseointegragéao.

Objetivo especifico 2
Capitulo 2 - Gene expression of hydrophilic titanium surface in osteoporotic
model

O objetivo deste estudo foi determinar o padrao de formagdo Ossea e
expressdo génica em duas superficies diferentes de implantes de titanio
(hidrofébica e hidrofilica) em um modelo osteoporotico.

Objetivo especifico 3

Capitulo 3 — Hypoacetylation of acetyl-histone H3 (H3K9ac) as marker of bone
modulation in titanium implants with nanoscale surface

O objetivo desse estudo foi investigar modificagdes globais da cromatina
presente em nucleos celulares mediadas por nano superficie de titanio e como a
indugao farmacologica da acetilagdo de histonas influencia na diferenciagao de

células-tronco mesenquimais, especialmente em condigdes de osteoporose.
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ABSTRACT

Advancements in bioengineering and biotechnology with the development of
novel biomaterials has allowed to improvement and new approaches in oral
rehabilitation with dental implants. Novel implant surfaces have been developed and
they help improving the biological response by guiding the differentiation of stem cells
into osteoblast to allow for proper bone support around the implants. The use of
modified-etched hydrophilic titanium to enhance endosseous implant surfaces may
improve the clinical control of interfacial osteoblast biology. Purpose: To evaluate the
effect a hydrophilic treatment surface on osteoblast differentiation and its effects on
osseointegration. Methods and Materials: Two types of wire implants (Neodent,
Curitiba, Brazil), with same macrogeometry but different surface technology (i) dual
acid-etched surface (SAE) treatment with hydrochloric and sulfuric acid followed by
insertion in isotonic saline solution to increase hydrophilicity (SAE-HD) (test, n = 16);
(i) dual SAE (control, n = 16) were installed bilaterally in the each femur of thirty-two
Osterix-cherry male mice of 3 month old. After different periods of euthanasia based
on the methodology used, biological tests were performed in the femur and implant:
scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS),
to evaluate and quantify the presence of calcium on the implant surface. The femurs
were analyzed for BIC and bone volume (BV) by yCT scanning followed by histology.
Fresh bone marrow was harvested from mice from each group at sacrifice and Real-
time polymerase chain reaction (PCR) was used to measure levels of several gene
profiles (osterix, sialo-bovine protein, SOST, IL-1a and IL-10). Additionally, the
characterization of implants included surface roughness analysis with interferometer.
Data were analyzed using two-way ANOVA followed by Tukey’s test (p < 0.05).
Results: The amount of calcium deposited on the surface due to the mineralization
process was higher for SAE-HD after 7 days. Nano CT assessment revealed
significantly more bone volume (BV) around the implant in the SAE-HD group treatment
compared to SAE group. Histological assessment showed increased bone-to-implant
contact (BIC) in the test group in comparison to control group. Consistently, in our gene
expression studies, hydrophilic treatment surface showed increase levels of
expression analysis in showed that genes involved in the bone morphogenetic protein
signaling, such as ALP, BSP, SOST and SP7, were significantly activated in the SAE-
HD. Conclusions: Both surfaces were able to modulate bone responses toward
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osteoblast differentiation; however, hydrophilic treatment surface presented a better
response when compared to the control group. Due to increased expression of genes
related to the process of osteogenic differentiation, percentages of BIC and BV
increased with time as well significant amount of calcium content was observed, one
can suggest the choice of the hydrophilic surface in order to improve osseointegration

process.

Keywords: bone-to-implant contact, oral implants, implant surfaces, osseointegration
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INTRODUCTION

Branemark and colleagues accidentally discovered a mechanism of adhesion
of titanium to the bone when studying microcirculation in rabbit tibia (Lemus et al.,
2009). This phenomenon was known as osseointegration (Melo et al., 2006). In 1981,
Adell et al. reported that approximately 90% of the implants placed in the anterior
region of the mandible were successful between 5 to 12 years after the installation;
however, lower rates were observed for implants in the anterior maxilla (Adell et al.,
1981). Noack et al. (1999) reported that mandibular implants had a higher success
rate than on maxilla, with an overall prosthetic loss rate of 1.9% while 4.3% of implants
were lost after prosthetic treatment. According to Saab et al. (2007) the problem is
due to the pattern of bone loss, which cannot be precisely predicted in the region of
the anterior maxillary teeth. The maxilla may have an insufficient amount of bone for
insertion of implants, being a great surgical-prosthetic challenge due to reduced bone
quality and low trabecular density (Capelli et al., 2007).

After the positioning of the implant and its initial load, the bone of the crest
undergoes a process of remodeling and resorption (Danza et al., 2010). This process
of remodeling in the peri-implantar bone can be influenced by the direction, repetition
and magnitude of the biomechanical load (Hasan et al., 2011). The factors that may
affect the magnitude of the forces in the peri-implant zones of the bone are the
geometry, position and number of implants (Sahin et al., 2002). The application of
functional forces induces loads and stresses in the prosthesis-implant assembly,
affecting the process of bone remodeling around the implants (Bidez et al., 1992).
However, the limits of physiological tolerance of human jaws are not known and some
implant failures may be related to the magnitude of unfavorable stresses (Sahin et al.,
2002).

Research involving titanium and its alloys in order to meet and assist in the
general health of the patient has been making its progressive use in the manufacture
of implants, both orthopedic and dental. This is due to the presence of excellent
biocompatibility (Wang et al, 2018), high mechanical strength, high corrosion
resistance and low density of this material (Hotchkiss et al 2016). It is important to
note that the development of biomaterials that are compatible to tissues is necessary

in order to maintain cell viability and induce proliferation and differentiation in specific
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strains. Many types of implant surface treatments have been performed for this
purpose (Kapoor et al., 2010). And they can be classified into five groups, machined,
macrotexturized, microtexturized, nanotexturized or biomimetic (Ahn et al., 2010). The
surface treatments of dental implants have shown positive results in reducing the time
of osseointegration and constantly new surface treatments are developed to reduce
the healing process of the bone around the implants (Wang et al 2018).

Due to the various types of implant surface treatments it is possible to obtain
various forms of surface characterization, aiding in the understanding of bone
formation and cell behavior. Chemical modification of titanium surfaces can result in
a hydrophilic surface that can change cell behavior and improve osseointegration
(Buser et al, 2004; Bosshardt et al, 2011). Previous studies shown that the increase
in surface roughness and wettability of a Ti surface can improve osseointegration
(Wennerberg ET AL 2009). Surface topography and wettability can affect the
differentiation of cells in different ways but there is a lack of understanding the
molecular mechanism that regulates osteogenesis on these surfaces. Thus, the aim
of this study was to examine osteoblast differentiation effect and bone formation on a
hydrophilic and hydrophobic surface.

MATERIALS AND METHODS

Surface Characterization
Confocal laser scanning microscopy

Confocal laser microscope (LEXT-OLS4100 Olympus, Waltham, MA) was
used to investigate micro-scale topography of each surface. Four samples of each
surface group were imaged using a 20X objective and 100 nm pitch. The
characterization of surface topography consisted of three components: shape,
waviness and roughness, where filters were necessary to isolate each of these
components for analysis. This microscope has LEXT-OLS4100 Olympus software,
that was used for this purpose, which also permitted 2D and 3D images based on
numerical description of the parameters for surface roughness. The numerical
description of surface roughness at the different regions used five height parameters
(Sa, Sq, Ssk, Sku, Sz), one spacing spatial parameter (Sdr) and one horizontal with
texture aspect (Str). Sa and Sq, also referred to as mean roughness, is the arithmetic

mean height of the asperities. Sz is related to the height distribution curve, Ssk and
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Sku are related to the direction of de roughness, where Ssk is a measure of
asymmetry of surface deviations about the mean plane and Sku is a measure of the
peakedness or sharpness of the surface height distribution. Str is the texture aspect
ratio of the surface, used to identify uniformity of texture aspect.

In vivo procedures
Experimental animal model

The research protocol was approved by The Institutional Animal Use & Care
Committee (IACUC), University of Michigan. This research was conducted
incompliance with University guidelines, State and Federal regulations and the
standards of the “Guide for the Care and Use of Laboratory Animals.

Thirty-two, male, Tg (Sp7/mCherry)2Pmay/J (OSX-Cherry), 3 months old,
weighting between 23 and 30 g, with no injuries or congenital defects were used in
the study. They were developed by Dr. Peter Maye (University of Connecticut). This
strain is now on C57BL/6 (B6) background and available from Jackson laboratories.
OSX-Cherry mouse contains one copy of the Osterix (SP7) gene tagged with cherry
fluorescent protein. This animal allows for visualization of osteoblast differentiation at
the early stages of bone formation. Before each surgical session, the animals were
anaesthetized via inhalation isoflurane (Piramal, Pennsylvania, USA) (4-5%) for
induction and maintained with isoflurane (1-3%) as necessary to maintain surgical
anesthesia using a calibrated vaporizer. Level of anesthesia was monitored by toe
pinch and eye reflex. Local anesthesia with Lidocaine was administered. Ophthalmic
ointment was used to protect the eyes of the animals during surgery. Alcohol-soaked
gauze sponges were alternated with iodophor-soaked gauze sponges or Q-tips to
disinfect the surgical site. The wound area was shaved gently. The surgical field was
cleaned with povidone iodine solution (3 alternating scrubs of povidone
iodine/chlorhexidine with normal saline/alcohol/sterile water). For post-operative pain
management Carprofen (Piramal, Pennsylvania, USA) was provided preemptively, for
48 hours postoperatively and then as needed. Signs of complications related to
surgery were monitored daily. Surgery records were kept and also included the
records regarding the frequency of using of post-operative analgesics.

Experimental implant surgical procedure
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The same experimental surgical procedure was performed in all animals (both
test and control group). The surgery region was shaved and disinfected with iodine
solution (Betadine 10%, Meda). The incision was made in the medial parapatellar
region with displacement and remoteness of the muscle complex and the implants
were placed in the long axis of the femur through of a medial parapatellar arthrotomy,
filling the entire medullary canal. A sequence from 30 gauge needle to 21 gauge
needle were used manually to perform the proximal epiphysis and to access the
intramedullary canal. Implants in the control group were only sandblasted and dual
acid-etched (SAE; n = 16). In the test group, after sandblasting and dual acid-etching,
implants received proprietary technology treatment, including microwave treatment
and insertion in isotonic saline solution resulting insignificantly increased hydrophilicity
(SAE-HD; n = 16). Neodent® (Curitiba, PR, Brazil) supplied all implants (Fig 1a, b).
Each femur received a different surface, for standardization, rights femurs received
SAE implants and lefts SAE-HD implants. The tissues were repositioned through 5-0
Vicryl® wire suture (Ethicon, San Angelo, TX, USA). The animals were medicated with

anti-inflammatory and analgesic drugs (5mg/kg Carprofen®base, Pfizer)

subcutaneously for 48 hours post-surgery and were kept in cages in groups of five,
housed at 21°C ambient temperature and maintained in a light/dark cycle of 12/12h.
The animals were euthanized with an overdose of carbon dioxide at different times
after the experimental surgical procedure. For PCR assay, tissues were collected at
1, 3 and 7 days following surgery. For scanning electron microscopy (SEM) and
energy-dispersive x-ray spectroscopy (EDS), samples were collected at 7 days. The
femurs were collected at 14 and 21 days and analyzed for (Bone Implant Contact) BIC
and (Bone Volume) BV by Nano CT scanning followed by histology.

