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RESUMO

A inter-relagdo entre o tecido musculoesquelético e o tenddo é primordial para a homeostase
tecidual. Enquanto a resposta musculoesquelética a lesdo do tenddo ja foi bem estudada e
documentada, até onde sabemos, a resposta do tenddo a lesdo muscular esquelética foi
negligenciada. Assim, investigamos a remodelacdo da matriz extracelular (MEC) do tendao
calcaneo apo6s lesdo muscular a nivel de gastrocnémio, utilizando modelo animal. Ratos Wistar
foram divididos aleatoriamente em quatro grupos: grupo controle (C), animais que ndo foram
expostos a lesdo muscular; grupo lesdo muscular 3 dias (3D); grupo lesdo muscular 14 dias
(14D); e grupo lesdo muscular 28 dias (28D), para realizagdo de expressdo génica, analise
morfoldgica e biomecanica. Aos 3 dias apds a lesdo, observamos alteragdes no nivel de mRNA
das vias de sinalizacdo associadas ao colageno I, acompanhadas por diminui¢cdes em
propriedades biomecanicas. Aos 14 dias apos a lesdo, encontramos um conteudo histologico
reduzido de coldgeno, acompanhado por invasdo de vasos sanguineos no tenddo e uma
abundancia de células da bainha peritendinosa. Finalmente, 28 dias apds a lesdo, houve sinais
de recuperacdo no nivel de expressdo génica, incluindo a regulagdo positiva dos fatores de
transcri¢do relacionados a sintese, remodelacdo e reparo da MEC. Nesse momento, os tenddes
também apresentavam aumento das células da bainha peritendinosa, diminui¢do das células
adiposas, aumento nos méddulos de Young e menor tensdo até a falha em comparagdo com o
controle ndo lesionado, e todos os time-points pos-lesdo. Em resumo, demonstramos que o
tenddo calcaneo sofre extenso remodelamento da MEC em resposta a lesio do musculo
gastrocnémio, levando a propriedades funcionais alteradas em um modelo de rato. A
plasticidade do tenddo, em resposta a lesdo musculoesquelética, merece uma investigagdo mais

aprofundada para entender sua relevancia fisiologica e possiveis implicagdes clinicas.

Palavras Chaves: interagdo musculo-tenddo, tendinopatia, tendcitos, lesdo muscular, tendao

calcaneo
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ABSTRACT

Cross-talk between skeletal muscle and tendon is important for tissue homeostasis. Whereas
the skeletal muscle response to tendon injury has been well-studied, to the best of our
knowledge the tendon response to skeletal muscle injury has been neglected. Thus, we
investigated calcaneal tendon extracellular matrix (ECM) remodeling after gastrocnemius
muscle injury using a rat model. Wistar rats were randomly divided into four groups: control
group (C; animals that were not exposed to muscle injury) and harvested at different time points
post gastrocnemius muscle injury (3, 14, and 28 days) for gene expression, morphological, and
biomechanical analyses. At 3 days post injury, we observed mRNA-level dysregulation of
signaling pathways associated with collagen I accompanied with disrupted biomechanical
properties. At 14 days post injury, we found reduced collagen content histologically
accompanied by invasion of blood vessels into the tendon proper and an abundance of
peritendinous sheath cells. Finally, at 28 days post injury, there were signs of recovery at the
gene expression level including upregulation of transcription factors related to ECM synthesis,
remodeling, and repair. At this time point, tendons also presented with increased peritendinous
sheath cells, decreased adipose cells, higher Young’s modulus, and lower strain to failure
compared to the uninjured controls and all post injury time points. In summary, we demonstrate
that the calcaneal tendon undergoes extensive ECM remodeling in response to gastrocnemius
muscle injury leading to altered functional properties in a rat model. Tendon plasticity in
response to skeletal muscle injury merits further investigation to understand its physiological

relevance and potential clinical implications.

Keywords: muscle-tendon interaction, tendon disorders, tenocyte, muscle damage, calcaneal

tendon



1. INTRODUCAO

1.1 Propriedades morfofuncionais do tendao

Os movimentos articulares sdo gerados por meio da forca de contragcdo oriunda do
tecido musculoesquelético, a qual ¢ transmitida aos ossos pelos tenddes. Essa mecanica de
alavancas biologicas sdo possiveis gragas ao arranjo estrutural continuo existente entre estes
segmentos teciduais (1). No seu ponto de inserc¢ao, os tenddes surgem a partir do peridsteo, uma
fina camada de tecido conjuntivo que recobre a estrutura ¢ssea. Na sua outra extremidade,
despontam a partir da fascia muscular. Esta juncdo mio-0sseo-tendinosa determina o grau de
movimentagdo articular, sendo assim essencial em todos os movimentos corpéreos (2, 3).

Além dessa fun¢do primaria e fundamental de transmissdo de tensdo, os tenddes
proporcionam armazenamento e transformacdo de energia elastica em mecénica durante a
atividade, gerando economia de movimento e amplificacdo de poténcia em atividades como
salto e aceleracdo (spring-like properties) (4).

Para garantir essa complexidade de fungdes, a organizagdo estrutural e celular de um
tecido ¢ extremamente importante (5). Além disso, compreender a morfologia do tecido
tendineo sadio ¢ fator primario para se abordarem possiveis causas e fatores geradores de lesdes
(6).

Estruturalmente, os tenddes sdo organizados em forma hierdrquica (5). O
tropocolageno, constituido por trés cadeias peptidicas helicoidais e espiraladas, d4 origem as
microfibrilas de colageno, que estdo organizadas em fibrilas de coldgeno, originando, assim, as
fibras de colageno, fasciculos e unidade de tenddo (7) (Figura 1).

O tendao ¢ revestido por uma quantidade de tecido conjuntivo frouxo, denominado

paratendao, que permite a livre circulagdo do tecido. A segunda camada, denominada epitendao,



¢ continua com o paratendao em sua superficie externa e, com o endotenddo, na sua superficie
interna, agrupando os endotenddes de forma organizacional. Finalmente, o endotendao envolve

cada fibra individualmente e conduz vasos sanguineos e nervos (8, 9).

Figura 1. Estrutura hierarquica do tenddo. Adaptado de (10).

PARATENDAO

EPITENDAO |

FASCICULO
(BANDA TERCIARIA DE FIBRY)

TROPOCOLAGENO

FIBRA DE COLAGENO (& 5 'MICROFIBRILA DE COLAGENO

FIBRILA DE CQL.:\GE.\'O
(BANDA PRIMARIA DE FIBRA)

Em relagdo a sua constitui¢do, os tenddes apresentam uma grande matriz extracelular
(MEC), extremamente resistente a forgas de tragdo e compressdo e uma quantidade
relativamente pequena de células, responsaveis pela manuten¢do dessa matriz (11, 12).

A MEC tendinea ¢ composta por aproximadamente 70% de 4gua, com boa parte

associada aos glicosaminoglicanos (GAGs), proteinas importantes para a viscoelasticidade



tendinea, garantindo redug¢do de energia metabodlica durante a locomogdo (5), além de
proteoglicanos, glicoproteinas de adesdo e proteinas fibrosas (colageno e elastina) (1, 13).

Dar destaque aos proteoglicanos (compostos por um ou mais GAGs), como decorina,
biglicana, fibromodulina, entre outros, € importante uma vez que, presentes entre as fibras de
colageno, atuam na organizacgdo do tecido, regulam o processo de fibrilogenése do colageno,
controlam o didmetro das fibrilas, sendo assim essenciais para a manutencao da estrutura da
matriz (7, 8). Estudos realizados em animais knockout investigaram o papel da decorina, um
proteoglicano rico em leucina, e evidenciaram que a formacdo inadequada de fibrilas de
coldgeno e a diminuicdo das propriedades mecanicas foram resultantes da auséncia deste
proteoglicano na MEC tendinea (14).

O principal constituinte dessa matriz ¢ o coldgeno, que representa 60-85% do peso
seco do tendao (90% do tipo I), arranjado paralelamente na direcdo de aplica¢dao da forga do
musculo, em fibras resistentes as tensdes, garantindo a integridade estrutural do tecido (5, 15,

16) (Figura 2).

Figura 2. Sintese de fibrilas de coldgeno para matriz extracelular tendinea (MEC). A.
Expressdo do gene colageno e a montagem da tripla hélice (trés cadeias peptidicas helicoidais
e espiraladas) ocorrem no Reticulo Endoplasmatico (RE) dos Tendcitos. O tropocolageno &,
entdo, processado no Complexo de Golgi e transportado a membrana plasmatica para exocitose
do coldgeno maduro & MEC, onde ocorre a formagao de fibrilas. B. Os eventos moleculares na
montagem de fibrilas de coldgeno. As subunidades do tropocoldgeno tipo I (duas cadeias
polipeptidicas al e uma cadeia polipeptidica a2) sdo sintetizadas no RE e se alinham para

formar uma tripla hélice. A tripla hélice do colageno amadurece a partir da agdo das proteases.



