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RESUMO

As ligas a base de cobalto-cromo (CoCr) surgiram como um biomaterial interessante
acerca do campo biomédico, principalmente considerando sua biocompatibilidade,
resisténcia a corrosdo e auséncia de magnetismo; entretanto, seu efeito no metabolismo
celular é pouco conhecido e isso nos levou a avaliar melhor se 0 meio enriquecido com
CoCr afeta 0 metabolismo tanto de osteoblastos quanto de células endoteliais, e também
se ha um acoplamento entre elas. Também foi considerado aqui o efeito ja conhecido do
Cobalto (Co) como um elemento hipoxico, estabelecendo um modelo in vitro importante.
Discos de CoCr foram incubados em meio de cultura livre de Soro Fetal Bovino (FBS)
por 24 horas. Este meio enriquecido com CoCr foi utilizado para tratar culturas de celulas
endoteliais sob tensdo de cisalhamento por 72 horas. Depois disso, 0 meio condicionado
contendo metabolitos de células endoteliais foi ainda utilizado para submeter as culturas
de osteoblastos, quando as amostras foram adequadamente colhidas para permitir a
analise moleculares. Nossos dados mostram que 0 meio enriquecido com CoCr contém
1,5-2,0ng/mL de Co, que foi capturado pelas células endoteliais e osteoblastos em cerca
de 30% em quantidade e parece modular suas vias metabolicas: as células endoteliais
expressaram maior perfil dos genes HIF1a, VEGF e nNOS, enquanto seu perfil global de
carbonilacdo proteica foi inferior ao das culturas de controle, sugerindo menor
comprometimento com o estresse oxidativo. Além disso, 0s osteoblastos respondendo aos
metabdlitos das células endoteliais com CoCr apresentam expressdo dinamica dos genes
marcadores na diferenciacdo osteogénica, como genes da fosfatase alcalina (ALP),
osteocalcina e sialoproteina dssea (BSP), estando significativamente aumentados. Além
disso, as forcas de tensdo de cisalhamento diminuem o estimulo a expressdo do ColAl
gene nos osteoblastos respondendo aos metabolitos das células endoteliais, bem como
modulacdo importante de genes relacionados a remodelacdo da matriz extracelular. Por
fim, analisando as atividades das metaloproteinases de matriz (MMPs), os dados mostram
que os metabdlitos das células endoteliais com tensdo de cisalhamento aumentam as
atividades tanto do MMP9 quanto do MMP2 nos osteoblastos. Ao todo, nossos dados
mostram pela primeira vez que os metabolitos de células endoteliais respondendo aos
discos CoCr contribuem para o fen6tipo osteogénico in vitro, e isto prediz uma interagdo
ativo entre a angiogénese e a osteogénese durante a osseointegracdo da liga CoCr,
podendo ser relacionada em mecanismos de regeneragéo do 0sso, guiado pela condicéo
de hipdxia experimental provocado pelo cobalto.



ABSTRACT

Cobalt-chromium (CoCr)-based alloys have emerged as an interesting biomaterial within
biomedical field, mainly considering their biocompatibility, resistance to corrosion and
absence of magnetism; however, its effect on cell metabolism is barely known and this
prompted us better evaluating whether CoCr-enriched medium affects the metabolism of
both osteoblast and endothelial cells, and also if there is a coupling between them. This
is also considered here the already-known effect of Cobalt (Co) as a hypoxic element.
Firstly, discs of CoCr [subjecting (W) or not (Wo) to dual acid-etched (DAE)] were
incubated into FBS-free cell culture medium up to 24 hours (37°C). This CoCr-enriched
medium was further used to treat shear-stressed endothelial cells cultures up to 72 hours.
Thereafter, the conditioned medium containing metabolites of shear-stressed endothelial
cells in response to CoCr-enriched medium was further used to subject osteoblast’s
cultures, when the samples were properly harvested to allow the analysis of the molecular
issues. Our data shows that CoCr-enriched medium contains 1.5-2.0ng/mL of Co, which
was captured by endothelial cells and osteoblasts in about 30% in amount and it seems
modulate their metabolic pathways: shear-stressed endothelial cells expressed higher
profile of HIFla, VEGF and nNOS genes, while their global profile of protein
carbonylation was lower than the control cultures, suggesting lower oxidative stress
commitment. Additionally, osteoblasts responding to metabolites of CoCr-challenged
endothelial cells show dynamic expression of marker genes in osteogenic differentiation,
with alkaline phosphatase (ALP), osteocalcin, and bone sialoprotein (BSP) genes being
significantly increased. Additionally, tensional shear-stress forces decrease the stimulus
for ColAlgene expression in osteoblasts responding to endothelial cells metabolites, as
well as modifying the extracellular matrix remodeling related genes. Analyzing the
activities of matrix metalloproteinases (MMPs), the data shows that shear-stressed
endothelial cells metabolites increase the activities of both MMP9 and MMP2 in
osteoblasts. Altogether, our data shows for the first time that shear-stressed endothelial
metabolites responding to CoCr discs contribute to osteogenic phenotype in vitro, and
this predicts an active crosstalk between angiogenesis and osteogenesis during
osseointegration of CoCr alloy and bone healing, maybe guided by the Co-induced
hypoxic condition.



CAPITULO 1

INTRODUCAO

Visando uma melhor compreensdo do microambiente peri-implante, € importante
ressaltar o processo de osteointegragédo, o qual leva em conta mecanismos celulares e
moleculares ao redor do implante. Parte dos mecanismos deste processo remetem a
osteogénese original, e é responsavel por conectar a superficie do implante ao tecido
0sseo. Para que isso ocorra de maneira eficiente, a superficie do implante deve possuir
caracteristicas que estimulem respostas bioldgicas adequadas, e que favorecam o
processo de ancoragem das células 6sseas em sua superficie, permitindo a sintese e
mineralizacdo correta da matriz, garantindo assim a homeostase do tecido. Contudo, para
que se chegue no estagio final de cicatrizacdo, ocorrem varios eventos a partir da
colocacdo cirargica do implante. Neste processo, ocorre a ruptura de vasos locais e 0
contato direto do sangue do paciente com o implante. A superficie implantar é recoberta
por proteinas séricas, que permitem ativacdo de plaquetas e fibrinas, criando um coagulo
sanguineo. Vale ressaltar que um ambiente rico em plaquetas disponibiliza uma alta
concentracdo de fatores de crescimento, sendo favoravel ao desenvolvimento 0sseo
(BRESSAN; UNIVERSIDADE, 2019; OLIVEIRA, 2010; SILVA et al., 2016).

Posteriormente, ocorrera o recrutamento de células inflamatorias e células
tronco mesenquimais, que liberam enzimas para quebra dirigida do coagulo. Neste
contexto, ha liberagdo de diversos fatores presentes no coagulo o qual torna o
microambiente biocompativel, permitindo assim a adesdo das células tronco
mesenguimais e, por meio da interacdo de uma infinidade de vias de sinalizacdo, ocorre
a diferenciacdo celular com desfecho osteogénico. Uma vez diferenciada, estas células
assumem fenotipo de osteoblastos, ocorrendo a deposicéo de fosfato de calcio na matriz
extracelular pre-sintetizada, realizando-se entdo o processo de mineralizacdo. Acoplado
a isso, 0 mecanismo da angiogénese se desenrola formando novos vasos para o transporte
de nutrientes até o tecido em desenvolvimento. Da visao histoldgica, células endoteliais
tem um forte papel na regulacdo de osteoblastos e consequentemente no crescimento e
remodelamento 0sseo. Assim, cabe destacar que 0 microambiente periimplantar requer a
interacdo de células endoteliais e células dsseas, envolvendo mecanismos celulares e
moleculares integrados e que favorece e dirige a osseointegracdo (BRESSAN;
UNIVERSIDADE, 2019; OLIVEIRA, 2010; SILVA et al., 2016).
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MICROAMBIENTE OSSEO

Desde o desenvolvimento embrionario, o 0sso tem um papel ativo no corpo. A
embriogénese do esqueleto obedece a mecanismos muito bem definidos, sendo
classificados em 2 tipos de ossificagdo: endocondral e a intramembranosa (SIMOES,
2010; VAZ, 2006):

1. A ossificacdo endocondral é guiada por um molde cartilaginoso, acarretando
na formacgdo de ossos longos. As células progenitoras do pericondrio se
diferenciam em osteoblastos que induzem a ossificacdo da matriz do
pericondrio para as extremidades, inibindo a produgéo de cartilagem. Os vasos
sanguineos tomam o espaco deixado pela mineralizagdo, auxiliando
condroblastos a reabsorverem 0s resquicios cartilaginosos, aumentando a

vascularizacdo 0ssea, cujo processo forma a cavidade medular;

2. A ossificagdo intramembranosa ocorre por meio de células mesenquimais que
se diferenciam em osteoblastos. Essas passam por um processo de
despolarizacdo por conta da atividade constante no tecido dsseo. As células
fazem a deposi¢do de matriz no meio ao seu redor, 0 que culmina em seu
aprisionamento e induz a uma mudanca fenotipica, formando os chamados
ostedcitos, que constituem cerca de 95% das células dsseas. Essas células sdo
responsaveis pela homeostase do 0sso, por contribuir com a
osteoclastogénese, através da sintese de RANKL (LIU et al., 2019;
PERCIVAL; RICHTSMEIER, 2013; XU et al., 2018b; ZHANG et al., 2018).

No 0ss0, as caracteristicas de remodelamento se devem, basicamente, a atividade
coordenada de dois tipos celulares: 1. Osteoblastos, que s&o responsaveis pela formagéo
de matriz 0ssea e 2. Osteoclastos, que promovem a reabsorcao de determinada porcéo do
tecido ja formado (ARIAS et al., 2018; GERMAINI et al., 2017).

