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RESUMO

Devido ao baixo potencial de reparacdo apresentado pela cartilagem articular, as
enfermidades articulares sdo causas frequentes de dor e diminuicdo de desempenho.
Por seu carater crbnico, a osteoartrite representa um desafio aos tratamentos
disponiveis. Assim, novas estratégias e abordagens sédo necessarias para aprimorar o
reparo do tecido cartilaginoso. A engenharia tecidual se destaca neste sentido, valendo-
se da associagao entre biomateriais, células e fatores de crescimento, para promover um
aporte biomecéanico e celular potencialmente benéfico para a reparacdo condral. O
objetivo do presente trabalho foi avaliar os biomarcadores articulares apds tratamento da
osteoartrite experimental em 32 ovinos, utilizando diferentes membranas sintéticas
associadas ou ndo a células-tronco mesenquimais. As membranas constituidas por
polidioxanona apresentaram o0s resultados mais relevantes, incluindo maior
concentracdo de biomarcadores de sintese e menor concentracdo de biomarcadores de
degradacao de matriz extracelular. A comparacéo dos resultados nos diferentes grupos
indica que a associacao de diferentes principios da engenharia tecidual, como a inclusao
de uma fonte celular em um arcabouco, € a estratégia que gera melhores parametros

nos biomarcadores do metabolismo da matriz extracelular condral
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ABSTRACT

Due to the limited repair potential of articular cartilage, joint diseases are a common cause
of pain and low performance. The chronic nature of osteoarthritis is a challenge for the
current treatments. Thus, new strategies and approaches are required to improve
cartilage repair. Tissue engineering rises as a potential treatment option, associating
biomaterials, cells, and growth factors to provide biomechanical and cellular support for
chondral repair. The aim of the present study was to evaluate joint biomarkers after
treatment of experimental osteoarthritis in 32 sheep, using different synthetic membranes
associated or not with mesenchymal stem cells. Membranes made of polydioxanone
presented the most relevant results, including greater concentration of biomarkers of
extracellular matrix synthesis and lower levels of biomarkers of extracellular matrix
degradation. The comparison of the results in the different groups indicates that the
association of different principles of tissue engineering, such as the inclusion of a cellular
source in a scaffold, is the strategy that generates better parameters in the biomarkers of

extracellular matrix metabolism.

Keywords: joint disease; cartilage; collagen; extracellular matrix; polydioxanone.
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1. Introducéo

As articulagdes apresentam caracteristicas Unicas de resisténcia e flexibilidade
simultaneas, diferentemente de outros tecidos do organismo. Dentre 0os componentes
das articulacdes, a cartilagem articular possui importantes peculiaridades. A auséncia de
vasos sanguineos limita a perfusdo de oxigénio e nutrientes para a cartilagem, tornando
0 acesso a essas moléculas mediado estritamente pelo contato com o liquido sinovial,
produzido e absorvido pela membrana sinovial (SCANZELLO, 2022). Tal caracteristica
determina um ritmo metabdlico reduzido, com baixa capacidade de reparacéo tecidual
apos lesdes condrais (VAN WEEREN, 2016).

As lesdes condrais podem decorrer de traumas fisicos, estimulos quimicos ou
envelhecimento. O estresse biomecanico articular, aplicado de forma recorrente, pode
predispor o desenvolvimento de microlesbes no tecido articular, podendo gerar
degradacéao da cartilagem articular (GOLDRING; GOLDRING, 2007).

Independente do fator promotor do desequilibrio, a primeira estrutura articular
afetada é a membrana sinovial. A inflamacao tem inicio quando a membrana sinovial &
exposta a moléculas sinalizadoras, que induzem a producéo de mediadores inflamatérios
gue ativam o sistema imune e tornam a inflamacao ciclica (ARLEEVSKAYA et al., 2019;
LORENTE-SOROLLA et al., 2019), com destruicdo da cartilagem articular. Caso o
estimulo persista, o quadro avancara para um estagio cronico de inflamacéo denominado
osteoartrite, caracterizada pelo envolvimento ndo somente da cartilagem articular e da
membrana sinovial, mas também das estruturas extra-articulares e do osso subcondral

(MCILWRAITH, 2016). O diagnostico das enfermidades articulares deve considerar
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achados de exame clinico e complementares, como radiogréficos, ultrassonogréficos,
tomografia computadorizada e ressonancia magnética (KAWCAK, 2016). Andlises
moleculares revelam importantes dados sobre a articulagdo pela mensuracdo de
biomarcadores capazes de indicar diferentes graus de sintese e degradacdo da
cartilagem e a qualidade do liquido sinovial (GARNERO, 2004; AMEYE et al., 2007;
PRINK et al., 2010).

A urina, o sangue e o liquido sinovial sdo os alvos mais comuns para a analise de
biomarcadores. Destes, o liquido sinovial apresenta como vantagens a maior
concentragdo e maior especificidade de biomarcadores locais (LAMBERT et al., 2021).
Adicionalmente, a andlise do liquido sinovial fornece informag8es sobre a real condicédo
da articulagao avaliada (MANDELL, 2022). Portanto, a mensuracdo de biomarcadores
no liquido sinovial em situacdes experimentais € uma maneira objetiva de avaliar a
resposta a diferentes tratamentos que visem promover a reparacdo da cartilagem
articular.

1.1 Objetivo

O objetivo do presente trabalho foi avaliar os biomarcadores de sintese e
degradacao da matriz extracelular condral apos tratamento da osteoartrite experimental
em ovinos, utilizando diferentes membranas sintéticas associadas ou ndo a células-

tronco mesenquimais.

2. Revisdo de Literatura



14

A estrutura tipica de uma articulacédo sinovial inclui tecidos que, embora tenham
em comum sua origem mesodermal conjuntiva, sdo morfoldégica e funcionalmente
distintos, agindo conjuntamente para garantir a movimentag&o entre dois ou mais 0SS0sS.

O perfeito funcionamento das estruturas articulares garante a congruéncia entre
as extremidades 0sseas, a absor¢cdo do impacto recebido, a diminuigdo do atrito entre
as extremidades d6sseas e a execugdo precisa dos diversos movimentos que 0 cOrpo
realiza. As articulagbes devem ser resistentes, visto que recebem carga similar a carga
exercida sobre os ossos durante o movimento. Contudo, ao mesmo tempo também
precisam ser flexiveis e suaves, para absorver os impactos e garantir o0 menor atrito
possivel (VAN WEEREN, 2016).

Os tecidos responséaveis por manter o equilibrio entre resisténcia e flexibilidade
sinoviais sdo a membrana sinovial, a capsula articular fibrosa, a cartilagem articular, o
0sso subcondral, a cavidade sinovial contendo liquido sinovial, e os ligamentos
colaterais, os intra-articulares e os extra-articulares (JUNQUEIRA, 2018).

A cépsula articular une as extremidades ésseas, delimitando uma cavidade
circunscrita denominada cavidade sinovial ou cavidade articular. H4 duas camadas
distintas na cépsula articular. A mais externa € a capsula fibrosa, constituida de tecido
conjuntivo fibroso muitas vezes conectado intimamente a estruturas extra-articulares
como os ligamentos colaterais que, associados aquela, propiciam a sustentacdo da
articulacdo (VAN WEEREN, 2016). Internamente, a capsula articular apresenta a
camada sinovial, também chamada de membrana sinovial ou sindvia. A membrana
sinovial, por sua vez, é subdividida em uma camada interna - a camada intima - que

contém 1 a 4 estratos de sinovidcitos, e uma camada externa, a sub-intima ou lamina
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prépria, composta por vasos sanguineos que promovem o0 aporte de oxigénio e
nutrientes, além de vasos linfaticos, terminacdes nervosas, tecido adiposo e tecido
conjuntivo propriamente dito (BANKS, 1993; SMITH, 2011). O aspecto histoldgico da
camada sub-intima apresenta variagfes de acordo com a regido, sendo classificado em
trés padrdes: areolar, adiposo e fibroso (VEALE; FIRESTEIN, 2021). O padrao areolar
possui grande quantidade de tecido conjuntivo frouxo e vasos sanguineos, enquanto o
padréo fibroso € pouco vascularizado e contém tecido conjuntivo fibroso, e o padréo
adiposo é caracterizado por uma alta concentracédo de adipécitos (SCANZELLO, 2022).
A membrana sinovial é a estrutura responsavel pela producdo e absorcédo do
liquido sinovial, cuja funcdo primordial € lubrificar as superficies articulares e reduzir o
atrito e o estresse mecanico em sua superficie (KEENAN, 2022). O liquido sinovial é
composto primariamente por acido hialurénico, um biopolimero hidrofilico extremamente
lubrificante que colabora com suas as propriedades reologicas (VAN WEEREN, 2016).
Os sinoviocitos, células presentes na membrana sinovial, produzem um
transudato do plasma e secretam acido hialurénico, lubricinas, proteases, colagenases
e prostaglandinas para compor o liquido sinovial (BARTL; BARTL, 2019; FREEMONT ,
1996). Além da lubrificagdo articular, o liquido sinovial também nutre estruturas intra-
articulares como a cartilagem articular e os meniscos por difusdo (FOX et al., 2009;
SEIDMAN; LIMAIEM, 2022). Seu componente principal, o acido hialurénico, possui
multiplas funcbes além da lubrificagcdo da cartilagem, dentre elas a absorcdo de
impactos, a analgesia por interagir direta ou indiretamente com nociceptores articulares,
além de colaborar com a manutencdo da homeostase pelo estimulo a sintese de matriz

extracelular (TAMER, 2013). A lubricina, outro componente do liquido sinovial, € uma
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glicoproteina semelhante & mucina, cuja funcéo é reter uma camada protetora de agua,
lubrificar a articulag&o e prevenir a adesao de células e proteinas (JAY; WALLER, 2014).

A cartlagem presente na superficie das articulagbes € do tipo hialina,
caracterizada pela auséncia de vasos sanguineos, linfaticos e terminacfes nervosas, e
pela presenca de células e matriz extracelular (MEC) abundante e rica em colageno tipo
Il (VAN WEEREN, 2016). Em virtude de sua composi¢ao estrutural, a cartilagem hialina
€ capaz de facilitar a transmissao de cargas com baixo coeficiente friccional (FOX et al.,
2009). Por ndo possuir pericondrio, seu aporte nutricional é conferido pelo liquido sinovial
(JUNQUEIRA et al., 2018).

A cartilagem hialina articular possui células especializadas - os condrécitos -
envoltos por uma complexa estrutura de MEC. Os condrécitos compdem
aproximadamente 5% da cartilagem articular madura, enquanto a MEC representa 95%
de sua composi¢do. Em nivel estrutural, a MEC é composta primariamente por agua,
colageno tipo Il e glicosaminoglicanos (GAGSs) associados a proteinas, formando os
proteoglicanos (PGs). Em menor propor¢ao sdo encontrados minerais, glicoproteinas e
lipideos (VAN WEEREN, 2016).

A sintese e a degradacdo da MEC sao realizadas pelos condrdcitos, originados a
partir da diferenciacdo de células multipotentes da mesoderme. Durante o0
desenvolvimento embrionario, as ceélulas progenitoras localizadas na mesoderme
deixam sua morfologia fibroblastoide e adotam um aspecto menos alongado, mantendo
ainda pequenos vilos, e recebem o nome de condroblastos. Os condroblastos contém
nucleo grande e reticulo endoplasmatico rugoso bastante desenvolvido, necessario a

sintese dos constituintes da MEC (colageno tipo I, proteoglicanos, glicosaminoglicanos,
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condronectina, entre outros) nas etapas subsequentes da condrogénese (JUNQUEIRA
et al., 2018). Embora a condrogénese seja regulada por diversos fatores de sinalizacéo,
a condensacao celular € uma etapa crucial para o comprometimento das células
progenitoras com a linhagem condrogénica. Assim, as células se multiplicam e se
aglomeram, e a adesdo célula-célula e célula-matriz inicia a sua condensagdo em
nodulos condrogénicos (SHUM; NUCKOLLS, 2001). A medida que os condroblastos
secretam a MEC, estes modificam sua estrutura, adotando morfologia globoide e nucleo
ovoide, com poucas mitocondrias. Uma vez envoltos pela MEC por eles produzida, os
condroblastos passam a ser denominados condrdcitos (JUNQUEIRA et al., 2018).

Apbs o0 nascimento, a cartilagem articular dos mamiferos € homogénea e a rede
de fibrilas coldgenas ndo apresenta disposi¢do organizada de maneira zonal. Entretanto,
durante o crescimento e maturacdo a cartilagem passa por uma série de modificacbes
estruturais (VAN TURNHOUT et al., 2010). Em individuos adultos, apesar de parecer
uma estrutura homogénea em seu aspecto macroscépico, a cartilagem articular
apresenta zonas distintas morfo e fisiologicamente, de modo a suprir a demanda
fisiolégica que a biomecéanica da locomocao exige.

A orientacdo e a organizacao das fibrilas possuem grande importancia na fungéao
mecanica da cartilagem articular. O modelo de arranjo estrutural das fibrilas de coldgeno
foi inicialmente proposto por Alfred Benninghoff em 1925. Este modelo propde uma
organizagdo em arcos, denominados “arcos de Benninghoff’, nos quais as fibrilas
estariam dispostas tangencialmente na camada superficial, adotando orientacdo obliqua
na camada imediatamente inferior, para entdo assumirem disposicao radial em relacao

ao 0sso subcondral (BENNINGHOFF, 1925).


https://arthritis-research.biomedcentral.com/articles/10.1186/ar396#auth-Lillian-Shum
https://arthritis-research.biomedcentral.com/articles/10.1186/ar396#auth-Glen-Nuckolls
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O modelo proposto por Benninghoff foi confirmado em diversas espécies animais,
respeitando-se ligeiras diferencas entre elas (KAAB; GWYNN; NOTZLI, 1998). Assim, a
porcdo hialina da cartilagem divide-se em 3 zonas: superficial ou tangencial, zona
intermediaria ou de transicao e zona profunda ou radial. Logo abaixo encontra-se a zona
de cartilagem calcificada, considerada a transicéo entre a cartilagem hialina e 0 0sso
subcondral, possuindo atividade metabdlica extremamente baixa (JOHNSTON, 1997;
JUNQUEIRA et al., 2018).