As moléculas de colageno maduro alinham-se na MEC para formacao das fibrilas de colageno.

Adaptado de (16).
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O segundo colageno mais abundante no tecido, em termos de percentagem, ¢ o tipo I1I
(até 10%), que esta localizado principalmente no epitenddo e no endotenddo. Nas fases inicias
apos dano tecidual, a producdo desse colageno aumenta, caracterizando um periodo
biomecanicamente inferior (suas fibras sdo mais finas e aceitam maior extensibilidade), com

alinhamento irregular das fibras coldgenas (17) (Figura 3). Durante o processo de reparo



tecidual, a substituicdo gradual por colageno do tipo I deve ocorrer naturalmente, devolvendo

ao tecido sua total capacidade de gerenciar as cargas externas (18).

Figura 3. Visdo esquemadtica do tenddo. O lado esquerdo evidencia um aspecto
branco/translucido do tecido tendineo, com feixes de coldgeno arranjado em fibras muito bem
dispostas, baixa celularidade e vascularizacdo. No lado direto, notamos um tenddo doente
(tendinopatia), com uma aparéncia amarelada, menor organizacdo fibrilar, aumento na

celularidade, vascularizacdo e maior acumulo de proteoglicanos (azul). Adaptado de (19).

Em relagdo ao meio celular, os fibroblastos, denominados tenocitos nos tenddes e
responsaveis pela produgdo, manuten¢do e renovacao da MEC, representam 90 a 95% dos
elementos celulares do tenddo, juntamente a mastocitos, células endoteliais e adipdcitos (1, 5).
Mais recentemente, um novo tipo de célula tendinea, identificada em estudos com animais e
humanos, denominada células-tronco do tendao (TSCs), vem ganhando grande destaque em

virtude da sua capacidade de se autorrenovar, diferenciar-se em tendcitos e, até mesmo, em



condrocitos ou ostedcitos, estando intimamente ligada e correlacionada a processos de
manutengdo e reparo, mas também ao desenvolvimento de lesdes no tendao (3).

A nivel molecular, o fator de transcrigdo Scleraxis ¢ apresentado na literatura como
ponto-chave na proliferagio e diferenciacdo dos tendcitos (20). Estudos com animais
geneticamente modificados, na auséncia da Scleraxis, evidenciam uma interrupcdo da
diferenciagdo dos tenocitos, o que leva a atrofia e desorganizagdo da MEC tendinea, vinculada
a uma extrema redu¢do na expressao de colageno do tipo I (21). Além disso, juntamente com a
Mohawk (Mkx), um segundo fator de transcri¢ao, destacavel em virtude da sua importancia
durante o desenvolvimento e maturagdo do tenddo (22), interage com Smad2/3, um mediador
transcricional essencial da sinaliza¢do do fator de crescimento de transformacao do tipo beta
(TGFp), regulando a producao de constituintes da MEC no tendao, como diferentes tipos de
colageno e proteoglicanos essenciais (20).

Os tendcitos estdo arranjados tipicamente ao longo das fibras de coldgeno, o que
viabiliza o estabelecimento da relagdo da MEC com o meio celular. Vale ressaltar que essa
inter-relacdo (MEC-célula) s6 se torna possivel pela acdo das integrinas, classificadas como
receptores de superficie celular de adesdo, que permitem a propagagdo dos sinais mecanicos de
dentro para fora e de fora para dentro (23). Por meio desse mecanismo, ocorre a detecgdo e
resposta celular a estimulos externos, dando inicio a processos de sinalizacdo intracelular, com
sintese de varios elementos da MEC, que podem culminar em altera¢des da arquitetura celular
e morfologica (18). Todo esse processo ¢ conhecido como mecanotransducdo e garante aos
tendcitos a capacidade de regular a homeostase do tecido tendineo, gerindo a sintese e o

turnover dos componentes da MEC (7).



1.2 Adaptacoes tendineas ao mecanismo de carga musculo-dependente

A carga mecanica vem sendo apontada como fator primordial na homeostase dos
tendoes (3). O nivel de atividade de uma pessoa ou animal, compreendida na literatura atual
como demanda tecidual didria, pode ser utilizada para mensuracgao dessa variavel (24). Estudos
demonstram que os estimulos de tensdo no tendao, ou a falta desses, gerados a partir do processo
de contragdo muscular, repercutem no remodelamento da MEC tendinea (mudancas na
quantidade e /ou organizagdo dos constituintes da matriz), produzindo um aumento de
capacidade estrutural e mecanica ou de fragilidade tecidual (5, 25). Tais adaptagdes, anabolicas
ou catabodlicas do meio celular e, consequentemente, da MEC tendinea, ocorrem quando o
tecido € exposto a cargas externas com diferentes estimulos (magnitude, frequéncia e duragdo),
com base em um intervalo fisioldgico individual (11).

Essa relagdo ja era apontada desde a década de 70, quando foi demonstrado que o
estimulo mecanico, decorrente da contracdo muscular, estava associado ao remodelamento
tendineo (26). Nesse trabalho, Beckham e colaboradores demonstraram que o desenvolvimento
do tenddao em embrides de galinha, durante a embriogénese (formagao do embrido a partir do
zigoto), foi incompleto no momento em que a contragdo muscular foi inibida com D-
tubocurarine (inibidor de acetilcolina), evidenciando, desse modo, que a interagdo
musculotendinea ¢ de suma importancia, ndo somente para 0 movimento articular mas também
para o desenvolvimento e manutengdo da arquitetura tendinea (26).

Uma série de pesquisas subsequentes foram realizadas na tentativa de demonstrar que
a transmissdo de carga mecanica no tenddo, mediada pela contragdo musculoesquelética,
também causava adaptagdes moleculares, morfologicas e mecanicas no tecido tendineo,

podendo influenciar no seu remodelamento (25, 27-31) (Figura 4).



Desse modo, foi observado que a tensdo produzida em nivel muscular em contragdes
de alta intensidade (acima de 70% da for¢ca maxima do individuo), controlada com base na
capacidade tecidual individual, para ndo gerar estresse excessivo, além de ocasionar um
aumento da quantidade de coldgeno do tipo I de forma organizada, com um pico de sintese de
24 horas apos a atividade, também promoveu melhora nos pardmetros de for¢a e rigidez no
tendao de individuos adultos ¢ idosos (6, 25, 30, 31).

Também foi observado hipertrofia tendinea (aumento da area de seccdo transversal) e
aumento dos médulos de Young (propriedade mecanica que avalia a rigidez de um material)
em humanos com alta demanda muscular diaria (praticantes de atividades fisicas que envolvem
descarga de peso como voleibol, badminton e esgrima), como também assimetrias dessas
variaveis (aumento da area de seccdo transversal e médulo de Young), quando comparado o
membro inferior dominante com o nao dominante (25, 28, 29, 32).

Estudos com animais também reforcam os resultados anteriores, evidenciando que
corridas de intensidade moderada foram o suficiente para aumentar a expressao de colageno do

tipo I (33).

Figura 4. Adaptacdes do tendao ao estimulo mecanico misculo-dependente. Teoria da conexao
entre as mudangas nas propriedades tendineas, induzidas pela atividade musculoesquelética
dentro de um intervalo fisiologico de capacidade tecidual. Setas pretas identificam aumento da

variavel sinalizada.
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Eventos moleculares, responsaveis pela regulacdo desse remodelamento tendineo,
também tém sido alvo de pesquisas, demonstrando que o aumento da sintese de colageno,
decorrente de estimulos mecanicos externos, pode estar relacionado a expressdao aumentada do
TGF-B, um dos principais reguladores da sintese e deposi¢ao dessa proteina (34).

Heinemeier e colaboradores, em 2007, também observaram que, além da regulacdo
positiva de colageno, outros mediadores atuantes na sintese da MEC também foram regulados
mediante a atividade muscular. Neste estudo, foi observado que, apos diferentes tipos de
contracdes do musculo gastrocnémio (GA) (isométrica, concéntrica e excéntrica), o tendao
calcaneo (TC) apresentou, além de expressao génica aumentada do colageno I, uma regulagao
positiva do fator de crescimento do tecido conjuntivo (CTGF) e lipoxigenase (LOX), bem como
expressdo aumentada de genes atuantes no turnover tendineo, como as metaloproteases da

matriz-2 (MMP-2) e inibidor tecidual de metaloproteases-1 e 2 (TIMP-1 e TIMP-2) (35).
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Além das moléculas citadas acima, estudos mostram que os fatores de crescimento
derivados da insulina (IGF-1) e do endotélio vascular (VEGF) também desempenham um papel
de destaque na cascata de sinalizagdo que induz a sintese do colageno, proporcionada pela agao
muscular (5, 36).