Os osteoclastos sdo formados a partir da fusdo de mondcitos, e por isso apresentam
caracteristica de células multinucleares, além de apresentar borda em escova (por¢éo da
célula em contato com sitio de reabsorcao) onde libera metabolitos que degradam a parte
inorgénica e organica da matriz (MARTINS et al., 2017; MOLLER et al., 2020).

Osteoblastos se originam a partir de células mesenquimais presentes no estroma

da medula 6ssea. Sdo células de morfologia clbica, altamente polarizadas que se
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encontram sobre a superficie do osso, regulando fluxo de ions, realizando sintese e
secrecdo de proteinas como osteopontina e osteocalcina, fundamentais no processo de
mineralizacdo, atuando também na sintetize de fatores de crescimento (KOLB;
BUSSARD, 2019; MARTINS et al., 2017).

A figura 1 esquematiza a atividade celular encontrada no 0sso, onde cabe destacar
que em fase final de maturacdo, osteoblastos podem entrar em processo de apoptose ou
se aprisionar na matriz, promove mudangas morfol6gicas importantes que podem ser
identificadas como assinaturas no processo de transicdo osteoblastos — ostedcitos
(BLANK; SIMS, 2019; LEE et al., 2019). Os ostedcitos, de dentro da matriz calcificada,
realizam a comunicacdo celular através de dendritos, cuja sinalizacdo quimica é
responsavel por mudancas do tecido 6sseo, envolvidas no recrutamento de osteoblastos e
osteoclastos para o remodelamento, e na regeneracao do tecido em condicGes de traumas
(PRIDEAUX; FINDLAY; ATKINS, 2016; SHAH et al., 2017; UDA et al., 2017; VAN
OERS; WANG; BACABAC, 2015).

} Ostedide

} Osso
novo

} Osso
velho

Figura 1 — Esquema do microambiente 6sseo demonstrando estrutura e tipos celulares:

no microambiente Gsseo 0s osteoblastos sdo responsaveis pela sintetize de novas
estruturas, enquanto os osteoclastos so responsaveis pela reabsorcéo da estrutura ja
existente, caracterizando o processo de remodelamento 6sseo, cuja mediagdo é feita
pelos osteocitos atraves dos dendritos que os interligam. A fase ativa onde se encontram

0s osteoblastos ¢ chamada de ostedide, apds o processo de mineralizacdo da matriz
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extracelular é que ocorre a nova formacao 6ssea e 0 aprisionamento dos osteoblastos e

mudanca fenotipica para ostedcitos (Imagens obtidas em https://smart.servier.com/).

Os processos de comunicacdo celular sdo classificados de acordo com o tipo de
interacdo, tecido e células comunicantes. A comunicacgdo paracrina observada nas células
Osseas € caracterizada pela liberagdo de uma molécula sinalizadora que se difunde
localmente no meio extracelular, e possui o potencial de ativar as células vizinhas que
expressdo o receptor ligante. E o tipo de sinalizagio observada em casos de injuria onde
ocorre cicatrizacdo e regulacéo de inflamacéo local (BEBER, 2021; BRUCE ALBERTS,
DENNIS BRAY, KAREN HOPKIN, ALEXANDER JOHNSON, JULIAN LEWIS,
MARTIN RAFF, KEITH ROBERTS, 2013; DOMEZI, 2018; FELTRAN, 2019).

Em eventos de cicatrizacdo dssea € possivel visualizar ambos mecanismos de
ossificacdo citados anteriormente, cujo processo de regeneracdo tecidual trabalha para o
restabelecimento de propriedades originais do tecido (MARTINS et al., 2017).

Mesmo tendo aparéncia estatica, a deposicdo e reabsorcdo 6sseas por meio de
mecanismos de modelacdo e remodela¢do tornam o 0sso um tecido dinamico. Este
processo ocorre por meio de fatores de regulacdo, que fazem adaptacGes da
microestrutura 6ssea de acordo com a necessidade, e estas sdo feitas principalmente por
BMU’s (Basic Multicelular Units). Este processo diminui com o avanco da idade,
deixando o tecido mais suscetivel a fraturas e torna a regeneracao tecidual menos eficiente
(BEZERRA et al., 2017; LASSEN, N. E.; ANDERSEN, T. L.; PLOEN, G. G., SOE, K;;
HAUGE, E. M.; HASRVING, S.; ESCHEN, G. E. T., DELAISSE, 2017; WILLETT et
al., 2019).

Por conta do avanco da medicina houve um consideravel aumento da expectativa
de vida humana e, em decorréncia disso, houve também um grande crescimento na
ocorréncia de fraturas dsseas relacionas ao envelhecimento populacional, além da causa
de acidentes comuns, muitas vezes domésticos. I1sso impacta diretamente os sistemas de
salde no mundo todo, elevando consideravelmente os gastos para o atendimento de tais
pacientes. Em 2020, uma avaliagdo mundial estimou que os cuidados pds-fratura geravam
um custo entre 3 mil e 31 mil ddlares por paciente, incluindo todos os procedimentos
necessarios. No caso do Brasil, o sistema tnico de saude (SUS) garante grande parte dos
casos de fratura no pais. Ha registro de que somente com fraturas de fémur no ano de
2018 houve um gasto publico cerca de R$ 1,097 bilhdo para o tratamento. Muitos dos

procedimentos para o tratamento de fraturas 6sseas incluem o uso de por exemplo pinos
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e chapas para dar suporte ao o0sso danificado. Tais materiais de suporte sdo
confeccionadas com o que chamamos de biomateriais (COSTA et al., 2021; FURTADO,
2019; Vilela, 2021).

BIOMATERIAIS

Ao longo da histéria humana pode-se observar uma série de tentativas de
substituicdo de tecidos ou érgdos com dispositivos protéticos. Com o avango da medicina
regenerativa, tanto na parte cirdrgica quanto na confeccéo das proteses, foi possivel elevar
a qualidade de vida de pacientes, que antes poderiam inclusive perder a funcdo de seus
membros. No decorrer dos estudos, inclusive os materiais antes aplicados apenas em
préteses, passaram a ser melhor elaborados, sendo estudados principalmente quando a
interacdo biologica, permitindo assim sua utilizacdo nos mais diversos tecidos do corpo,
ndo apenas para substituicbes de membros (AFONSO, 1998; FURTADO, 2019;
HILDEBRAND, 2013).

Cada vez mais os biomateriais destacam-se pela sua capacidade de aprimorar o
potencial regenerativo em tecidos e 6rgaos que precisam restabelecer sua func¢éo normal.
De acordo com a conferéncia de Chengdu em 2018, biomaterial define-se como “um
material projetado para tomar uma forma que possa direcionar, através de interacdes com
sistemas vivos, o curso de qualquer procedimento terapéutico ou diagnostico” (CHEN;
LIU, 2016b; GHASEMI-MOBARAKEH et al., 2019).

Com uma ampla gama de aplicacdo, os biomateriais podem ser utilizados na
confeccdo de préteses, tubos de circulacdo extracorpérea, enxertos, lentes, stents,
implantes dentérios, parafusos ortopédicos, dentre outros. A figura 2 mostra que a
maioria dos materiais utilizados sdo caracterizados como bioativos, biodegradaveis e
biocompativeis. Tamanha gama de aplicagdes exige estudos elaborados para garantir a
durabilidade do biomaterial, prezando assim qualidade de vida dos pacientes que o
utilizam. De acordo com a figura 2, os biomateriais bioativos, biomimeticos e
biocompativeis sdo os mais estudados (DA SILVA et al., 2021; PIRES; BIERHALZ,
MORAES, 2015; RAMOS et al., 2017).
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Figura 2 - Evolugdo da funcionalidade e da capacidade regenerativa dos
biomateriais (PIRES; BIERHALZ; MORAES, 2015). Materiais biocompativeis,
bioativos, biodegradaveis e biomiméticos sdo escalados com relagdo a potencial
regenerativo e evolugcdo do tempo, sendo classificados nos que sdo mais clinicamente

utilizados e quais séo mais investigados.

Uma caracteristica importante de um biomaterial é sua biocompatibilidade, ou
seja, a capacidade que este tem de executar as fungdes desejadas sem o risco de rejeicao,
toxicidade ou efeitos indesejaveis ao hospedeiro. A biocompatibilidade ¢ uma grande
motivacdo para pesquisas no campo de biomateriais, pois ha sempre uma busca pela
otimizagdo dos biomateriais ja existentes ou a criacdo de novos (FURTADO, 2019;
GHASEMI-MOBARAKEH et al., 2019).

Com relagdo a utilizado de biomateriais metalicos, naturalmente ocorre a
liberacdo de ions. No caso de um ion ativo, imediatamente ocorre a interagdo com anions
inorgénicos ou biomoléculas presentes no ambiente implantar. Apesar da busca constante
por biocompatibilidade, em consequéncia do uso de biomateriais metalicos, surgiu a
patogénese ARMD (adverse reaction to metal debris), que é basicamente uma reacdo do
corpo aos debris liberados pelos biomateriais metalicos utilizados em certos tipos de
préteses, geralmente sendo produtos da corrosdo do mesmo. Por esse motivo, 0S
biomateriais metalicos devem ser analisados com relacdo a: resisténcia a corrosdo do
material como um todo, o quando o desgaste e a corrosao liberam de ions, o efeito gerado

por essa liberacdo e a toxicidade do ion em especifico. Todas essas informagdes sdo
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relevantes para o entendimento e o melhoramento dos biomateriais utilizados (ELIAZ,
2019; XU et al., 2018a).