A zona superficial da cartilagem articular apresenta alta quantidade de fibrilas de
coldgeno compactadas e dispostas horizontalmente (paralelas a superficie), poucos
proteoglicanos e alto teor de agua. Nesta zona, os condrécitos apresentam-se mais
planos em relacdo aos condrécitos localizados nas demais zonas da cartilagem
hialina. A zona intermediaria € mais rica em proteoglicanos, porém apresenta menor teor
de 4gua e menor densidade de colageno, que possui orientacdo menos organizada,
geralmente obliqua. Nesta zona, os condrocitos adotam morfologia mais globoide em
relacdo aos presentes na zona superficial. Por sua vez, a zona profunda é a que possui
menor quantidade de colageno e maior concentracao de proteoglicanos. Os condrécitos
e as fibrilas de colageno desta zona estédo dispostas de maneira perpendicular ao 0sso
subcondral, adotando um arranjo em colunas. A zona profunda e a zona de cartilagem
calcificada sao separadas por uma linha mineralizada denominada ‘tidemark’, que possui
reentrancias que atingem o 0sso subcondral e a medula O¢ssea, realizando a
comunicagdo entre estes e a cartilagem hialina. As fibrilas de colageno da cartilagem

hialina transpdem a zona de cartilagem calcificada e se ancoram no 0sso subcondral
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(VAN TURNHOUT et al., 2008, 2010; RIEPPO et al., 2011; HOEMANN et al., 2011; VAN
WEEREN, 2016) (Figura 1).

Apesar de sua fungdo comum de absorcdo de impacto e diminui¢cdo do atrito, ha
variacdo tanto em sua espessura quanto no arranjo das fibrilas colagenas entre as
diferentes espécies, principalmente nas zonas intermediaria e profunda (KAAB; GWYNN;
NOTZLI, 1998). O arranjo das fibrilas também pode variar em diferentes regides na

mesma articulacdo, de acordo com a carga a qual cada regido é submetida.

Condrdcitos
~—N
£\

Zona Superficial

; <
/ ,\\ Zona Intermediaria
Fibrilas de colageno \
— Cartilagem hialina
\ Zona Profunda

Tidemark V4

Zona de cartilagem calcificada

OSSO SUBCONDRAL

Figura 1. Organizacdo estrutural das fibrilas colagenas, proposta por Benninghoff
(1925).

A sintese e a degradacao da cartilagem articular sdo mediadas pelos condrocitos.

Diversas moléculas estimulam a sintese de MEC, como fatores de crescimento (FGF,
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TGF-B, BMP), fatores de transcricdo génica (SOX5, SOX6 e SOX9), proteoglicanos
(perlecan e versican), moléculas de sinalizacao (indian hedgehog e sonic hedgehog) e
moléculas da matriz extracelular (matrilina e fibronectina) (WU et al., 2021).

O coldgeno tipo I, principal coldgeno da cartilagem hialina, é produzido
exclusivamente pelos condrocitos. Os condrdcitos produzem e secretam o colageno em
sua forma imatura - o procolageno-, que é transformado em coladgeno maduro no
ambiente extracelular (VAN WEEREN, 2016). O procolageno é formado por trés cadeias
de polipeptideos (homotrimero), denominadas cadeias alfa (a). Cada cadeia é composta
primariamente por glicina e prolina associadas a hidroxiprolina. Em sua terminagéo, cada
cadeia a contém um grupamento amina ou um grupamento carboxila. As cadeias a
compostas por uma terminagdo amina recebem o nome de pro-peptideo N ou PIINP,
enquanto as que apresentam um grupamento carboxila sdo denominadas pro-peptideo
C ou CP-lI (figura 2). As terminacdes N e C sdo importantes para a formacao da estrutura
de tripla-hélice, mediada pela formacao de pontes dissulfeto nessa regido (GUDMANN
et al., 2014). Uma vez liberado, o procolageno tem suas terminacdes N e C clivadas por
proteases especificas (N-protease e C-protease), levando a diminuicdo da solubilidade
da molécula e formacé&o do colageno tipo Il maduro. Ligacdes quimicas adicionais criam
um arranjo de fibrilas colagenas compactas e insolUveis, portanto capazes de suportar
cargas mecanicas (SIEGEL, 1974; EYRE et al., 1984).

A remocéao do pro-peptideo C do procolageno (CP-II) reflete diretamente a taxa
de sintese de colageno tipo Il (NELSON et al., 1998), o que possibilita sua utilizacéo

como um biomarcador de sintese da por¢cédo colagena da MEC, uma vez que o CP-lI
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pode ser detectado em tecidos e fluidos corporais com a utilizacdo de técnicas

moleculares e imunoenzimaticas (LANE et al., 2019; JOHNSON et al., 2020).

Procolageno

O 3

N- Protease

Q.
\\</
N NN
% AN ”
~ =

Terminacao N (PIINP) Terminacao C (CP-1I)

Figura 2. A molécula de procolageno, produzida no citoplasma dos condrdcitos, contém
uma terminacao amina (PIINP) e uma carboxila (CP-II). O procolageno atinge o ambiente
extracelular, onde é clivado pelas proteases N e C, dando origem a molécula de colageno
maduro. Adaptado de Peng et al. (2021).
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A cartilagem articular também possui uma ampla gama de proteoglicanos como o
biglicano, a fiboromodulina, a decorina e os agrecanos, sendo os Ultimos os principais
PGs encontrados na MEC condral (aproximadamente 90%). Os proteoglicanos séo
estruturas compostas por uma proteina central ligada a cadeias de glicosaminoglicanos
sulfatados, como o sulfato de queratano e o sulfato de condroitina (WU et al., 2021).
Juntos, os PGs e 0os GAGs representam aproximadamente 10% do peso seco da
cartilagem (KIANI et al., 2002). Os proteoglicanos sao sintetizados e secretados pelos
condrdcitos, a partir da sinalizacao por fatores de crescimento e peptideos (FOX et al.,
2011).

Estruturalmente, o agrecano contém trés dominios globulares (G1, G2 e G3) e
trés dominios estendidos (dominio interglobular, interglobular domain ou IGD; sulfato de
gueratan, keratan sulphate ou KS; e sulfato de condroitina, chondroitin sulphate ou CS)
(GARNERO, 2004). Destes, o dominio CS € o maior, contendo cerca de 100 cadeias de
sulfato de condroitina (KIANI et al., 2002) (figura 3). Epitopos especificos, como o CS-3-
B-3 e CS-846 possuem alta expressdo durante a condrogénese da vida fetal,
desaparecendo progressivamente, de modo a serem praticamente indetectaveis na
cartilagem adulta. Entretanto, a expressédo de CS-846 é aumentada em casos de artrite
e fragmentacdo osteocondral (FRISBIE et al., 1999). Deste modo, a deteccédo dos
epitopos dos agrecanos localizados em suas cadeias CS, como o CS-3-B-3, CS-7-D-4 e
o0 CS-846 indica neogénese dos agrecanos, tornando estas moléculas importantes

biomarcadores do metabolismo da MEC (BAKKER et al, 2011).
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Figura 3. Estrutura do agrecano e ilustracédo de sua ligacdo com as fibrilas colagenas.
O epitopo 846 da cadeia de sulfato de condroitina do agrecano (CS-846) encontra-se
destacado em vermelho no quadrante superior direito da imagem. Adaptado de
GARNERO (2004) e WU et al. (2021).

Em uma articulagdo higida, os agrecanos se ligam a moléculas de acido
hialurénico, formando agregados de proteoglicanos que ocupam o espaco interfibrilar,
ou seja, 0 espaco entre as fibras de colageno tipo Il (MORGELIN et al., 1994; HAN et al.,
2011), fixando-se a elas por intermédio de proteinas ligadoras de colageno, como a
proteina da matriz oligomérica da cartilagem (cartilage oligomeric matrix protein ou

COMP) (GARCIA-CARVAJAL et al., 2013). O &cido hialurdnico, além de constituinte

fundamental do liquido sinovial, também possui um papel estrutural importante na matrix

Cathepsin K
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extracelular da cartilagem hialina, e sua deteccdo por ensaios moleculares fornece
importantes informacdes sobre o estado da cartilagem articular e do liquido sinovial. A
COMP também é uma proteina presente na MEC, embora também seja encontrada nos
tenddes, ligamentos, musculo liso, membrana sinovial e enfermidades fibroticas
(MULLER et al., 1998; RIESSEN et al., 2001; WYNN, 2008). Na cartilagem, sua funcéo
€ catalisar a fibrilogénese, uma vez que as interacdes entre esta molécula e o colageno
tipo IX sdo essenciais para a sintese e a manutencdo adequadas da MEC (GARCIA-
CARVAJAL et al., 2013), tornando-a um potencial biomarcador de progressao da
osteoartrite (ZUO et al., 2015).

Os demais proteoglicanos, como o perlecan, o biglicano e a decorina, possuem
alta similaridade estrutural protéica, mas diferem na composi¢éo de glicosaminoglicanos
e na sua fungdo. Enquanto a decorina e a fibromodulina interagem com as fibrilas de
colageno tipo Il, compondo a malha da MEC, o biglicano € mais comumente encontrado
nas imediacdes dos condrécitos, auxiliando em sua comunicagdo com o colageno tipo
VI e com a MEC adjacente (FOX et al., 2009).

A conexdo entre todas estas moléculas cria uma complexa estrutura
tridimensional de matriz extracelular extremamente organizada, capaz de manter as
caracteristicas de rigidez e elasticidade da MEC para promover simultaneamente a
absorcao de impacto e a resisténcia estrutural a aplicacdo de cargas compressivas. Isto
se deve, por um lado, a organizacao estrutural das fibrilas de colageno tipo I, que fornece
o arcabouco de contencdo que mantém a resisténcia da cartilagem durante a recepcao

de impactos (HAN et al., 2011). Em contrapartida, a carga negativa dos PGs produz alta
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pressao osmoética na MEC, sendo responsavel pela atracdo de moléculas de agua, o
componente mais abundante da cartilagem (que corresponde a até 80% de seu peso).

A capacidade de retencdo de agua é o que assegura nao so a hidratacdo da MEC
e dos condrécitos, mas também o pleno desempenho das propriedades mecéanicas de
pressurizacdo de fluidos e a capacidade de absorcdo de cargas recorrentemente,
reduzindo o estresse sobre o componente sélido da MEC (GUILAK et al., 2018). Em
conjunto, os componentes da matriz extracelular sustentam e nutrem os condrdcitos,
formando um nicho para o metabolismo da cartilagem articular através do envio de sinais
anabdlicos e catabolicos (PENG et al., 2021).

Ainda que em ritmo metabdlico reduzido, os eventos de catabolismo e anabolismo
da cartilagem articular ocorrem simultanea e ininterruptamente em um ambiente de
homeostase articular. A cartilagem articular sofre remodelamento constante, em uma
combinacdo de producdo de MEC, degradacdo de MEC mediada por proteases
especificas, e inibicdo de sua atividade, realizada por inibidores teciduais de MMPs
(TAKAHASHI et al., 2005). Deste modo, apesar da taxa metabdlica reduzida observada
fisiologicamente, a cartilagem articular apresenta um elevado potencial metabdlico cuja
ativacdo € observada em condi¢cbes nao-fisiolégicas, como ocorre durante o
desenvolvimento da osteoartrite (TCHETINA, 2011).

Duas familias de proteases estdo envolvidas no catabolismo da MEC, as
metaloproteinases de matriz e as agrecanases. As metaloproteinases de matriz (MMP)
sdo enzimas dependentes de zinco que regulam a degradacdo de MEC através da
clivagem de ligacdes peptidicas especificas. De acordo com sua estrutura e seu

substrato, as MMPs podem ser divididas em diversos grupos, como as
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colagenases (MMP-1, MMP-13), gelatinases (MMP-2, MMP-9), estromelisinas (MMP-3),
metaloelastases (MMP-12), matrilisinas (MMP-7) e metaloproteinases de matriz
associadas a membrana (MT-MMPs).

O colageno é clivado pelas MMP-1, MMP-8 e MMP-13, sendo a ultima a mais
eficiente na clivagem do colageno tipo Il (VAN WEEREN, 2016). A clivagem ocorre no
sitio ¥ do coladgeno (figura 4), liberando dois produtos de clivagem do coldgeno: o
fragmento de tamanho % e o fragmento de tamanho ¥ (DAHLBERG et al., 2000). A
degradacgao do fragmento 34 do colageno da origem ao neoepitopo C2C, oriundo da
primeira clivagem da tripla hélice do colageno tipo Il (AMEYE et al., 2007) (figura). Assim,
os niveis de C2C podem ser utilizados como biomarcadores de degradacdo do

componente colagénico da MEC (PRINK et al., 2010).

Fragmento de colageno Fragmento de
tamanho % colageno tamanho '

HRGYPGLDG -EGPPGPQG LAGQRGE- EKGPDP
LI L}
Coli2-1 and c2c CTXII
Coll2-1NO,

Sitio de clivagem da colagenase

Figura 4. Clivagem do colageno maduro. A clivagem ocorre no sitio %, dando origem
aos fragmentos de colageno % e ¥4 de colageno. O C2C é um neoepitopo componente
do fragmento de colageno ¥%. Adaptado de Huebner et al. (2009).
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Os agrecanos, por sua vez, sao clivados em sua proteina central pela MMP-3
(também chamada estromelisina) e pelas gelatinases MMP-2 e MMP-9 (CLEGG et al.,
1997; FOX et al., 2009). A MMP-2 também é capaz de clivar o colageno tipo Il, enquanto
a MMP-9 cliva os colagenos tipo | e Ill (PATTERSON et al., 2001). A porcédo dos
proteoglicanos constituida por glicosaminoglicanos, por sua vez, € clivada por outra
classe de enzimas, denominadas agrecanases ou ADAMTS (do inglés ‘a disintegrin and
metalloproteinase with thrombospondin motifs’) (TORTORELLA et al., 1999; BERTRAND
et al., 2010; VAN WEEREN, 2016). As ADAMTS envolvidas na clivagem do agrecano
sédo as ADAMTS-1, ADAMTS-4 e ADAMTS-5 (SCHNELLMANN, 2022). Embora outras
ADAMTS sejam capazes de clivar demais componentes da MEC, os componentes
formados por colageno, a fibronectina e a trombospondina ndo sédo clivados pelas
ADAMTS-1, ADAMTS-4 ou ADAMTS-5 (TORTORELLA et al., 2002; SCHNELLMANN,
2022).