Apesar dessa importante literatura citada, ainda ndo esta clara qual a relag@o entre essas
vias de sinalizagdo e o papel funcional do conjunto dessas proteinas, essenciais para o
remodelamento do tendao.

De forma conclusiva, a carga externa, controlada com base na capacidade tecidual do
individuo, promove o remodelamento tendineo, podendo levar a melhorias estruturais e
funcionais (37). A cascata de sinalizagdes moleculares, que culminam na modula¢do da MEC
do tendao, por meio da carga mecanica gerada pela contragdo muscular, parece ter inicio por
meio da sintese de fatores de crescimento (CTGF, IGF-1, VEGF e TGF-B) pelas células
tendineas, com posterior sinalizacao de reguladores (SMAD 2/3) dos fatores de transcrigdo (Scx
e Mkx), gerando respostas celulares e alteragdes na propria MEC tendinea (7, 20, 38). Porém,
ndo surpreendentemente, esses mesmos fatores parecem estar envolvidos em tendinopatias
(como veremos no proximo capitulo), sugerindo que os seus papéis sdo altamente contextuais

e devem ser melhor investigados.

1.3 Fatores determinantes para o desenvolvimento de tendinopatias

Apesar de os estudos supracitados demonstrarem que o estimulo mecanico ¢

primordial para a manutencdo da arquitetura tendinea e para a evolugdo de parametros

estruturais e biomecanicos, sabemos também que a variabilidade das intensidades e frequéncias
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das cargas externas impostas sdo uma das principais causas de lesdo no tenddo, pois inibem a

capacidade de as células se manterem em homeostasia (39) (Figura 5).

Figura 5. Curva hipotética de ilustragdo da relagdo entre a magnitude e a frequéncia de carga
toleravel pelo tenddao. O méaximo e o minimo de carga toleravel estdo indicados pelas setas
pretas. A demanda toleravel (maxima ou minima) ¢ dependente da capacidade do tecido

tendineo de cada individuo.
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Trabalhos evidenciam que a exposicdo aguda ou cronica (sobrecarga repetitiva
/overuse) do tenddo a grandes volumes e magnitudes de carga (tensdo, compressao e fric¢do),
que estdo acima da capacidade fisiologica do tecido (capacidade versus demanda), como
também a relacdo de baixas cargas com altas frequéncias de repeti¢do, presentes em atividades
com predominio metabdlico aerdbico ou anaerdbico, induzem a uma estimulagdo aumentada
de genes e enzimas inflamatdrias/degradativas, resultando uma estrutura globalmente
enfraquecida com maior propensao a lesdo e ao estabelecimento de tendinopatias (nomenclatura

atualmente utilizada para indicar um processo de lesdo sem ruptura do tendao) (18, 40, 41).
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Um exemplo claro dessa caracteristica “dose-dependente” do tecido tendineo, em
relacdo a carga externa, como o exercicio fisico, pode ser observado na diferenca de interacao
entre cargas mecanicas, citocinas inflamatorias e as TSCs, quando o tenddo ¢ exposto a
magnitudes de cargas distintas. Um alongamento uniaxial ciclico de 4% do tendao resulta uma
diminui¢do da expressao de cicloxigenase 2 (COX-2), MMP-1, produg¢ao de prostaglandina E2
(PGE2), que ¢ estimulada pela interleucina 1 (IL-1pB) e diferenciacdo das TSCs em tendcitos,
podendo proporcionar, assim, um aumento de capacidade tecidual. Porém, este cenario ¢
totalmente alterado, quando a carga externa imposta ¢ aumentada e, consequentemente, o
alongamento tendineo ¢ maximizado (8%), gerando elevagdo na expressdo das citocinas
inflamatorias, anteriormente descritas, e diferenciagao das TSCs em condrocitos e ostedcitos, o
que determina regides no tendao com baixissima habilidade de reparo tecidual (3, 42).

Da mesma forma, uma abolicao de estimulos externos (stress-shielded) também esta
ligada a possiveis mudancgas patoldgicas no tenddo, apresentando alteragdes similares a tenddes
expostos a sobrecarga. Estudos demonstram diminui¢do na expressdao de proteinas-chaves
envolvidas na capacidade biomecanica do tecido (colageno e proteoglicanos) (7), um aumento
desorganizado da atividade celular (40), apresentando alteragdes na forma (mais arredondados)
e coloracdo dos nucleos de tenocitos (mais escuros), contribuindo, assim, para uma completa
perda da arquitetura normal da MEC (37) (figura 6). Vale ressaltar que uma parcela da

populacao com diagnosticos de tendinopatia tem estilos de vida sedentarios (19, 43).

Figura 6. Principais alteragcdes moleculares e morfologicas observadas em tendinopatias (7, 18,

40, 44-49).
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ALTERACOES MOLECULARES E MORFOLOGICAS EM TENDINOPATIAS

PRINCIPAIS MODIFICACOES MOLECULARES

Cook e Purdam, 2009; J et al., 2012;
NG 1. AUMENTO NA EXPRESSAO DE FATORES DE CRESCIMENTO (VEGF e TGF-B);
N Galloway et al., 2013; Abate, 2014;
\ | e 2. AUMENTO DOS FATORES DE DEGRADACAO DA MATRIZ EXTRACELULAR (MMP-2 E 9) E FATORES

\ | Rees et al., 2014; Spang et al., 2015;
\ { INFLAMATORIOS (IL-6 e PGE2);

\Q» Morita et al., 2016; Vasta et al.,

N 3. AUMENTO NA EXPRESSAO DE COLAGENO IMATURO (COLAGENO DO TIPO Iil) E PROTEOGLICANOS;

" 2016; Millar et al., 2017; Walden et
4. DIMINUICAO DOS INIBIDORES TECIDUAIS DE METALOPROTEINASES (TIMP 1 e 2).

al., 2017.
PRINCIPAIS MODIFICACOES MORFOLOGICAS
1. ANORMALIDADES NA ESTRUTURA DAS FIBRAS E DESORGANIZACAO DO COLAGENO; Cook e Purdam, 2009; Galloway et
2. DIMINUICAO NO NUMERO DE CELULAS E AUMENTO NA VASCULARIZACAO; al., 2013; Vasta et al., 2016; Millar
3. ALTERACAO NO FORMATO DAS CELULAS (ARREDONDADAS). et al., 2017; Walden et al., 2017.

As causas de mudanga no meio celular e na MEC do tenddo, que predispdem o tecido
a tendinopatias, classificadas como reativas na fase aguda (termo descrito para caracterizar um
tenddo que apresenta espessamento adaptativo e homogéneo, com capacidade de
armazenamento de energia limitada, comparado ao tenddo sadio, aumento da producdo de
proteoglicanos e pequenas falhas ao longo das fibras de coldgeno) e que podem evoluir para a
degeneracdo do tecido (grande desorganizacdo da MEC e falhas nas fibras de colageno,
aumento no numero de veias, nervos sensoriais, coldgeno do tipo III e alteragdes na estrutura
dos tenocitos) durante a progressdo para o estado cronico da lesdo (40, 50) (Figura 7), sdo
divididas entre fatores de risco individuais, intrinsecos e extrinsecos e suas relagdes geram um

perfil de risco, tornando os individuos suscetiveis a lesdo (24, 51-53).

Figura 7. Modelo continuo de tendinopatia. Transi¢ao entre o tenddo normal até a tendinopatia

degenerativa, com destaque para o potencial de reversibilidade da lesdo. Adaptado de (40).
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Esse cenario caracteriza um processo de desenvolvimento da lesdo multifatorial e ndo
linear, ou seja, com interagdo complexa entre os fatores, totalmente dependente da capacidade
de cada individuo, do tipo e da demanda necessaria para a realizacdo da atividade (40, 41, 50,
52).

Dentre os fatores extrinsecos, o uso de firmacos e esteroides anabdlicos (54, 55), as
altas cargas de tensdo, compressdo ou friccdo impostas diariamente ao tenddo (50, 53) ou a
abolicdo de estimulos no tecido (geralmente ligado ao envelhecimento ou periodos longos de
repouso apods lesdo musculoesquelética) (50) sdo apontados como os principais aspectos

externos modificadores do tenddo.
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Em relagdo aos fatores de risco intrinsecos, a idade, sexo, massa corporal, doengas

sist€émicas, forca e flexibilidade muscular, alteracdes biomecanicas durante o movimento,

lesdes prévias no tecido tendineo, variagdes anatdmicas do tendao, predisposi¢des genéticas e

o fornecimento de sangue sdo os principais citados na literatura cientifica (52, 53, 56) (figura

8).