Apesar da busca por biomateriais ideais, muitas instituicdes de saide optam pelo
custo beneficio na escolha dos materiais para proteses e implantes. Prezando o baixo
custo, por exemplo, o SUS faz a utilizacdo de aco inoxidavel em préteses ortopédicas.
Porém, como cita Furtado e colaboradores (2019), ocasionalmente ocorrem casos de
rejeicdo e € necessaria a substituicdo da prétese. Do ponto de vista bioldgico, a prétese
ideal seria feita com um biomaterial que permitisse o crescimento 0sseo e, partindo desta
premissa, destaca-se a importancia dos estudos de biomateriais. Estes sdo projetados para
permitir a recuperacgdo tecidual e funcional de determinadas partes do corpo que
necessitam de reparo ou substituicdo. A busca por uma melhor resposta biolégica em
equilibrio com o custo, beneficia principalmente os pacientes. A estabilidade fisico-
quimica é essencial para a preservacdo celular e manutencdo de um microambiente
apropriado, gerando como resultado o crescimento celular e a regeneracdo tecidual (DE
ALMEIDA, 2020; FURTADO, 2019; MACHADO et al., 2021).

Além do aco inoxidavel, muitos sdo os materiais aplicados na confeccdo de
préteses, principalmente metalicos, dos quais pode-se citar titanio, alumina, zirconia,
dentre outros. A utilizacdo de ligas, combinando proporcdes de diferentes metais, visa
melhorar as propriedades dos implantes, principalmente com relacdo a durabilidade e
bioestimulacdo. Como principal exemplo temos a liga de CoCr, o qual tem mostrado ter
propriedades bioldgicas importantes (AZEVEDO et al., 2008).

COBALTO

Elemento quimico de simbolo Co, o Cobalto possui nimero atdmico 27, é um
metal que se assemelha a ferro e niquel em termo de propriedades quimicas. Os
compostos envolvendo este elemento se encontram em sua maioria em dois estados de
valéncia, sendo eles Co(ll) e Co(lll). Considerado um elemento relativamente raro, o
cobalto é encontrado na natureza como arseniatos, 6xidos e sulfetos. E comumente
utilizado em forma metalica, principalmente em ligas, possuindo diversas aplicaces
(BARCELOUX, 1999; LISON, 2022; MUNOZ-SANCHEZ; CHANEZ-CARDENAS,
2019).

Classificado como elemento por volta da década de 1730, o Cobalto foi
primeiramente isolado por George Brant (1694 — 1768). Farmacéutico e metallrgico, seu
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interesse nesse metal se deu pelo fato de suas propriedades serem diferentes dos metais
utilizados até entdo, ndo enferrujando como o ferro, mesmo possuindo propriedades de
atracdo magnética. Assim como muitas nomenclaturas usadas na mineralogia, 0 nome
“Cobalto” vem do alemdo, “Kobalt”, um demdnio da mitologia alem&. De acordo com
Cabral (2019), este nome foi referenciado aos mineiros saxdnicos, que receavam quando
encontravam o minério, pois provocava-lhes lesdes nos olhos, pés e méos, por conta do
arsénico contido na mistura. Os mineradores acreditavam que tais injurias eram causadas
por espiritos que passeavam pelas minas para atormenta-los, segundo as crencas da regiao
(CRUZ, OLGA MARTIZ. INTER, 2017; KUX, 1980; PEIXOTO CABRAL, 2019).

Mesmo antes de se ter conhecimento, este elemento j& era utilizado. As
descobertas mais antigas foram feitas na tumba de Tutancdmon, que datam de 1358 a.c.
Foram encontradas pecas de vidro de coloracdo azul e outros objetos que, ao serem
submetidos a analise espectrograficas, depois da abertura da tumba em 1922,
demonstraram possuir tracos de Cobalto, que era utilizado como corante para dar a
tonalidade azulada encontrada nas pecas (CRUZ, ITER 2017; MOTA, 2020).

O cobalto ¢ fonte de grande debate, pois a0 mesmo tempo que pode apresentar um
risco & saude, também é um elemento essencial ao organismo. Diariamente humanos
ingerem cerca de 5 4 50 pg de Cobalto, principalmente na forma inorganica. Um meio de
biodisponibilidade de cobalto é sob a forma do micronutriente cobalamina (Vitamina
B12), que € responsavel por uma pequena porcentagem da ingestdo do composto. A
cobalamina é utilizada como cofator de enzimas essenciais e sua ingestao correta previne
doencas como anemia megaloblastica. De acordo com a solubilidade em agua dos
compostos inorganicos de cobalto, sua biodisponibilidade pode variar de 5 &4 45%
(GLUHCHEVA et al., 2020; LISON, 2022).

LIGA CoCr

O uso de cobalto em ligas com cromo foi patenteado em 1906, por E. Haynes. Em
1907 foi patenteada a liga Stelliteh, composta de Cobalto, cromo e molibdénio, que
apresentou melhor resisténcia a corrosdo e oxidagéo, caracteristicas do cobalto e cromo.
A partir disso a associagdo de cobalto e cromo passou a ser aplicada em diversos usos,
inclusive no ambito de biomateriais (CRUZ, OLGA MARTIZ. INTER, 2017
LANDUCI, 2016).
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Na literatura, o uso de metais na area de satde tem dados controversos. Nos anos
70, Heath e colaboradores identificaram em seus estudos que o desgaste de proteses que
utilizavam liga de cobalto, cromo e molibdénio poderiam estar associados a sarcomas em
ratos. No decorrer dos anos seguintes, 0s avancos em pesquisas melhoraram
consideravelmente as técnicas utilizadas na fabricacdo de implantes, inclusive utilizando
revestimentos e tratamentos que possibilitassem uma interacdo bioldgica melhor. Um
exemplo é o estudo feito por Allen e colaboradores no final dos anos 90, onde foram
comparados o cobalto e o cromo, de maneira separada, assim como da liga de cobalto-
cromo, e quais o efeito teriam sobre linhagens de osteoblastos humanos. Testaram-se
diferentes concentragcbes e concluiu-se que 0s detritos desses materiais tinham a
capacidade de modificar vias de sinalizacdo 6sseas, onde concentracdes mais altas de
cromo modularam negativamente proteinas importantes para o remodelamento dsseo,
tenso como consequéncia uma atividade osteoblastica reduzida e relatando que séo
necessarios mais estudos para 0 melhoramento de préteses e implantes (ALLEN et al.,
1997; DUX, 2019; HEATH; FREEMAN; SWANSON, 1971). Resultados anteriores do
nosso grupo de pesquisa mostra resultados interessantes do meio enriquecido com cobalto
no fenotipo de células endoteliais e células 6sseas (DA COSTA FERNANDES et al.,
2021; FERNANDES et al., 2018b; MACHADO et al., 2019).

Cada vez mais a liga de CoCr vem sendo utilizada no dmbito de proteses e
implantes. Esta liga em especifico possui uma 6tima biocompatibilidade por conta de
propriedades mecanicas, como resisténcia a corrosdo e alta rigidez. Inclusive, os estudos
de Yang e colaboradores (2015), fornecem evidéncias de que as particulas liberadas pela
liga CoCr interferem no crescimento, maturacao e funcGes de células pré-osteoblastos de
camundongo, além de exibir também uma mudanca nos efeitos inflamatorios
(VAICELYTE etal., 2020; YANG et al., 2015).

Com relacdo ao efeito bioldgico induzido pela liga de CoCr, os estudos de
Madathil e colaboradores (2010) mostraram que, quando este € colocado sob interagédo
com fibroblastos, isso induz a célula a um estado de hipdxia e estresse oxidativo.
Pensando num microambiente periimplantar, o estudo do estado de hipdxia seria de
grande interesse no ambito de biomateriais (MADATHIL et al., 2010; SAMELKO et al.,
2013).
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HIPOXIA

O fator induzivel por hipdxia-1a (HIF-1a) ¢ uma proteina importante na resposta
a mudancas metabolicas em condicéo de baixa disponibilidade de oxigénio. A condigéo
de hipdxia € a diminuicdo da concentracdo de oxigénio, que ativa mecanismos de
sobrevivéncia celular, angiogénese, glicélise, etc. Isso influencia a sintese proteica, assim
como metabolismo de lipidios, energético e respiracdo mitocondrial, fazendo com que a
célula sofra uma adaptacdo a nova condi¢do. Um exemplo dessa condi¢éo, € no caso de
cancer em estados avancgados, cujo estado de hipdxia permite ativar o mecanismo de
angiogénese, levando assim mais nutrientes as células modificadas e permitindo a
proliferacdo celular e metastase (JING et al., 2019; LEE; CHANDEL; SIMON, 2020;
SAMELKO et al., 2013).

Dependendo dos ions associados, 0 Cobalto influencia a fisiologia e homeostase
de diferentes maneiras. Estudos de Kumon e colaboradores (2021) demostram que a
utilizacdo de CoCl; para indu¢do de hipdxia quimica em cultura celular interfere no perfil
de diferenciacdo de células tronco cancerigenas. Observa-se mudangas nos niveis de
expressdo de vias de sinalizacdo celulares, induzindo diferenciacdo a linhagem de
eritroblastos e eritrcitos. Levando em conta o Cobalto como um indutor de hipoxia
quimica, quando relacionado com elemento cromo, no ambito de proteses e implantes,
torna-se um elemento interessante para estudo, pois apesar de toda a pesquisa acerca do
assunto, ainda ha diversas questes a serem respondidas sobre como a liga interfere no
metabolismo (DA COSTA FERNANDES et al., 2021; KUMON et al., 2021; MAIA,
2017).