Para que a homeostase articular seja mantida, as células precisam dispor de um
mecanismo de inibicdo da degradacdo da MEC. As metaloproteinases sao inibidas por
moléculas como a a2-macroglobulina e os TIMPs (inibidores teciduais de
metaloproteinases ou tissue inhibitors of metalloproteinases), especialmente o TIMP-1,
TIMP-2 e TIMP-3 (SCHNELLMANN, 2022). As ADAMTS também s&o inibidas pela a2-
macroglobulina e pelos TIMPS, especialmente o TIMP-3 (KASHIWAGI et al.,, 2001,
SCHNELLMANN, 2022). Os TIMPs s&o encontrados em diversos tecidos conjuntivos e

sao considerados os principais inibidores do catabolismo da MEC, e a homeostase
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articular é resultado do equilibrio entre a concentracdo de TIMPs, ADAMTs e MMPs
(MCILWRAITH, 2016).

Entretanto, a atividade metabdlica dos condrécitos pode ser alterada por diversos
fatores, sejam eles mecéanicos ou quimicos. Por exemplo, a simples movimentacao
regular da articulacdo é extremamente importante para a manutengdo da estrutura da
cartilagem articular, visto que a inatividade da articulagao pode alterar o metabolismo da
cartilagem, levando a sua degradacdo (BUCKWALTER; MANKIN, 1998). O estresse
biomecéanico e os sinais inflamatorios também sdo capazes de alterar o metabolismo da
cartilagem articular. Assim, quaisquer estimulos néo-fisiolégicos sofridos pela articulagao
podem culminar em desequilibrio entre catabolismo e anabolismo da cartilagem, o que
inicia o processo inflamatoério. O estresse biomecéanico, por menor que seja, pode levar
a inflamagéo de tecidos moles articulares, ocasionando a liberacdo de mediadores
inflamatérios, o que gera desequilibrio na homeostase articular. Por exemplo,
sinoviocitos e condrdcitos produzem MMP-3 na presenca de interleucina-1 (MAY et al.
1992). Assim, o colageno, os proteoglicanos e os glicosaminoglicanos da MEC sé&o
degradados pelas MMPs e ADAMTS, e seus produtos de degradacgéo séo liberados no
liqguido sinovial, dando continuidade ao processo inflamatério (HARDINGHAM et al.,
1992).

Apos a destruicdo da complexa rede de componentes da MEC, a capacidade de
retencdo de agua € prejudicada devido a perda dos proteoglicanos, levando a diminui¢cao
da capacidade de resisténcia biomecénica da cartilagem (GRIMMER et al., 2006).

Devido a natureza avascular da cartilagem e ao seu ritmo metabolico reduzido, as

lesdes condrais tendem a permanecer ativas ao longo de anos, podendo levar a
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degeneracdo articular adicional devido a constante imposi¢cdo de cargas. Salienta-se
que, embora muitas vezes fisiolégicas, as cargas impostas sobre uma cartilagem que
ndo possui a resisténcia e as propriedades biomecanicas de uma cartilagem higida
podem levar ao catabolismo articular (WU et al., 2010).

Diversas terapias celulares s&o utilizadas com o intuito de impedir o
desenvolvimento e a progresséo das enfermidades articulares. A terapia medicamentosa
inclui farmacos anti-inflamatérios né&o-esteroidais (AINES) e esteroidais (AIES),
glicosaminoglicanos polissulfatados (PSGAGs), acido hialurénico (AH), N-
acetilglicosamina (NAG, um componente do acido hialurénico), ou ainda uma
combinacao entre alguns destes principios (FRISBIE et al., 2009a; FRISBIE et al., 2009b;
KEENAN, 2022). Terapias utlizando derivados biolégicos, como células-tronco
mesenquimais (CTMs), plasma rico em plaquetas (PRP) e soro autélogo condicionado
(SAC/ IRAP®), também possuem utilizacao frequente por aumentarem a concentracao
de citocinas anti-inflamatorias e fatores de crescimento (HRAHA et al., 2011).

As CTMs sédo utilizadas para auxiliar o limitado potencial de reparagao
cartilaginosa, reduzir a formacdo de fibrocartiiagem e bloquear o ciclo inflamatério
articular, diminuindo a sinovite e consequentemente atuando como adjuvante no
tratamento da OA (CAPLAN, 2007). As interacdes célula-célula e célula-ambiente
possuem elevada importancia neste contexto. Estes eventos possibilitam a acéo
paracrina das CTMs, que consiste na sintese e liberacdo de diversos peptideos capazes
de modificar o ambiente inflamatorio, direcionando o processo de reparacao articular
para a resolugéo. As CTMs podem, ainda, colaborar diretamente com o restabelecimento

da estrutura histolégica articular devido a sua capacidade de diferenciagdo em diversos
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tipos celulares especializados. Por fim, a presenca de CTMs na articulacdo leva ao
recrutamento quimiotatico de CTMs enddgenas contidas nos tecidos adjacentes que,
uma vez presentes no ambiente, atuam de maneira sinérgica na reparacéo tecidual.

Nos casos mais avancados, onde a OA ja se encontra estabelecida, o objetivo da
utilizacdo de CTMs é bloquear o ciclo inflamatoério e melhorar a qualidade do tecido de
reparacao articular. De forma geral, estudos apontam melhora do tecido de reparacao
apos administracao intra-articular de CTMs livres (GE et al., 2021; YANG et al., 2021;
RUSSO et al., 2022). Um fato importante que ocorre ap0s a administracao intra-articular
€ a dispersao das CTMs para a membrana sinovial, cartilagem articular e tecidos
periarticulares (AGUNG et al., 2006; SANTOS et al.,, 2019). Assim, casos com
comprometimento geral da articulagdo, como na OA acompanhada por sinovite ativa,
onde a acao das CTMs é desejavel em todos os componentes intra-articulares, podem
se beneficiar da utilizagdo de CTMs de maneira livre. Em contrapartida, a disperséo
celular pode prejudicar a acdo das CTMs nos casos em que a concentracdo destas no
foco da lesdo é desejada (SANTOS et al., 2019).

Neste sentido, o campo da terapia celular avancada e da engenharia tecidual
também apresenta avancos notaveis nas possibilidades terapéuticas de enfermidades
articulares mais avancadas. Terapias génicas, especialmente o desenvolvimento de
terapias que tenham como alvo microRNAs envolvidos na sintese e degradacdo de
colageno, sdo objetos de estudos frequentes e séo referidas como potenciais
ferramentas no tratamento da OA. Alguns exemplos citados sdo o microRNA-140,
envolvido na proliferacéo e diferenciagdo de condrocitos e na diminui¢cdo da atividade da

MMP13; o microRNA-27b, que diminui a expressdo de MMP13 nos condrécitos; o
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microRNA-146a, que diminui a expressdo de MMP-13 em sinovidcitos e condrdcitos,
além de reduzir a ativacdo da via TLR-4 (LI; WU, 2021). A engenharia tecidual também
€ bastante empregada no tratamento de lesGes condrais. Este é um ramo da terapia
celular bastante promissor, que visa beneficiar o paciente através da acéo sinérgica da
combinacdo de uma fonte celular, um arcabouco e biocomponentes como fatores de
crescimento. A associagdo de uma fonte celular com um arcabouco torna-se
especialmente interessante nos casos de erosao da cartilagem articular, pois o fenétipo
condrocitico de células pré-diferenciadas e diferenciadas é mantido e a condrogénese
de células progenitoras é favorecida por sua insercdo em um ambiente tridimensional,
uma vez que 0s condrdcitos naturalmente encontram-se imersos em um ambiente
tridimensional complexo (YAMAGATA, NAKAYAMADA, TANAKA, 2018; SOUZA; ROSA
et al., 2022)

Uma extensa variedade de arcaboucos encontra-se disponivel atualmente, cada
um com suas vantagens e desvantagens. Estes sao frequentemente utilizados em
técnicas de impressao tridimensional com bioimpressoras, mas outras técnicas de
polimerizacdo podem ser utilizadas. Como exemplos podemos citar desde hidrogéis
(compostos de polimeros hidrofilicos) de &acido hialurénico, alginato sédico, quitosana,
PLGA (&cido latico-co-acido glicélico), passando por polimeros termoplasticos, como a
policaprolactona, até a propria cartilagem hialina descelularizada e arcaboucgos de
colageno (ARMIENTO et al., 2018; NIE et al., 2020; SOUZA; ROSA et at., 2021). Como
cada arcabouco possui propriedades fisico-quimicas e biomecanicas distintas, a
produgdo de um arcabougo hibrido, que combine diferentes materiais e suas

propriedades, pode ser realizada para melhorar as caracteristicas do produto final.
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Por fim, os fatores de crescimento sdo proteinas naturalmente secretadas por
células, que interagem com as células presentes no ambiente, estimulando a
multiplicacdo e a diferenciacdo celular (WERNER; GROSE, 2003). Além destas
caracteristicas, a adicdo de fatores de crescimento também previne a hipertrofia dos
condrdcitos, a desdiferenciagéo e a transdiferenciacdo das células condrogénicas (TAN;
HUNG, 2017). Os fatores de crescimento podem ser oriundos da prépria fonte celular,
guando estes sao produzidos pelas células-tronco, ou podem provir de fontes externas,
como a adicao de fatores de crescimento isolados ou associados. As classes de fatores
de crescimento mais utilizadas fazem parte dos TGF-@s, das BMPs (bone morphogenetic
proteins ou proteinas morfogenéticas 0sseas), dos FGFs (fibroblast growth-factors ou
fatores de crescimento derivados de fibroblastos) e dos IGFs (insulin-like growth-factors
ou fatores de crescimento semelhantes a insulina) (AUGUSTYNIAK et al., 2015). O
plasma rico em plaquetas (PRP) e o concentrado plaquetario (CP) contém uma ampla
gama de fatores de crescimento em diferentes concentragdes, estabelecendo uma
alternativa que também gera resultados igualmente satisfatérios (XIE et al.,, 2012;
ANITUA et al., 2021; ZHU et al., 2022).

O desenvolvimento da engenharia tecidual possibilitou notaveis avancos no
campo da reparacgao articular, especialmente em enfermidades com extensa destrui¢cao
da cartilagem articular. Em esséncia, a combinacdo de fatores de crescimento
associados a um arcabouco € potencialmente capaz de direcionar a maquinaria celular,
suficientemente complexa e especializada, a vias pro-resolutivas que favorecem a

melhor qualidade final do tecido de reparacao articular.



33

REFERENCIAS

1.

AGUNG M, OCHI M, YANADA S, et al. Mobilization of bone marrow-derived
mesenchymal stem cells into the injured tissues after intraarticular injection and their
contribution to tissue regeneration. Knee Surg Sports Traumatol Arthrosc., v. 14,
n. 12, p.1307-1314, 2006.

AMEYE, L.G., DEBERG, M., OLIVEIRA, M., LABASSE, A., AESCHLIMANN, J.M.
AND HENROTIN, Y., The chemical biomarkers C2C, Coll2-1, and Coll2-1NO2 provide
complementary information on type Il collagen catabolism in healthy and osteoarthritic

mice. Arthritis Rheum, v.56, p.3336-3346, 2007. https://doi.org/10.1002/art.22875

ANITUA E, TROYA M, TIERNO R, ZALDUENDO M, ALKHRAISAT MH. The
Effectiveness of Platelet-Rich Plasma as a Carrier of Stem Cells in Tissue
Regeneration: A Systematic Review of Pre-Clinical Research. Cells Tissues Organs.
v. 210, n.5-6, p.339-350, 2021. doi: 10.1159/000518994. Epub 2021 Sep 22. PMID:
34551408.

ARLEEVSKAYA MI, LARIONOVA RV, BROOKS WH, BETTACCHIOLI E,
RENAUDINEAU Y. Toll-Like Receptors, Infections, and Rheumatoid Arthritis. Clin
Rev Allergy Immunol., v.58, n. 2, p.172-181, 2020. doi: 10.1007/s12016-019-08742-
z. PMID: 31144208.

ARMIENTO, A.R.; STODDART, M.J.; ALINI, M.; EGLIN, D. Biomaterials for articular
cartilage tissue engineering: Learning from biology. Acta Biomaterialia, v. 65, p.1-
20, 2018. ISSN 1742-7061. https://doi.org/10.1016/j.actbio.2017.11.021.
AUGUSTYNIAK, E.; TRZECIAK, T.; RICHTER, M.; KACZMARCZYK, J;

SUCHORSKA, W. The role of growth factors in stem cell-directed chondrogenesis: a


https://doi.org/10.1002/art.22875

34

real hope for damaged cartilage regeneration. Int. Orthop., v.39, n. 5, p. 995-1003,
2015.

7. BAKKER et al.: The relation between cartilage biomarkers (C2C, C1,2C, CS846, and
CPIl) and the long-term outcome of rheumatoid arthritis patients within the CAMERA
trial. Arthritis Res Ther, v.13, R70, 2011.

8. BANKS WJ: Appl. Vet. Histology (ed 3). St. Louis, MO, Mosby, 1993

9. BARTL R., BARTL C. The Normal Joint. In: _ The Osteopor Man. Springer,

Cham. p. 491-493, 2019. https://doi.org/10.1007/978-3-030-00731-7 Print ISBN 978-

3-030-00730-0

10.BENNINGHOFF, A. Form und Bau der Gelenkknorpel in lhren Beziehungen zur
Funktion. Z. Zellforsch, v. 2, p.783-862, 1925.

11.BERTRAND, J., et al., Molecular mechanisms of cartilage remodelling in
osteoarthritis. Int J Biochem Cell Biol, v.42, n.10, p.1594-601, 2010.

12.BUCKWALTER JA, MANKIN HJ. Articular cartilage: tissue design and chondrocytes-
matrix interactions. Instr Course Lect., v.47, p.477-486, 1998.

13.CAPLAN, A.l. Adult mesenchymal stem cells for tissue engineering versus
regenerative medicine. J Cell Physiol., v. 213, n. 2, p.341-7, 2007.

14.CLEGG PD, BURKE RM, COUGHLAN AR, et al. Characterisation of equine matrix
metalloproteinase 2 and 9; and identification of the cellular sources of these enzymes
in joints. Equine Vet J. v.29, n.5. p.335-342, 1997.