Figura 8. Algoritmo da patogénese multifatorial da tendinopatia. Associagdo ndo linear entre

fatores de risco intrinsecos e extrinsecos, juntamente com o evento incitante, que induzem a

alteracdes nos tendcitos e na matriz extracelular do tenddo, predispondo ao desenvolvimento

de tendinopatias. A seta abaixo da tendinopatia, que volta para o quadro de fatores de risco

intrinsecos, indica que as lesdes prévias do tenddo predispdem o individuo a novas lesdes.

Adaptado de (51-53).
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Dentre os fatores inclusos nessa lista, que também podem ser classificados como ndo

modificaveis, trés deles vém sendo alvo de diversas pesquisas (pré-disposi¢ao genética, idade
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e sexo0). Recentemente, variacdes especificas de sequéncias genéticas tém sido correlacionadas
como fatores de risco importantes para tendinopatias (57). Trabalhos também evidenciam que
o envelhecimento estd diretamente correlacionado com um aumento da atividade das MMPs 2
e 9 (56) e uma diminuicao da rigidez do tecido, gerando um aumento clinico na incidéncia de
lesoes tendineas (58). Além disso, estudos biomecanicos evidenciam que os tenddes de homens
parecem ter uma capacidade superior de resisténcia ao estresse mecanico (26% a mais), em
relacdo as mulheres (59). Isso provavelmente estaria ligado a diferenga na taxa de sintese de
coldgeno, que se mostra superior no sexo masculino, tanto no estado de repouso como apos o
exercicio fisico. Da mesma forma, a menopausa teria ligacdo direta com a diminui¢do de
coldgeno do tipo I, alterando a razdo entre colageno do tipo I e III e resultando em um tendao
mecanicamente mais fraco (60).

O fator massa corporal também se mostra diretamente ligado a evolugdo de uma
tendinopatia. O sobrepeso estaria intimamente relacionado ao aumento de carga em tenddes de
membros inferiores, facilitando a progressdo para tendinopatias (61). Além disso, niveis
aumentados no sangue de fatores inflamatorios como PGE2 e fator de necrose tumoral alpha
(TNF-a), observados em individuos obesos, podem interferir na homeostase do tenddo ao
afetarem, diretamente, a sintese e proliferacdo de colageno (61, 62).

A pobre vascularizacdo e as variagdes anatomicas do tenddo, dois aspectos que terdo
maior explanacdo no topico seguinte, juntamente com lesdes prévias e alteragcdes biomecanicas,
geralmente ligadas a aspectos de forga e flexibilidade muscular, sdo outros fatores intimamente
correlacionados a diminuicao da resisténcia a tragdo tendinea e alteragdes degenerativas, que
predispdem o tecido a lesdo (63-68).

Um exemplo disso pode ser observado em um estudo desenvolvido com militares em

que individuos, com fraqueza de flexores plantares, diminuiram a capacidade de absor¢do e
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geracdo de forca da unidade musculo-tendinea, ficando assim mais suscetiveis ao
desenvolvimento de tendinopatias do TC por overuse (68). Em um contexto ainda mais
biomecanico, foi demonstrado que a diminui¢do da dorsoflexdo de tornozelo aumenta o estresse
gerado na regido do joelho, por diminuig¢do da capacidade de absor¢do de carga no tornozelo,
elevando o risco de tendinopatias patelares em atletas saltadores (64).

Por fim, doengas sistémicas, como diabetes mellitus e artrite reumatoide, apesar de
serem mais raramente correlacionadas a lesdes no tenddo, comprometem a forca e elasticidade
do tecido, deteriorando a estrutura normal do tenddo (69). Mais especificamente, estudos
evidenciam que existe um acumulo de produtos finais de glicacdo avancada (AGEs) no tendao
de pacientes diabéticos. Os AGEs elevam a regulacao do CTGF, favorecendo a formagao de
fibrose no tendao ao longo do tempo (63).

Dentre os fatores citados acima, um importante aspecto que sempre deve ser
considerado ¢ a intima dependéncia dos tenddes as relacdes existentes no tecido
musculoesquelético, podendo essa relagdo estar vinculada as  tendinopatias (20). O
funcionamento normal da jun¢do miotendinea requer comunicacao bidirecional continua entre
midcitos e tendcitos para permitir remodelamento adequado (70). No entanto, por mais que a
literatura enfatize os aspectos de mecanotransducdo tendinea, seja em um cendrio de melhora
ou piora da capacidade tecidual, processos lesivos no musculo, como a presenca de inflamagao
durante as fases inicias, podem interferir diretamente na saude tendinea, ndo apenas pelo
decréscimo de tensdo, mas também pela acdo dos fatores inflamatorios do musculo nas células
do tenddo (71). Nessa perspectiva, as investigacdes que elucidam o crosstalk entre musculo-
esquelético e tendao sdo de extrema importancia devido as possiveis alteragdes que afetam a

homeostase geral desses tecidos, fragilizando e predispondo a novas lesdes.
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1.4 Especificidades sobre o tendao calcaneo (TC)

Neste topico, apds elucidarmos de forma ampla o tecido tendineo nos tdpicos
anteriores, abordaremos uma descri¢do mais especifica sobre o TC, abrangendo desde aspectos
moleculares, histologicos e biomecanicos.

Durante a atividade, o TC pode suportar cargas superiores a 3500 N, caracterizando-
se como o mais forte tendao do corpo humano (72).

Porém, quando abordamos tendinopatias, o TC também ganha grande destaque, uma
vez que ¢ o tenddo mais afetado por lesdes (73). Patologias agudas e cronicas do TC sao
responsaveis por mais de 50% das lesdes em todos os esportes (72). Dados apontam que 30%
dos atletas ndo retornam ao esporte apos um episddio de rompimento do TC e aqueles que
retornam apresentam e mantém uma performance abaixo da condi¢ao anterior a lesdo (74).

Anatomicamente, em sua regido proximal, as fibras do TC tém sua origem nas fibras
musculares do grupamento triceps sural (grupo muscular formado pelos musculos soleo e
gastrocnémio lateral e medial), formando a jun¢do miotendinea. Distalmente, a inser¢ao do TC
se da na regido superior, medial e inferior da tuberosidade do osso calcaneo (67).

Estudos recentes apontam que o TC tem uma estrutura torcida (twisted structure), o
que estaria intimamente ligado a sua capacidade de manipulacdo de cargas funcionais,
resultantes das atividades diarias (75). As diferencas no grau de tor¢cdo deste tecido entre
individuos (as tor¢des no TC foram divididas em trés graus de intensidade, sendo o tipo I com
pouca torgado, tipo II com moderada tor¢ao e tipo III com tor¢des extremas) podem aumentar a
suscetibilidade as lesdes do TC (66, 75). As fibras mais superficiais, originadas da regido medial
do gastrocnémio, apresentam um grau de tor¢do muito menor, se comparadas as fibras mais

profundas, que tém origem nos musculos gastrocnémio lateral e sdleo (66).
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Em relacdo as tendinopatias do TC, essas sdo caracterizadas de forma clinica, por uma
combinagdo de dor, inchago, rigidez matinal, aumento da sensibilidade e dificuldade na
realizacdo de atividades fisicas, levando a uma diminui¢do da performance atlética (53). Além
dos fatores de risco ja comentados em capitulos anteriores, existe uma grande correlacao
estabelecida na literatura entre o uso de farmacos, como os corticosteroides e as
fluoroquinolonas, € um maior risco a tendinopatias e, até mesmo, rupturas do TC (55, 76).

As doengas cronicas do TC sdo caracterizadas por um processo de cura do tenddo
fracassado (aumento da atividade celular com grande desorganizagdo da MEC), com alteragdes
histologicas e moleculares que predispdem o tecido ao desenvolvimento de instabilidades
mecanicas, tornando-o, assim, mais suscetivel ao dano (40, 53). Sdo geralmente encontradas
em atletas de meia idade (30 a 55 anos), como resultado de repetitivas lesdes por overuse (73).
Lesoes bilaterais sdo comuns, e estudos apontam um indice de 30% dos pacientes com esta
caracteristica (53).

Em termos de localizacao, as lesdes sdo divididas em dois grupos, dependendo do sitio
de dor do individuo. As injurias com maior incidéncia (55% a 65%) acometem a regido medial
do tenddo (2 a 6 centimetros da inser¢ao). O local com menor percentagem de casos (20% a
25%) ¢ a regido insercional do tenddo, também conhecida como entese (52).