ANGIOGENESE

A formacdo dos vasos sanguineos &€ um processo crucial na irrigacdo dos
diferentes tecidos do corpo, levando nutrientes, oxigénio e fatores de crescimento
essenciais para o desenvolvimento do organismo. Sua génese esta relacionada a dois
refinados processos: vasculogénese e angiogénese. O primeiro é a formacao de vasos
primitivos por angioblastos no periodo de embriogénese. O segundo esta relacionado com
0 estabelecimento de artérias, veias e capilares a partir de vasos primitivos, formando-se
pela justaposicdo de celulas a partir da luz do vaso (CARDOSO, 2018; RIZOV;
ANDREEVA; DIMOVA, 2017).
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Para controle da pressao e passagem sanguinea ha a necessidade fisiologica de
contracdo e relaxamento dos vasos. Tal capacidade se deve a estrutura das artérias que
pode ser vista no esquema da figura 3, sendo que essa caracteristica de contracdo é
regulada pela atividade das células de tecido muscular liso. Esta camada celular, externa
ao vaso, também confere maior resisténcia a possiveis danos. A camada de tecido epitelial
localizada na parte interna é quem fazer o revestimento das artérias e veias, é a
responsavel por iniciar o processo de angiogénese nos casos de por exemplo injuria e se
adapta aos tecidos em que se encontra, conforme a necessidade de receptores e sinalizagdo
(ALBUQUERQUE, 2019; LACAUD; KOUSKOFF, 2017; SALSOSO et al., 2017).

Células
endoteliais -

Tunica
intima

Tuanica
média

Tunica
adventicia

Figura 3 — Esquema do microambiente arterial demostrando a estrutura e o tipo
celular utilizado. As células endoteliais sdo obtidas da tinica média arterial localizada

na regido umbilical (Imagens obtidas em https://smart.servier.com/).

A relacdo angiogénese-osteogénese foi estudada pela primeira vez em 1763,
quando foi sugerido pela primeira vez que vasos sanguineos tinham um papel no reparo
de lesdes 0sseas. Desde entdo cada vez mais estudos tem constatado a importancia que a
angiogénese desempenha na formagéo, remodelamento e cicatrizagdo 0sseas. A regulagéo
dessa interagdo é complexa e ocorre via comunicacdo intercelular por meio de vias
especificas de proteina (ARANTES, 2011; CHIM et al., 2015).
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Deste modo, avaliar se a condicdo de hipdxia promovida pelo cobalto no
microambiente periimplantar nos parece importante na perspectiva de propor novos
materiais para uso em biomedicina, uma vez que nossa hipdtese é que a liberacdo de
cobalto favorece o metabolismo de células endoteliais e refor¢ca mecanismos paracrinos

com osteoblastos, favorecendo a osteogénese e regeneracao 0ssea periimplante.
OBJETIVO
Avaliar se o cobalto liberado por ligas de Cobalto-Cromo é capaz de promover alteracdes

metabolicas em osteoblastos e se ha interferéncia em mecanismos pardcrinos com

osteoblastos.
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ABSTRACT

Cobalt-chromium (CoCr)-based alloys have emerged as an interesting biomaterial within
biomedical field, mainly considering their biocompatibility, resistance to corrosion and
absence of magnetism; however, its effect on cell metabolism is barely known and this
prompted us better evaluating whether CoCr-enriched medium affects the metabolism of
both osteoblast and endothelial cells, and also if there is a coupling between them. This
is also considered here the already-known effect of Cobalt (Co) as a hypoxic element.
Firstly, discs of CoCr [subjecting (W) or not (Wo) to dual acid-etched (DAE)] were
incubated into FBS-free cell culture medium up to 24 h (37 °C). This CoCr-enriched
medium was further used to treat shear-stressed endothelial cells cultures up to 72 h.
Thereafter, the conditioned medium containing metabolites of shear-stressed endothelial
cells in response to CoCr-enriched medium was further used to subject osteoblast's
cultures, when the samples were properly harvested to allow the analysis of the molecular
issues. Our data shows that CoCr-enriched medium contains 1.5-2.0 ng/mL* of Co,
which was captured by endothelial cells and osteoblasts in about 30% in amount and it
seems modulate their metabolic pathways: shear-stressed endothelial cells expressed
higher profile of HIFla, VEGF and nNOS genes, while their global profile of protein
carbonylation was lower than the control cultures, suggesting lower oxidative stress
commitment. Additionally, osteoblasts responding to metabolites of CoCr-challenged
endothelial cells show dynamic expression of marker genes in osteogenic differentiation,
with alkaline phosphatase (ALP), osteocalcin, and bone sialoprotein (BSP) genes being
significantly increased. Additionally, tensional shear-stress forces decrease the stimulus
for ColAlgene expression in osteoblasts responding to endothelial cells metabolites, as
well as modifying the extracellular matrix remodeling related genes. Analyzing the
activities of matrix metalloproteinases (MMPs), the data shows that shear-stressed
endothelial cells metabolites increase the activities of both MMP9 and MMP2 in
osteoblasts. Altogether, our data shows for the first time that shear-stressed endothelial
metabolites responding to CoCr discs contribute to osteogenic phenotype in vitro, and
this predicts an active crosstalk between angiogenesis and osteogenesis during
osseointegration of CoCr alloy and bone healing, maybe guided by the Co-induced

hypoxic condition.

Key-words: Bone; Osteoblast; Bone healing; Endothelial cells; Biomaterials; Cobalt;

Shear-stress; Hypoxia; Cell signaling.
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INTRODUCTION

Metallic-based alloys are widely used as implants or prothesis within biomedical
field, being the titanium (Ti) the most common material used for bone purposes
(ALBREKTSSON et al., 1981; BEZERRA et al., 2017; BRANEMARK et al., 1977; DA
COSTA FERNANDES et al., 2018a). An alternative to classical titanium alloy is the
development of a metal-on-metal (MOM) material such as Cobalt-Chromium (CoCr),
mostly used in MOM prosthesis, and with already known properties as adequate
biocompatibility and others (e.g. nhonmagnetic, mechanical strength and resistance to
wear, corrosion, and heat) (YANG et al., 2015). Importantly, a biomaterial must present
biocompatibility and ought develops functional and original roles, being able to generate
its adequate osseointegration (CHEN; LIU, 2016a; DA COSTA FERNANDES et al.,
2018a; MACHADO et al., 2019). Still considering CoCr properties, it is known that Co
is a hypoxia inducing element because it stabilizes hypoxia inducible factors (HIF) la
and 2a (PIRET et al., 2002; S; A, 2017). Based on this statement, CoCl> has been widely
used as a hypoxia model in cell culture which has allowed the characterization of the
hypoxia response at the cellular, biochemical and molecular levels (J; ME, 2019).

Although with already known properties, there is a lack of understanding about
the molecular responses of cells to CoCr alloy, and better evaluating CoCr-based alloys
at metabolic glance seems being important issue to be addressed. Previously, we have
reported that biomaterials interact with cells, tissue or body involving a very dynamic
mechanism and those materials release molecules and debris able to affect surrounding
and interacting cells by interfering on cell adhesion, proliferation and differentiation in
bone microenvironment (DA COSTA FERNANDES et al., 2018b; DA S. FELTRAN et
al., 2019; ROSSI et al., 2017). Still considering the reactional tissue surrounding the
implanted devices, several cell types should be affected by the implant-released
molecules such as osteogenic and endothelial cells.

Taken into account bone as a dynamic and regenerative tissue, in some special
clinical conditions there is a need for additional support by using appropriate biomaterial
in order to recover faster the patients. Conversely, during the bone growth and
regeneration it is required a dynamic coupling between angiogenesis and osteogenesis
(KUSUMBE; ADAMS, 2014; KUSUMBE; RAMASAMY; ADAMS, 2014,
RAMASAMY et al., 2016), which should be better investigated during osseointegration.
Overall, the vascular tissue plays essential roles during regenerative processes and its role
in biomaterial-related osseointegration is barely known (PRGEETH PANDULA et al.,
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2014; RODRIGUES MARTINS et al., [s.d.]) , as well as its influence on extracellular
matrix remodeling by considering matrix metalloproteinases (MMPs) activities, which
they have already been reported in bone tissue healing (TOKUHARA et al., 2019).
Satisfactorily, the modulation of the MMPs activities seems regulate this coupling
between angiogenesis and osteogenesis and needs to be better addressed in biomaterial-
related reactional tissue remodeling.

Considering the multifactorial factors of bone healing, osteogenesis is
indispensable for the regenerative fracture purposes and its potential coupling with
angiocrine signals (metabolites) during implant-related osteointegration seems play an
important hub. In order to better address this issue by using in vitro strategies, we have
identified a new mechanism involving endothelial cell metabolites in providing a
repertoire of angiocrine signals to drive osteoblast differentiation in response to CoCr-
enriched medium. In this study, we also considered to mimic vascular performance by
subjecting endothelial cells to a shear stress model, as reported previously elsewhere
(PINTO et al., 2019).

MATERIAL AND METHODS

Materials and CoCr discs.

The CoCr alloy discs were obtained from S.I.N. (Sdo Paulo, SP, Brazil). To
distinguish the surfaces evaluated in this study, a supplemental surface treatment was
conducted by subjecting the CoCr discs to conventional Dual Acid-Etched (DAE), as
widespread described (ZAREIDOOST et al.,, 2012). The cell culture flasks were
purchased from TPP (Trasadingen, Switzerland) and the cell culture media and reagents
from Nutricell (Campinas, Sao Paulo, Brazil). The primers were purchased from Exxtend
- SolugBes em Oligos (Paulinia, Sao Paulo, Brazil), Gotag gPCR master mix (A6002) was
from PROMEGA (Madison, Wisconsin, EUA), and all other chemicals were of analytical
grade and they were from Sigma — Aldrich Co (St. Louis, MO).

Cell cultures.