15.DAHLBERG L, BILLINGHURST RC, MANNER P, et al. Selective enhancement of

collagenase-mediated cleavage of resident type Il collagen in cultured osteoarthritic


https://doi.org/10.1007/978-3-030-00731-7

35

cartilage and arrest with a synthetic inhibitor that spares collagenase 1 (matrix
metalloproteinase 1). Arthritis Rheum., v.43, n. 3, p. 673-682, 2000.

16.DE SOUZA JB, ROSA GS, ROSSI MC, STIEVANI FDC, PFEIFER JPH, KRIECK
AMT, BOVOLATO ALDC, FONSECA-ALVES CE, BORRAS VA AND ALVES ALG. In
Vitro Biological Performance of Alginate Hydrogel Capsules for Stem Cell Delivery.
Front. Bioeng. Biotechnol, v..9:674581, 2021. doi: 10.3389/fbioe.2021.674581

17.EYRE, D.R.; PAZ, M.A.; GALLOP, P.M. Cross-linking in collagen and elastin. Annu
Rev Biochem, v.53, pp. 717, 1984.

18.FOX, A.J.S.; BEDI, A.; RODEO, S.A. The basic science of articular cartilage:
structure, composition, and function. Sports Health, v.1, pp. 461-468, 2009.

19.FREEMONT AJ. Microscopic analysis of synovial fluid--the perfect diagnostic test?
Ann Rheum Dis., v.55, n.10, p.695-7, 1996.

20.FRISBIE DD, RAY CS, IONESCU M, et al. Measurement of synovial fluid and serum
concentrations of the 846 epitope of chondroitin sulfate and of carboxy propeptides of
type Il procollagen for diagnosis of osteochondral fragmentation in horses. Am J Vet
Res, v. 60, n.3, p.306-309, 1999. PMID: 10188811.

21.FRISBIE, D.D. et al. Evaluation of topically administered diclofenac liposomal cream
for treatment of horses with experimentally induced osteoarthritis. Am J Vet Res.v.70,

p.210-5, 2009a.

22.FRISBIE, D.D. et al. Evaluation of polysulfated glycosaminoglycan or sodium
hyaluronan administered intra-articularly for treatment of horses with experimentally

induced osteoarthritis. Am J Vet Res.v.70, p. 203-9, 2009b



36

23.GARCIA-CARVAJAL, Z. Y. , GARCIADIEGO-CAZARES, D. , PARRA- CID, C. ,
AGUILAR-GAYTAN, R. , VELASQUILLO, C., CARMONA, C. I. J. S. C. . Cartilage
Tissue Engineering: The Role of Extracellular Matrix (ECM) and Novel Strategies. In:
Andrades, J. A. , editor. Reg Med Tis Eng. London: IntechOpen; 2013

24. GARNERO, P. Biochemical Markers of Osteoarthritis. Osteoarthritis, 113-130,
2004. doi:10.1016/b978-0-323-03929-1.50013-6

25.GE, D., O'BRIEN, M.J., SAVOIE, F.H. et al. Human adipose-derived stromal/stem
cells expressing doublecortin improve cartilage repair in rabbits and monkeys. npj

Regen Med, v. 6, n. 82, p.1-16, 2021. https://doi.org/10.1038/s41536-021-00192-6

26.GOLDRING, M.B.; S.R. GOLDRING. Osteoarthritis. J Cell Physiol, v. 213, n.3, p.
626-34, 2007.

27.GRIMMER C, BALBUS N, LANG U, AIGNER T, CRAMER T, MULLER L, SWOBODA
B, PFANDER D. Regulation of type Il collagen synthesis during osteoarthritis by prolyl-
4-hydroxylases: possible influence of low oxygen levels. Am J Pathol., v.169, n. 2, p.
491-502, 2006. doi: 10.2353/ajpath.2006.050738. PMID: 16877351; PMCID:
PMC1698781.

28. GUDMANN N., WANG J., HOIELT S., CHEN P., SIEBUHR A., HE Y,
CHRISTIANSEN T., KARSDAL M., BAY-JENSEN A. Cartilage turnover reflected by
metabolic processing of type Il collagen: A novel marker of anabolic function in
chondrocytes. Int. J. Mol. Sci. v.15, p.18789-18803, 2014.

doi: 10.3390/ijms151018789.


https://doi.org/10.1038/s41536-021-00192-6

37

29.GUILAK F, NIMS RJ, DICKS A, WU CL, MEULENBELT I. Osteoarthritis as a disease of the
cartilage pericellular matrix. Matrix Biol, v.71-72, p.40-50, 2018. doi:

10.1016/j.matbio.2018.05.008.. PMID: 29800616; PMCID: PMC6146061.

30.HAN, E.; CHEN, S.; KLISCH, S.; SAH, R. Contribution of proteoglycan osmotic
swelling pressure to the compressive properties of articular cartilage. Biophys J,
v.101, p. 916-924, 2011.

31.HARDINGHAM TE, FOSANG AJ, DUDHIA J. Aggrecan, the chondroitin
sulfate/keratan sulfate proteoglycan from cartilage. In: KUETTNER K, et al., editors.
Articular Cart Osteoart. New York, NY, USA: Raven Press; 1992.

32.HOEMANN, C., KANDEL, R., ROBERTS, S., SARIS, D. B., CREEMERS, L., MAINIL-
VARLET, P., METHOT, S., HOLLANDER, A. P., & BUSCHMANN, M. D. International
Cartilage Repair Society (ICRS) Recommended Guidelines for Histological Endpoints
for Cartilage Repair Studies in Animal Models and Clinical Trials. Cartilage, v. 2. n. 2,

p. 153-172, 2011. https://doi.org/10.1177/1947603510397535

33.HRAHA, T.H.; DOREMUS, K.M.; MCILWRAITH, C.W.; FRISBIE, D.D. Autologous
conditioned serum: The comparative cytokine profiles of two commercial methods
(IRAP and IRAP II) using equine blood. Equine Vet. J., v.43, n.5, p. 516-21, 2011.
DOI: 10.1111/j.2042-3306.2010.00321.x

34.JAY GD, WALLER KA. The biology of lubricin: near frictionless joint motion. Matrix
Biol., v. 39, p.17-24, 2014.

35.JOHNSON, S., BRECHUE, W., RUSSELL, A.; KONDRASHOV, P. CPIl and C2C Biomarkers

Favor Cartilage Degradation During Initial Progression of Osteoarthritis in Rats That Have


https://doi.org/10.1177/1947603510397535

38

Undergone Destabilization of the Medial Meniscus Surgery. The FASEB Journal, v. 34: p. 1-1,
2020. https://doi.org/10.1096/fasebj.2020.34.s1.04213

36.JOHNSTON, S. A. Osteoarthritis. Vet Clin N Am: Small Animal Practice, v.27, n.4,
p.699-723, 1997. doi:10.1016/s0195-5616(97)50076-3.

37.JUNQUEIRA, L.C.U.. Histologia basica: texto e atlas. In: JUNQUEIRA, L.C.U;
CARNEIRO, J.; ABRAHAMSOHN, P (coord). — 13. ed. - [Reimpr.]. - Rio de Janeiro:
Guanabara Koogan, 2018.

38. KAAB , M., AP GWYNN, I. & NOTZLI , H. Collagen fiber arrangement in the tibial
plateau articular cartilage of man and other mammalian species, J. Anat. , v. 193 (Pt
1), p. 23 — 34, 1998.

39.KASHIWAGI M, TORTORELLA M, NAGASE H, ET AL. TIMP-3 is a
potent inhibitor of aggrecanase 1 (ADAMTS-4) and aggrecanase 2 (ADAMTS-5). J
Biol Chem. , v. 276, n.16, p. 12501-12504, 2001.

40.KAWCAK, C.E. Pathologic Manifestations of Joint Disease. In: C. WAYNE
MCILWRAITH, DAVID D. FRISBIE, CHRISTOPHER E. KAWCAK, P. RENE VAN
WEEREN (editores). Joint disease in the horse, Second edition. Elsevier: St Louis,
Missouri, 2016. ISBN 978-1-4557-5969-9.

41. KEENAN, R.T. Biochemical Composition of Synovial Fluid in Health and Disease. In:
MANDELL, B.F. (ed.), Synovial Fluid Analysis and The Evaluation of Patients
With Arthritis. Springer: Cham, Switzerland, 2022. 1SBN 978-3-030-99611-6 ISBN 978-

3-030-99612-3 (eBook) https://doi.org/10.1007/978-3-030-99612-3

42.KIANI, C., CHEN, L., WU, Y. et al. Structure and function of aggrecan. Cell Res, v.

12, p.19-32, 2002. https://doi.org/10.1038/s).cr.7290106



https://doi.org/10.1096/fasebj.2020.34.s1.04213
https://doi.org/10.1007/978-3-030-99612-3
https://doi.org/10.1038/sj.cr.7290106

39

43.LAMBERT, L.A., CONVILL, J., TAWY, G., BIANT, L.C. Biomarkers in Articular
Cartilage Injury and Osteoarthritis. In: KRYCH, A.J., BIANT, L.C., GOMOLL, A.H.,
ESPREGUEIRA-MENDES, J., GOBBI, A., NAKAMURA, N. (eds) Cartilage Injury of

the Knee. Springer, Cham, Switzerland, 2021. https://doi.org/10.1007/978-3-030-

78051-7 2

44 LANE, AR; HARKEY, MS; DAVIS, HC; LUC-HARKEY, BA; STANLEY, L; HACKNEY,
AC; BLACKBURN, JT; PIETROSIMONE, B. Body Mass Index and Type 2 Collagen
Turnover in Individuals After Anterior Cruciate Ligament Reconstruction. J Athl Train,
v. 54, n. 3, p. 270-275, 2019. doi: https://doi.org/10.4085/1062-6050-525-17

45.L1, S.H.; WU, Q.F. MicroRNAs’ target on cartilage extracellular matrix degradation of
knee osteoarthritis. European Review for Medical and Pharmacological
Sciences, v.25, p.1185-1197, 2021.

46.LORENTE-SOROLLA C., NETEA M.G., BALLESTAR E. Epigenetics in
Autoinflammation. In: HASHKES P., LAXER R., SIMON A. (eds) Textbook of
Autoinflammation. Springer, Cham, Switzerland, 2019

47.MANDELL, B.F. The Impact of Synovial Fluid Analysis on Clinical Practice —
Introduction. In: MANDELL, B.F. (ed.), Synovial Fluid Analysis and The Evaluation
of Patients With Arthritis. Springer: Cham, Switzerland, 2022. ISBN 978-3-030-99611-

6 ISBN 978-3-030-99612-3 (eBook) https://doi.org/10.1007/978-3-030-99612-3

48.MAY. S.A.. HOOKE, R.E. AND LEES, P. Interleukin-1 stimulation of equine articular

cells. Res. vet. Sci.,, v. 52, p. 342-348, 1992. https://doi.org/10.1016/0034-

5288(92)90035-Z



https://doi.org/10.1007/978-3-030-78051-7_2
https://doi.org/10.1007/978-3-030-78051-7_2
https://doi.org/10.4085/1062-6050-525-17
https://doi.org/10.1007/978-3-030-99612-3
https://doi.org/10.1016/0034-5288(92)90035-Z
https://doi.org/10.1016/0034-5288(92)90035-Z

40

49.MCILWRAITH, C.W. Traumatic Arthritis and Posttraumatic Osteoarthritis in the
Horse.lIn: C. WAYNE MCILWRAITH, DAVID D. FRISBIE, CHRISTOPHER E.
KAWCAK, P. RENE VAN WEEREN (editores). Joint disease in the horse, Second
edition. Elsevier: St Louis, Missouri, 2016. ISBN 978-1-4557-5969-9.

50.MORGELIN, M., D. HEINEGARD, ., M. PAULSSON. The cartilage proteoglycan
aggregate: assembly through combined protein-carbohydrate and protein-protein
interactions. Biophys. Chem., v.50, p.113-128, 1994.

51.MULLER G, MICHEL A, ALTENBURG E. COMP (Cartilage Oligomeric Matrix Protein)
is Synthesized in Ligament, Tendon, Meniscus, and Articular Cartilage. Connective
Tis Res. V.39, n. 4, p. 233-244, 1998.

52.NELSON F., DAHLBERG L., LAVERTY S., REINER A., PIDOUX I., IONESCU M. et
al. Evidence for altered synthesis of type Il collagen in patients with osteoarthritis.
J Clin Invest., v. 102, p.2115-2125, 1998.

53.NIE, X; CHUAH, Y.J.; ZHU, W.; HE, P.; PECK, Y.; WANG,D.A. Decellularized tissue
engineered hyaline cartilage graft for articular cartilage repair. Biomaterials, v. 235,

n.119821, 2020, ISSN 0142-9612,https://doi.org/10.1016/j.biomaterials.2020.119821.

54. PATTERSON ML, ATKINSON SJ, KNAUPER V, MURPHY G. Specific collagenolysis
by gelatinase A, MMP-2, is determined by the hemopexin domain and not the
fibronectin-like domain. FEBS Lett., v.503, p.158-162, 2001.

55.PENG, Z; SUN, H.; BUNPETCH, V.; KOH,Y.; WEN, Y.; WU, D.; OUYANG, H. The
regulation of cartilage extracellular matrix homeostasis in joint cartilage degeneration
and regeneration. Biomaterials; v. 268, n. 120555, 2021. ISSN 0142

9612, https://doi.org/10.1016/j.biomaterials.2020.120555.



https://doi.org/10.1016/j.biomaterials.2020.119821
https://doi.org/10.1016/j.biomaterials.2020.120555

41

56.PRINK, A., HAYASHI, K., KIM, S.-Y., KIM, J.; KAPATKIN, A. Evaluation of a
Collagenase Generated Osteoarthritis Biomarker in the Synovial Fluid from Elbow
Joints of Dogs with Medial Coronoid Disease and Unaffected Dogs. Vet Surgery, V.

39, p. 65-70, 2010. https://doi.org/10.1111/j.1532-950X.2009.00604.x

57.RIEPPO J, HYTTINEN MM, HALMESMAKI E, RUOTSALAINEN H, VASARA A,
KIVIRANTA |, et al. Changes in spatial collagen content and collagen network
architecture in porcine articular cartilage during growth and maturation. Osteoarthr
Cart, v. 17, n. 4, p.448-55, 20009.