Essa maior incidéncia de lesdes, na regido medial do TC, pode ser explicada pela
pequena vascularizacao do local (67). O TC ¢ vascularizado por duas grandes artérias: a artéria
tibial posterior fornece sangue as regides proximais e distais, enquanto a artéria peroneal ¢
responsavel pela regido medial do TC. Esse suprimento sanguineo ¢ caracterizado como idade-
dependente, uma vez que diminui progressivamente com o envelhecimento (77).

Como ja percebemos, as cargas mecanicas incidentes no TC sdo imensas (72). Sendo

assim, andlises biomecanicas que objetivam alcancar a falha deste tecido, principalmente em
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testes de fadiga, sdo extremamente relevantes, gerando, por consequéncia, um maior
entendimento das capacidades desse tecido (78).

Existem trés parametros principais que visam a descrever as propriedades mecanicas
teciduais (79): a tensdo, relacionada a capacidade de alongamento/deformacao do tendao em
relacdo ao seu comprimento normal; o estresse, que esta ligado a forca incidida no tenddo em
relacdo a area de seccdo transversal; e a rigidez, referente as mudangas no comprimento do
tenddo em relacdo a forca aplicada, caracterizando o grau de rigidez do tecido (mo6dulos de
Young) (78, 80).

O comportamento do TC, durante atividades que exijam contragdes do complexo
triceps sural, ¢ semelhante a uma mola e est4 relacionado as propriedades viscoelésticas do
tecido, garantindo, dessa forma, a capacidade de armazenar e liberar energia, especialmente em
atividades como as corridas (80). Nesse tipo de exercicio fisico, o principal objetivo da unidade
musculotendinea ¢ consumir menos energia (33). O tenddo tem papel crucial nessa finalidade,
principalmente por sua caracteristica anteriormente destacada de retencdo de energia elastica
(7). Dessa forma, ¢ plausivel hipotetizar que uma eventual disfuncdo muscular na sua
capacidade de contracdo, como ocorre apds uma lesdo muscular, pode gerar um aumento de
demanda no tecido tendineo e predispo-lo a lesdes.

Um mecanismo biomecanico aborda a relagdo forga-comprimento e tensdo-
deformacdo do TC. Até certo ponto, com o aumento da forca incidida, os tenddes conseguem
aumentar a rigidez do tecido, uma propriedade biomecanica extremamente importante (81, 82).
Quando a ligagdo entre a capacidade e a demanda necessaria (for¢ca e a carga) ndo sdo mais
convincentes, a resultante ¢ o aparecimento de microfalhas no tecido, até o seu rompimento

total (81). Tais observagdes levam ao entendimento de que o acumulo de lesdes advindas do
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overuse causam a degeneracao do tecido, observada em diversos estudos (40, 50, 53), levando
a fraqueza e posterior ruptura completa tecidual (81).

A identificagcdo da quantidade de carga que o TC suporta, baseado na sua capacidade
fisioldgica, € a resultante de uma curva de tensdo-deformagdo (stress-strain), que pode ser
dividida em quatro regides (83): a regido inicial, classificada como regido “toe”, ¢ caracterizada
pelo alinhamento das fibras de colageno, saindo do estado “crimped” (aspecto ondulado no qual
as fibras de coldgeno se apresentam em seu estado natural). Esta primeira regido possui um grau
de rigidez muito pequeno, se comparado a regido subsequente. A segunda regido estd
relacionada ao alongamento das fibras de colageno de forma eldstica, sem causar danos ao
tecido (regido linear). A grande maioria das atividades fisicas geram tensdes que mantém o
tecido nestes dois primeiros graus. Se a tensdo imposta for menor que 4%, o tenddo retorna ao
seu tamanho original. A terceira (regido plastica) e quarta regido (regido de falha) sdo
correspondentes ao inicio das microlesdes das fibras de coldgeno, até seu rompimento completo

(alongamentos maiores que 10%) (78, 84) (figura 9).

Figura 9. Curva de tensdo/deformacao e suas quatro distintas regides. (I) regido foe, (II) regido
Linear, (III) regido Plastica e (IV) regido de Falha. A regido foe representa o alinhamento das
fibras de colageno. Com 2% de tensdo, todas as fibras ja estdo fora do seu estado “crimped”.
Na regido Linear, as fibras de colageno respondem a carga de forma linear. As duas regides
subsequentes (plastica e de falha) representam o comeco e a falha total das fibras de colageno

(acumulo de microfalhas).
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Por meio de analises biomecanicas dessa natureza, ¢ possivel a extragdo de dados a
respeito da elasticidade, plasticidade, rigidez, ponto de falha e energia absorvida até a ruptura

tecidual (84, 85).

1.5 Alteracdes morfologicas, moleculares e biomecanicas no tendao apos lesio muscular

Os conhecimentos elucidados nos capitulos anteriores esclarecem a importancia do
maior entendimento sobre aspectos moleculares, morfoestruturais e biomecanicos dos
mecanismos de adaptagdo do tecido tendineo sadio ao estimulo de carga musculo-dependente,
assim como frente as lesdes. Estes dados evidenciam a necessidade de utilizagdo e grande

importancia desse conhecimento na pratica clinica, durante a elaboracdo de planos de
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reabilitacdo e prevencao de injurias, demonstrando o valor dos conhecimentos de ciéncia basica
em um cenario aplicado.

No entanto, embora a ciéncia tenha se tornado robusta no que tange a pesquisas acerca
de aspectos anatomicos do tenddo, até possiveis mudangas moleculares, estruturais e
biomecanicas, desencadeadas pela relagdo complexa de fatores intrinsecos e extrinsecos
durante o processo lesivo, a bibliografia atual ndo contempla estudos in vivo que abordem
possiveis alteragdes no tenddo mediante um quadro de lesdo muscular.

O tecido musculoesquelético representa cerca de 40% da massa corporal, formado a
partir de feixes contrateis de fibras musculares multinucleadas. Sua grande capacidade de
reparagdo estd intimamente vinculada a presenga de células tronco-musculares, conhecidas
como cé¢lulas satélites, entre o sarcoplasma e a lamina basal muscular (86).

A quebra da homeostase muscular, caracterizada por um processo lesivo, pode ser
compreendida a partir de 3 fases distintas e sequenciais, conhecidas como inflamagao,
regeneragdo e remodelamento (86). Esta primeira etapa ¢ caracterizada por ruptura e necrose
das miofibras, formagdo de um hematoma e uma importante reag¢do inflamatoria que perdura,
em média, até o quarto dia ap6s lesdo. Tais alteragdes sdo seguidas pela fagocitose do tecido
danificado, levando a ativagdo das células satélites e inicio do processo de regeneracao,
persistindo por cerca de 2 semanas. A maturacao das fibras e recuperacao funcional caracteriza

a ultima fase do processo, com duragdo média de trés a quatro semanas (86, 87) (Figura 10).

Figura 10. Representacao esquematica das trés fases inter-relacionadas e dependentes, inerentes

ao reparo muscular apods lesao. Adaptado de (87).
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Sabemos que as lesdes musculares sdo responsdveis pela maioria das limitagdes
funcionais observadas nos esportes, bem como na medicina ocupacional (88, 89). Embora o
musculo tenha uma potencial capacidade de se regenerar e de restabelecer suas fungdes diante
de um quadro de pequenas lesdes, apds lesdes graves, o processo de regeneracdo muscular e
cicatrizagdo pode ser incompleto, geralmente resultando na formagdo de tecido fibrotico que
prejudica a fun¢do muscular. Em virtude desses fatos, a literatura ¢ extensa no que tange a
investigacdo de abordagens de reabilitagdo, sendo o tratamento conservador, por meio da
fisioterapia, uma estratégia com bom prognostico (90, 91). No entanto, ainda ndo conhecemos
o comportamento do remodelamento tendineo, bem como de suas propriedades mecanicas,
mediante um processo de degeneracdo e regeneracao pds-lesdo muscular.

Visto que as propriedades biomecanicas do tecido conjuntivo, advindas da MEC do
tenddo, sejam de suma importincia para a transformacdo efetiva da tensdo muscular em

movimento (92) e que a principal fun¢do do tecido tendineo (transferéncia da energia criada
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pela contragdo muscular & unidade subsequente) também seja um dos principais estimulos
mecanicos necessarios para a manuten¢do da homeostase do seu proprio tecido (tendao) (11), ¢
possivel esperar uma quebra da homeostase tendinea, advinda da incapacidade muscular em
gerar tensao.