The Human Umbilical Vein Endothelial Cells (HUVECs) and pre-osteoblasts
(MC3T3-E1, subclone 4) were obtained from ATCC and maintained in this study as
recommended by the manufacturer guidelines. Briefly, the cells were maintained at 37°C
and 95% humidity in 5% of CO: in incubator with the specific cell culture medium
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containing antibiotics (100 U/mL penicillin, 100 mg/mL streptomycin) and supplemented
with 10% Fetal Serum Bovine (FBS) (Nutricell, Campinas, SP, Brazil). The cells were
subjected to CoCr-enriched medium — to evaluate the cell metabolism by investigating
specific gene markers. The Fig.1 depicts the experimental design proposed in this study

and summarizes the experimental groups evaluated as follows:

1. Firstly, endothelial cells were subjected to CoCr-enriched medium up to 72 hours
under shear stress or not (dynamic and static, respectively), the following groups
were considered: 1. Control (Ctrl) — culture cells grown in classical cell culture
medium; 2. Wo/DAE - endothelial cells were subjected to CoCr (Wo/DAE)-
enriched medium; 3. W/DAE: endothelial cells were subjected to CoCr (W/DAE)-
enriched medium;

2. Secondly, the metabolites of endothelial cell were used to further challenge
osteoblasts up to 72 hours, and the following groups were considered: 1. Control
(Ctrl): osteoblasts were cultured in classical cell culture medium; 2. HUVEC:
osteoblasts were maintained in endothelial cell-conditioned medium (also
considered an internal control); 3. HUVEC (Wo/DAE): osteoblasts were treated
with endothelial cell metabolites released in response to CoCr (Wo/DAE)-
enriched medium; 4. HUVEC (W/DAE): osteoblasts were treated with endothelial
cell metabolites released in response to CoCr (W/DAE)-enriched medium.

Preparation of CoCr-enriched medium

Previously, CoCr discs presenting dual acid-etching (DAE) treating surface
(W/DAE; n=6) and the machined surfaces (wo/DAE; n=6) were incubated in cell FBS-
free culture media up to 24 h at 37°C into a CO: incubator, according to the ISO
10993:2016 guideline with slight modifications (0.2 g/mL w/v) to prepare the CoCr-
enriched medium. Thereafter, the CoCr-enriched medium was properly harvested to
further subject endothelial cells (MACHADO et al., 2019). To better mimic physiological
hemodynamic forces of blood flow, we considered subjecting endothelial cells to shear
stress in vitro up to 72h, as we have proposed earlier elsewhere (please, see 2.4 section
for details). Thereafter, the endothelial-containing metabolites was late harvested to

subject osteoblasts up to 72 hours (Fig.1).

Laminar shear-stress tensional forces model in vitro
Modified 100mm of diameter culture dishes (Fig.1c-d) were previously prepared
to subject HUVECs to the shear-stress model at the peripheral ring. These modified

culture dishes were developed by bonding at the bottom a 60mm culture dishes at the
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center of the 200mm culture dishes using medical silicone and thereafter the dishes were
sterilized using UV light for 30 min. We have previously tested the toxicity of the medical
silicone and any cytotoxicity was found (data not shown). Confluent HUVEC cultures,
previously seeded onto the peripheral ring of the culture dishes, were subjected to the
tensional forces induced by an orbital shear-stress as previous studies (ABE; BERK,
2014; DA SILVA et al., 2019; DELA PAZ et al., 2012; PINTO et al., 2019) by using an
orbital shaker (Scilogex, Rocky Hill, CT) positioned inside of the cell culture incubator
at 37°C in the presence of CO,. To achieve the physiologic flow pressure the shear-stress
across each monolayer was calculated approximately as the maximal shear-stress: tmax
= aVpn(2nf)?, in which tmax (Pascal) is the shear-stress, o is the radius of the orbital
rotation (12 cm), p is the density of the cell culture medium (937.5kg/m?), n is the
viscosity of the cell culture medium (7.5 x 10 Pa s) and [ is the frequency of rotation.
By using this equation, a pressure of ~3 Pa was attained at a rotating frequency of 100
rpm, which is within the range of physiological arterial shear-stress, normal pressure (~1-
4 Pa).

Quantification of Co by graphite furnace atomic absorption spectrometry (GFAAS).

To quantify cobalt (Co), 10 uL of each sample was followed to the analysis of Co
content in the Co-Cr-enriched medium. The first analysis was made with the CoCr-
enriched medium before the treatments, and then after the culture medium was used to
treat the endothelial cell some aliquots were collected to do another evaluation. Finally,
the CoCr-enriched medium used to treat osteoblasts was later investigated regarding the
Co amount, totalizing three independent measurements. The evaluation was carried out
by GFAAS using SHIMADZU model AA-6800 atomic absorption spectrometer. This
spectrometer was equipped with a background absorption corrector with a self-reverse
system (SR) a pyrolytic graphite tube with an integrated platform and an ASC-6100
automatic sampler. They were used Shimadzu hollow cathode lamp of Co operated at a
minimum current of 12 mA and a maximum current of 400 mA (currently used in
background correction — BG). The wavelength used was 357.9 nm for cobalt, and the
spectral resolution was 0.5 nm. Argon was used as the inert gas, and a constant flow of 1
L min-1 was maintained during the entire heating program except for the atomization
stage, during which the gas flow was stopped. The absorbance measurements (based on
the peak area) were carried out in triplicate. The graphite tube’s heating program
optimized for cobalt determination was based on the procedure described by Silva et al.
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(2006) (SILVA et al., 2006) with some modification and it is described in following:
Drying temperature — 120/250°C; Pyrolysis temperature — 900/1400°C; Atomization
temperature — 2600°C and Cleanup temperature — 2800°C.

Protein carbonylation

HUVECs were grown in Co-Cr enriched medium and properly harvested for
evaluating the protein’s carbonylation as an indicator of oxidative stress using the alkaline
method as described by Mesquita et al. (2014) (CS et al., 2014). The protein carbonyl
concentrations were based on the average absorbances and the micromolar extinction
coefficient of 2,4-Dinitrophenylhydrazine (DNPH) reagent under alkaline conditions
(0.022308 pmol cm™* at 450 nm). Carbonylated proteins levels are expressed in nmol of
DNPH/mg of protein.

MRNA isolation and RTgPCR analysis

The CoCr-enriched medium containing metabolites from HUVECs (under both
static and dynamic conditions) was used to challenge semiconfluent cultures of
osteoblasts up to 72 hours (Fig.1), when the cells and the medium were harvested using
TriZOL (Life Sciences, Thermo Fisher Scientific Inc., Walthan, MA). To properly isolate
the total mRNA, the DNase | (Invitrogen, Carlsbad, CA) was added, and the
quantification accomplished using a microplate reader (Synergyhtx multi-mode reader,
Biotek, USA). Thereafter, complementary DNA (cDNA) synthesis was performed with
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA)
according to the manufacturer’s instructions. The Real-Time gPCR was carried out to
evaluate the expression of the specific genes, listed in Table 1, in a total of 10 pL,
containing PowerUpTM SYBRTM Green Master Mix 2x (5 puL; Applied Biosystems,
Foster City, CA), 0,4 uM of each primer, 50 ng of cDNA and nuclease free water. The
results were expressed as relative amounts of the transcripts using glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) as a housekeeping gene, using the cycle threshold
(Ct) method.
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TABLE 1. Primers sequences and quantitative polymerase chain reaction cycle

conditions.
Gene Primer 5'-3" Sequence Reaction condition
RUNX2 Forward GGACGAGGCAAGAGTTTCA 95°C - 15s; 60°C -
Reverse TGGTGCAGAGTTCAGGGAG 30s; 72°C - 60s
Osterix Forward CCCTTCCCTCACTCATTTCC 95°C - 15s; 60°C -
Reverse CAACCGCCTTGGGCTTAT 30s; 72°C - 60s
ALP Forward GAAGTCCGTGGGCATCGT 95°C - 15s; 60°C -
Reverse CAGTGCGGTTCCAGACATAG 30s; 72°C - 60s
Osteocalcin Forward AGACTCCGGCGCTACCTT 95°C - 15s; 60°C -
Reverse CTCGTCACAAGCAGGGTTAAG 30s; 72°C - 60s
BSP Forward GTACCGGCCACGCTACTTTCT 95°C - 15s; 60°C -
Reverse GTTGACCGCCAGCTCGTTTT 30s; 72°C - 60s
Collal Forward ATGACGTGATCTGTGACGAGAC | 95°C - 15s; 60°C -
Reverse TTCTTGGTCGGTGGGTGAC 30s; 72°C - 60s
Col3al Forward GACCTGAAATTCTGCCATCC 95°C - 15s; 60°C -
Reverse GCATGTTTCCCCAGTTTCC 30s; 72°C - 60s
Mmp2 Forward AACTTTGAGAAGGATGGCAAGT | 95°C - 15s; 60°C -
Reverse TGCCACCCATGGTAAACAA 30s; 72°C - 60s
Mmp9 Forward TGTGCCCTGGAACTCACACGAC | 95°C - 15s; 60°C -
Reverse ACGTCGTCCACCTGGTTCACCT 30s; 72°C - 60s
Timp1 Forward ATCCTCTTGTTGCTATCACTG 95°C - 15s; 60°C -
Reverse GGTCTCGTTGATTTCTGGG 30s; 72°C - 60s
Timp2 Forward GCAACAGGCGTTTTGCAATG 95°C - 15s; 60°C -
Reverse CGGAATCCACCTCCTTCTCG 30s; 72°C - 60s
Forward CATAAAGTCTGCAACATGGAAG
HIFla GT 95°C - 15s; 60°C -
ATTTGATGGGTGAGGAATGGGT | 30s; 72°C - 60s
Reverse T
Forward TGCAGATTATGCGGATCAAACC 95°C - 155 60°C -
VEGF TGCATTCACATTTGTTGTGCTGT ’
Reverse AG 30s; 72°C - 60s
ANOS Forward GGATCACATGTTCGGTGTTCAG | 95°C - 15s; 60°C -
Reverse CCCAACTTTGCGCTTGAAGA 30s; 72°C - 60s
eNOS Forward TATTTGATGCTCGGGACTGC 95°C - 15s; 60°C -
Reverse AAGATTGCCTCGGTTTGTTG 30s; 72°C - 60s
Gapdh Forward AGGCCGGTGCTGAGTATGTC 95°C - 15s; 60°C -
Reverse TGCCTGCTTC ACCACCTTCT 30s; 72°C - 60s
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MMPs-2 and -9 activities were determined by a gelatin proteolysis-based
zymography