Scanning Electron Microscopy and EDS Analysis

Animals were euthanized at 7 days for this analysis. The implants were
examined by high-resolution scanning electron microscopy (Philips XL30 FEG, SEM,
Philips, Eindhoven, Netherlands and the chemical analysis by energy-dispersive x-ray
spectroscopy (EDS), is an analysis performed by an equipment coupled to the
scanning electron microscope, which allows a qualitative and semiquantitative
evaluation from the emission of characteristic x-rays. This tool allows the indication of
the presence of chemical elements in several types of sample components, whether

mineral or organic. The calcium content was measured at the surface of each implant
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in 6 different areas. The results are expressed by the mean value of the 6

measurements randomly taken.

Nano CT Analysis

Animals were euthanized at 14 and 21 days post-implant (n=5 animals). Muscle
tissue and epiphyses were removed and bone/implant was fixed with 4%
paraformaldehyde (Z Fix). Non-destructive analysis of the neoformed bone at the
implant interface was performed using the Nano CT (Nanotom-S, phoenix|x-ray, GE;
Germany), located at the University of Michigan, Orthopedic Research Laboratories,
Ann Arbor, Ml. The samples were scanned with pieces rotation in 360° using
monochromatic x-rays with 80 kV, 320pA., 120ms exposure time, 3 frame averaging,
6 um voxel size. The software NRecon and Dataviewer were used for the image
reconstruction. A region of interest (ROI) around the implant were defined, where the
bone volume (BV) could be calculated. Outcome variables were BV, being the
percentage of bone that is present in the region around the implant and bone-implant
contact (BIC), being the area percentage of the total implant surface that is covered

by bone.

Histological processing

Immediately following the Nano CT analysis samples were prepared for
histological assessments of non-demineralized samples. Fixation of samples was
performed in 10% formaldehyde for a week followed by gradual dehydration using a
series of alcohol solutions ranging 70 to 100% ethanol. Specimen were processed
using a Leica ASP300 tissue processor and then placed in a series of methyl
methacrylate and dibutyl phthalate with progressively higher concentrations of
benzoyl peroxide. Samples were manually embedded in partially polymerized poly
methyl methacrylate (PMMA) and allowed to cure at room temperature for up to ten
days. Blocks were then hardened in a 37°C oven overnight. The tissues were sliced
(~300 pm in thickness) through the center of the implant along its long axis with an
Isomet 2000 precision diamond saw (Buehler Ltd., Lake Bluff, lllinois, United States),
glued to acrylic plates with an acrylate-based cement Techonovit 7000 VCL (Kulzer,
Wehrheim, Hesse, Germany), and allowed to set for 24 h prior to grinding and
polishing. The sections were then reduced to a final thickness of ~30 um by

grinding/polishing using a series of abrasive papers EXACT 310 CP series (400, 1200,
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55 and 15) (EXACT Apparatebau, Norderstedt, Schleswig-Holstein, Germany) under
water irrigation. The unstained sections were analyzed by polarized light microscopy
Axioplan 2 (Zeiss, Jena, Thuringia, Germany); the sections were then stained with
toluidine blue and submitted to an optical microscopy evaluation Olympus BX51

Microscope (Olympus).

Histomorphometric analysis

In each histological slice, eight non-superimposing fields, corresponding to the
implant/bone interface (four fields on each side of the implant), were captured by
scanning at a 20x magnification, and digital image analysis software (Image J®v.1.45;
National Institutes of Health, Bethesda, MD, USA) was used to measure the bone-to-
implant contact (BIC). The regions of bone-to-implant contact along the implant
perimeter were subtracted from the total implant perimeter, and calculations were

performed to determine the BIC. Results were reported as percentages.

RNA isolation and analysis

The data points were analyzed at 1,3 and 7 days after surgery (n=5, each time
point). Implants were removed from femur and placed in 1ml Trizol lysis reagent
(Invitrogen, Carlsbad, CA, USA). The samples were kept frozen at -80°C for at least
24 hours. Total RNA in the cell lysates was isolated according to the manufacturer’'s
protocol and collected by ethanol precipitation. Total RNA concentration was
quantified using a NanoDrop 2000 spectrophotometer (NanoDrop products,
Wilmington, DE, USA). The extracted RNA was reverse transcribed following a
conventional protocol to synthesize complementary DNA (cDNA). cDNA synthesis
was performed using 500ng of RNA following the manufacturer's recommendations
(SuperScript VILO cDNA Synthesis, Invitrogen). The cDNA was used as a template
in real-time PCR. All primers for quantitative PCR (qPCR) were obtained from Qiagen
(Qiagen Sciences, Germantown, MD, USA). The reactions were prepared using
SYBR Green Real-Time PCR Master Mix (Qiagen) according to the manufacturer's
protocol. Thermal cycling was performed on an ABI 7900HT (Applied Biosystems,
Foster City, CA, USA) according to recommended protocol. The relative mRNA
expression was determined by 222t method and reported as fold induction. Samples

of SAE group at day 1 were set as control; 1.0-fold expression level. All cDNAs were
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subjected to polymerase chain reaction (PCR) for Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as a test of RNA integrity and cDNA synthesis.
Subsequently, equal volumes of cDNA were used to program real-time PCR reactions
specific for mRNAs encoding the early osteogenic markers: SP7; late osteogenic
marker: Bsp; osteocyte differentiation marker: Sost; pro-inflammatory marker: /l-1a
and anti-inflammatory marker //-10. GAPDH was used as house-keeping gene control.

Statistical analysis

Real time PCR results were shown as Fold Change by the 222t method, in
baseline 2, with SAE at day 1 being used as the control. The test - t was used as
statistical test for comparison between the day 1 SAE and the other groups. For the
other tests, two-way ANOVA was used followed by the Tukey test when necessary.
The software used for statistical analysis was Prism 6 (Graphpad Software INC, La
Jolla, CA, USA). For all statistical analyzes, the level of significance was set at p <0.05.
RESULTS

Surface Characterization
Confocal laser scanning microscopy

The Sa parameter provides a good overview of the values of the height of the
irregularities on the surface. Based on the mean values obtained for Group SAE (1.74
pumx0.03) and Group SAE-HD (1.60 um0.10), it can be said that the two have a
similar surface roughness, but only with this parameter, it is not possible to describe
the surface as a whole. The S; parameter indicates the average distance between the
highest peak and the deepest valley. In this case, due to the process of obtaining the
topography by the same method, the S; value doesn’t change considerably (SAE:
33.28um=0.38and SAE-HD: 34.31um+0.47). Sqr is the parameter that indicates the
surface area enlargement. We can say that the surface area enlargement of group
SAE (mean value 0.015%) is similar to the implant surface of Group SAE-HD (mean
value 0.01%) due to the fact that the process of obtaining the topography is the same
in both cases. Ssk is the parameter associated with height distribution of surface
irregularities, also related with asymmetry of the height distribution curve, where
curves with approximately normal distribution present Ssk values close to 0. Sky is
associated with the flatness of the height distribution curve, where curves with

approximately normal distribution have Sk, values close to 3. All implant regions of
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SAE-HD and SAE showed Ssk values close to 0 (Table 1). The Ss values for all
implants showed no significant changes (Table 1). To quantify the texture strength,
i.e., the uniformity of surface texture, the parameter Sy was used, which evaluates the
texture aspect ratio of the surfaces. Values of Sy> 0.5 indicate a uniform texture in all
directions, i.e., the surface is topographically isotropic; whereas St<0.3 indicate strong
directionality of the texture (anisotropy) [Stout KJ et al. 1993]. Therefore, the results

of St (Table 1) are indicating anisotropy for both surfaces of this study.

In vivo evaluation
Scanning Electron Microscopy and EDS Analysis

Figure 2 shows representative images of the implants after removal from the
bone (Fig. 4A-F). Although the images are very similar qualitatively in both conditions,
it is possible to observe more uniform bone formation and apposition on the SAE-HD
surface (Fig. 4D-F). The results of the amount of calcium content measured by EDS
on the surface of the implant are presented in Figure 3. Two-way ANOVA showed the
amount of deposition statistically higher for hydrophilic surface after 7 days.
Nano CT Analysis

3D reconstruction of the new bone formation around the implant in different
surfaces are shown in Figure 4. Specifically, the area of new bone tissue present and
the entire trabecular bone around implant are represented by yellow and green,
respectively. At 14 days after implantation, it was not possible to identify substantial
differences between SAE and SAE-HD surfaces (Fig. 4A), however, in 21 days (Fig.
4B) it is evident the greater presence of BV and BIC. Additionally, SAE-HD showed a
wide increase of BV (P=0.0081) and BIC (P=0.0042) compared with SAE surface at
21 days post-implantation (Fig. 4C-D).

Histological analysis

Both groups presented peri-implant bone regeneration. In the cortical region of
both groups at 14 days post-implantation, the complete adaptation of cortical bone
with the apical region of the implant was observed, which ensured initial stability.
Generally, both groups presented new bone formation around the implants in a time-
dependent fashion.
After 14 days, the SAE group showed areas with little new bone formation (Fig. 5A,

C, E and G). The SAE-HD group showed more new bone formation compared with
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the SAE group (Fig. 5B, D F and H). The SAE-HD surface exhibited a rapid increase
of bone formation with more compact trabecular bone (Fig. 5A-B) than did the SAE
surface at day 14. At 21 days, the SAE group showed trabecular bone more structured
than it had at 14 days, with discrete regions of BIC (Fig. 6C-G). In contrast, the SAE-
HD group was surrounded by more continuous bone, which seemed to be the
trabecular extending from the cortical layer. Additionally, the hydrophilic group showed

intimate contact between the new bone and the implant surface (Fig. 6F—H).

Histomorphometric results

The values of BIC obtained in the Histomorphometric analysis presented a
normal distribution by D’Agostino—Pearson test. Two-way analysis of variance
(ANOVA) with Tukey’s post hoc test was used to determine differences between
experimental time points of the same implant group. The values (in percentages) of
the SAE and SAE-HD implants at all experimental time points are illustrated in Fig. 6.

After 14 days, the SAE-HD group presented a higher BIC than did the SAE
group (P = 0.0009) (Fig. 6). At day 21, the SAE-HD group had enhanced BIC rates
compared with SAE at day 14, whereas the SAE-HD group showed a ‘jump’ of BIC
that was almost twofold greater than day 14. SAE-HD had higher BIC values than did
SAE (P =0.0002) (Fig. 6). After 21 days, both the hydrophilic and hydrophobic groups
showed increased BIC values compared with those observed on day 14.