58.RIESSEN R, FENCHEL M, CHEN H, AXEL DI, KARSCH KR, LAWLER J. Cartilage
oligomeric matrix protein (thrombospondin-5) is expressed by human vascular smooth
muscle cells. Arterioscler Thromb Vasc Biol. v.21, n.1, p.47-54, 2001.

59.RUSSO, E; CAPRNDA, M; KRUZLIAK, P.; CONALDI, P. G.; BORLONGAN, C. V.; LA
ROCCA, G. Umbilical Cord Mesenchymal Stromal Cells for Cartilage Regeneration

Applications. Stem Cells Int, V. 2022, n. 2454168, 2022.

https://doi.org/10.1155/2022/2454168

60.SANTOS VHD, PFEIFER JPH, SOUZA JB, STIEVANI FC, HUSSNI CA, GOLIM MA,
DEFFUNE E, ALVES ALG. Evaluation of alginate hydrogel encapsulated
mesenchymal stem cell migration in horses. Res Vet Sci., v. 124, p.38-45, 2019. doi:
10.1016/j.rvsc.2019.02.005. Epub 2019 Feb 25. PMID: 30826587 .

61.SCANZELLO, C.R. Synovial Structure and Physiology in Health and Disease. In: B.
F. MANDELL (ed Synovial Fluid Analysis and The Evaluation of Patients With
Arthritis. Springer: Cham, Switzerland, 2022. ISBN 978-3-030-99611-6 ISBN 978-3-030-

99612-3 (eBook) https://doi.org/10.1007/978-3-030-99612-3



https://doi.org/10.1111/j.1532-950X.2009.00604.x
Stem%20Cells%20Int
https://doi.org/10.1155/2022/2454168
https://doi.org/10.1007/978-3-030-99612-3

42

62.SCHNELLMANN, R. Chapter One - Advances in ADAMTS biomarkers. In:
GREGORY S. MAKOWSKI (Editores). Advances in Clinical Chemistry, Elsevier, v.
106, p. 1-32, 2022 ISSN 0065-2423, ISBN

9780323988377. https://doi.org/10.1016/bs.acc.2021.09.002.

63.SEIDMAN AJ, LIMAIEM F. Synovial Fluid Analysis. StatPearls;

2022 https://www.nchi.nlm.nih.gov/books/NBK537114/

64.SHUM, L., NUCKOLLS, G. The life cycle of chondrocytes in the developing skeleton.

Arthritis Res Ther , v.4, n.94, 2001. https://doi.org/10.1186/ar396

65.SIEGEL, R.C. Biosynthesis of collagen crosslinks: Increased activity of purified lysyl
oxidase with reconstituted collagen fibrils. Proc Natl Acad Sci U S A, v. 71, p. 4826-
4830, 1974.

66.SMITH MD. The normal synovium. Open Rheumatol J., v.5, p.100-6, 2011.

67. TAKAHASHI, I.; ONODERA, K.; BAE, J.-W.; MITANI, H. ; SASANO, Y.; MITANI, H.
‘Age-related changes in the expression of gelatinase and tissue inhibitor of
metalloproteinase genes in mandibular condylar, growth plate, and articular cartilage
in rats,” J Mol Histology, v. 36, n. 5, p. 355-366, 2005.

68. TAMER TM. Hyaluronan and synovial joint: function, distribution and healing.
Interdiscip Toxicol., v. 6, n. 3, p.111-25, 2013.

69.TAN, A.R; HUNG, C.T. Concise review: mesenchymal stem cells for functional
cartilage tissue engineering: taking cues from chondrocyte-based constructs. Stem

Cells Trans. Med., v. 6, n. 4, p. 1295-1303, 2017.


https://doi.org/10.1016/bs.acc.2021.09.002
https://www.ncbi.nlm.nih.gov/books/NBK537114/
https://doi.org/10.1186/ar396

43

70.TCHETINA EV. Developmental mechanisms in articular cartilage degradation in
osteoarthritis. Arthritis. V.2011, n.683970, 2011. doi: 10.1155/2011/683970. Epub
2010 Dec 29. PMID: 22046522; PMCID: PMC3199933.

71. TORTORELLA MD, LIU RQ, BURN T, NEWTON RC, ARNER E: Characterization of
human aggrecanase 2 (ADAM-TS5): substrate specificity studies and comparison
with aggrecanase 1 (ADAM-TS4). Matrix Biol, v. 21, p.499-511, 2002.

72. VAN TURNHOUT, M. C. et al. Postnatal development of collagen structure in ovine
articular cartilage. BMC Dev. Bio, v.10, p. 62, 2010.

73.VAN TURNHOUT, M., HAAZELAGER, M., GIJSEN, M., SCHIPPER, H.,
KRANENBARG, S., VAN LEEUWEN, J. Quantitative description of collagen structure
in the articular cartilage of the young and adult equine distal metacarpus, Anim

Biology, v.58, n.4, p. 353-370, 2008. doi: https://doi.org/10.1163/157075608X383674

74.VAN WEEREN, R. General Anatomy and Physiology of Joints. In: C. WAYNE
MCILWRAITH, DAVID D. FRISBIE, CHRISTOPHER E. KAWCAK, P. RENE VAN
WEEREN (editores). Joint disease in the horse, Second edition. Elsevier: St Louis,
Missouri, 2016. ISBN 978-1-4557-5969-9.

75.VEALE DJ, FIRESTEIN GS. CHAPTER 2: Synovium. IN: FIRESTEIN GS, BUDD RC,
GABRIEL SE, KORESTSKY GA, MCINNES IB, O'DELL JR, editors. Firestein and
Kelley’s textbook of rheumatology. 11th ed. Philadelphia, PA: Elsevier; 2021. p.
20-33.

76.WERNER, S.; GROSE, R. Regulation of wound healing by growth factors and

cytokines. Physiol. Rev., v. 83, n. 3, p. 835-870, 2003.


https://doi.org/10.1163/157075608X383674

44

77.WU, C.-H.; KO, C.-S.; HUANG, J.-W.; HUANG, H.-J.; CHU, |.-M. “Effects of
exogenous glycosaminoglycans on human chondrocytes cultivated on type Il collagen
scaffolds,” J Mat Sci: Materials in Medicine, v. 21, n. 2, p. 725-729, 2010.

78.WU, Z; KORNTNER, SH; MULLEN, AM; ZEUGOLIS. DI. Collagen type II: From
biosynthesis to advanced biomaterials for cartilage engineering. Biomat and
Biosystems, v. 4, n. 100030, 2021.

79.WYNN TA. Cellular and molecular mechanisms of fibrosis. J Pathol. v.214, n.2,
p.199-210, 2008.

80.XIE, X.; WANG, Y.; ZHAO, C.; GUO, S.; LIU, S.; JIA, W.; TUAN, R.S.; ZHANG, C.
Comparative evaluation of MSCs from bone marrow and adipose tissue seeded in
PRP-derived scaffold for cartilage regeneration. Biomaterials, v. 33, n. 29, p.7008-

7018, 2012. ISSN 0142-9612, https://doi.org/10.1016/j.biomaterials.2012.06.058.

81.YAMAGATA, K., NAKAYAMADA, S. & TANAKA, Y. Use of mesenchymal stem cells
seeded on the scaffold in articular cartilage repair. Inflamm Regener, v.38, n.4, 2018

https://doi.org/10.1186/s41232-018-0061-1

82.YANG, G; SHAO, J; LIN, J; YANG, H; JIN, J; YU, C; SHEN, B; HU, X; SI, H; LI, X;
NIU, Y; WU, Z. Transplantation of Human Umbilical Cord Blood-Derived
Mesenchymal Stem Cells Improves Cartilage Repair in a Rabbit Model. BioMed Res

Int, v. 2021, n. 6380141, 2021. https://doi.org/10.1155/2021/6380141

83.ZHU, M; ZHONG, W.; CAO, W.; ZHANG, Q.; WU, G.
Chondroinductive/chondroconductive peptides and their-functionalized biomaterials
for cartilage tissue engineering. Bioactive Mat, v. 9, p. 221-238, 2022 ISSN 2452-

199X, https://doi.org/10.1016/j.bioactmat.2021.07.004.



https://doi.org/10.1016/j.biomaterials.2012.06.058
https://doi.org/10.1186/s41232-018-0061-1
BioMed%20Res%20Int
BioMed%20Res%20Int
https://doi.org/10.1155/2021/6380141
https://doi.org/10.1016/j.bioactmat.2021.07.004

45

84.ZUO H, JIANG L, QU N, WANG J, CUI X, YAO W . The Biomarkers Changes in Serum
and the Correlation with Quantitative MRI Markers by Histopathologic Evaluation of
the Cartilage in Surgically-Induced Osteoarthritis Rabbit Model. PLoS ONE, v.10, n.4,

e0124717, 2015. https://doi.org/10.1371/journal.pone.0124717



https://doi.org/10.1371/journal.pone.0124717

CAPITULO 2

Artigo cientifico a ser submetido para o periédico Frontiers in Bioengineering and
Biotechnology.

As normas para a publicacdo estdo dispostas no ANEXO |, localizado apés as
referéncias bibliograficas ao final deste capitulo, e podem ser encontradas no endereco
eletronico:

https://www.frontiersin.org/journals/bioengineering-and-biotechnology/for-
authors/author-guidelines



https://www.frontiersin.org/journals/bioengineering-and-biotechnology/for-authors/author-guidelines
https://www.frontiersin.org/journals/bioengineering-and-biotechnology/for-authors/author-guidelines

10
11
12
13
14
15
16
17
18
19
20
21
22
23

24

25

26

47

Title:
POLYDIOXANONE-BASED SCAFFOLDS PROVIDE BETTER RESULTS OF
ARTICULAR METABOLISM BIOMARKERS IN AN OVINE IN VIVO OSTEOARTHRITIS

MODEL

ABSTRACT

Due to the limited repair potential of articular cartilage, joint diseases tend to become
chronic and cause pain and decrease in athletic performance. The chronic nature of
osteoarthritis makes it a difficult injury to treat. In this sense, new strategies and
approaches are highly required to improve cartilage repair. Tissue engineering rises as a
potential treatment option by associating biomaterials, cells, and growth factors to provide
biomechanical and cellular support for chondral repair. The aim of the present study was
to evaluate joint biomarkers after treatment of experimental osteoarthritis in 32 ewes,
using different synthetic membranes associated or no with mesenchymal stem cells.
Membranes made of polydioxanone presented the most relevant results, including higher
concentration in biomarkers of type-Il collagen synthesis and lower levels of biomarkers
of extracellular matrix catabolism. Polydioxanone properties associated with the
paracrine effect of MSCs stimulated mechanisms of chondral repair, rising as a potentially
new approach for the treatment of osteoarthritis. The association of different principles of
tissue engineering, such as the inclusion of a cellular source in a scaffold, is the strategy

that generates better parameters in the biomarkers of extracellular matrix metabolism.

Keywords: cartilage; extracellular matrix; joint disease; mesenchymal stem cells;

microfracture
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1. Introduction

The hyaline cartilage found in the joint surfaces mainly is composed by
chondrocytes and extracellular matrix (ECM) made of type Il collagen, proteoglycans, and
water (van Weeren, 2016). The special organization of ECM elements is responsible for
the unique mechanical properties of articular cartilage, in a combination of flexibility and
stiffness (FOX et al., 2009). Once damaged, articular cartilage has a limited capacity for
self-renewal, mostly due to the absence of blood supply in its structure (Mcllwraith, 2016).
Long term joint injuries usually lead to osteoarthritis, a common pathway that represents
the final stage of unbalanced joint metabolism (Lambert et al., 2021).

Different strategies have been employed intending to promote articular repair
(Mcllwraith, 2016). However, research often present widely different results among
different techniques (Tengove et al., 2022), which brings scientific interest to this field.
Tissue engineering is a promising approach in current osteoarthritis research, especially
with the use of cartilage-like constructs made of a cell source integrated with
tridimensional scaffolds (Zhou et al., 2019). Several scaffolds and cell sources are
available commercially, that can be used either alone or in combination with different cell
sources (Statham et al., 2022). Commercially available scaffolds are made of different
biomaterials, including types | and Il collagen, polydioxanone alone or in combination
with other materials, making their use available in several chondral repair techniques.

Cartilage metabolism biomarkers are common targets to determine cartilage
condition. Although biomarkers can be assessed in body fluids such as serum, urine, and

synovial fluid, the last presents the higher concentration and specificity of local
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biomarkers (Lambert et al., 2021), providing estimative about the actual articular
metabolism (Mandell, 2022). Type-II collagen synthesis can be evaluated by the detection
of procollagen carboxy propeptide (CP-Il), whereas its degradation can be estimated by
the measurement of epitopes of collagen cleavage, such as C2C. The synthesis of
proteoglycan can be estimated by the presence of glycosaminoglycan epitopes such as
CS-846.

Thus, synovial evaluation of chondral biomarkers in experimental conditions is an
objective analysis, providing an estimative of the articular condition and being helpful in
the evaluation of the treatment response. The aim of this study was to compare synovial
biomarkers of cartilage metabolism (Hyaluronan, CP-1l, C2C and CS846) in an induced
osteoarthritis model treated with different commercial membranes, with or without

mesenchymal stem cells and subchondral bone microfracture.

2. Material and Methods

This study was conducted in accordance with the principles of ethics and well-
being in animal experimentation and was approved by the Ethics Committee on Animal
Use (CEUA) of the School of Veterinary Medicine and Animal Science of UNESP, Brazil,
in consonance with the international conventions of animal welfare (protocol n.

0068/2021).

2.1 Animals
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Thirty-two lle de France ewes were used in this study, with age ranging between
1 and 2 years and weight between 45 and 60 kg. Physical exams, complete blood count,
lameness scores and radiographic examination of both femorotibial joints were performed
in all animals. Individuals presenting any signs of systemic or articular abnormalities were
excluded from this study. Animals were divided in eight groups, treated according to each

tested therapy.

2.2 Mesenchymal stem cells

Subcutaneous adipose tissue was obtained from the supra-gluteal region of one
donor that was not used in the experiment. The adipose tissue was maintained in PBS
(Thermo-Fisher Scientific, Grand Island, NY, USA). Sample processing was performed
according to the technique described by Carvalho et al. (2009). Briefly, sample was
washed in PBS several times to remove blood excess, dried in sterile absorbent paper
and fragmented with a scalpel. Tissue dissociation was made using 2 mg/ml of type |
collagenase (Sigma-Aldrich, St. Louis, MO, USA) diluted in DMEM F12 Glutamax™
(DMEM, Invitrogen, Grand Island, New York, USA). Each gram of adipose tissue was
dissociated with 2 ml of the collagenase solution (for example: 1g of adipose tissue
received 2 ml of DMEM containing 4 mg of type | collagenase). The content was

homogenized and transferred to an incubator for 3 h at 37°C and 5% of COx.