Conditioned medium was harvested during the timeline of the experimental
design to estimate the extracellular matrix remodeling stimulus by measuring the MMPs
activities through the zymography technology (GOMES et al.,, 2020; OKINO-
DELGADO et al., 2017). The osteoblast-obtained culture medium was centrifugated at
14,000 rpm for 15 min to avoid cell debris and later the protein concentration was
determined by the Lowry method (HARTREE, 1972). The same amount of protein was
resolved into a 12% polyacrylamide gel containing 4% gelatin. The gelatinolytic activity
was evaluated in the resolved proteins gels, thereafter their renaturation using Triton X-
100 aqueous solution (2% wi/v), incubated for 18 hours in proteolysis buffer (Tris —
CaCly) at 37°C and then stained with Coomassie Blue R- 250 dye solution 0.05% for 3
hours, when the gels were washed in a 30% methanol (v/v) and 10% glacial acetic acid
solution (v/v). The opposite staining was obtained in the gels exactly where was the
gelatinolytic activity (bands) of metalloproteinases 2 (MMP2, ~62 kDa) and 9 (MMP9,
~84 kDa), and then they were analyzed using software ImageJ (Bethesda, MD), following
a previous study (LEFEBVRE; PEETERS-JORIS; VAES, 1991).

Statistical analysis

Results are represented as mean + standard error of the mean of the replicates of
each experiment (n = 3). The samples assumed a normal distribution with p<0.05
considered statistically significant and p<0.001 considered highly significant. The
statistical analyses were performed using analysis of variance (two —way ANOVA) with
multiple comparisons, in order to compare all pairs of groups, combined with appropriate
Bonferroni’s correction posttest, or nonparametric analysis. In this case, the significance
level was considered when alpha=0.05 (95% confidence interval). The software used was
GraphPad Prism 7 (GraphPad Software, La Jolla, CA).

RESULTS
Changes on cobalt amount into cell cultures suggest endothelial cells and osteoblasts

capture
Firstly, in order to evaluate whether CoCr discs interacts with the medium,
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concentration of cobalt (Co) was measured through the GFAAS technology. Importantly,
our data shows a significant release of Co by the both CoCr w/DAE and CoCr wo/DAE
discs, when compared with the control (Ctrl) - it being about 1.5 and 1.7 ng/mL of Co
released by wo/DAE and w/DAE discs, respectively (Fig.1a). Thereafter, this CoCr-
enriched medium was later used to treat endothelial cells up to 72 hours; thereafter, the
cell culture medium was collected to measure the Co amount again in order to estimate
whether endothelial cells were able to capture Co. Surprisingly, the data shows that
HUVEC captures about 30% of the Co amount, once the concentration of Co was
significantly decreased to about 1 and 1.4 ng/mL in wo/DAE and w/DAE, respectively
(Fig.1b; Fig.S1a). As endothelial cell modulates osteoblast performance, we decided
harvest the endothelial cell-conditioned medium to later treat pre-osteoblasts up to 72h.
Thereafter treating osteoblasts, the conditioned medium was newly harvested to evaluate
Co amount and the data shows that osteoblast also is able to capture significant content
of Co, as it being the concentration decreased from 1 and 1.4 to about 0.57 and 0.7 ng/mL
in the wo/DAE and w/DAE, respectively (Fig.1c; Fig.S1b).
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Fig.1. Schematization of the experimental design performed in this study. Discs of
Cobalt-Chromium without DAE (CoCr/wo) and with DAE (CoCr/w) on their surfaces
were used to enrich the culture medium for 24h, when the Co (Cobalt) content was
measured (a). The human umbilical vein endothelial cells (passage <10) were seeded in
the periphery of modified 100-mm culture dishes (*), treated with the CoCr-enriched
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medium and subjected or not to shear-stress up to 72 h, when the culture medium was
collected to allow Co content measurement (b). Thereafter, the HUVEC metabolites
responding to CoCr-enriched medium was used to treat pre-osteoblasts MC3T3-E1
(passage < 10) up to 72h, when samples were newly collected to measure Co content (c).
Statistics: *p<0.05; ***p<0.0002; ****p<0.0001; ****p<0.0001. Note: This figure was
created using Servier Medical Art templates, which are licensed under a Creative
Commons Attribution 3. Unported License; https://smart.servier.com.
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Figure S1. Differences in Co concentration in the culture medium. The graphite
furnace atomic absorption spectrometry (GFAAS) shows variations in Cobalt content
through different conditions, the graphs show the comparisons and the significant
changes between measurements , firstly, as expected the Co-Cr-enriched medium showed
significant more content of cobalt when compared with Ctrl, being the Co-Cr/Wo and
Co-Cr/W group about 1.5 and 1.7 ng/ml respectively (black bars), and after the
endothelial cell treatment (static) another measurement was carried out and showed a
decrease in the content of the Cobalt concentration to about 1 and 1.4 ng/ml respectively
(gray bars)(a). A comparison of dosages, after endothelial cell conditioning (gray bars)
and after osteoblast treatments (yellow bar) revealed more differences in Cobalt content
measurements, the values of Co content in culture medium after be conditionate by
endothelial cell, and be used to treat osteoblasts for 72 h show a decrease in Co
concentration to about 0.57 and 0.7 ng/mL in the Wo/DAE and W/DAE, respectively (b).
Statistics: ****p<0.0001.

Endothelial cell gene biomarkers are up-expressed in HUVECs responding to CoCr-
enriched medium

Endothelial cells were subjected to CoCr-enriched medium up to 72 hours, when
biological samples were collected to allow analyzing specific genes related to endothelial
phenotype, such as HIF1la, VEGF, nNOS and eNOS. HIFla gene was up-expressed in
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response to W/DAE and shear stress (Dynamic), while considering the static condition
both wo/DAE and w/DAE promoted down-expression (Fig.2a). Importantly, VEGF gene
was significantly up-expressed in response to wo/DAE-conditioned medium, mainly
considering the shear stress (Fig.2b). Considering Nitric Oxide Synthases (NOS), we
have investigated eNOS and nNOS, and our data shows that CoCr-enriched medium
associated with shear stress mechanism promotes significant higher expression of nNOS,
it being about 5-fold changes in response to wo/DAE and about 10-fold changes in
response to W/DAE (Fig.2c), while eNOS was up-expressed in response to wo/DAE at
static condition (Fig.2d).
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Fig.2. CoCr-enriched medium modulates the expression of genes involved with
angiogenesis. Endothelial cells were subjected to CoCr-enriched medium up to 72 hours,
when the samples were harvested to perform gPCR technology. Endothelial cell
phenotype-related genes were as follows: a) HIF-1a; b) VEGF, c) nNOS, and d) eNOS.
GAPDH gene was a housekeeping gene and the data used to normalize the results.
Significances were considered when: *p<0.0265; ***p<0.003; ****p<0.0001;
*p<0.0305; **p<0.0038; ***p 0.001; ****p<0.0001; *** p<0.0003; P*°Pp<0.0001; p<0.0171;
%p<0.0001.

Additionally, we have also investigated whether these cells were suffering
effects of Reactive Oxygen Stress (ROS) by evaluating the global protein carbonylation,

once this biochemical marker is a type of protein oxidation strongly related with ROS.
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Importantly, the Fig.3 brings that endothelial cells subjected to CoCr-enriched medium
up to 72 hours presented a lower profile of protein carbonylation, it being more significant
in endothelial cells subjected to W/DAE. To note, the Fig.1 shows that CoCr/w group

was the biomaterial that released higher amount of cobalt.
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Fig.3. Protein carbonylation of endothelial cells subjected to Co-Cr-enriched
medium. Protein carbonyl formation (x SE) of HUVECs subjected to different
conditions: control cultures (Ctrl), Co-Cr-without dual acid-etched (Co-Cr/Wo)-enriched
medium, and Co-Cr-with dual acid-etched (Co-Cr/W)-enriched medium. Comparison by

One-way ANOVA with Tukey or Kruskal- Wallis post-hoc. Statistics: *p = 0.0208; **p
=0.0021; ***p = 0.0001).