Além disso, déficits funcionais, queda de performance atlética e até mesmo
tendinopatias, ocorridas apdés uma lesdo muscular, podem estar correlacionados a um
desequilibrio estrutural e funcional prévio do tenddo, causado por uma reducgdo de transmissao
de carga mecanica temporaria durante o processo de degeneragdo e regeneragdo muscular ou,
até mesmo, a perturbacdo da comunicag¢do continua entre midcitos e tenocitos, causada pelo
processo de inflamagdo e remodelamento muscular pds-lesao.

Dessa forma, o grande nimero de lesdes agudas e cronicas no tenddo, observadas
principalmente no esporte (72), pode estar relacionado com possiveis mudangas estruturais no
tecido tendineo, apds uma lesdo muscular ja restabelecida.

Nesse sentido, a hipotese deste estudo ¢ que uma lesdo no muasculo GA, que acarrete
prejuizo & manutencao do trofismo muscular, também sera capaz de comprometer a integridade
do TC e ocasionar adaptagdes deletérias a ambos os tecidos, podendo, assim, ser classificado
como um novo fator de risco intrinseco para o desenvolvimento de tendinopatias.

Esperamos que, no tenddo, a lesdo muscular cause diminuigdo do conteudo de
coldgeno do tipo I, aumento na expressao de coldgeno do tipo III (indicando possivel mau
remodelamento tecidual), menor organizagdo fibrilar, hipervascularizacdo, grandes
concentragdes de MMP2 e MMP9 (indicando aumento na degradacdo de colageno), aumento
no contetido de glicosaminoglicanos na regido fibrocartilaginosa e do ntimero de células e
proteoglicanos (figura 2), além de aumento da expressdo génica de mediadores inflamatdrios e

fatores de crescimento, ligados a processos de degradagdo do tecido. Essas sdo modificagdes



26

que podem prejudicar a fun¢do tendinea e sua capacidade de absorver energia no ensaio

biomecanico.
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2. OBJETIVOS

2.1. Objetivo Geral

Avaliar os efeitos da lesdo ocasionada nas por¢des medial e lateral do musculo
gastrocnémio (GA) nas propriedades biomecanicas, morfoldgicas/celulares e moleculares que
implicam o remodelamento do tendao calcaneo (TC) de ratos apds 3, 14 e 28 dias de lesdao

muscular (time points que caracterizam as trés fases de regeneracdo muscular).

2.2. Objetivos Especificos

Determinar como a lesdo do musculo GA influencia o remodelamento do TC sobre as
propriedades da MEC junto aos componentes celulares apos 3, 14 e 28 dias.

Identificar as alteragdes morfologicas e estruturais no TC acometidas pela lesdo no
musculo GA ap6s 3, 14 e 28 dias.

Avaliar a func¢do do TC por meio de testes biomecanicos ap6s 3, 14 e 28 dias da lesdo
muscular no GA.

Identificar a expressdo de genes chaves, relacionados ao remodelamento tendineo do

TC, apos 3, 14 e 28 dias da lesdo muscular no GA.
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INTRODUCTION

Acute and chronic tendon disorders, most commonly affecting the calcaneus tendon
(CT), account for up to 50% of all sports injuries (Jarvinen et al., 2005b; Egger and Berkowitz,
2017). Tendons are fundamental biomechanical structures that connect muscles to bone to
produce movement through force transmission (Wang et al., 2012). Tendons improve the
economy of movement and amplify power output by their spring-like properties (Benjamin et
al., 2008; Roberts and Azizi, 2010; Wilson and Lichtwark, 2011; Wang et al., 2012). Tendons
also perform as mechanical buffers to protect skeletal muscle during contraction (Konow et al.,

2012).

To perform this range of actions, tendons present abundant specialized extracellular
matrix (ECM) resistant to tensile and compressive forces composed of approximately 70% of
water by mass and collagen (mostly type I and III), proteoglycans, and other non-collagenous
proteins organized in a hierarchical manner (Kjaer, 2004; Lavagnino et al., 2015). In addition,
tendon contains a relatively small number of cells known as tenocytes arranged along collagen
type I fibers forming an interconnected 3-dimensional network of cell and ECM. Importantly,
the tenocytes transduce muscle-dependent loads to elicit functional remodeling of the ECM;
tendons therefore demonstrate plasticity for dynamic adaptation in response to mechanical
demands (Benjamin et al., 2008; Andarawis-Puri et al., 2015; Bohm et al., 2015; Lavagnino et
al., 2015).

Homeostasis between tendon and muscle units requires a continuous bidirectional
communication or cross-talk between tenocytes and muscle cells, known as myocytes
(Schweitzer et al., 2010; Peng et al., 2017; Connizzo and Grodzinsky, 2018). Peng et al. (2017)
reported that CT rupture and reconstruction led to “morphomechanical alterations” including a
decrease of fascicle length, muscle thickness, and mechanical properties of the associated
gastrocnemius muscle. This implies that tendon rupture and immobilization perturbed the
bidirectional communication between tendon and muscle with functional consequences. On the
other hand, Connizzo and Grodzinsky (2018) demonstrated that tendon can be affected by
muscle using a mouse rotator cuff explant culture model which included the humeral head,
supraspinatus tendon, and supraspinatus muscle. The authors found that pro-inflammatory
cytokines from muscle and bone during stress deprivation culture, i.e., culture without

mechanical stimuli, may cause tenocyte death after 3 days, which suggests a potential muscle-
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derived mechanism for onset of tendinopathy. Elsewhere, abnormal tendon loading such as
underloading in cases of stress-shielding has been shown to induce an inflammatory response
that weakens the structure and raise susceptibility to tendinopathies (Arnoczky et al., 2007;
Cook and Purdam, 2009; Freedman et al., 2015; Bittencourt et al., 2016; Fouda et al., 2017).
Such heterotypic interactions between tendon and skeletal muscle units may thus play a role in
the etiology of tendinopathies and be relevant for clinical rehabilitation (Subramanian and

Schilling, 2015).

Tendon morphogenesis is mediated by interactions with skeletal muscle via growth
factors, protein migration, and force transmission (Freedman et al., 2015; Subramanian and
Schilling, 2015). One of the major mechanosensitive pathways that control tendon responses to
muscle-dependent loads during development and throughout life involves activation of latent
transforming growth factor beta (7GF-p) in tendon ECM. This induces SMAD 2/3-dependent
signal transduction and expression of transcription factors [e.g., mohawk homeobox (MKX),
scleraxis (SCX), and ERGI] to induce collagen and proteoglycan synthesis (Subramanian and
Schilling, 2015). Presumably, disruptions in muscle integrity as in the case of injury might lead
to imbalances in these well-coordinated dynamic systems that in turn disrupt tendon integrity

as well.

Although the cross-talk between tendon and muscle has been studied in recent years,
to the best of our knowledge tendon plasticity in response to skeletal muscle injury has been
neglected entirely. Thus, the aim of this study was to investigate the temporal effects of
gastrocnemius muscle injury on the CT. We hypothesized that skeletal muscle injury would
induce the CT to undergo maladaptive remodeling at the transcriptional level with concomitant

harmful effects to morphology and biomechanical properties.
MATERIAL AND METHODS
Animals and Experimental Groups

All procedures were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals (U.S. National Research Council, Washington D.C., USA). The research
protocol received approval from the Animal Research Ethics Committee of the Catholic

University of Brasilia, Brasilia, Brazil (protocol number: 028/2015). Sixty-eight male Wistar
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rats (Rattus norvegicus albinus; weighing 300 +/— 25 g and 4 months of age at the start of
experiments) were randomly divided into four experimental groups: control (C) group (animals
not exposed to muscle injury) and 3, 14, and 28 days post gastrocnemius muscle (GA) injury
(3D, 14D, and 28D). These time points were chosen to capture possible alterations in tendon
during the three phases of the muscle regeneration process. Three days post-injure represents a
degeneration/inflammation phase characterized by rupture and necrosis of the myofibers,
formation of a hematoma, and inflammatory response. Fourteen days post-injure represents the
remodeling phase characterized by maturation of regenerated myofibers with recovery of
muscle function, fibrosis, and scar tissue formation. Twenty-eight days post-injure represents
the complete or partial muscle maturation/ functional repair. (Laumonier and Menetrey, 2016).
The rats were placed in collective cages with members of the same group (3—4 animals/cage)

with water and standard rodent chow (Purina®,Descalvad0, Sao Paulo, Brazil) available ad

libitum and exposed to 12 h light/dark cycles with temperature maintained at 20-22°C during

the experiments.
Muscle Injury (Cryolesion) Protocol

The rats were anesthetized with an intraperitoneal injection of xylazine (12 mg/kg of
body weight) and ketamine (95 mg/kg of body weight) for the surgical procedures. To induce
muscle injury in the medial and lateral belly of the GA, the skin around the muscle was first
trichotomized and cleaned. A transversal skin incision (1 cm) over the muscle belly was then

performed to expose the GA muscle. To induce cryolesions, a rectangular iron bar (length = 4

cm; width = 0.4 cm and height = 0.4 cm; total area = 6.56 cm2) was frozen in liquid nitrogen
and then applied twice for 10 s to the GA muscle belly. The same procedure was repeated twice
with a 30 s interval in between. After that, the skin was sutured using nylon thread 4—0 (Shalon
Medical). This protocol is a common procedure and has already used in other studies (Miyabara
et al., 2006; Oliveira et al., 2006; Durigan et al., 2008; Vieira Ramos et al., 2016) promoting
muscle injury in TA muscle. This model induces a homogeneous injury in GA restricted to the
surface region of the muscle belly which produces injuries similar to muscle contusion lesions