Collagenase was inactivated with DMEM F12 Glutamax™ supplemented with 10%

fetal bovine serum (FBS - Thermo Fisher Scientific, Grand Island, New York, USA) and
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the sample was centrifuged for 10 minutes at 760 x g. After disposing the supernatant,
the sample was washed and centrifuged once again, and the pellet was diluted in 2 ml of
culture medium (DMEM F12 Glutamax + 10% FBS + 1% penicillin, streptomycin and
amphotericin B solution (Antibiotic-Antimycotic, Thermo Fisher Scientific, Grand Island,
New York, USA) and seeded in 25 cm? culture bottles, changing the culture medium every
48h. When confluence reached 80% or more, cell adhesions were disrupted with 0.25%
EDTA trypsin for 3 minutes. Trypsin was inactivated with culture medium. The bottle
content was centrifuged and the pellet was resuspended in 2 ml of culture medium and
seeded in 75cm? culture bottles (first passage or P1) and 175cm? bottles (second passage
or P2 and third passage or P3). Cell viability was assessed after trypsinization of cultured
cells by trypan blue exclusion method using an automatic counter (Countess Il FL

Automated Cell Counter™, Thermo-Fisher Scientific, Grand Island, NY, USA).

Cell characterization was performed by morphologic evaluation and trilineage
(chondrogenic, osteogenic and adipogenic) differentiation assays. For adipogenic and
osteogenic differentiation, cell cultures received medium StemPro™ Adipogenesis
Differentiation Kit (Gibco, Grand Island, NY, USA), whereas osteogenic differentiation
was performed using StemPro™ Osteogenesis Differentiation Kit (Gibco, Grand Island,
NY, USA). Culture medium was changed every 48 h for 14 days. Cells were fixed in
formaldehyde and the osteogenic/control groups were stained with Alizarin Red, whereas
the adipogenic/control groups were stained with Oil Red O. Chondrogenic differentiation
assay was made in biomass culture in a 15ml conical centrifuge tube using StemPro™

Chondrogenesis Differentiation Kit (Gibco, Grand Island, NY, USA) for 21 days. Culture
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113 was fixed and submitted to histopathologic evaluation using Toluidine Blue and Alcian

114  Blue staining.

115 Immunophenotyping by flow cytometry was not feasible due to the lack of antibody

116  cross-reactivity of the available equine antibodies with the ovine species. Thus, gene

117  expression of PCR for OCT-4, SOX-2, NANOG, CD73, CD90, CD105, CD34, CD45 and

118 MHC class-ll is set to be performed as a next step in this study, following techniques

119  validated by previous authors (table 1).

120 Table 1. PCR sequencing primers for MSCs immunophenotyping.

N. Gene Primer sequence Access n. Amplicon lenght Ref
F:5' -3
R: 3’-5'

1 GAPDH F— CTTCATTGACCTTCACTACATGG NM_001190390.1 365 Zhao et al., 2020
R — TGCAGGAGGCATTGCTGACAA

2 OCT-4 F- GATCGGGCCGGGGGTTGTGC XM_004018968.1 235 Zhao et al., 2020
R-TCGGCTCCAGCTTCTCCTTGTCCA

3 SOX-2 F- CATGAACGGCTCGCCCACCTACAG XM_004003838.1 267 Zhao et al., 2020
R -TCTCCCCCGCCCCCTCCAGTTCAC

4 NANOG F—TTCCTTCCTCCATGGATCTG FJ970651.1 315 Zhao et al., 2020
R - ACCACTGGTTGCTCCAAGAC

5 CD73* F- TGGTCCAGGCCTATGCTTTTG BC114093 115 Lyahyai et al., 2012
R — GGGATGCTGCTGTTGAGAAGAA

6 CD 9ot F- CAGAATACAGCTCCCGAACCAA BC104530 96 Lyahyai et al., 2012
R — CACGTGTAGATCCCCTCATCCTT

7 CD105* F - CGGACAGTGACCGTGAAGTTG NM_001076397 115 Lyahyai et al., 2012
R -TGTTGTGGTTGGCCTCGATTA

8 CD34- F-TGGGCATCGAGGACATCTCT AB021662 107 Lyahyai et al., 2012
R - GATCAAGATGGCCAGCAGGAT

9 CD45" F— CCTGGACACCACCTCAAAGCT NM_001206523 101 Lyahyai et al., 2012
R-TCCGTCCTGGGTTTTATCCTG

10 MHC-II HLA Primer sequence non available gHsaCED 119 Bio-Rad

DRA 0037296 Laboratories
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2.3 Study design

Thirty-two ewes were submitted to surgical induction of unilateral femorotibial
osteoarthritis. Animas were divides in eight groups and treated with microfracture or three
different synthetic membranes associated or no with mesenchymal stem cells. Synovial
fluid was collected before and 6 months after the induction. Samples were submitted to
ELISA to determine synovial concentration of cartilage biomarkers CP-II, C2C, CS-846

and Hyaluronan.

2.4 Surgical induction of osteoarthritis and treatments

Ewes were submitted to a 24h fasting before the surgical procedures. Sedation
was performed with intramuscular injection of 2% xylazine hydrochloride (0.3 mg/kg bw)
and intravenous general anesthesia was induced with diazepam 0.5% (0.5 mg/kg bw)
and 10% ketamine (5 mg/kg bw). Animals were intubated and maintained under inhalation

anesthesia using isoflurane in 100% oxygen.

Both femorotibial joints of all animals were clipped and submitted to surgical
antisepsis. Samples of approximately 1 mL of synovial fluid were obtained immediately
before the surgery, being used for the measurement of the biomarkers at the initial time

point (group named “basal”).
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Surgical access of the femorotibial joint was performed through arthrotomy on the
dorsomedial aspect of the joint, following the previously described technique (Schinhan
et al., 2012). In brief, a 5 cm skin incision was made to access the parapatellar aspect of
joint capsule and exposition of the medial femoral condyle. After positioning the joint in
semiflexion to expose articular surface, a 10 mm diameter chondral lesion was performed
on the loading area using a Keyes cutaneous punch. The cartilage was debrided with a
curette until only the calcified cartilage layer over the bone was left, without reaching or

exposing the vascularized subchondral bone.

Tested membranes were ChondroGide™ (Geistlich Pharma AG, Switzerland),
PlenunGide V1™ and PlenunGide V2™ (Plenum Biotechnology, S&o Paulo, Brazil).
Besides the initial time point synovial fluid collection, considered as the “Basal”’ group,

animals were randomly divided in 8 groups according to each treatment, as it follows:

Basal: samples obtained before the OA induction

+

Control: Chondral lesion

MF: Chondral lesion + Microfracture

CGide: Chondral lesion + Microfracture + ChondroGide™ membrane

V1: Chondral lesion + Microfracture + PlenumGide™ V1 membrane

V1MSC: Chondral lesion + Microfracture + PlenumGide™ V1 membrane + MSCs
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V2: Chondral lesion + Microfracture + PlenumGide™ V2 membrane
V2MSC: Chondral lesion + Microfracture + PlenumGide™ V2 membrane + MSCs

CGideMSC: Chondral lesion + ChondroGide™ + MSCs

All treatments were implemented immediately after creating the lesion. Control
group was submitted to chondral lesion without treatment. Groups MF, CGide, V1 and V2
were all treated with microfractures, made by subchondral bone perforation in 5 distinct
points within the chondral lesion. While MF group received only microfractures, chondral
defects of CGide group were covered with biological membrane Chondro-Gide™
(Geistlich Pharma AG, Switzerland). Group V1 was treated with PlenumGide V1™
membrane (Plenum Biotecnologia, S&o Paulo, Brazil), whereas animals in the V2 group
received PlenumGide V2™ membrane (Plenum Biotecnologia, Sdo Paulo, Brazil).
Animals from the groups V1IMSC, V2MSC and CGideMSC received Plenum Gide
V1™ Plenum Gide V2™ and Chondro-Gide™, respectively, all of them seeded with
3X10% mesenchymal stem cells for 24 h prior to the surgical procedure, to ensure proper
cell adaptation to the tridimensional structure of the scaffolds. Membrane seeding was
performed according to previously described methodology (Saska et al., 2021). All
membranes were held on the lesion using Fibrin Sealant Tisseel ™ (Tisseel, Baxter
Hospitalar, Sado Paulo, Brazil). Closure of the joint capsule was performed using 2-0 PDS-

Il (Ethicon, United States of America), followed by closure of subcutaneous and skin.
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Post-operative protocol included Ceftiofur (4 mg/kg bw) for 5 days and Meloxicam (0.5

mg/kg bw) for 7 days.

2.5 Sample collection and molecular analyses

Synovial fluid was collected via arthrocentesis immediately before the surgery
(group named “before surgery”) and after 6 months. Samples were centrifuged at 720 x
g for 10 minutes at 4°C, aliquoted in 1.5 ml polypropylene tubes and stored at -80°C.
Synovial levels of biomarkers CP-II, C2C, CS846 (IBEX Pharmaceuticals, Inc. Quebéc,
CA) and Hyaluronan (R&D Systems, Minneapolis, MN, USA) were measured by
multispecies enzyme-linked immunosorbent assay (ELISA) at initial time point
(considered as initial control) and after 6 months (at this time point each group was
evaluated individually and compared to the initial control), following the manufacturers’
instructions. Optic densities were read at 450 nm wavelength and the regression curve

was performed and evaluated by the software Instat GraphPad™.
2.6 Statistical Analysis

Normality test was performed and parametric data were submitted to ANOVA and
pairwise multiple comparisons using Tukey Test, whereas Kruskal-Wallis Test and
Duncan’s Method were applied to nonparametric data. Differences were considered
statistically significant when P-value was <0.05. The software used for all analyses was

Sigmastat 3.5 (Systat Software, Inc., Point Richmond, CA, USA).
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3. Results

3.1 Culture and characterization of MSCs

Enzymatic tissue dissociation was effective to recover adipose tissue stem cell
population. Cultured cells presented capability to adhere to the plastic bottle, as well as
fibroblastic morphology and clonal expansion potential. Cells presented mean viability of
93% after trypsinization. Differentiation assays revealed capability of chondrogenesis,

adipogenesis and osteogenesis, confirmed by the specific staining of the cultures.

3.2 Synovial concentration of hyaluronan, C2C, CS846 and CP-Il

Hyaluronan levels presented statistical differences between groups. Concentration
of hyaluronan in V2 group was higher than the initial time point (P=0.022). There was also
significantly higher hyaluronan concentration of V2 group synovial fluid compared to

VIMSC (P=0.042) (figure 1).
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216  Figure 1. Synovial concentration of Hyaluronan at initial time point (Before Surgery) and

217 6 months after the surgery. * means P=0.022, whereas ** means P=0.042.

218

219 The synovial concentration of C2C exhibited significantly higher degradation in the
220 CG group compared to V2 (P=0.040) and to V1IMSC (P=0.022). The V1MSC group also
221  demonstrated lower degradation compared to the initial time point (P=0.036). None of the

222 other groups presented significance in any comparison (Figure 2).
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Figure 2. Synovial fluid concentrations of C2C before and 6 months after the OA
induction, demonstrating lower C2C levels in VIMSC group compared to initial time point
(** indicates P=0.036) and to the CG group (*** indicates P=0.022), as well as lower C2C

levels in V2 group compared to CG group (* indicates P=0.040).

Evaluation of the biomarker CS846 revealed higher scores in animals treated with
the V1 membrane with MSCs (V1MSC), differing from all the other groups significantly
(P<0.05) (figure 3). Although there were noticeable differences among the groups,
synovial CP-Il concentration did not present significant differences (P=0.091) between

initial timepoint and any treated or control group after 6 months (figure 4).
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Figure 3. Results of CS846 synovial measurements at the initial time point (Before

surgery) and after 6 months (all the other groups). There was a significantly higher CS846

concentration in VIMSC group compared to the other groups. * indicates P<0.05.
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Figure 4. Concentrations of CP-ll before and 6 months after the OA induction. No

significant differences were observed.

4. Discussion

This study assessed the synovial levels of chondral metabolism biomarkers in
response to different treatments, all employed with the intention of supporting chondral
healing after cartilage loss. The evaluation of biomarkers of ECM metabolism is well
described in the literature and can reveal relevant information regarding joint condition

(Garnero, 2004; Mcllwraith, 2005).
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Osteoarthritis remains one of the most challenging conditions to handle, mostly
due to the limited potential of repair that cartilage presents (Vinatier et al., 2009). Hyaline
cartilage ECM is mainly composed of collagen fibrils and proteoglycans, which are
responsible for its important mechanical properties (van Weeren, 2016). Although no
differences were observed in synthesis of collagenous ECM components, aggrecan
synthesis was significantly elevated in the group treated with the membrane V1Gide™
and MSCs. The V1Gide™ is composed of 100% synthetic polydioxanone, an absorbable
polymer widely used in tissue engineering due to its combined properties of cell adhesion
and mechanical resistance (Goonoo et al., 2015). Scaffolds composed of polydioxanone
can induce expression of cartilage-specific genes in vitro (Jeong et al., 2010) and are able
to stimulate chondrogenesis with good production of proteoglycans and moderate
production of type Il collagen (Kaps et al., 2006). The results of this study corroborate
previous findings about low collagen production and relevant proteoglycan production
induced by polydioxanone, since CP-Il levels were maintained, but lower C2C and higher
CS846 levels were observed.

The lower collagen catabolism in V2 and in VAIMSC groups points to the hypothesis
that polydioxanone might also play a chondroprotective role, that favored aggrecan
synthesis and led to less cartilage catabolism, since polydioxanone is the common
component of both membranes. Additionally, ChondroGide ™ is composed of types | and
[l collagen molecules, in opposition to the native type Il collagen found in chondral ECM.

Compared to type Il collagen, type | collagen has less interactions with ECM
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proteoglycans due to the minor content of hydroxy-lysine and galactosyl and glucosyl
residues (Gelse et al., 2003).