Pivotal marker genes in osteogenic differentiation were evaluated in osteoblasts
responding to HUVEC metabolites
Gene expression analysis is a very interesting strategy to evaluate whether
environmental changes modulates cell phenotype. In this study, we have used gPCR
technology to evaluate whether osteogenic gene markers were modulated in response to
endothelial cell metabolites produced in response to CoCr-enriched medium. Technically,
we have included 3 reference control groups as follows: osteoblasts cultures grown in
conventional cell culture media (Ctrl), osteoblast cultures grown in osteogenic medium
(0.M.), and osteoblast cultures grown in conditioned medium by HUVEC (without any
treatment).
Firstly, the both major transcription factors of osteoblast differentiation, Runx2
and Osterix genes, were evaluated in this study, and our data shows there is a significant

activation of Runx2 gene by osteoblasts responding to HUVEC-conditioned medium
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subjected to shear stress and concomitant to CoCr-w/DAE, while the positive control
(O.M.) activates Osterix gene (Fig.4a-b), and this expression validates the osteogenic
profile of this lineage. Importantly, HUVEC-conditioned medium (without any treatment
with CoCr-enriched medium) does not stimulate the expression of both Runx2 and
Osterix genes. Later, others marker genes in osteogenic differentiation were also
investigated in this study, and Alkaline Phosphate (ALP) gene was significantly changed
by metabolites of endothelial cells responding to CoCr-enriched medium (about 15-fold
changes), and this difference was even more significant considering the metabolites of
shear-stressed endothelial cells responding to w/DAE (Fig.4c). Osteogenic Medium
(O.M.) promoted higher expression of ALP gene comparing to Ctrl cultures (about 5-fold
changes). Additionally, osteocalcin gene was significantly higher in osteoblasts
responding to shear stressed HUVEC (about 5-fold changes) and shear stressed HUVEC
subjecting to w/DAE (about 15-fold changes), while O.M. also promotes its up-
expression (Fig.4d).

Finally, the Bone Sialoprotein (BSP) gene was significantly changed in response
to the CoCr-enriched medium (Fig.4e). Specifically, BSP was up-expressed in response
to O.M., and significantly higher in osteoblasts responding to wo/DAE and w/DAE, both
when HUVECs were maintained under shear-stress condition (Dynamic). To note, BSP
gene is related with late processes of osteoblast differentiation and mineralization
(GANSS; KIM; SODEK, 1999; KRUGER; MILLER; WANG, 2013).
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Fig.4. Pivotal marker genes in osteogenic differentiation were evaluated. qPCR
technology was run to evaluate genes related with osteoblast differentiation, as follows:
Runx2 (a), Osterix (b), ALP (c), Osteocalcin (d), and BSP (e). The data shows strong
involvement of those genes in response to Shear-Stressed endothelial metabolites
responding to W/DAE. GAPDH gene was a housekeeping gene and the data used to
normalize the results. Significances were considered when: *p<0.0220; **p<0.0012;
***n<0.0005; ****p<0.0001; *p<0.0128; **p<0.0033; **p<0.0002; ***p<0.0001;
&&&&n<0.0001; P<0.0335; **p<0.0062; **p<0.0005; ****p<0.0001; 2p<0.0350;
88230<(),00001; "°PPp<0.0001; % p<0.0001.

Metabolic effects of CoCr-enriched medium in ECM remodeling stimulus

We have extensively reported earlier the importance of the ECM remodeling
during osteoblast adhesion, proliferation and differentiation responding to different
biomaterials in vitro (ACCORSI-MENDONCA et al., 2008; COSTA FERNANDES;
ZAMBUZZI, 2020; FERNANDES et al., 2018a; TOKUHARA et al., 2019; ZAMBUZZI
et al., 2009). In this study, we have tested this hypothesis by analyzing MMPs-2 and -9
at transcriptional pattern as well as their enzymatic activities. Additionally, tissue
inhibitors of MMPs (TIMP1 and TIMP2 genes) were also investigated by RT-qPCR
technology. Considering ECM remodeling, we firstly analyzed the expression of Col1Al
(Fig.5a) and Col3Al genes (Fig.5b). Col1Al gene was up-expressed in response to O.M.
as expected, and this gene was significantly higher when osteoblasts were subjected to
HUVEC metabolites responding to wo/DAE at static condition. Shear-stressed
endothelial cells metabolites seem abrogate the Col1Al gene expression, while Col3Al
gene was significantly down-expressed in response to CoCr-enriched medium.

Secondly, MMP-2 and MMP-9 genes were investigated (Fig.5c,d), and only

HUVEC metabolites responding to wo/DAE at static condition promoted up-expression
of MMP-9 gene. Conversely, CoCr-enriched medium was identified up-modulating the
expression of MMPs inhibitors: TIMP1 gene was about 50-fold changes higher in
osteoblasts responding to wo/DAE at static condition (Fig.5e), while w/DAE promoted
about 40-fold changes at dynamic condition (shear-stress). TIMP2 gene presented a very
similar profile, both wo/DAE and w/DAE promoted higher mRNA profile (Fig.5f).
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Fig.5. ECM remodeling-related genes. To investigate ECM remodeling-related genes
expression profile, mMRNA of Collal (a), Col3al (b), Mmp2 (c), Mmp9 (d), as well as
the MMPs inhibitors Timpl (e), and Timp2 (f) were investigated. Statistics: *p<0.0370;
**p<0.0024; ****p<0.0001; *p<0.0019; **p<0.0061; **p<0.0010; **p<0.0001;
4p<0.0294; %%p<0.0064; %%%p<0.0008; &&&&p<0.0001; °p<0.0335; **p<0.0062;
®*n<0.0005; °p<0.0234; **p<0.0086; ***p<0.0008; ****p<0.0001; °Pp<0.0072;
bbbbn<0.0001; ©p<0.0045; ©°cp<0.0001.

Finally, zymography methodology was later used to evaluate the enzymatic
activities of both MMPs-2 and -9. Zymogram analysis reveals a differential behavior of
MMPs activities in response to metabolites of HUVEC under static (Fig.6a) and dynamic
(shear-stress; Fig.6b) conditions, also considering if subjected with wo/DAE and w/DAE.
Both MMP-2 and MMP-9, at their active form, were up-activated in response to shear-

stressed endothelial cells (Fig.6c-e).
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Fig.6. Gelatinolytic activities were measured by zymography. The gelatinolytic
activities of MMPs 2 and 9 were analyzed by the zymography technique. The conditioned
medium was harvested from osteoblasts cultures responding to metabolites of endothelial
cells. Thereafter, proteins were resolved, considering Static (a) and dynamic (b)
conditions. Gels were stained and the bands analyzed by densitometric measurements.
Statistics: *p<0.0319; **p<0.0043; ***p<0.0002; ****p<0.0001; *p<0.0041;
##0<0.0005; *##p<0.0001; 4p<0.0461; %%p<0.0047; %&%p<0.0005; &&&&p<0.0001;
®p<0.0160; **p<0.0038; ***p<0.0009; ****p<0.0001; 33p<0.0001; **p<0.00001;
bbbn<0.003; PPPPp<0.0001; *p<0.0092; ©*p<0.0001.
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DISCUSSION

Bone growth and healing require a well-orchestrated mechanism involving
coupled signals by active cells such as osteoblasts and endothelial cells, which play
decisive roles during bone remodeling and this is hypothesized surrounding dental
implants driving the osseointegration. Besides releasing active angiocrine signals
(DIOMEDE et al., 2020), endothelial cells also are involved with the vascular network
surrounding the biomaterials offering nutrients, oxygen and the traffic of undifferentiated
cells. Importantly, we have previously reported that implantable biomaterials are able to
regulate cell metabolism away by releasing active molecules which are decisive to
organize the implant-related microenvironment to later favor osteoblast differentiation
and osteogenesis (DA COSTA FERNANDES et al., 2018c, 2018a; DA SILVA et al.,
2018; FERNANDES et al., 2018b; MACHADO et al., 2019). Although some progress
has been made regarding the comprehension of biological behavior in response to
titanium alloys, very few is known about CoCr alloy. This prompted us to investigate the
metabolite effect of CoCr-induced endothelial cells on marker genes in osteogenic
differentiation and ECM remodeling process, important issues occurring during bone
healing and osseointegration (GEMINI-PIPERNI et al., 2014).

CoCr-enriched medium was obtained by incubating CoCr discs into FBS-free
cell culture medium up to 24 hours (FERNANDES et al., 2018b; MACHADO et al.,
2019) and this condition promoted significant release of Co amount, which was captured
by endothelial cells and probable this modified their metabolism. VVery important consider
that cobalt is a chemical-inducing hypoxia agent and could affect cell activity
(WAGATSUMA etal., 2020). In fact, the hypoxia condition seems explain the significant
decrease of protein carbonylation in endothelial cells subjected to CoCr-enriched
medium, once this is a type of protein oxidation that can be promoted by reactive oxygen
species, forming reactive ketones or aldehydes that can be reacted by 24-
dinitrophenylhydrazine (DNPH) to form hydrazones (SUZUKI; CARINI;
BUTTERFIELD, 2010). Moreover, this hypoxia effect is also observed affecting the
expression of HIF 1 a in shear-stressed endothelial cells subjected to the higher amount of
cobalt. Additionally, we have investigated better the effect of CoCr-enriched medium in
endothelial cells by analyzing the expression of genes related with endothelial cell
phenotype, such as VEGF and NOS (nNOS and eNOS). Curiously, nNOS gene was
higher expressed in response to CoCr in shear-stressed endothelial cells and this NOS is
expected to release nitric oxide (NO). These results corroborate with previously published
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study which we have shown the up-activation of AKT in response to CoCr (MACHADO
et al., 2019), once AKT is known to drive NO release and ameliorate shear-stressed
endothelial cell performance.