Gene expression analysis

The results show the relative levels of expression in relation to the SAE day 1
as control group (Method 222CY) n = 5 for each time point. Early osteoblast
differentiation gene (SP7 - Osterix) had higher expression on hydrophilic surfaces
(Fig. 7A). SP7 (figure 7B) also an osteoblast key transcription factor for differentiation,
showed up-regulation at day 1 on the SAE-HD with values close to the baseline
reaching maximum peak at day 3, presenting expression almost 5 times higher than
the baseline, showing on this day statistical differences in relation to the control group.
The expression of the osteogenic late gene is represented by bone sialoprotein (Bsp)
(Fig. 7B) showed values above the baseline, for both surfaces, presented 3-fold
upregulated starting at day 3 for the hydrophobic surface and in the same period for
hydrophilic surface, presented 5-fold upregulated. At day 7 there is an increase in this

gene expression for SAE surface, showing a 6-fold change. Bsp did not change
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significantly after day 3. Esclerotin (Sost) as a marker of osteocyte differentiation,
might indicate maturation of osteoblasts. Sost showed upregulated on SAE-HD
surface atday 3 and 7 (Fig. 7C), while SAE presented only minor up-regulation. Higher
gene expression was also observed at day 7 on which hydrophilic surface comparing
to hydrophobic surface, fold change 3 and 1, respectively for Sost. The patterns of
gene expression for the inflammatory genes are showed in the figures 8A and B. At
day 1, pro inflammatory gene /I-1a (fig. 8A) showed low levels of gene expression for
both surfaces. At day 3 there is an increase in this gene expression for SAE surface,
with a 5-fold upregulation. For this time point SAE-HD exhibited low expression, close
to the baseline levels. At day 7 the levels of //1a for the two surfaces increased and
showed 12-fold upregulated for the SAE-HD surface and 31-fold upregulated for the
SAE surface. Anti-inflammatory gene, /-10 (Fig. 8B) showed under the baseline at
day 1 for hydrophilic surface compared to the control group. At day 3, this gene
showed overexpressed on SAE-HD surface at day 3 presented 5-fold regulated, while
SAE presented 2-fold regulated, higher genic expression was also observed at day 7
on which hydrophilic surface comparing to hydrophobic surface, fold change 3 and -

1, respectively.

DISCUSSION

The present investigation followed the sequence of events during the early
osseointegration of two different titanium implant surfaces that were placed in femurs
of mice. Results have shown that implants with a sandblasted and dual SAE,
specifically treated to increase its hydrophilicity (SAE-HD), not only achieved higher
amounts of BIC but also promoted more amount of Ca on the surface and expression
of genes related to osteogenesis as only sandblasted and dual acid-etched implants
(SAE), during initial stages of healing. This result agrees with previously published
preclinical in vivo studies evaluating hydrophilic implant surfaces (Sartoretto et al.
2016; Buser et al. 2004; Bornstein et al. 2008; Rossi et al. 2014; Mainetti et al. 2015)
and humans (Bosshardt et al. 2011; Lang et al. 2011). Morphology and surface
roughness evaluation, which were performed by confocal laser scanning microscopy
indicated no remarkable differences between the groups.

As previously shown, hydrophilic surface modification may accelerate blood
contact on the implant surface, increase clot formation, adhesion and differentiation

of osteogenic cells (Jesus el al. 2017; Buser et al. 2004; Masaki et al. 2005; Zhao et
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al. 2005; Schwarz et al. 2007; Mamalis & Silvestros 2011), upregulate expression of
various genes related to bone formation, e.g. BSP, ALP (An et al. 2010; Raines et al.
2010), and modulate pro-inflammatory cytokine genes (Hamlet et al. 2012). In this
context, our findings corroborate to achieve rapid coverage of the implant surface, by
proving that the amount of Calcium is greater around the hydrophilic surface at 7 days
post-implantation and it is known from previous studies that Ca?* and (PO4)* ions
stimulate cellular and intracellular signaling and favor osteoblastic cell activity in the
process of bone formation (Chai YC et al. 2012; Barradas A et al. 2012). Further, Ca?*
ions might increase osteogenic cell chemotaxis and migration toward the coated
surface via the activation of calcium signaling. Ca?* and (PO4)* ions also play an
essential role in bone mineralization and can facilitate the precipitation of bone-like
apatite on the implant surface (Cochran DL et al. 1998; Kokubo T et al. 2006).
Investigation of BIC and BV are long established measures for osseointegration
in scientific literature (Buser D et al. 2004; Wennerberg A et al., 2009; Xavier SP et al.
2010; Park IP et al. 2011; Dagher M et al. 2014; Wennerberg A et al. 2014; Eriksson
C etal. 2004; Rupp F et al. 2011; Yeo IS et al. 2014). BIC shows new bone formation
in contact with implant surface, which has been related to osteogenesis contact.
However, the ideal interface or surface between an implant and the host tissue is
influenced by surgical, biomechanical, implant design, manufacturing, site of
implantation and commercial related factors (Soares PBF et al. 2015, Walsh WR et
al. 2015). Similarly for the current study, in a recent study in sheep, similar commercial
implants (Acqua; Neodent, Curitiba, Brazil) manufactured by an almost identical
technique as the SAE-HD herein was shown to possess a significantly higher
hydrophilicity comparing to a commercially available implant with surface technology
identical with the SAE implant (Neoporos; Neodent, Curitiba, Brazil) (contact angle 0°
vs. >103.3°, respectively), Acqua group presented superhydrophilic behavior and
showed complete wetting of the surface (Sartoretto et al. 2017). Furthermore,
“hydrophilic” implants placed in the tibia of the sheep achieved 1.3 times more BIC
compared with the “hydrophobic” ones after 28 days of healing (Sartoretto et al. 2017).
Consistently, these results were similar to our data and also support that hydrophilic
topographical features made an effective contribution to osseointegration. In this
context, this theory can be proved by our results obtained by Nano CT.
Nanotomography showed better results with statistical differences for the SAE-HD

surface at 21 days compared to SAE and SAE-HD at day 14, evidencing a progressive
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increase of the bone neoformed in this surface, an important process for
establishment of osseointegration and implant maintenance.

Histology has been used as an important tool to evaluate bone neoformation
at the bone / implant interface in nanoscale surface implants (Karazisis et al. 2016;
Karazisis et al. 2017; Fabbro et al. 2017). Our study allowed a more complete and
visual analysis of the bone neoformation at the interface of the implant. Once again,
histology showed bests results with statistical differences for the SAE-HD surface at
14 and 21 days compared to SAE at day 14. Besides that, we observed that, at day
21, SAE-HD showed almost 2 times more than SAE at day 14, which in the
osseointegration process is extremely desirable, since implants clinical success is
related to rapid osseointegration (Le Guehenec et al. 2007).

Evidence suggests that hydrophilic surfaces can attract selective proteins that
exert the specific regulation of genes expressed by adjacent progenitor cells, thus
favoring the early mineralization of the matrix cells (Wall et al. 2009). In addition,
hydrophilic surfaces demonstrated anti-inflammatory properties by modulating the
inflammatory response in adherent macrophages. This may facilitate improved bone
healing and osseointegration (Hamlet et al. 2012). Inflammatory, early and late
osteogenic genes are related to each stage of differentiation of the bone cell line, and
the intensity of each marker can indicate how active is the cell, which ideally could
determine the ability of these cells in to form bone at implant surface (Meirelles, 2010).
The relative gene expression of SP7, BSP and SOST had prominently increased on
the SAE-HD surface compared with the control group (SAE Day 1) (Fig 8). This pattern
of expression could be noticed on titanium micro and nano surfaces that had been
studied with osteoprogenitor cells as well (Chakravorty N et al. 2012; Mendonca G et
al. 2010; Mendonga G et al. 2009; Kato RB et al. 2014). The overexpression of these
osteo-related genes indicates that these changes could be attributed to the nanoscale
surface used in this study. BSP is related to the binding of basic elements in the extra-
cellular bone matrix and bone mineralization (Belibasakis GN et al. 2012) and its
presence could improve bone repair around dental implants (Campos JM et al. 2015).
BSP (bone sialoprotein) is the largest structural protein in the bone matrix and fully
differentiated osteoblasts express this gene, being the first to be detected in
differentiated osteoblasts forming bone (Tang et al. 2011). Additionally, the molecular
data support the histomorphometric evidences of progressive bone healing, since

SOST (sclerostin), a marker of advanced osteoblastic differentiation and osteocyte
39



markers, shows upregulated at this time period (Bonewald LF et al. 2011; Dallas SL
et al. 2013).

After implant surgery the modulation of the inflammatory process during the
early stages of healing provides a key element for implant fixation. (Thalji et al. 2013).
Once implanted, surgical implants adsorb proteins and simultaneously incite an
inflammatory foreign body response that begins with an acute response and develops
as a chronic fibrotic response representing the first step in tissue repair (Anderson et
al. 2008; Ma et al. 2014). Macrophages are the first to recognize the foreign body and
secrete inflammatory mediators to initiate inflammation (Jones et al. 2007). M1
macrophages secrete key proinflammatory cytokines such as IL-1a, NOS2 and TNF-
a that promote inflammation, neutrophil recruitment, osteogenic differentiation of
MSCs as well as bone remodeling. While M2 macrophages produce anti-inflammatory
mediators such as IL-10 that promote inflammation resolution and tissue regeneration
(Ma et al. 2014). The rapid physiological resolution of inflammation is necessary for
bone healing, thus it is desirable that the increase of the gene expression of the pro-
inflammatory genes be only in the early stages of implantation and anti-inflammatory
genes in the final stages, since the presence of pro and anti-inflammatory cytokines
expressed at the same time contribute to a poorly balanced environment for proper
wound healing to occur (Eming et al. 2010). In our study, we observed this pattern of
behavior for both pro and anti-inflammatory genes in both SAE and SAE-HD surface.
According, ll-1a showed an increase in expression as a function of time and the
progressive decrease in IL-10 expression, prolongs the inflammatory phase, slows
healing (Eming et al. 2010), disrupting collagen synthesis and preventing bone
formation (Ma et al. 2014). These aspects suggest the increase of osteogenesis and
consequently greater bone formation (Thalji and Cooper 2014). Preclinical and clinical
studies support our findings that the early healing phase, was enhanced for hydrophilic
surface implants compared with hydrophobic surface implants (Lang et al. 2011).
CONCLUSION

In summary, the results of the present study revealed that both hydrophobic
and hydrophilic implant surface contributed to a favorable biological response.
However, the superior osseointegration from 21 days post-operation of the hydrophilic
surface SAE-HD group presented greater advantages within the first month of wound
healing.