Alongside with polydioxanone, the V2 membrane also has graphene in its
composition. Graphene is a thin yet very resistant element, known as the strongest
material ever measured in the universe (Geim, 2009). The higher hyaluronan expression
in the group treated with the V2 membrane can be related to graphene’s capability of
stimulating glycosaminoglycan synthesis (Zhou et al., 2017). Graphene also presents
important hydrophilic and mechanical features (Karbasi et al., 2017) that can be useful to
preserve ECM architecture and water content, thus favoring cartilage function. Moreover,
tissue engineering techniques using graphene have demonstrated good results in
stimulating chondrogenesis (Yoon et al., 2014; Zhou et al., 2017; Zhou et al., 2019), as
well as adipogenesis and osteogenesis (Kim et al., 2013), making graphene a promising
candidate for new strategies of tissue engineering.

Besides its purpose of ensuring proper membrane attachment to the lesion site,
fibrin also has important chondrogenic properties (Ahmed et al., 2008) that can potentially
contribute to cartilage repair. However, although VIMSC group may have benefited from
these properties, all the other groups treated with fibrin sealant did not demonstrate
similar results. Previous studies that evaluated chondral repair showed inferior cartilage
quality after using a type Il collagen hydrogel associated with fibrin sealant, but relevant
tissue formation after combining both with MSCs (Lazarini et al., 2017). Our results also
demonstrated superior ECM production when MSCs were associated with the scaffold

and the fibrin sealant, even though the microfracture technique also promotes migration
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of the subchondral bone autologous MSCs population to the joint (Erggelet & Vavken,
2016). Moreover, microfracture alone leads to lower cartilage repair compared to
microfracture associated with fibrin sealant and MSCs (Koh et al., 2016). Thus, the
presence of a higher population of MSCs in loco in our study was considered more
effective than the autologous migration of MSCs. This indicates a major role of MSCs in
the coordination of cartilage repair process, corroborating previously published data that
demonstrated their enhanced paracrine effect in a tridimensional organization (Lee & Lee,
2022). However, a limiting factor of this study was the absence of a group treated with
MSCs alone, which impairs the proper observation of the isolated effect of MSCs in this
specific experimental model.

Although the experimental model of osteoarthritis used in this study design does
not induce a low-grade inflammatory process in all articular components, the results of a
6-month follow-up demonstrate that the cartilage metabolism is affected by the surgery,
indicating the efficacy of the model.

Even though additional time points of synovial fluid collection and analysis would
facilitate the interpretation of the results, repeated arthrocentesis in the ovine species is
not a feasible option, mainly due to the scarce amount of synovial fluid and to the small
anatomical window used for joint access. Given the feasibility in the detection of cartilage
metabolism biomarkers in other body fluids such as urine (Deberg et al., 2005; van Tuyl
et al., 2008 ) and serum (Billinghurst et al., 2003; Conrozier et al., 2007; Frisbie et al.,
2008), the periodic measurement of articular biomarkers in serum or urine is a non-to-

little invasive tool that can be useful to monitor joint disease progression and treatment
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response. Thus, further studies might benefit from parallel collection of urine or serum
samples to evaluate the sensitivity of biomarker detection, as well as to compare synovial
and urine/serum levels and determine the urine/serum equivalent levels of biomarkers
that correspond to specific synovial levels.

The results of this study substantiate additional exploration of cartilage-like
constructs associated with MSCs to treat chondral lesions. Although important advances
have been made in the treatment of articular injuries, further work is still needed to reach
the excellence of a well-designed tissue-engineered construct capable of adequately

improving mechanical properties of the articular cartilage.

5. Conclusion

Taken together, our results substantiate the use of synovial biomarkers for
osteoarthritis research and suggest that polydioxanone-based scaffolds are preferable
over type | and type Ill collagen scaffolds for chondral defects, showing better results of
ECM synthesis and degradation biomarkers. Polydioxanone properties place it as a
promising biomaterial for new therapeutic approaches in tissue engineering. The
association of a higher population of purified MSCs with an appropriate scaffold provides
better results in biomarkers of cartilage metabolism, reinforcing the importance of
associating complementary techniques to enhance cartilage aspect and functionality

through different mechanisms of repair.
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Normas para a submissao de artigos cientificoa ao periddico “Frontiers in
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AUTHOR GUIDELINES

General standards
Article type

Frontiers requires authors to select the appropriate article type for their manuscript and
to comply with the article type descriptions defined in the journal's 'Article types' page,
which can be seen from the 'For authors' menu on every Frontiers journal page. Please
pay close attention to the word count limits.

Templates

If working with Word please use our Word templates. If you wish to submit your article
as LaTeX, we recommend our LaTeX templates.

For LaTeX files, please ensure all relevant manuscript files are uploaded: .tex file, PDF,
and .bib file (if the bibliography is not already included in the .tex file).

During the interactive review, authors are encouraged to upload versions using track
changes. Editors and reviewers can only download the PDF file of the submitted
manuscript.

Manuscript length

Frontiers encourages the authors to closely follow the article word count lengths given
in the 'Article types' page of the journals. The manuscript length includes only the main
body of the text, footnotes, and all citations within it, and excludes the abstract, section
titles, figure and table captions, funding statement, acknowledgments, and references in
the bibliography. Please indicate the number of words and the number of figures and
tables included in your manuscript on the first page.

Language editing

Frontiers requires manuscripts submitted to meet international English language
standards to be considered for publication.
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For authors who would like their manuscript to receive language editing or proofreading
to improve the clarity of the manuscript and help highlight their research, Frontiers
recommends the language-editing services provided by the following external partners.

Note that sending your manuscript for language editing does not imply or guarantee that
it will be accepted for publication by a Frontiers journal. Editorial decisions on the
scientific content of a manuscript are independent of whether it has received language
editing or proofreading by these partner services or other services.

Editage

Frontiers recommends the language-editing service provided by our external partner
Editage. These services may be particularly useful for researchers for whom English is
not the primary language. They can help to improve the grammar, syntax, and flow of
your manuscript prior to submission. Frontiers authors will receive a 10% discount by
visiting the following link: editage.com/frontiers.

The Charlesworth Group

Frontiers recommends the Charlesworth Group's author services, who has a long-
standing track record in language editing and proofreading. This is a third-party service
for which Frontiers authors will receive a 10% discount by visiting the following

link: www.cwauthors.com/frontiers.
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10% B4 Bl L2 www.cwauthors.com.cn/frontiers.

Language style

The default language style at Frontiers is American English. If you prefer your article to
be formatted in British English, please specify this on the first page of your manuscript.
For any questions regarding style, Frontiers recommends authors to consult

the Chicago Manual of Style.

Search engine optimization (SEO)

There are a few simple ways to maximize your article's discoverability and search
results.

e Include a few of your article's keywords in the title of the article

o Do not use long article titles

e Pick 5-8 keywords using a mix of generic and more specific terms on the
article subject(s)

e Use the maximum amount of keywords in the first two sentences of the
abstract

e Use some of the keywords in level 1 headings

CrossMark policy


https://editage.com/frontiers/
https://www.cwauthors.com/frontiers/
https://www.cwauthors.com.cn/frontiers/
https://www.chicagomanualofstyle.org/home.html
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Title

The title should be concise, omitting terms that are implicit and, where possible, be a
statement of the main result or conclusion presented in the manuscript. Abbreviations
should be avoided within the title.

Witty or creative titles are welcome, but only if relevant and within measure. Consider if
a title meant to be thought-provoking might be misinterpreted as offensive or alarming.
In extreme cases, the editorial office may veto a title and propose an alternative.

Authors should avoid:

« titles that are a mere question without giving the answer
e unambitious titles, for example starting with "'Towards," 'A description of,' 'A
characterization of' or 'Preliminary study on'
e Vvague titles, for example starting with '‘Role of', 'Link between', or 'Effect of’
that do not specify the role, link, or effect
« including terms that are out of place, for example the taxonomic affiliation
apart from species name.
For Corrigenda, General Commentaries, and Editorials, the title of your manuscript
should have the following format.

o 'Corrigendum: [Title of original article]'
e General Commentaries:
‘Commentary: [Title of original article]'
'Response: Commentary: [Title of original article]'
« 'Editorial: [Title of Research Topic|'
The running title should be a maximum of five words in length.

Authors and affiliations

All names are listed together and separated by commas. Provide exact and correct
author names as these will be indexed in official archives. Affiliations should be keyed to
the author's name with superscript numbers and be listed as follows:

« Laboratory, Institute, Department, Organization, City, State abbreviation (only
for United States, Canada, and Australia), and Country (without detailed
address information such as city zip codes or street names).

Example: Max Maximusl1
1 Department of Excellence, International University of Science, New York, NY, United
States.

Correspondence
The corresponding author(s) should be marked with an asterisk in the author list.

Provide the exact contact email address of the corresponding author(s) in a separate
section.
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Example: Max Maximus*
maximus@iuscience.edu

If any authors wish to include a change of address, list the present address(es) below
the correspondence details using a unique superscript symbol keyed to the author(s) in
the author list.

Equal contributions

The authors who have contributed equally should be marked with a symbol (1) in the
author list of the doc/latex and pdf files of the manuscript uploaded at submission.

Please use the appropriate standard statement(s) to indicate equal contributions:

Equal contribution: These authors contributed equally to this work
First authorship: These authors share first authorship
Senior authorship: These authors share senior authorship
Last authorship: These authors share last authorship
Equal contribution and first authorship: These authors contributed equally
to this work and share first authorship
e Equal contribution and senior authorship: These authors contributed
equally to this work and share senior authorship
e Equal contribution and last authorship: These authors contributed equally
to this work and share last authorship
Example: Max Maximus 1, John Smith21 and Barbara Smithl
TThese authors contributed equally to this work and share first authorship

Consortium/group and collaborative authors
Consortium/group authorship should be listed in the manuscript with the other author(s).

In cases where authorship is retained by the consortium/group, the consortium/group
should be listed as an author separated by a comma or 'and'. The consortium/group
name will appear in the author list, in the citation, and in the copyright. If provided, the
consortium/group members will be listed in a separate section at the end of the article.

For the collaborators of the consortium/group to be indexed in PubMed, they do not
have to be inserted in the Frontiers submission system individually. However, in the
manuscript itself, provide a section with the name of the consortium/group as the
heading followed by the list of collaborators, so they can be tagged accordingly and
indexed properly.

Example: John Smith, Barbara Smith and The Collaborative Working Group.

In cases where work is presented by the author(s) on behalf of a consortium/group, it



76

should be included in the author list separated with the wording 'for' or ‘'on behalf of.'
The consortium/group will not retain authorship and will only appear in the author list.

Example: John Smith and Barbara Smith on behalf of The Collaborative Working Group.
Abstract

As a primary goal, the abstract should render the general significance and conceptual
advance of the work clearly accessible to a broad readership. In the abstract, minimize
the use of abbreviations and do not cite references, figures or tables.

For Clinical Trial articles, please include the Unique Identifier and the URL of the
publicly accessible website on which the trial is registered.

Keywords
All article types require a minimum of five and a maximum of eight keywords.
Text

The entire document should be single-spaced and must contain page and line numbers
in order to facilitate the review process. The manuscript should be written using either
Word or LaTeX. See above for templates.

Nomenclature

The use of abbreviations should be kept to a minimum. Non-standard abbreviations
should be avoided unless they appear at least four times, and must be defined upon
first use in the main text. Consider also giving a list of non-standard abbreviations at the
end, immediately before the acknowledgments.

Equations should be inserted in editable format from the equation editor.

Italicize gene symbols and use the approved gene nomenclature where it is available.
For human genes, please refer to the HUGO Gene Nomenclature Committee (HGNC).
New symbols for human genes should be submitted to the HGNC here. Common
alternative gene aliases may also be reported, but should not be used alone in place of
the HGNC symbol. Nomenclature committees for other species are listed here. Protein
products are not italicized.

We encourage the use of Standard International Units in all manuscripts.

Chemical compounds and biomolecules should be referred to using systematic
nomenclature, preferably using the recommendations by the International Union of Pure
and Applied Chemistry (IUPAC).

Astronomical objects should be referred to using the nomenclature given by the
International Astronomical Union (IAU) provided here.


https://www.genenames.org/
https://www.genenames.org/cgi-bin/request
https://www.genenames.org/help/faq/#!/#tocAnchor-1-1-8
http://cdsweb.u-strasbg.fr/Dic/how.html
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Life Science ldentifiers (LSIDs) for ZOOBANK registered names or nomenclatural acts
should be listed in the manuscript before the keywords. An LSID is represented as a
uniform resource name (URN) with the following format:
urn:lsid:<Authority>:<Namespace>:<ObjectID>[:<Version>]

For more information on LSIDs please see the 'Code' section of our polices and
publication ethics.

Sections

The manuscript is organized by headings and subheadings. The section headings
should be those appropriate for your field and the research itself. You may insert up to 5
heading levels into your manuscript (i.e.,: 3.2.2.1.2 Heading Title).

For Original Research articles, it is recommended to organize your manuscript in the
following sections or their equivalents for your field.

Introduction
Succinct, with no subheadings.

Materials and methods

This section may be divided by subheadings and should contain sufficient detail so that
when read in conjunction with cited references, all procedures can be repeated. For
experiments reporting results on animal or human subject research, an ethics approval
statement should be included in this section (for further information, see

the 'Bioethics' section of our polices and publication ethics.)

Results
This section may be divided by subheadings. Footnotes should not be used and must
be transferred to the main text.

Discussion

This section may be divided by subheadings. Discussions should cover the key findings
of the study: discuss any prior research related to the subject to place the novelty of the
discovery in the appropriate context, discuss the potential shortcomings and limitations
on their interpretations, discuss their integration into the current understanding of the
problem and how this advances the current views, speculate on the future direction of
the research, and freely postulate theories that could be tested in the future.

For further information, please check the descriptions defined in the journal's 'Article
types' page, in the 'For authors' menu on every journal page.

Acknowledgements

This is a short text to acknowledge the contributions of specific colleagues, institutions,
or agencies that aided the efforts of the authors. Should the content of the manuscript
have previously appeared online, such as in a thesis or preprint, this should be
mentioned here, in addition to listing the source within the reference list.


https://www.frontiersin.org/guidelines/policies-and-publication-ethics
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https://www.frontiersin.org/guidelines/policies-and-publication-ethics
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Contribution to the field statement

When you submit your manuscript, you will be required to briefly summarize in 200
words your manuscript's contribution to, and position in, the existing literature in your
field. This should be written avoiding any technical language or non-standard acronyms.
The aim should be to convey the meaning and importance of this research to a non-
expert.