(Jarvinen et al., 2005a).
Muscle and Tendon Sample Collection

One at a time, the animals were euthanized using an intraperitoneal injection of
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xylazine solution (24 mg/kg of body weight) and ketamine (100 mg/kg of body weight) after
the experimental periods and harvested. The CT was immediately dissected from posterior paws
(3—8 min) and either; (1) frozen in RNase-free microtubes using liquid nitrogen (for gPCR) and
then stored at —80°C; (2) fixed with 4% formaldehyde in (PBS, pH 7.4) for histological analysis;
or (3) placed in physiological saline to prevent drying for mechanical testing. CT samples were

approximately 8 mm in length and 1.5-2.5 mm in diameter.
Muscle Histological Analysis

Serial histological cross-sections of the GA belly muscles were obtained (10 um) using
a cryostat microtome (Microm HE 505, Jena, Germany). The cross-sections were stained with
hematoxylin and eosin (HE, Sigma Aldrich, St. Louis, MO, USA). Pictures of the cross-sections
were acquired using an Olympus BV51 microscope equipped with an SV Micro Sound Vision

digital camera (Preston South, Australia) at 10x magnification.

To confirm the presence of GA muscle injury in the cryolesion model, the signs
characterized were: the presence of tissue infiltration with polymorphonuclear cells, disrupted
and hypercontracted muscle fibers as well as centralized nuclei as previously reported (Oliveira
et al., 2006; Durigan et al., 2008; Vieira Ramos et al., 2016). Posteriorly, one histological cross-
section of each GA muscle located in the central region of muscle injury was choose to measure
the total cross-sectional area, injury area, and uninjured area of the muscle using a software for
morphometry (Image J 1.44p - National Institutes of Health, Bethesda, MD). To measure those
areas, previously, pictures of the cross-section of each muscle were obtained by light
microscopy to reconstruct the total muscle cross-section using a software PTGui Pro version
11.15. These procedures permitted us to identify and measure the injury and uninjured areas of

the muscle for clarifying the injury X recovery time points.
Calcaneus Tendon Histological Analysis

To evaluate morphological properties, the CT from 16 animals (4 per group) was fixed
using 4% paraformaldehyde in phosphate-buffered saline (PBS) for 24 h at 4°C. After this step,

they were washed in distilled water, serially dehydrated in ethanol, and embedded in paraffin.

Serial longitudinal sections (5 pm) of the peritendinous sheath and tendon proper were

taken from the proximal and distal regions. The whole tendon was dissected out, and the
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longitudinal sectioning was cut (including proximal and distal regions) using glass knives and
stained with hematoxylin and eosin (HE). This allowed investigation of adipose cells, blood
vessels, and tendon cells from each region of the CT. Moreover, Masson’s trichrome staining
was performed according to the standard procedures to examine the general appearance of
collagen deposition (Woo et al., 2006; Tang et al., 2014). Pictures of the longitudinal-sections
were acquired as described above. The proximal region of CT was determined by the
myotendinous junction to its middle portion, and the distal region was determined by the middle

portion to the CT enthesis.
Image Analysis

For tendon H&E staining, 10 nonconsecutive digital images per region (peritendinous
sheath and tendon proper, proximal and distal) were analyzed using Photoshop (Adobe Systems
Inc., San Jose, CA, USA). A planimetry system using a translucent Weibel grid (Weibel, 1979)
superimposed to each image was used to determine the volume density (Vv%) of adipose cells,
blood vessels (lumen of blood vessel, endothelial cells, and perivascular sheath), other
peritendinous sheath cells (includes all types of sheath cells, such as tenocytes, synovial cells,
except adipose, and blood vessels cells), and tendon proper cells (fibroblasts and
fibrochondrocyte-like cells). The stereology was performed by the point-counting method using
coincidence of the grid points with the structures mentioned above. For the volume density
estimation, the percentage of each structure in the peritendinous sheath and tendon proper was
determined by multiplying the total number of grid points that coincide with the structures of
interest by 100 and dividing by the total number of grid points falling on the peritendinous

sheath or on the tendon proper.

ImageJ (National Institutes of Health, Bethesda, MD) was used in quantitative
Masson’s trichrome analysis (Hernandez- Morera et al., 2016). Collagen fibers were quantified
using these steps: image acquisition and processing, setting the scale, deconvolution of the color
images, and quantification of the collagen fibers. The entire protocol was performed as

described previously by Chen et al. (2018).
RNA Extraction From TC Samples

Samples from 24 animals (6 per group) were homogenized in a tube containing five



35

stainless steel balls (diameter, 2.3 mm) (BioSpec Products, Bartlesville, OK, USA) and three
silicon- carbide sharp particles (1 mm) (BioSpec Products) by being shaken in a FastPrep-24
instrument (MP Biomedicals, Solon, OH, USA). To attain complete tissue homogenization, the
shaking process was repeated seven times with ice cooling between each shaking step to help
prevent RNA degradation. Total RNA was extracted according to the TRIzol method described
by Chomczynski and Sacchi (1987). A NanoDropg spectrophotometer (ND-1000; NanoDrop

Technologies Inc., Wilmington, DE, USA) was used to quantify RNA concentrations in each
sample by determining the absorbance ratio of 260—280 nm. TURBO DNA-freeKit (Ambion —
Life Technologies — 1907 M) was used for DNA digestion, according to the manufacturer’s

recommendations.
qRT-PCR Reverse Transcription

For the evaluation of CT gene expression, a total of 1 ug of RNA extracted from each
tendon were converted into cDNA (final volume 20 pL) using SuperScriptTM VILOTM
MasterMix reverse transcriptase (Invitrogen-Cat. 11755-010) according to the manufacturer’s
protocol. To perform reverse transcription, the samples were incubated at 25°C for 10 min, at

42°C for 60 min, and at 85°C for 5 min before being stored at —20°C in a freezer.
Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

qRT-PCR was performed using TagMan Universal PCR Master Mix system (Applied
Biosystems, CA, USA — Cat. 4304437). Ten microliters of GoTaq Probe qPCR Master Mix
(Promega — A6102) were homogenized and combined with 1 pL of the primer 20x, an amount
of cDNA determined according to the standard curve, and water for a final volume of 20 pL.

The amplification reaction was performed by QuantStudioTM 3 (Applied Biossystems)

according to the manufacturer’s instructions.

qRT-PCR was performed using a QuantStudio 3 Real-Time PCR System (Applied
Biosystems) for the following genes: B-actin (ACTB), ADAMTS-4, biglycan (BGN), Type 1
collagen alpha 1 chain (COL1A1), Type Il collagen alpha 1 chain (COL3A1), connective tissue
growth factor (CTGF), decorin (DCN), ERGI, fibromodulin (FMOD), fibronectin (FN),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), pro-insulin like growth factor IA (IGF-
la), interleukin-6 (/L-6), mohawk (MKX), matrix metalloproteinase-2 (MMP-2), ribosomal



36

protein lateral stalk subunit PO (RPLP0), scleraxis (SCX), Smad2 (SMAD-2), Smad3 (SMAD-
3), syndecan-4 (SDC-4), transforming growth factor beta 1 (TGF-f1), tissue inhibitor of matrix
metalloproteinase-1 (7IMP-1), tissue inhibitor of matrix metalloproteinase-2 (7IMP-2),
tenascin C (TNC), tenomodulin (TNMD) and vascular endothelial growth factor (VEGF) (Table

1).