In addition, our data suggest that the hydrophilic surface can enable a reduction
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in the healing period post-implant placement through increased bone apposition in
vivo compared with the conventional hydrophobic surface.
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Figure 1

Figure 1. One pair of cpTi grade IV wire (diameter 0.7 mm and length 8mm)
prepared with a hydrophobic (SAE) (left) and hydrophilic (SAE-HD) (right) surface

was placed in each femur.
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Figure 2 A

Figure 2. A. Bone volume fraction (%) of the two different surface at day 14 and 21 obtained
from analysis of the Micro-CT. The results are expressed as the mean#SD; * represents a
signifcant diference (P<0.05). B. Neoformed bone volume (mm) of the two different surface at
day 14 and 21 obtained from analysis of the Micro-CT. The results are expressed as the
mean+30; * represents a signifcant diference (P<0.05)

Surface Sample Sa Sq Ssk Sz Str
[um] [um] [um]
SAE 1 1.787 2722 0.274 96.399 0.036
2 1.738 2.481 -1.220 53.554 0.039
a3 1.703 2.390 -1.247 32.629 0.041
< 1.756 2.463 -1.331 33.573 0.037
Mean 1.746 2514 -0.881 54.039 0.038
sD 0.030 0.125 0.668 25.845 0.002
SAE-HD 1 1.663 2.603 0619 67.751 0.041
2 1.599 2873 0.127 54.897 0.036
3 1.512 2.233 -1.691 47.813 0.044
o 1.634 2.747 0.752 49.788 0.032
Mean 1.602 2614 -0.048 55.062 0.038
sD 0.057 0.240 0.977 7.769 0.005

Table 1 — Topographic analysis of the implant surface roughness, values obtained from
confocal microscopy.
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Figure 3. A. Bone volume fraction (%) of the two different surface at day 14 and 21
obtained from analysis of the Micro-CT. The results are expressed as the mean+SD; *
represents a signifcant diference (P<0.05). B. Neoformed bone volume (mm) of the two
different surface at day 14 and 21 obtained from analysis of the Micro-CT. The results
are expressed as the meantSD; * represents a signifcant diference (P<0.05).
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Figure 4

A SAE SAE-HD

14 Days

B SAE SAE-HD

21 Days

Figure 4. Representative Micro-CT 3D Reconstruction of the area of new bone tissue present
and the entire trabecular bone around implant are represented by yellow and green,
respectively. Hydrophilic SAE-HD and etched SAE implants at 14 days (upper row) and 21
days (lower row) post-implantation.
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Figure 4.C and D. Bone volume fraction (BV) and bone-implant contact (BIC), respectively,
of micro-computed tomography analyses calculated as a percentage of the total implant
perimeter. Results are shown as mean percentages + standard deviation in the SAE and
SAE-HD groups, 14 and 21 days post-implantation. Statistically significant differences are
indicated by an asterisk, BV: * p=0.0081, BIC: * p=0.0042.
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SAE-HD

Figure 5. Representative photomicrographs of toluidine blue stained thin sections (original
magnification at x4 and x10) in bright field of Hydrophilic SAE-HD (a, c, e & g) and etched SAE
implants (b, d. f & h) at 14 days (upper two rows) and 21 days (lower two rows). Observe the
presence of new bone formation and the contact between bone and both implant groups. In
Group SAE-HD at 21 days, see the presence of trabecular bone more compact and in a greater
number than Group SAE at the same period, suggesting the acceleration of osseocintegration.
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Figure 6 Histology
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Figure 6. Histomorphometric analysis of bone-to-implant contact (BIC), calculated as a
percentage of the total implant perimeter. Results are shown as mean percentages *
standard deviation in the SAE and SAE-HD groups, 14 and 21 days post-implantation.
Statistically significant differences are indicated by an asterisk, * p=0.0009; ** p=0.0002.
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Figure 7 SP7
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Figure 7 (A,B,C). Relative gene expression level for early and late osteogenic genes. Total RNA
was isolated on days 1,3 and 7 days. The results are shown in the relative expression for the
Meoporos Day 1 (Method 2-AACt) n = 5 control group. (A) SP7; (B) BSP; (C) Sost.* Statistical
differences p{P<0.05) when compared to the SAE day 1.
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Figure 8
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Figure 8 (A,B). Relative gene expression level for pro-inflammatory and anti-inflammatory
genes. Total RNA was isolated on days 1,3 and 7 days. The results are shown in the relative
expression for the SAE Day 1 (Method 2-AACt) n = 5 control group. (A) IL1a; (B) IL10.*
Statistical differences p <0.05 when compared to the SAE day 1.
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ABSTRACT

The number of elderly patients seeking treatment with dental implants and
affected by conditions that lead to more implant failures has been increasing in the
recent years. The literature remains deficient in indication protocols for dental
implants in patients with osteoporosis. Purpose: Using a mouse osteoporotic model
this study aimed to determine the influence of titanium surfaces (hydrophobic and
hydrophilic) on gene expression and bone formation during the osseointegration
process. Material and Methods: Thirty, female, 3-month old mice were included in
the study. Osteoporosis was induced by ovariectomy (OVX) and 7 weeks of calcium
and phosphorus deficient diet in 15 mice, test group (OVX). The other 15 mice were
sham operated, only had their ovaries identified and surgically exposed, and free
access to regular food and water, control group (Sham). Seven weeks following the
ovaries surgical procedures, 1 implant specially made (0.7 x 8 mm) of each surface
was placed in each femur for both groups, in a way that each animal received 2
different implants. One implant had a hydrophobic surface (SAE) and the other one
had a hydrophilic treatment surface (SAE-HD). Calcium content was measured by
Energy-dispersive x-ray spectroscopy (EDS) on the surface of the implant after 7
days. Additionally, after 3 and 7 days implants were removed, and cells were
collected around the implant to access gene expression profile of key osteogenic
and inflammatory genes (Runx2, ALP, BSP, SOST, OCN, Il1b, 1110, TNF and
NOS2) by PCR assay. Statistical analyses were performed by ANOVA and paired
t-test with significance at p < 0.05. Results: The amount of calcium deposited on
the surface due to the mineralization process was higher for SAE-HD surface
compared to SAE on the intra-group analysis, after 7 days. Analysis in OVX group
showed that genes involved in the bone morphogenetic protein signaling, such as
ALP, BSP, SOST and OCN, were significantly activated in the hydrophilic treatment
surface. Conclusion: Based in our results, due to the increased expression of
genes related to osteogenic differentiation and significant amount of calcium content,
the choice of the hydrophilic surface in situations of osteoporosis could be
considered to improve osseointegration process.

Key-words: osseointegration, surface treatment, dental implant, osteoporosis.
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1. INTRODUCTION

The number of elderly patients seeking treatment with dental implant has
increased in recent years. At the same time, an increased number of these patients
are expected to suffer from one or more of chronic metabolic diseases, like
osteoporosis, which affect bone healing and can lead to more implant failures™2.
Osteoporosis is defined as a skeletal disorder characterized by a reduction in bone
mass and microarchitectural deterioration of the bone tissue that increases the risk
of fracture. Both etiology and therapy of osteoporosis (estrogens, vitamin D and
bisphosphonates) may interfere the healing process of a bone wound and
osseointegration®”.

In vitro and preclinical studies in ovariectomized animals reported that low
bone density might delay the healing of femoral fractures®, critical-sized cranial
defects following grafting with alloplastic bone substitutes®, post extraction
sockets'®'"and the osseointegration of titanium dental implants®’. The modification
of the titanium implant surface, e.g. by the deposition of inorganic/ organic coatings,
has been tried before to improve the implant-bone response compared in
osteoporotic vs. healthy conditions'?>'”. Although experimental studies have shown
that osteogenic coatings are effective in enhancing BIC, their clinical relevance
requires further investigations'®. In the other hand, hydrophilic surface has been
used to reduce the healing time and also to promote a safer osseointegration in
patients with systemic diseases, like diabetes and osteoporosis.

The mechanisms that control osseointegration are only partially understood
and in situations of poor bone quality and impaired healing it requires more studies.
Activation and de-activation of key regulatory genes is crucial to the process of
differentiation of osteoprogenitor cells and it is also affected by cell-surface
interactions’. Based on the previous evidence, it is logical to assume that
osteoporotic bone has a different potential for bone regeneration, and therefore, a
modification of the current treatment protocols and materials for dental implant
therapy may be necessary when treating osteoporotic patients. The present study
aims to determine the pattern of bone formation on two different titanium implant

surfaces (hydrophobic and hydrophilic) in an osteoporotic model defining surface
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influence in osseointegration.

2. MATERIAL AND METHODS

2.1. Experimental animal model

The research protocol was approved by The Institutional Animal Use & Care
Committee (IACUC), University of Michigan. This research was conducted in
compliance with University guidelines, State and Federal regulations and the
standards of the “Guide for the Care and Use of Laboratory Animals.

Seventy-two, female, osterix-cherry (OSX-cherry) reporter mice, 3 months
old, weighting between 23 and 30 g, with no injuries or congenital defects were
used in the study. Before each surgical session, the animals were anaesthetized
via inhalation isoflurane (Piramal, Pennsylvania, USA) (4-5%) for induction and
maintained with isoflurane (1-3%) as necessary to maintain surgical anesthesia
using a calibrated vaporizer. Level of anesthesia was monitored by toe pinch and
eye reflex. Local anesthesia with Lidocaine was administered. Ophthalmic ointment
was used to protect the eyes of the animals during surgery. Alcohol-soaked gauze
sponges was alternated with iodophor-soaked gauze sponges or Q-tips to disinfect
the surgical site. The wound area was shaved gently. The surgical field was cleaned
with povidone iodine solution (3 alternating scrubs of povidone iodine/chlorhexidine
with normal saline/alcohol/sterile water). %). For post-operative pain management
Carprofen (Piramal, Pennsylvania, USA) was provided preemptively, for 48 hours
postoperatively and then as needed. Signs of complications related to surgery was
monitored daily. Surgery records were kept and also included the records regarding
the frequency of using of post-operative analgesics.

2.2. Induction of osteoporosis-like conditions

Experimental osteoporosis was induced by ovariectomy (OVX) and calcium
and phosphorus deficient diet using a method previously described'. In all the
animals, the ovaries were identified and displayed bilaterally, following a
longitudinal incision in the region below the last rib and next to the kidney. In 15
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OVX animals (OVX group), hemostasis was secured by suturing the top of the
fallopian tube (Vicryl 4-0; Ethicon, Somerville, NJ, USA) and the ovaries together
with the oviduct and a small portion of the uterus were excised. The remaining 15
control mice were sham operated (Sham group) by only having their ovaries
identified and surgically exposed, and free access to regular food and water. The
muscles and skin were then sutured in layers in all animals (Vicryl 4-0; Ethicon) and
wound clips were used to final closure.

The ovariectomized mice were fed with calcium and phosphorus deficient
diet (0.1% calcium and phosphorus 0.77%; Lab diet, St. Louis, MO, USA) and water
ad libitum throughout the whole experimental period. At 7 weeks following the
ovaries surgical procedure, one implant with hydrophobic and one with hydrophilic

surface were installed in each animal of both OVX and Sham group.

2.3. Experimental implant surgical procedure

The same experimental surgical procedure was performed in all animals
(both test and control group). The distal femur was accessed through a medial
parapatellar arthrotomy. After locating the femoral intercondylar notch, the femoral
intramedullary canal was manually reamed with a sequence from a 30 gauge
needle to a 21 gauge needle (Fig 1). A cpTi grade IV wire (diameter 0.7 mm and
length 8mm) prepared with a hydrophobic and hydrophilic surface were placed
(Neodent, Curitiba, Brazil) (Fig 2a, b). Each femur received a different surface. The
soft tissues were repositioned, and the overlying muscles and periosteum were
sutured with simple interrupted sutures (Vicryl 5-0; Ethicon). The animals were
euthanized with an overdose of carbon dioxide at different times after the
experimental surgical procedure. For PCR assay, tissues were collected at 3 and 7
days following surgery. For scanning electron microscopy (SEM) samples were
collected at 7 days.

2.4. Scanning Electron Microscopy and EDS Analysis

The chemical analysis by energy-dispersive x-ray spectroscopy (EDS), is an
analysis performed by an equipment coupled to the scanning electron microscope,
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which allows a qualitative and semiquantitative evaluation from the emission of
characteristic x-rays. This tool allows the indication of the presence of chemical
elements in several types of sample components, whether mineral or organic.

Five animals for each group were euthanized at 7 days for this analysis. The
implants were examined by high-resolution scanning electron microscopy (Hitachi
S-4700, Tokyo, Japan) and atomic force microscopy (Nanoscope IlIA, Digital
Instruments, Santa Barbara, CA). The calcium content was measured at the surface
of each implant in 6 different areas. The results are expressed by the mean value
of the 6 measurements randomly taken.