While Frontiers evaluates articles using objective criteria, rather than impact or novelty,
your statement should frame the question(s) you have addressed in your work in the
context of the current body of knowledge, providing evidence that the findings — whether
positive or negative — contribute to progress in your research discipline. This will help
the chief editors to determine whether your manuscript fits within the scope of a
specialty as defined in its mission statement; a detailed statement will also facilitate the
identification of the editors and reviewers most appropriate to evaluate your work,
ultimately expediting your manuscript's initial consideration.

Example statement on: Markram K and Markram H (2010) The Intense World Theory —
a unifying theory of the neurobiology of autism. Front. Hum. Neurosci. 4:224. doi:
10.3389/fnhum.2010.00224

Autism spectrum disorders are a group of neurodevelopmental disorders that affect up
to 1 in 100 individuals. People with autism display an array of symptoms encompassing
emotional processing, sociability, perception and memory, and present as uniquely as
the individual. No theory has suggested a single underlying neuropathology to account
for these diverse symptoms. The Intense World Theory, proposed here, describes a
unifying pathology producing the wide spectrum of manifestations observed in autists.
This theory focuses on the neocortex, fundamental for higher cognitive functions, and
the limbic system, key for processing emotions and social signals. Drawing on
discoveries in animal models and neuroimaging studies in individuals with autism, we
propose how a combination of genetics, toxin exposure and/or environmental stress
could produce hyper-reactivity and hyper-plasticity in the microcircuits involved with
perception, attention, memory and emotionality. These hyper-functioning circuits will
eventually come to dominate their neighbors, leading to hyper-sensitivity to incoming
stimuli, over-specialization in tasks and a hyper-preference syndrome. We make the
case that this theory of enhanced brain function in autism explains many of the varied
past results and resolves conflicting findings and views and makes some testable
experimental predictions.

Figure and table guidelines
CC-BY license

All figures, tables, and images will be published under a Creative Commons CC-BY
license, and permission must be obtained for use of copyrighted material from other
sources (including re-published/adapted/modified/partial figures and images from the
internet). It is the responsibility of the authors to acquire the licenses, follow any citation


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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instructions requested by third-party rights holders, and cover any supplementary
charges.

For additional information, please see the 'Image manipulation' section of our polices
and publication ethics.

Figure requirements and style guidelines

Frontiers requires figures to be submitted individually, in the same order as they are
referred to in the manuscript; the figures will then be automatically embedded at the end
of the submitted manuscript. Kindly ensure that each figure is mentioned in the text and
in numerical order.

For figures with more than one panel, panels should be clearly indicated using labels
(A), (B), (C), (D), etc. However, do not embed the part labels over any part of the image,
these labels will be replaced during typesetting according to Frontiers' journal style. For
graphs, there must be a self-explanatory label (including units) along each axis.

For LaTeX files, figures should be included in the provided PDF. In case of acceptance,
our production office might require high-resolution files of the figures included in the
manuscript in EPS, JPEG or TIF/TIFF format.

To upload more than one figure at a time, save the figures (labeled in order of
appearance in the manuscript) in a zip file and upload them as 'Supplementary Material
Presentation.’

Please note that figures not in accordance with the guidelines will cause substantial
delay during the production process.

Captions

Captions should be preceded by the appropriate label, for example 'Figure 1." Figure
captions should be placed at the end of the manuscript. Figure panels are referred to by
bold capital letters in brackets: (A), (B), (C), (D), etc.

Image size and resolution requirements

Figures should be prepared with the PDF layout in mind. Individual figures should not
be longer than one page and with a width that corresponds to 1 column (85 mm) or 2
columns (180 mm).

All images must have a resolution of 300 dpi at final size. Check the resolution of your
figure by enlarging it to 150%. If the image appears blurry, jagged, or has a stair-
stepped effect, the resolution is too low.


https://www.frontiersin.org/guidelines/policies-and-publication-ethics
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The text should be legible and of high quality. The smallest visible text should be no
less than eight points in height when viewed at actual size.

Solid lines should not be broken up. Any lines in the graphic should be no smaller than
two points wide.

Please note that saving a figure directly as an image file (JPEG, TIF) can greatly affect
the resolution of your image. To avoid this, one option is to export the file as PDF, then
convert into TIFF or EPS using a graphics software.

Format and color image mode
The following formats are accepted: TIF/TIFF (.tif/.tiff), JIPEG (.jpg), and EPS (.eps)
(upon acceptance). Images must be submitted in the color mode RGB.

Chemical structures

Chemical structures should be prepared using ChemDraw or a similar program. If
working with ChemDraw please use our ChemDraw template. If working with another
program please follow the guidelines below.

o Drawing settings: chain angle, 120° bond spacing, 18% width; fixed length,
14.4 pt; bold width, 2.0 pt; line width, 0.6 pt; margin width, 1.6 pt; hash
spacing, 2.5 pt. Scale 100% Atom Label settings: font, Arial; size, 8 pt
e Assign all chemical compounds a bold, Arabic numeral in the order in which
the compounds are presented in the manuscript text.
Table requirements and style guidelines

Tables should be inserted at the end of the manuscript in an editable format. If you use
a word processor, build your table in Word. If you use a LaTeX processor, build your
table in LaTeX. An empty line should be left before and after the table.

Table captions must be placed immediately before the table. Captions should be
preceded by the appropriate label, for example 'Table 1." Please use only a single
paragraph for the caption.

Ensure that each table is mentioned in the text and in numerical order.

Large tables covering several pages cannot be included in the final PDF for formatting
reasons. These tables will be published as supplementary material.

Tables which are not according to the above guidelines will cause substantial delay
during the production process.

Accessibility
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We encourage authors to make the figures and visual elements of their articles
accessible for the visually impaired. An effective use of color can help people with low
visual acuity, or color blindness, understand all the content of an article.

These guidelines are easy to implement and are in accordance with the W3C Web
Content Accessibility Guidelines (WCAG 2.1), the standard for web accessibility best
practices.

Ensure sufficient contrast between text and its background
People who have low visual acuity or color blindness could find it difficult to read text
with low contrast background color. Try using colors that provide maximum contrast.

WC3 recommends the following contrast ratio levels:

o Level AA, contrast ratio of at least 4.5:1
o Level AAA, contrast ratio of at least 7:1

Avoid using red or green indicators
More than 99% of color-blind people have a red-green color vision deficiency.

Avoid using only color to communicate information

Elements with complex information like charts and graphs can be hard to read when
only color is used to distinguish the data. Try to use other visual aspects to
communicate information, such as shape, labels, and size. Incorporating patterns into
the shape fills also make differences clearer; for an example please see below:

Supplementary material

Data that are not of primary importance to the text, or which cannot be included in the
article because they are too large or the current format does not permit it (such as
videos, raw data traces, and PowerPoint presentations), can be uploaded as
supplementary material during the submission procedure and will be displayed along
with the published article. All supplementary files are deposited to figshare for
permanent storage and receive a DOI.

Supplementary material is not typeset, so please ensure that all information is clearly
presented without tracked changes/highlighted text/line numbers, and the appropriate
caption is included in the file. To avoid discrepancies between the published article and
the supplementary material, please do not add the title, author list, affiliations or
correspondence in the supplementary files.

The supplementary material can be uploaded as:

o data sheet (Word, Excel, CSV, CDX, FASTA, PDF or Zip files)
e presentation (PowerPoint, PDF or Zip files)


https://www.w3.org/TR/WCAG21/
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« image (CDX, EPS, JPEG, PDF, PNG or TIF/TIFF),

o table (Word, Excel, CSV or PDF)

o audio (MP3, WAV or WMA)

e video (AVI, DIVX, FLV, MOV, MP4, MPEG, MPG or WMV).
Technical requirements for supplementary images:

e 300 DPIs

e« RGB color mode.
For supplementary material templates (LaTeX and Word), see our supplementary
material templates.

References

Frontiers' journals use one of two reference styles, either Harvard (author-date) or
Vancouver (numbered). Please check our help center to find the correct style for the
journal to which you are submitting.

« All citations in the text, figures, or tables must be in the reference list and
vice-versa

e The names of the first six authors followed by et al. and the DOI (when
available) should be provided

e Given names of authors should be abbreviated to initials (e.g., Smith, J.,
Lewis, C.S,, etc.)

e The reference list should only include articles that are published or accepted

e Unpublished data, submitted manuscripts, or personal communications
should be cited within the text only, for article types that allow such inclusions

o For accepted but unpublished works use 'in press' instead of page numbers

o Data sets that have been deposited to an online repository should be included
in the reference list. Include the version and unique identifier when available

e Personal communications should be documented by a letter of permission

e Website URLSs should be included as footnotes

e Any inclusion of verbatim text must be contained in quotation marks and
clearly reference the original source

e Preprints can be cited as long as a DOI or archive URL is available, and the
citation clearly mentions that the contribution is a preprint. If a peer-reviewed
journal publication for the same preprint exists, the official journal publication
is the preferred source. See the preprints section for each reference style
below for more information.

Harvard reference style (author-date)

Many Frontiers journals use the Harvard referencing system; to find the correct
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Dados brutos das anélises de ELISA (C2C, CS846, CP-II e Hyaluronan)

Group

V1
V1
V1
V1
V1
V1
V1
V1

V1

V1

V1

V1

V1

V1

V1

V1
CT™M
CT™M
CTM
CT™M
CT™M
CTM
CTM
CT™M

V2

V2

V2

V2

V2

V2

V2

V2 CTM
V2 CTM
V2 CTM
V2 CTM
V2 CTM
V2 CTM
V2 CTM
V2 CTM
V2 CTM

Time point
Pds 6m
Pos 6m
Pés 6m
Pds 6m
Pos 6m
Pés 6m
Pds 6m
Pos 6m
Pés 6m
Pds 6m
Pos 6m
Pés 6m
Pds 6m
Pos 6m
Pés 6m
Pds 6m
Pos 6m
Pés 6m
Pdés 6m
Pos 6m
Pés 6m
Pdés 6m
Pos 6m
Pés 6m
Pdés 6m
Pos 6m
Pés 6m
Pdés 6m
Pds 6m
Pés 6m
Pdés 6m
Pds 6m

C2C conc
14,876
32,172

>1049,500
29,707
23,854
739,351
34,623

>1049,500
9,461
24,961
<0,000
25,322
<0,000
14,123
18,581
27,461

329,841
24,582
10,654
22,081
619,137
17,687

>1049,500
26,317
23,153
24,06
20,957
<0,000

>1049,500
23,012
25,724
<0,000

CS846
0,099
0,096

0,11
0,106
0,228
0,093
0,096
0,101
0,683
0,068
0,124
1,165
0,644
0,085
0,077
0,098
0,102
0,094
0,109
0,115
0,12
0,098
0,193
0,108
0,11
0,103
0,104
0,09
0,074
0.08
0,141
0,091

CP Il conc
443 417
295,123
1458,506
119,508
386,086
204,653

464,8
464,8
789,887
721,859
284,07

1227,895
1219,856
765,364
546,801
736,014
460,747
437,313
514,237
116,714
424,679

1045,006
628,057
<0,000
1375,097
179,124
1056,107
388,697
652,185
653,421

Hyaluronan

0,125
0,126
0,141
0,151
0,131
0,143
0,141
0,121

0,13
0,126
0,137

0,12
0,161
0,123
0,119
0,173
0,197
0,136
0,165

0,16
0,129
0,122

0,158
0,131
0,126
0,126
0,121
0,143
0,153
0,143

0,14



MF
MF
MF
MF
MF
MF
MF
MF
CG
CG
CG
CG
CG
CG
CG
CG
CGCTM
CGCTM
CGCTM
CGCTM
CGCTM
CGCTM
CGCTM
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle
Controle

Pds 6m
Pos 6m
Pds 6m
Pos 6m
Pds 6m
Pos 6m
Pas 6m
Pds 6m
Pas 6m
Pds 6m
Pos 6m
Pds 6m
Pos 6m
Pds 6m
Pos 6m
Pas 6m
Pds 6m
Pas 6m
Pds 6m
Pas 6m
Pds 6m
Pos 6m
Pds 6m
Pos 6m
Pds 6m
Pos 6m
Pds 6m
Pos 6m
Pds 6m
Pos 6m
Antes Cir
Antes Cir
Antes Cir
Antes Cir
Antes Cir
Antes Cir
Antes Cir
Antes Cir
Antes Cir
Antes Cir
Antes Cir
Antes Cir
Antes Cir
Antes Cir
Antes Cir
Antes Cir
Antes Cir
Antes Cir

17,832
23,505
21,338
21,151
37,183

22,538
384,924
49,062
260,334
39,122
21778
39,338
24 553
22,785
20,989
<0,000
<0,000
24,553
19,823

>1049,500
18272
27.425
227,624
21,151
24 41
56,651
25,897
<0,000
189,926
15,658
49634
<0,000
30,407
27,284
151,553
28,322
286,687
20,219
>1049,500
754,059
33,327
20,894
43,594

0,129
0,161
0,106
0,098
0,077
0,718
0,075
0,101
0,085
0,07
0,088
0,101
0,096
0,102

0,084
0,099
0,095
0,074
0,085
0,073

0,106
0,091
0,094
0,081
0,096
0,082
0,103
0,096
0,094
0,154
0,094
0,125
0,096
0,077
0,101
0,108
0,085
0,093
0,085
0,092
0,101

426,876
264,213
760,871
<0,000
57,362
743,22

195,257
235,905
>2097,500
2077,934
526,4

360,506
307,677
653,968
1203,972
843,593
550,797

533,095
260,52
=2097,500
581,931
957,216
2097500

455,145
194,372
768,378
600,534
<0,000
432,056
<0,000
697,213
730,312
794,592
330,941
1341 583
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0,17
0,138

0,13
0,132
0,141
0,146
0,139

0,149
0,126
0,123
0,145
0,141

0,13

0,134
0,142
0,154
0,124
0,123
0,136
0,141
0,116
0,123
0,129
0,153
0,143

0,14
0,143
0,121
0,124
0,117
0,126
0,127

0,15

0,14

0,13
0,155
0,135
0,149
0,135
0,143
0,161
0,136
0,125
0,149
0,144
0,126
0,117
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