Considering osteogenic stimulus of CoCr alloys, we have reported in this study
that metabolites released by endothelial cells responding to CoCr are able to drive the
activation of important genes related with osteoblast differentiation by earlier requiring
Runx2. Importantly, ALP, Osteocalcin and BSP genes were also activated mainly in
response to metabolites from shear-stressed endothelial cells responding to w/DAE. This
difference between w/DAE and wo/DAE responses can be explained by the amount of
Co released to cell culture medium in both conditions (Fig.1), maybe triggering
differentially hypoxia-based pathways. The oxygen availability directly compromises the
energy metabolism of the cells and it seems being modulate by CoCr-enriched medium
(HANNAMH et al., 2020). In osteoblasts, we suggest that this hypoxia environment can
requires the expression of osteocalcin. This is reasonable suggest osteocalcin as a
endocrine molecule able to modulate energy metabolism and the insulin secretion by R-
islets in pancreas (KARSENTY, 2017; KARSENTY; FERRON, 2012; LEE;
KARSENTY, 2008; ZHANG; RIDDLE; CLEMENS, 2015). In fact, osteocalcin was
higher expressed in response to metabolites of shear-stressed cells responding to CoCr,
and it is expected osteocalcin playing dual roles contributing with osteogenesis and
energy metabolism modulation [41](MABILLEAU et al., 2008). The results presented in
this study clearly show the coupling between endothelial cells and osteoblasts and this
communication between them can be modulated by soluble proteins and extracellular
vesicles, such as exosomes(BARUAH; WARY, 2019), but new studies are called for
better investigating this hypothesis.

The remodeling of bone surrounding the implanted metal devices is an important
mechanism required by the hierarchical steps of osseointegration, affecting osteoblast
survival and differentiation (BARONCELLI et al., 2019; COSTA FERNANDES;
ZAMBUZZI, 2020; FERNANDES et al., 2019; MARUMOTO et al., 2017). Thus, it is
necessary better understand the involvement of matrix metalloproteinases (MMPSs) and
collagen expression in response to biomaterials. In this study, we have shown that
metabolites released by endothelial responding to CoCr affect osteoblast phenotype and
modulates ECM remodeling by promoting higher activities of both MMPs-2 and -9, as
well as modulating the expression of TIMPs1 and 2. In conjunction, these data suggests
a well-modulated mechanism of ECM remodeling in response to CoCr-enriched medium.
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Taken the data into account, this study shows there is a crosstalk between
endothelial cells and osteoblasts in response to CoCr-enriched medium and this
communication favors osteoblast differentiation and ECM remodeling in vitro, maybe
stimulated by the Cobalt-induced hypoxia. This study opens new avenues to better
understand the cellular and molecular requirements during osseointegration of CoCr
devices and it requires better evaluation of these outcomes in preclinical protocols by
enriching biomaterials (such as hydroxyapatite and B-tricalcium phosphate) with
metabolites of endothelial cells and osteoblasts responding to CoCr-enriched medium
looking for enhancing bone healing in order to claim this strategy in clinical purposes in

the future.
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DISCUSSAO

O desenvolvimento e regeneracdo do 0SSO requerem mecanismos bem
orquestrados envolvendo sinais acoplados por células ativas como osteoblastos e células
endoteliais, que desempenham papéis decisivos também durante sua remodelacdo dssea
e isto é uma hipotese ao redor dos implantes dentéarios que dirigem a osseointegrag&o.
Além de liberar sinais angiocrinos (DIOMEDE et al., 2020) células endoteliais também
estdo envolvidas com a rede vascular que envolve os biomateriais oferecendo nutrientes,
oxigénio e o trafego de células indiferenciadas. E importante ressaltar que os biomateriais
implantaveis sdo capazes de regular o metabolismo celular através da liberagdo de
moléculas ativas que sdo decisivas para organizar o microambiente relacionado ao
implante para posteriormente favorecer a diferenciacdo e osteoblastos e a osteogénese
(DA COSTA FERNANDES et al., 2018a; DA SILVA et al., 2018; FERNANDES et al.,
2018b; MACHADO et al., 2019). Embora algum progresso tenha sido feito em relacéo a
compreensdo do comportamento bioldgico em resposta as ligas de titanio, muito pouco
se sabe sobre a liga CoCr. Isto nos levou a investigar o efeito metabdlico das células
endoteliais induzidas pelo CoCr sobre os genes marcadores na diferenciacao osteogénica
e no processo de remodelacdo do ECM, questbes importantes que ocorrem durante a
cicatrizacdo dssea e a osteointegracdo (GEMINI-PIPERNI et al., 2014).

O meio enriquecido com CoCr foi obtido através da incubacédo de discos CoCr
em meio de cultura celular livre de FBS por até 24 horas (FERNANDES et al., 2018b;
MACHADO et al., 2019) e esta condi¢do promoveu liberacéo significativa da quantidade
de Co, que foi capturada pelas células endoteliais e provavelmente isso modificou seu
metabolismo. Muito importante considerar que o cobalto é um agente quimico indutor de
hipoxia e pode afetar a atividade celular (WAGATSUMA et al., 2020). De fato, a
condicédo de hipoxia parece explicar a diminuicéo significativa da carbonilagéo protéica
nas células endoteliais submetidas ao meio enriquecido com CoCr, uma vez que este é
um tipo de oxidag&o protéica que pode ser promovido por espécies reativas de oxigénio,
formando cetonas reativas ou aldeidos que podem ser reagidos por 2,4-
dinitrofenilidrazina (DNPH) para formar hidrazonas (SUZUKI; CARINI;
BUTTERFIELD, 2010). Além disso, este efeito de hipoxia também é observado afetando
a expressao do HIF1a em células endoteliais submetidas a maior quantidade de cobalto.
Além disso, investigamos melhor o efeito do meio enriquecido com CoCr nas células
endoteliais, analisando a expressdo de genes relacionados com o fen6tipo da célula
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endotelial, tais como VEGF e NOS (nNOS e eNOS). Curiosamente, 0 gene nNOS foi
expresso mais alto em resposta ao CoCr em células endoteliais com cisalhamento e
espera-se que este NOS libere 6xido nitrico (NO), modulando a funcéo dos vasos. Estes
resultados corroboram com o estudo publicado anteriormente, que mostramos a ativacao
do AKT em respostaao CoCr (MACHADO et al., 2019), uma vez que 0 AKT é conhecido
por impulsionar a liberacdo de NO e melhorar o desempenho da célula endotelial sob
cisalhamento.

Considerando o estimulo osteogénico das ligas CoCr, relatamos neste estudo que
0s metabolitos liberados pelas células endoteliais em resposta ao CoCr séo capazes de
impulsionar a ativacdo de genes importantes relacionados com a diferenciagéo
osteoblasto, exigindo inicialmente a expressdo de Runx2. E importante notar que 0s genes
ALP, Osteocalcina e BSP também foram ativados principalmente em resposta a
metabolitos de células endoteliais com tensdo de cisalhamento respondendo a ¢c/DAE.
Esta diferenca bioldgica encontrada entre as respostas as diferentes ligas avaliadas podem
ser explicadas pela quantidade de Co liberada para o meio de cultura celular em ambas
as condicdes, talvez desencadeando caminhos baseados na hipoxia diferencial.

A disponibilidade de oxigénio compromete diretamente o metabolismo
energético das células e parece estar sendo modulada pelo meio enriquecido com CoCr
(HANNAH et al., 2020). Nos osteoblastos, sugerimos que este ambiente de hipoxia pode
exigir a expressdo da osteocalcina, modulando com o metabolismo energético com
oxidacdo de carboidratos. Nossos resultados mostram que a osteocalcina foi mais
expressa em resposta aos metabdlitos das células endoteliais sob cisalhamento e
desafiadas por CoCr, e espera-se que a osteocalcina desempenhe papéis duplos,
contribuindo com a osteogénese e a modulacdo do metabolismo energético (GEMINI-
PIPERNI et al., 2014; MABILLEAU et al., 2008). Os resultados apresentados neste
estudo mostram claramente o acoplamento entre células endoteliais e osteoblastos e esta
comunicacdo entre eles pode ser modulada por proteinas solUveis e vesiculas
extracelulares, tais como exossomos (BARUAH; WARY, 2019), mas novos estudos séo
necessarios para melhor investigar esta hipotese.

A remodelagéo do 0sso que envolve os dispositivos metélicos implantados € um
mecanismo importante exigido pelas etapas hierarquicas da osteointegracdo, afetando a
sobrevivéncia e diferenciacdo dos osteoblastos (COSTA FERNANDES; ZAMBUZZI,
2020; FERNANDES et al., 2019; MARUMOTO et al., 2017). Assim, é necessario

compreender melhor o envolvimento das metaloproteinases matriciais (MMPS) e a
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expressao do colageno em resposta aos biomateriais. Neste estudo, temos mostrado que
os metabdlitos liberados pela resposta endotelial ao CoCr afetam o fen6tipo osteoblasto
e modulam a remodelagcdo da MMPs promovendo atividades mais elevadas tanto das
MMPs-2 como das -9, bem como modulando a expressdo das TIMPs1 e 2. Em conjunto,
estes dados sugerem um mecanismo bem modulado de remodelacdo de ECM em resposta

ao meio enriquecido com CoCr.

CONCLUSAO

Levando em conta os dados obtidos, este estudo mostra que existe uma interacdo
entre células endoteliais e osteoblastos em resposta ao meio enriquecido com CoCr e esta
comunicacdo favorece a diferenciacdo dos osteoblastos e a remodelacédo do ECM in vitro,

talvez estimulada pela hipdxia induzida pelo cobalto.

PERSPECTIVA

Este estudo abre novos caminhos para compreender melhor as exigéncias
celulares e moleculares durante a osteointegracdo dos dispositivos CoCr e requer uma
melhor avaliacdo destes resultados em protocolos pré-clinicos, enriquecendo biomateriais
com metabolitos de células endoteliais e osteoblastos em resposta ao meio enriquecido
com CoCr, procurando melhorar a cicatrizacdo 6ssea a fim de reivindicar esta estratégia
em propositos clinicos no futuro. Seria de grande interesse também realizar a avaliacéo
dos efeitos especificos do cromo, de como ocorre a liberacdo de particulas dentro dessa

liga e a sua interacdo com o organismo.
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