2.5. Nano CT Analysis

Animals were euthanized at 21 and 28 days post-implant (n=5 animals).
Muscle tissue and epiphyses were removed, and bone/implant was fixed with 4%
paraformaldehyde (Z Fix). Non-destructive analysis of the neoformed bone at the
implant interface was performed using the Nano CT (Nanotom-S, phoenix|x-ray,
GE; Germany), located at the University of Michigan, Orthopedic Research
Laboratories, Ann Arbor, MI. The samples were scanned with pieces rotation in
360°, using monochromatic x-rays with 80 kV, 320pA., 120ms exposure time, 3
frame averaging, 6 ym voxel size. The software NRecon and Dataviewer were used
for the image reconstruction. A region of interest (ROI) around the implant were
defined, where the bone volume (BV) could be calculated. Outcome variables were
BV, being the percentage of bone that is present in the region around the implant
and bone-implant contact (BIC), being the area percentage of the total implant

surface that is covered by bone.

2.6. RNA isolation, complementary DNA (cDNA) synthesis, and quantitative
real time PCR

Five animals for each group were euthanized at 3 and 7 days. Immediately
thereafter, the femurs sites were isolated, and the implant site was exposed using
sterile technique and the entire femurs were harvested. Implants were explanted
by fracture of the femurs. For evaluation of genes expression in cells adherent to
explanted endosseous implant surfaces, the implants were rinsed in cold PBS
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(Gibco—Life Technologies, Grand Island, NY, USA) immediately following retrieval
and then placed into 1mL of Trizol reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA). Total RNA was isolated from the lysates using manufacturer’s protocol
and processed as to evaluate RUNX2, OSX, ALP, OCN, Sost, BSP, IL1b, IL10,
NOS2 and TNF. (SABioscience, Frederick, MD) expression.

Total RNA concentration was quantified using a NanoDrop 2000
spectrophotometer (NanoDrop products, Wilmington, DE, USA). The extracted
RNA was reverse transcribed following a conventional protocol to synthesize
complementary DNA (cDNA). cDNA synthesis was performed using 500ng of RNA
following the manufacturer's recommendations (SuperScript VILO cDNA Synthesis,
Invitrogen). The cDNA was used as a template in real-time PCR.

All primers for quantitative PCR (qPCR) were obtained from Qiagen (Qiagen
Sciences, Germantown, MD, USA). The reactions were prepared using SYBR
Green Real-Time PCR Master Mix (Qiagen) according to the manufacturer's
protocol. Thermal cycling was performed on an ABI 7900HT (Applied Biosystems,
Foster City, CA, USA) according to recommended protocol. The relative mRNA
expression was determined by 2-22¢t method and expressed as a relative
expression level. Sham SAE 3 days implants in healthy conditions were set as
control; 1.0-fold expression level. Osteoblastic cell differentiation was monitored by
the expression of runt-related transcription factor-2 (Runx-2), osteoblast-specific
transcription factor osterix (OSX), alkaline phosphatase (ALP), osteocalcin (OC),
bone sialoprotein (BSP), and sclerostin (Sost) and inflammatory related genes
(IL1b, IL10, TNF and NOS2). Glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) was used as house-keeping gene control.
3. Statistical Analysis

Real-time PCR data were analyzed using the 2-AACt method and results
reported as fold change?®?'. T-test was performed for comparison gene expression

levels compared to GAPDH at day 3 and 7 days. The results of calcium content
were subjected to analysis of variance (ANOVA). For all tests, results were
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considered significant if p < 0.05. The control group is characterized by Sham SAE
3 days implants in healthy conditions.

4. RESULTS

4.1. Surface Analysis by EDS

The amount of calcium deposited on the surface due to the mineralization
process was higher for hydrophilic surface compared to the hydrophobic surface in
the same group in both time points. Calcium content was also significantly different

between the OVX and control group (Fig 3).

4.2. Nano CT Analysis

3D reconstruction of the new bone formation around the implant in different
surfaces are shown in Figure 2. Specifically, the area of new bone tissue present
and the entire trabecular bone around implant are represented by yellow and green,
respectively. At 21and 28 days (Fig. 4A) it is evident the greater presence of BV
and BIC. Additionally, SAE-HD showed a wide increase of BV (P=0.0120) and BIC
(P=0.0026) compared with SAE surface at 21 days post-implantation (Fig. 4B),
however, in 28 days after implantation, it was not possible to identify substantial
differences between SAE healthy and osteoporotic conditions (Fig. 4A). Another
interesting finding was that the SAE-HD surface considerably improved BIC results
comparing SHAM and OVX (***** P< 0.0132).

4.3. Osteogenic Differentiation and Gene Expression

For the early stages of osteogenic expression there was a 2- and 2.5-fold
increase for ALP gene at 3 and 7 days, respectively, in the OVX SAE-HD group
compared to control (Sham SAE 3 days = 1). A great increase of OSX expression
was observed at 7 days for both Sham SAE and Sham SAE-HD, 3.6-fold and 2.4-
fold, respectively. There was no difference between OVX SAE and OVX SAE-HD

65



compared to the control group, with 7 days for OSX expression. At 7 days there
was a 2.4-fold increase for Runx2 in the OVX SAE-HD group compared to the
control group, and the difference was slightly higher when compared to the OVX
SAE group with 7 days (Fig 4).

The analysis of the late stages osteogenic markers showed a 2-fold increase
for Sost at 3 days for the Sham SAE-HD group compared to the control group, while
in all other time points and groups Sost expression was constant and slightly
smaller than the control group. OCN presented higher levels of expression at 7 days
for all groups compared to the control group. Comparing the osteoporotic like
conditions groups, there was a 1.2- and 1.6-fold increase for the OVX SAE and
OVX SAE-HD, respectively. There was an increase of 2.8-fold for BSP levels at 7
days for the Sham groups and a 1.5- and 2.4-fold SAE-HD (Fig 5).

When evaluating the inflammatory markers, higher values of IL1b were
expressed for the OVX groups compared to the Sham groups at the same time
points. IL10 had a 1.7-fold increase for the Sham SAE-HD at 3 days while all other
groups and time points showed reduced IL10 expression compared to the control
group. TNF expression had a 0.5-fold reduction for the OVX SAE-HD at 7 days and
NOS2 was constant showing slightly smaller values compared to the control group,
despite the 2-fold increase at 3 days for the Sham SAE-HD (Fig 6).

5. DISCUSSION

In the present study, two different implant titanium surfaces were used in an
approach to enhance bone-implant integration for osteoporotic and control groups.
Interestingly, by EDS and quantitative real time PCR, a significant increase in
Calcium and expression of genes related to osteogenesis was observed in
association with the use of a hydrophilic surface compared to the hydrophobic
surface, in both osteoporotic and healthy conditions. Clinically bone-implant
osseointegration is achieved by direct bone formation and bonding at the implant
surface, which is clinically relevant for high success rates of dental implants?2.

An increase in the differentiation of mesenquimal stem cells and their

production of osteogenic and angiogenic microenvironment has been shown to
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occur with increased roughness and wettability of a Ti surface?®. Histological
studies have also demonstrated optimization of the osseointegration process with
the increase in the wettability of implants with a titanium surface in comparison to
implants submitted to sandblasting and acid etching®*?%. In the present study,
experimental osteoporosis was induced in adult female mice by bilateral OVX and
the administration of a calcium-deficient diet. Successful induction of osteoporosis
in rodents have been reported in previous studies where a similar experimental
model was used for the evaluation of bone healing in osteoporotic conditions?®. In
this study, it has been proved that the amount of Calcium is greater around the
hydrophilic surface and it is known from previous studies that Ca?* and (PQO4)* ions
stimulate cellular and intracellular signaling and favor osteoblastic cell activity in the
process of bone formation?”-28, Further, Ca?* ions might increase osteogenic cell
chemotaxis and migration toward the coated surface via the activation of calcium
signaling. Ca®* and (PQOs)* ions also play an essential role in bone mineralization
and can facilitate the precipitation of bone-like apatite on the implant surface??-%.
Several preclinical studies reported lower osseointegration rates in
ovariectomized animals when different types of root form implants were inserted in
extraoral locations®’. In addition, clinical reports suggested that implant
osseointegration may be delayed and biomaterial failures may be increased in
osteoporotic patients®®. Real-time PCR analysis at 3 and 7 days revealed different
effects of the experimental surfaces on gene expression levels involved in
periimplant osteogenesis. The hydrophilic surface often presented superior levels
of osteogenic markers and these present findings might play an important role in
the osseointegration process due to the fact that biological response requires early
recruitment, attachment, and proliferation of bone cells to the implant surface, which
can be improved by surface modifications?’. The over expression of the osteo-
related genes could be attributed to the hydrophilic surface used in this study. ALP
is described as a marker of primary osteogenic activity and calcification regulator®"
and their presence proves the osteoblasts differentiation®?. Runx2 and OSX are
transcription factors essential for osteoblast differentiation and their increase are an
indicative of osteoinductive and osteoblast differentiation33. Consistently, in our
gene expression studies, hydrophilic treatment surface showed increase levels of
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gene expression related to bone formation.

Activation of the immune system controls the initial response to the implanted
material and affects its long-term survival and integration. Continued immune
system activation can lead to chronic inflammation that can result in the breakdown
of healthy tissue surrounding the implant®*. However, a lack of inflammatory
response will leave the debris from implantation to remain and affect the integration
of the material and generation of new tissue3®. The ability of a material surface to
control the reaction of these cells will influence the host’s initial response to the
device, and ultimately decide the integration of the material®.

Greater levels of pro-inflammatory (IL1b and TNFa) factors were present in
comparison to anti-inflammatory factors. TNFa was higher in the OVX group after
3 days for the hydrophilic surface and reduced after 7 days. Before osteoblasts can
arrive and begin forming bone, the inflammatory response must be resolved, and
the lower levels of TNFa after 7 days could indicate that the initial inflammatory
response is about to resolve, and more anti-inflammatory responses are activated
at this time, which may corroborate with the findings of the present study, since
levels of anti-inflammatory cytokines (IL10) remained constant or slightly increased
after 7 days.

Successful implant integration relies on a balance of classically activated
(M1) macrophages to clear the wound site coupled with anti-inflammatory (M2)
activated macrophages to promote wound healing and regeneration. A consistently
high M1 response will recruit additional immune cells to the site, and this chronic
inflammation can lead to fibrous encapsulation instead of successful tissue
integration®®. The control ratio of pro-inflammatory and anti-inflammatory response
revealed in this study at the host-biomaterial interface will allow damaged tissue to
be removed without a prolonged immune response that can lead to the creation of
foreign body giant cells and inhibition of healing and integration.

6. CONCLUSION

Based in our results, due to the increased expression of genes related to
osteogenic differentiation and significant amount of calcium content, the choice of the
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hydrophilic surface in situations of osteoporosis could be considered to improve
osseointegration process.
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Figure 1

Figure 1.Upper Representative images of false ovariectomy (SHAM) and
ovariectomy (OVX) in mice for osteoporosis induction. Figure 1. Lower One pair of
cpTi grade IV wire (diameter 0.7 mm and length 8mm) prepared with a hydrophobic
(SAE) (left) and hydrophilic (SAE-HD) (right) surface was placed in each femur.
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Figure 2
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Figure 2.A and B Scanning electron microscopy and Energy Dispersive X-Ray spectrum representative
of selected area on the implants surface 7 days post—-implantation. Figure 2.C Calcium and
Phosphorus % Atomic content measured by EDS on the surface of the implant (n=4 and 6
measurements/sample). The results are expressed as the meantSD; * represents a signifcant
diference (P<0.05})
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Figure 3. Representative Micro-CT 3D Reconstruction of new bone tissue present and the entire
trabecular bone around implant are represented by yellow and green, respectively. Hydrophilic
SAE-HD and etched SAE implants at 21 days (A and B) and 28 days (C and D) post-implantation.
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Figure 4 MicroCT
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Figure 4.A Bone volume fraction (BV) of micro-computed tomography analyses calculated
as a percentage of the total implant perimeter. Results are shown as mean percentages +
standard deviation in the SAE and SAE-HD groups, 21 and 28 days post-implantation.
Statistically significant differences are indicated by an asterisk - 21 days :* p< 0.0001, ** p=
0.0120, ***p=< 0.0001, **** p< 0.0001; 28 days: ***** p< 0.0001.
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Figure 4.B Bone-implant contact (BIC) of micro-computed tomography analyses calculated
as a percentage of the total implant perimeter. Results are shown as mean percentages %
standard deviation in the SAE and SAE-HD groups, 21 and 28 days post-implantation.
Statistically significant differences are indicated by an asterisk - 21 days: * p=0.0026; BIC:
** p=0.0071; 28 days: p***< 0.0143, *** p< 0.0196, **** p< 0.0132.

78



Figure 5
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Figure 5.A Relative gene expression level for early osteogenic genes. Total RNA was isolated on
days 3 and 7 days. The results are shown in the relative expression for the SAE Day 1 (Method 2-
AACt) n = § control group. Statistical differences P<0.05).

Osteogenic Markers (Late Stage)

SHAM SAE  SHAM SAE - HD O\"KSAE @."XSAE HD SHAMSAE SHAM SAE - HD  OWX SAE {W'XSAE HD

Day 3 Oay 7
mS0ST =BSP « OCN

2.5

Gene Expression
(Fold Change)
B N

-

0.

o

o

Figure 5.B Relative gene expression level for late osteogenic genes. Total RNA was isolated on
days 3 and 7 days. The results are shown in the relative expression for the SAE Day 1 (Method 2-
AACt) n = 5 control group. Statistical differences P <0.05).
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Figure 5.C. Relative gene expression level for pro-inflammatory and anti-inflammatory
genes. Total RNA was isolated on days 3 and 7 days. The results are shown in the relative
expression for the SAE Day 3 (Method 2-AACt) n = 5 control group. Statistical differences p
<0.05 when compared to the SAE day 1.
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ABSTRACT

Implant-based treatment has been widely used in the fields of orthopedics
and dentistry with high success rates. Epigenetic regulation has been found to be
a key modulator of stem cells differentiation and an important factor in osteoblast
differentiation related to implant topography. In this study we propose to
investigate the global chromatin modifications mediate by titanium Nano surface
compared to smooth surface and how pharmacological induction of histone
acetylation induces MSC differentiation, especially for conditions such as
osteoporosis and impaired bone healing, using an experimental mouse model.

We found that titanium implants presenting nanotopography were able to
induce a strong histone acetylation response compared to a smooth titanium
implant surface at days 7 and 14. Analyzing the amount of positive cells for H3K9
ac. in both surfaces and control group without any surface stimulation, nano
surface showed better results at both time points. The results also show the
relative expression levels in relation to the smooth day 1 as baseline group for
gene (SP7) had high expression on nano surface and represents the expression
pattern of osteogenic early genes (OSX). Bsp and ALP also increased compared
with the control. We further observed that platting fresh collected MSC from
ovariectomized (OVX) mice present reduced ALP activity and compromised
ability to undergo osteogenic differentiation of cells to osteoblasts.

Our findings suggest that Ti implants presenting nanotopography are
capable of inducing global chromatin modifications in bone marrow cells as
demonstrated by the accumulation of H3K9. The clinical importance of research
efforts to identify and validate novel epigenetic modifications associated with
osteoporosis cannot be underestimated. In these studies, nanoscale surface and
Vorinostat, mediated by histone, can play a key role in MSC differentiation,
especially in osteoporosis conditions.

Key words: epigenetics; histone modifications; dental implants; osteoporosis;

titanium surface; gene expression; histone H3.
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INTRODUCTION

Implant-based treatment has been widely used in the fields of orthopedics
and dentistry with high success rates. The survival rate of dental implants over a
10-year note has been reported to be higher than 90% in totally edentulous jaws
(Lekholm U et al., 1999), although dental implants do fail in some patients. There
are some patient conditions that may affect the osseointegration process and
resulted the implant loss as osteoporosis. Bone regeneration can be a challenge
in compromised bone conditions as are frequently present in elderly patients.
Osteoporosis is defined as a skeletal disease, characterized by a low density of
bone tissues (Temmerman A et al.,, 2018). Although osteoporosis is not
considered as a risk factor for dental implant failure (Giro G et al., 2015; de
Medeiros F et al., 2018), initial implant stability can be influenced by both local
and skeletal bone densities. (Merheb J et al., 2016; Aro HT et al., 2012).

Experimental studies manly with Mesenchymal Stem Cells (MSC) provide
evidence that bone formation could be promoted by implant surface
modifications, dependent on the alterations of surface topography and
roughness (Palmquist A et al., 2010) although the biological process is not well
understood. Cellular differentiation is influenced by changes in cell shape
(Mosser DM et al., 2008) thus implicating a role for different topographies in
affecting osseointegration. Nanotopography can contribute to the mimicry of
natural cellular environments which promote rapid bone accrual (Stanford CM et
al., 2010). Nanoscale topography has direct and indirect effects on cell behavior.
It mimics the cell environment favoring protein adsorption, modulating
cell/surface interactions and cell fate (Masuda T et al., 1997; Stanford CM et al.,
2010).

Epigenetic regulation has been found to be a key modulator of stem cells
differentiation and an important factor in osteoblast differentiation related to
implant topography (Ezhkova E et al. 2009; Lian JB et al. 2006). The histone
acetylation plays a role in DNA transcription even without modification of DNA
sequence. Histones are proteins that assist in the packaging of DNA and may
undergo post-translational modifications, such as acetylation or deacetylation.
These modifications result in gene transcription through the uncoiling of
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chromatin or gene silencing through compacting DNA (Warburton G et al., 2005;
Cooper LF et al., 1998, Dike LE et al., 1999; Mendonca G, et al., 2009). In
general, histone modifications modulate a diverse array of biological processes,
including gene regulation, DNA repair, differentiation via chromosome remodeling
(Mendonca G, et al., 2009).

Post-translational modification of histones dynamically influences gene
expression independent of alterations to the DNA sequence. These mechanisms
are often mediated by histone linkers, proteins associated with the recruitment of
DNA-binding proteins, HDAC | and Il interacting proteins and transcriptional
activators, coactivators or corepressors. Therefore, histones are molecular
markers of epigenetic changes (Yang J et al., 2014). Early evidence suggested
that histones and their modifiers are involved in sophisticated processes that
modulate normal tissues and tumor behavior along with cellular phenotype.
Despite all the research being conducted in this field there is still a lack of
knowledge on how nanoscale topography signals are integrated inside the cell
and control cell fate.

The important roles between implant and cell interactions need to be
investigated. One important mechanism of action related to osseointegration
could be related to post-translational modification of histones. In this study we
propose to investigate the global chromatin modifications mediate by titanium
Nano surface and how pharmacological induction of histone acetylation induces
MSC differentiation, especially for conditions such as osteoporosis and impaired
bone healing.

MATERIALS AND METHODS
Induction of osteoporosis-like conditions

Experimental osteoporosis was induced by ovariectomy (OVX) and calcium
and phosphorus deficient diet using a method previously described (Shimizu M.
2010) In all the animals, the ovaries were identified and displayed bilaterally,
following a longitudinal incision in the region below the last rib and next to the
kidney. In 5 animals (OVX group), hemostasis was secured by suturing the top of
the fallopian tube (Vicryl 4-0; Ethicon, Somerville, NJ, USA) and the ovaries
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together with the oviduct and a small portion of the uterus were excised. Another
5 control mice were sham operated (Sham group) by only having their ovaries
identified and surgically exposed, and free access to regular food and water. The
muscles and skin were then sutured in layers in all animals (Vicryl 4-0; Ethicon)
and wound clips were used to final closure.

The ovariectomized mice were fed with calcium and phosphorus deficient
diet (0.1% calcium and phosphorus 0.77%; Lab diet, St. Louis, MO, USA) and

water ad libitum throughout the whole experimental period.

Cell Culture

Bone marrow cells collected by flushing from osteoporotic and healthy CD-
1 mice (Charles River Laboratories) femurs and tibiae were used to characterize
the osteoblast colony forming units and ALP activity. The project was approved
by the University of Michigan Committee on Use and Care of Animals (UCUCA,
protocol PRO00006203). The femurs and tibiae were dissected away from
attached muscle and connective tissue, the ends of the bones were removed, and
marrow was extruded with a 21-gauge needle into the shaft of the bone and
flushed with 1mL of PBS pH 7.4 (1X) (Phospharte Buffered Saline) with red blood
cells were collected in 1.5-mL tubes and centrifuged at 10,000 rpm for 3 minutes,
the supernatant was removed, and cell pellets were suspended in the fresh
medium MesenCult™ Medium (Mouse) (Stem Cell Technologies, Vancouver, BC,
Canada) described earlier. Cells were treated every another day with 1uM
Vorinostat (Cayman Chemical Company Ann Arbor, Ml, USA) for 14 days.

ALP Activity

ALP activity was measured at 14 days with bone marrow cells collected by
flushing from OVX and SHAM CD-1 mice (Charles River Laboratories) femurs
and tibiae. Five hundred thousand bone marrow cells were plated on the 24-well
plate in triplicate. The wells with cells were washed two times with cold PBS
(Gibco) and lysed using 1% Triton X-100 (Sigma). The lysate was collected into
1.5-mL tubes and centrifuged at 14,000 rpm for 10 minutes. Only the supernatant
collected was used for analysis. To measure ALP activity, 40uL of each sample
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was loaded into a 96-well plate, 200uL of p-nitrophenol phosphate (p-NPP)
(BluePhos Microwell Phosphatase Substrate System, KPL) was added, and a
spectrophotometer (PowerWave HT, BioTek Instruments) was used for the
measurement at 630 nm. ALP activity (units/mL) was normalized with protein
measurements for each sample. Measurements of total proteins were performed
using a protein assay kit (Precision Red Advanced Protein Assay, Cytoskeleton)
and read in the spectrophotometer (PowerWave HT, BioTek Instruments).

Analysis of Colony Forming Units—Osteoblasts

The staining analysis was performed at 14 days with bone marrow cells
collected by flushing from OVX and SHAM CD-1 mice (Charles River
Laboratories) femurs and tibiae. Two million bone marrow cells were plated on
the 24-well plate in triplicate. The non- adherent cell population was removed after
3 days, and fresh media was added to the cultures. For colony forming units—
osteoblasts (CFU-Ob) assay, each well was rinsed two times with cold PBS, cells
were fixed with 4% paraformaldehyde at room temperature for 10 minutes, and
samples were rinsed two times with PBS. The staining solution (Alkaline
Phosphatase Staining Kit, Sigma) was prepared according to the manufacturer’'s
instructions. One milliliter of the prepared staining solution was added per well.
The plates were covered with aluminum foil and stored in the dark for
approximately 1 hour. The staining solution was removed by aspiration, and wells
were washed with ddH20. Pictures were taken using a digital camera (Canon
A640 PowerShot).

Samples preparation

The project was submitted and approved by the Ethics Committee on
Animal Research at the University of Michigan - UMICH in Ann Arbor - Michigan
(UCUCA - protocol PRO00006203).
Commercially pure grade IV titanium implants (8mm x 0.9mm corresponding to
the long axis of the femur of the mice) were prepared. The implants nanoscale
group were grit-blasted with 100-uym aluminum oxide particles and sonicated

three times in water MilliQ for 15 min each to clean, followed by immersion in 1:1
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viv % solution of 30% H202 and 2N H2SO4 (Fisher Scientific, Pittsburgh, PA)
overnight. Following treatment with H2SO4/H202 solution, the implants were
sonicated three times in ultrapure deionized (DI) water (resistivity 1/4 8.2MO,
pH1/4 6.82; Millipore), and then three times in 70% ethanol, before drying under
the hood (samples prepared in this manner are hereafter referred to as “Nano”).
Smooth samples didn't receive any surface treatment, just the cleaning sequence
and sterilization in UV light on hood.

Experimental implant surgical procedure

Fifteen mice Osx-mCherry were used for implants surgery. These were
developed by Dr. Peter Maye (University of Connecticut). The Osx-mcherry
mouse express fluorescent protein concomitant with gene osterix expression.
Each animal presented the average weight of 30 grams and the implants were
placed in the femur through of a medial parapatellar arthrotomy. The mice were
anesthetized by isoflurane inhalation 2% and medicated before the surgery with
Carprofen® base (5mg / kg) subcutaneously. The surgery region was submitted
tricotomy and iodine asepsis and the incision was made in the medial parapatelar
region with displacement and remoteness of the muscle complex. After the
location of the femoral intercondylar fossa, the intramedullary canal was
perforated manually and gradually with 25, 23 and 20 gauge needles. For
standardization, rights femurs received smooth implants and lefts nano implants.
The tissues were repositioned through 5-0 Vicryl® wire suture (Ethicon, San
Angelo, TX, USA). The animals were medicated with Carprofen® (5mg / kg)
subcutaneously 24 hours post-surgery. Ration and water were given ad libitum
after the mice recovery. The mice were kept in cages in groups of five, housed at
21°C ambient temperature and maintained in a light / dark cycle of 12 / 12h.
Euthanasia occurred through the inhalation of carbon dioxide.

Immunohistochemistry
Euthanasia for histological examination was performed at day 14 and 21
after surgery, with n=5 animals for each time point. Muscle tissue and epiphyses

was removed, and the set bone/implant was fixed with paraformaldehyde (Z Fix)
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and decalcified with EDTA for 7 days in refrigerator (4°C) and shaking all the time.
Samples were sectioned into 3-um sections and placed on silanized slides. The
slides were deparaffinized in xylene and hydrated in descending grades of
ethanol. Antigen retrieval was performed prior to primary antibody incubation with
citrate buffer in a microwave. Tissue samples were blocked with 0.5% (v/v) Triton
X-100 in PBS and 1% (w/v) bovine serum albumin (BSA), and incubated with anti-
H3K9ac (C5B11 9649, Cell Signaling Danvers, MA, 1:500 overnight). Samples
were washed three times with 1x PBS and incubated with biotinylated secondary
antibody (Vector Laboratories, Burlingame, CA, USA) followed by incubation with
diaminobenzidine tetrahydrochloride (Sigma-Aldrich, St. Louis, MO, USA) and
stained with Mayer’s hematoxylin. Immunohistochemistry images were taken
using a Qlmaging ExiAqua monochrome digital camera attached to a Nikon
Eclipse 80i Microscope (Nikon, Melville, NY), visualized with QCapturePro
software, and quantified with ImagedJ (NIH, Bethesda, MD, USA). Ten fields were
taken in each sample and nuclear brown labelling was considered positive
staining. The total number of cells and positive cells were counted, and the results

were expressed as the percentage of positive cells.

RNA isolation and analysis

Implants were removed from femur and placed in 1ml Trizol lysis reagent
(Invitrogen, Carlsbad, CA, USA). The samples were kept frozen at -80 °C for at
least 24 hours. Total RNA in the cell lysates was isolated according to the
manufacturer’s protocol and collected by ethanol precipitation. Total RNA
concentration was quantified using a NanoDrop 2000 spectrophotometer
(NanoDrop products, Wilmington, DE, USA). The extracted RNA was reverse
transcribed following a conventional protocol to synthesize complementary DNA
(cDNA). cDNA synthesis was performed using 500ng of RNA following the
manufacturer's recommendations (SuperScript VILO cDNA Synthesis,
Invitrogen). The cDNA was used as a template in real-time PCR. All primers for
quantitative PCR (qPCR) were obtained from Qiagen (Qiagen Sciences,
Germantown, MD, USA). The reactions were prepared using SYBR Green Real-

Time PCR Master Mix (Qiagen) according to the manufacturer's protocol.
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Thermal cycling was performed on an ABI 7900HT (Applied Biosystems, Foster
City, CA, USA) according to recommended protocol. The relative mRNA
expression was determined by 2-AACt method and reported as fold induction.
Samples of smooth group at day 1 were set as control; 1.0-fold expression
level. All cDNAs were subjected to polymerase chain reaction (PCR) for
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a test of RNA integrity
and cDNA synthesis. Subsequently, equal volumes of cDNA were used to
program real-time PCR reactions specific for mRNAs encoding the early
osteogenic markers: SP7; late osteogenic marker: Bsp; osteoblast differentiation
marker: ALP. The data points were analyzed at 1 and 7 days, n=5 for each time

point.

Statistical analysis

Real time PCR results were shown as Fold Change by the 2-AAC method,
in baseline 2, with smooth day 1 being used as the control. The test-t was used
as statistical test for comparison between the day 1 smooth control and the other
groups. For the other tests, two-way ANOVA was used followed by the Tukey test
when necessary. The software used for statistical analysis was Prism 6
(Graphpad Software INC, La Jolla, CA, USA). For all statistical analyzes, the level

of significance was set at p <0.05.

RESULTS
Global chromatin modifications mediate by titanium nanosurface

Nanoscale topography of titanium plays an important role on the process of
osseointegration by inducing differentiation of MSC into osteoblasts.
Osseointegration is dependent upon the adhesion and population of the implant
surface by HC (Hematopoietic Cells) and MSC orchestrated in a manner that
result in osteoid formation and its subsequent mineralization (Masuda T et al.,
1997). In this study, we investigate the impact of different titanium surfaces on
transcriptional activity and osteogenic potential of MSC. Histone modifications are
epigenetic markers associated with gene expression. This is particularly thrust for
histones H3 lysine 9 (H3K9) and H3 lysine 27 (H3K27) (Bogliotti YS,. 2012) in
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which increased transcription is often associated with cellular differentiation. Here
we placed titanium posts presenting either a smooth surface or a surface
characterized by a nanotopography into the bone marrow of mice femur and
looked into changes on histone acetylation. We found that titanium post
presenting nanotopography were able to induce a strong histone acetylation
response compared to titanium posts presenting a smooth surface at days 7 and
14 (Fig. 1A and 1B) (* p<0.05; *** p<0.001).

Analyzing the amount of positive cells for H3K9 ac. in both surfaces and
control group without any surface stimulation, mean H3K9ac labelling was 46.5%
in cases of any stimulation, 46.2% in cases of smooth surface 7 days post-
implant, 60.9% in cases of nano surface 7 days post-implant, 31.21% for smooth
surface 14 days post-implant and 62.2% for nano surface 14 days post-implant.
Interestingly, when comparing bone marrow exposed to Ti posts with
unstimulated bone marrow it becomes clear that the nanotopography nature of
the posts result in increased acetylation of histone H3K9 at day 7 and 14, while
histone levels from Ti posts presenting a smooth surface present no differences
between the unstimulated control (Fig. 1C). Moreover, no difference between
unstimulated and smooth surface at day 7 and 14 was found (P > 0.06) (Fig. 1B
and 1C).

Independently, the levels of H3K9 are higher from nanotopography Ti posts
compared with smooth surface Ti posts (Fig. 1D) (* p<0.05; ** p<0.01). Smooth
surface was hypoacetylated in comparison to nano surface in both experimental
periods (Anova followed by Mann-Whitney test, 7 days: P = 0.02 and 14 days:
P=0.0008) (Fig. 1D and 1E). Looking into early genetic markers of MSC
differentiation we decided to explore the expression levels of SP7 (Osterix), BSP,
and ALP levels at days 1 and 7 post Ti implantation. The results also show the
relative expression levels (fold change) in relation to the smooth day 1 as baseline
group (n=5/group)(Method 2-AACt) Early gene (SP7) had high expression on
nano surface and represents the expression pattern of osteogenic early genes
(Osterix) also an osteoblast key transcription factor for differentiation, showed
overexpression at day 1 on the nanoscale surface reaching maximum peak at

day 1, presenting expression almost 3 times higher than the baseline, showing
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on this day statistical differences in relation to the control group. At day 5, the
smooth surface also presented the expression with values lower to the nano
surface. The expression of the osteogenic late gene is represented by Bsp,
showed values slightly above of the baseline for nano surface, presented 1.5-fold
upregulated at day 1 for the nano surface and in the same period for smooth
surface, presented 1-fold regulated. At day 5 there is an increase in this gene
expression for smooth surface, showing fold change in 2 and for nano surface,
Bsp did not change significantly after day 1. Alp as a marker that indicates
osteoblast differentiation in osteogenesis early stage, showed 3-fold upregulated
on the nanoscale surface at day 1 presented, while smooth presented only 1-fold
regulated, however, similar genic expression was observed at day 5 on both
surfaces, displaying 2-fold change (Fig. 1F). Overall our findings suggest that Ti
posts presenting nanotopography are capable of inducing global chromatin
modifications in bone marrow cells as demonstrated by the accumulation of H3K9
(Fig. 1G).

Osteoporotic mice are characterized by poor osteoblasts differentiation

The effects of osteoporosis on osseointegration have been demonstrated
to be deleterious to the implant long-term success. Several authors have already
demonstrated differences in bone density related to osteoporosis (Chambrone L,
2016), and that higher osteoblastic activity led to differences in bone formation
rate (Kouzarides T, 2007). Here we demonstrate that two-dimensional images
and three-dimensional reconstructed images of the SHAM (healthy) and
osteoporotic (OVX) mice model 7 weeks post ovariectomy are characterized by
the reduced trabecular bone, disorganized trabecular architecture, and expanded
marrow cavities compared to the sham-operated animals (Fig. 2A). We further
observed that platting fresh collected bone marrow cells from OVX mice present
reduced ALP activity and compromised ability to undergo osteogenic
differentiation of cells to osteoblasts (Fig. 2B).

Pharmacological induction of histone acetylation induces MSC differentiation

Histones can be post-translationally modified at the amino-terminal ends
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by acetylation, methylation, phosphorylation, sumoylation, ubiquitination, and
ADP-ribosylation (Kouzarides T. 2007). These modifications result in gene
transcription through the uncoiling of chromatin or gene silencing through
compacting DNA. Histone-mediated gene transcription is often observed during
tissue differentiation. Despite all the research being conducted in this field there
is still a lack of knowledge on how nanoscale topography signals are integrated
in different stages of MSC differentiation and osseointegration. Here we decide
to explore the potential clinical application of pharmacological manipulation of
histone acetylation aiming at the activation of MSC differentiation into osteoblast.
This approach holds the potential to improve implant osteointegration in subpar
clinical conditions as osteoporotic bones. On this, our data show that 14 days of
MSC culture under osteogenic medium supplemented with Vorinostat (HDACi),
we observed an increased differentiation of MSC followed by the formation of
osteoblast colonies (ALP-positive colonies) in SHAM and OVX groups compared
to groups receiving only osteogenic medium (Fig. 3A). Excitingly, MSC growing
in osteogenic medium containing Vorinostat presented higher count of colonies
than observed in normal MSC control group growing in osteogenic medium (Fig.
3B) (*p<0.0001, ** p=0.0028).

Alkaline Phosphatase activity was also found upregulated in OVX samples
receiving Vorinostat (Fig. 3B-right graphic). In fact, the accumulation of
differentiated MSC upon administration of Vorinostat resulted in the rescue of the
OVX MSC phenotype observed during the administration of osteogenic medium
alone (* p=0.0053). Overall, we shown that epigenetic modifications of histone
acetylation and consequently increase gene transcription result in MSC
differentiation as demonstrated by colony formation and increased ALP activity
(Fig. 3C).

DISCUSSION

In recent years, in vitro studies have been published showing the beneficial
effects of nanostructured surfaces on osseointegration. In this study, controlled
nanotopographic surface were fabricated to examine microscale-topographical
effects on osteoblast behavior. Furthermore, we found that Vorinostat, mediated
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by histone, plays a key role in MSC differentiation, especially in osteoporosis
conditions.

Nanoscale surface on Ticp implants were produced by sandblasting with
100um Al20s3 particles and treatment with immersion in 30% H202 and 2N H2SO4
(Mendonca et al. 2010). The mixture H2SO4 / H202 has been used for deoxidation
and controlled reoxidation of metals and creates new amorphous titanium oxide
nanostructures on implant surface (de Oliveira and Nanci, 2004). Moreover,
according to Mendonga et al. (2010) treatment with the peroxide and acid mixture
helps to remove the particles from the aluminum hydroxide blasting, trim edges
left by blasting and results in nanoscale topography. Our data shows the effects
of nanoscale topography in enhancing the differentiation of MSCs to osteoblasts
(Yang J et al. 2014; Mendonca G et al., 2010; Bryington M, et al., 2014; Kato RB
et al., 2014). Figure 1 is one example of the nanoscale topography effect on the
increase of global histone acetylation around implants with nanotopography
compared with smooth (control surfaces in our mouse model of osseointegration)
(Figure 1). Our data also shows that the nanotopography is linked to increased
gene expression and is indicative of faster osteoblastic differentiation. However,
few studies question the nanostructures influence on cellular behavior and the
exact role of the surface in the osseointegration molecular events in vivo (Thalji
et al. 2013).

The effects of osteoporosis on osseointegration have been demonstrated to
be deleterious for implant long-term success. Several authors have already
demonstrated differences in bone density related to osteoporosis (Chambrone L
et al., 2016), and that higher osteoblastic activity led to differences in bone
formation rate (Sheng MH et al., 2004). Moreover, our data show a significant
beneficial effects of titanium surface topography to enhance osseointegration in
the osteoporotic mouse model. These results indicate a possible mechanism by
translational repression or gene silencing in the MSCs differentiation into
osteoblasts affected by nanoscale topography.

Due to the epigenetic capacity of histone, it has been suggested to evaluate
the influence of this marker on bone differentiation in healthy and osteoporosis
conditions. Thus, histone acetyltransferases (HAT), histone methyltransferases
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(HMT), and histone deacetylases (HDAC) are key co-factors that modify histones
and produce the epigenetic changes observed in diseases including cancer.
Histone acetylation, deacetylation and methylation are the major marks
associated with transcriptional activity. Histone acetylation results in chromatin
decondensation, promotion of transcription, and inhibition of DNA methylation,
and it is often correlated with formation of euchromatin. In contrast, histone
deacetylation is the predominant epigenetic influence in transcriptional gene
silencing (Warburton G et al., 2005; Cooper LF et al., 1998, Dike LE et al., 1999).

Inflammatory, early and late osteogenic genes are related to each stage of
differentiation of the bone cell line, and the intensity of each marker can indicate
how active is the cell, which ideally could determine the ability of these cells to
form bone at implant surface (Meirelles, 2010), so we evaluated different genes
involved in osseointegration. SP7 (OSX) is a very important gene involved in the
differentiation and function of osteoblasts, because is an important transcription
factor that is essential in the osteoblasts differentiation into functional osteoblasts
(Baek et al. 2009; Tang et al. 2011). Our results showed that on nano surface
SP7 was overexpressed and higher than smooth surface, indicating that nano
surface is better to induce the differentiation of mMMSCs into pre osteoblasts.
There is a consensus among the studies that evaluate surface with alterations in
their topography at micro/nano level, in which they positively influence the
expression of OSX, considering these gene as key osteoinductive transcription
factors (Guo et al. 2007; Mendonga et al. 2010, Thalji and Cooper. 2014).

The potential of the surface to promote osseointegration is dependent on
ability to induce differentiation of pluripotent mesenchymal stem cells along
osteoblast lineage and to stimulate matrix secretion by osteoblasts. This is
orchestrated by the aforementioned transcription factors (RUNX2, OSX and
SATBZ2) that regulate the expression of various bone genes (Cooper, 1998) such
as ALP and BSP (Harada et al. 1999; Webster et al.2000; Harada and Rodan,
2003, Tang et al. 2011). ALP is one of the early proteins that regulates bone
mineralization and tests that evaluate alkaline phosphatase activity are
considered a primary parameter indicative of cell differentiation in osteoblasts
(Bryington et al. 2014). This gene showed overexpression only on nano surface
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at day 1, however, both surfaces showed similar results at day 7. BSP (bone
sialoprotein) is the largest structural protein in the bone matrix and fully
differentiated osteoblasts express this gene, being the first to be detected in
differentiated osteoblasts forming bone (Tang et al. 2011). The results allowed
us to affirm that the nanoscale surface participates more effectively in the
osseointegration process, inducing faster bone mineralization than the smooth
surface. Once implanted, surgical implants adsorb proteins and simultaneously
incite an inflammatory foreign body response that begins with an acute response
and develops as a chronic fibrotic response representing the first step in tissue
repair (Anderson et al. 2008; Ma et al. 2014). Collectively, our gene expression
results suggest that these three genes alone would allow us to conclude that the
nanoscale surface is more active in the initial processes of osteogenesis acting

more effectively in the mineralization of the bone matrix.

CONCLUSION

Within the limitation of this study, it was concluded that nanotopography
surfaces affected MSC differentiation to osteoblasts. Our findings also suggest
that Ti implants presenting nanotopography are capable of inducing global
chromatin modifications in bone marrow cells as demonstrated by the
accumulation of H3K9. The clinical importance of research efforts to identify and
validate novel epigenetic modifications associated with osteoporosis cannot be
underestimated. In these studies, nanoscale surface and Vorinostat, mediated
by histone, can play a key role in MSC differentiation, especially in osteoporosis
conditions, due to good osteoconductive properties and possibility to improve the
biological events that occur at the bone / implant interface, it may also help
control and understand the osseointegration process.
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4- CONCLUSOES

Dentro das limitagbes metodologicas impostas pelo delineamento

experimental destes 3 estudos in vivo em modelo animal, pode-se concluir-se

que:

Superficie hidrofobica e superficie hidrofilica contribuiram para resposta
bioldgica favoravel. No entanto, comportamento hidrofilico da superficie SAE-
HD desencadeou melhores resultados na fase inicial de osseointegracéo.
Diante disso, nossos dados in vivo em sugerem que a superficie hidrofilica
analisada pode permitir uma redugao consideravel no periodo de cicatrizagao
devido maior formagao 6ssea em relagcéo a superficie mais hidrofébica.

Devido ao aumento da expressdo de genes relacionados a diferenciagao
osteogénica e a quantidade significativa de calcio e volume 6sseo formado
diretamente sobre a superficie de implantes dentarios SAE-HD, a escolha da
superficie hidrofilica em situagdes de osteoporose pode ser significativamente

considerada a fim de melhorar processo de osseointegragao.

Superficies de nanotopografia afetaram a diferenciacdo das células-tronco
mesenquimais em osteoblastos. Além disso, implantes de Ti que apresentam
nanotopografia sdo capazes de induzir modificagées globais da cromatina de
nucleos celulares, devido acumulo de H3K9.

Superficies hidrofilicas e em nanoescala, assim como Vorinostat mediados
pela histona, podem desempenhar um papel fundamental na diferenciagéo das
células-tronco mesenquimais em osteoblastos, especialmente nas condi¢cdes
de osteoporose. Isso ocorre devido propriedades osteocondutoras e
possibilidade de melhorar eventos biolégicos que ocorrem na interface
osso/implante.
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Principal | nvestigator: Gustavo Mendonca

Protocol: PRO00006203

Protocol Title: miRNA Modulation of Osteoblast Differentiation on Nanoscale Titanium Surfaces
Approval Period: 5/11/2015 - 5/11/2018

The University Committee on Use and Care of Animals (UCUCA) has reviewed your application to use
vertebrate animals referenced below. This project has been approved. The proposed animal use
procedures are in compliance with University guidelines, State and Federal regulations, and the
standards of the "Guide for the Care and Use of Laboratory Animals."

There may be additional issues that need to be addressed prior to initiation of the associated research.
It is your responsibility, as Principal Investigator, to secure all the necessary requirements and
recommendations (e.g., IBC approval, Animal Use training, accepting OSEH Findings and
Recommendations).

When communicating with the UCUCA Office please refer to protocol PRO00006203 .

The approval date is 5/11/2015 . The approval period is for three years from this date. However, the
United States Department of Agriculture (USDA) requires an annual review of protocols to use animals.
Therefore, each year of this protocol prior to the anniversary of its approval date, you will be notified
via email to submit a short annual review. Your continued animal use approval is contingent upon the
completion and return of this annual review.

You will also be notified prior to expiration so that your renewal application can be prepared, submitted
and reviewed in a timely manner to avoid noncompliance. For any change to the study, an amendment
must be submitted to the UCUCA for review and approval prior to the implementation of the proposed
change.

The University's Animal Welfare Assurance Number with the NIH Office Of Laboratory Animal Welfare
(OLAW) is A3114-01, and most recent date of accreditation by the Association For The Assessment And
Accreditation Of Laboratory Animal Care International (AAALAC, Intl.) is November 6, 2009.

If you receive news media inquiries concerning any aspect of animal care or use in this project, please
contact James Erickson, News and Information Services, 647-1842. If you have security concerns
regarding the animals or animal facilities, contact Bill Bess, Director of Public Safety, 763-3434.

A formal approval letter will follow for each funding source listed on the protocol.

Sincerely,

Dr. Daniel D. Myers, DVM, MPH
Associate Professor and Chairperson
University Committee on Use and Care of Animals
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