Table 1. List of tested genes:

mRNA Code (Life mRNA Code (Life
technologies) technologies)

ACTB 00667869 MKX m01755203
ADAMTS-4 m02103282 MMP-2 m01538170
BGN m01529736 RPLPO 03302271
COL1A1 01463848 SCX m01504576
COL3A1 01437681 SMAD-2 00569900
CTGF m01537279 SMAD-3 rn00565331
DCN m01503161 SDC-4 rn00561900
ERG1 m00561138 TGF-sal rn00572010
FMOD m00589918 TIMP-1 rn01430873
FN 00569575 TIMP-2 00573232
GAPDH m01775763 TNC 01454947
IGF-1a 00710306 TNMD 00574164
IL-6 m01410330 VEGF m01511602

B-actin (ACTB), ADAMTS-4, Biglycan (BGN), Type I collagen alpha 1 chain (COLIAI), Type
III collagen alpha 1 chain (COL3A1), Connective tissue growth factor (CTGF), Decorin (DCN),
ERG]1, Fibromodulin (FMOD), Fibronectin (FN), Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), Pro-insulin like growth factor IA (IGF-1a), Interleukin-6 (/L-6), Mohawk (MKX),
Matrix Metalloproteinase-2 (MMP-2), Ribosomal protein lateral stalk subunit PO (RPLPO),
Scleraxis (SCX), Smad2 (SMAD-2), Smad3 (SMAD-3), Syndecan-4 (SDC-4), Transforming
growth factor beta 1 (TGF-f1), Tissue inhibitor of matrix metalloproteinase-1 (7IMP-1), Tissue
inhibitor of matrix metalloproteinase-2 (7IMP-2), Tenascin C (TNC), Tenomodulin (7TNMD)
and Vascular endothelial growth factor (VEGF).

For each gene, all samples were amplified simultaneously with technical duplicates
from the same cDNA in a single run. The expression of each target gene was normalized based

on the expression of the constitutive RPLPO gene, which was used as the control of endogenous
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RNA, due to lower intra and intergroup variability compared to the other housekeeping genes
tested (GAPDH and B-actin). The ACt values of the samples were determined by subtracting
the mean Ct value of the target gene from the mean Ct value of the housekeeping gene.
Subsequently, the AACt values were calculated by subtracting the ACt value of the condition of

»—AACt

interest from the ACt of the control condition. Finally, values were computed for

presentation of relative expression data.

It is important to highlight that the amount of sample and the efficiency of the reaction

of each gene analyzed in the present study were determined from a standardization curve,

having slope reference parameters equal to —3.3, R%2=0.9-1.0 and efficiency above 90%. All

data generated or analyzed in this study were displayed at a database repository Gene

Expression Omnibus (GEO, NCBI) (Accession-GSE131884) L
Biomechanical Tests

The test length and cross-sectional area (CSA) of tendons were determined by
measuring the width and thickness of three different parts of the test region using digital calipers
(Digimess Instrumentos de Precisdo Ltda., Sao Paulo, SP, Brazil) and multiplying their means
before the test. The 28 tendons (7 per group) were fixed to an Instron 5500R test instrument by
clamps attached to their proximal and distal regions. Custom-sized clamps wrapped with filter
paper were used to protect the specimens from macroscopic damage and/or slipping off during
testing (Probst et al., 2000). Each tendon was stretched to failure at a constant displacement rate
of 1 mm/min using a 0.2 kN load cell (S2 transducer force — S2M/200N-1 — HBM, Inc., USA)
(Tohyama and Yasuda, 2000). The data were used to construct force- displacement curves from
which the stress-strain curves were derived. Based on these curves, the following parameters
were calculated: displacement at maximum load (mm), maximum load (N), maximum stress

(MPa), maximum strain (%), elastic modulus (MPa), energy to failure (N-mm), and CSA

(mmz) according to de Cassia Marqueti et al. (2017) and Nakagaki et al. (2007). Each sample
elastic modulus was calculated based on the slope of the linear portion of the stress-strain curve.

All biomechanical tests for each time point were performed in a single day by a single operator.
Statistical Analysis

The results from gene expression were presented according to Heinemeier et al.
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(2007b) and Marqueti et al. (2018). The Shapiro-Wilk test was applied to check for normality
of variables, and Levene’s test was used to analyze homogeneity of variance. For the variables
that did not have homogeneity of variance, the Welch test was applied to adjust the degrees of
freedom of the residuals. Mean values were compared between groups by one-way ANOVA
with the Bonferroni correction. In relation to the data that did not present normal distribution,
the nonparametric Kruskal-Wallis test was applied. When appropriate pairwise comparisons
were performed using Dunn’s procedure with Bonferroni correction for multiple comparisons,
the level of significance was p < 0.05. All analyses were conducted with statistical package for
social sciences (SPSS, Inc., v. 21.0; IBM Corporation, Armonk, NY, USA) and GraphPad
Prism 6.0 so ware (San Diego, California, USA). Stress-strain and force-displacement curves

were generated using MATLAB (Release 2018A).
RESULTS
Morphology of Muscle Lesions

In order to evaluate the presence of muscle injury after cryolesion, qualitative analysis
of histological sections stained with HE was performed in all experimental groups (Figure 1).
Cross-sectional area of GA muscle in C group showed intact muscle fibers, with no sign of
injury (Figure 1A). In contrast, in 3D group post-injury, necrotic fibers, hypercontracted fibers,
and inflammatory infiltrate, labeled in the figure by the flags [hash (#), paragraph (§), and
asterisk (*), respectively], indicated the lesion was in the inflammatory phase of healing (Figure
1B). In the 14D group post-injury, centralized nuclei were visible (indicated in the figure by the
black arrow), characterizing a regenerative process (Figure 1C). Finally, in the 28D group post-
injury central nucleation had almost disappeared (a sign of regeneration in injured muscles)
(Vieira Ramos et al., 2016), evidencing that muscle regeneration was nearing completion. In
general, the characteristics described above confirm that cryolesion caused injury in the GA

muscle.

Animals Weight, Muscle Weight, and Injury and Uninjured Cross-Sectional Area of GA
Muscle Middle Belly

We observed higher injury area in the 3D and 14 D groups when compared with the C
group, respectively (p = 0.001; p = 0.001), besides the 14D group showed the lowest values
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when compared to the 3D group (p = 0.001). Additionally, the 28D group displayed lower
injury area when compared with the 3D and 14D group, respectively (p = 0.001; p = 0.001).
The total area was lower in the 14D group when compared with the C and 3D group,
respectively (p = 0.001; p = 0.01; Table 2). No changes were observed in animals and muscle

weight among the experimental groups (p > 0.05).

Table 2. Animals weight, Muscle weight and injury and uninjured cross-sectional area of GA
muscle middle belly (mm?). The experimental groups: control (C), 3 days (3D), 14 days (14D)
and 28 days post gastrocnemius muscle injury (28D). a = significantly different from C; b =
significantly different from 3D; ¢ = significantly different from 14D, p <0.05. (n =4 per group).

Groups Animal Muscle Total area  Injury area Injury Uninjury  Uninjury
Weight (g) Weight (g) (mm?) (mm?) area (%) area (mm’) area (%)
15975 + 15975 +
C 1.542 0 0 1.542 100
14.678 £ 12.905 +
3D 3545+34.6 1.67+0.15 2.303 1.773 £ 330.5° 12.1 3.152 87.9
10374 + 9.793 £
14D 338.8+£222 1.56+0.05 1141  0.581+ 0.13** 5.6 1.068" 94.4
12.484 + 12.484 +
28D 361.5+38.0 1.63+0.15 921.4" 0°° 0 9214 100

Muscle Injury Alters Gene Expression in Rat Calcaneus Tendon

In order to analyze the GA lesion impact on CT, the expression of key genes that
regulate the ECM in tendon homeostasis and remodeling was evaluated. Gene expression
analysis was normalized by constitutive gene RPLP0. We also tested housekeeping genes 3-
actin and GAPDH but they were not stable; notably, GAPDH was the least stable gene

expressed of all genes tested.

Growth factors: TGF-B1 mRNA levels were upregulated in the 28D group when
compared with C and 3D groups, respectively (p = 0.02; p = 0.001; Figure 2A). No changes
were observed in mRNA levels of VEGF gene expression among the groups (p > 0.05; Figure
2B). IGF-1a mRNA levels were significantly upregulated in the 28D group when compared
with the 3D group (p = 0.02; Figure 2C). CTGF mRNA levels were downregulated in the 3D
group when compared with the C group (p = 0.001; Figure 2D), whereas the 14D and 28D
groups demonstrated upregulation when compared with the 3D group (p = 0.02 and p = 0.01,
respectively; Figure 2D).

Structural proteins: COL1A1 mRNA levels were downregulated in the 3D group when
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compared with the C group (p = 0.03; Figure 2E). However, the 14D group showed upregulation
when compared with the 3D group (p = 0.001; Figure 2E). Regarding COL3A1, the 14D group
displayed upregulation in mRNA levels when compared with the C group (p = 0.02; Figure 2F).

Small leucine rich proteoglycans (SLRP): DCN mRNA levels were significantly
upregulated in the 28D group when compared with the 3D group (p = 0.001; Figure 2H). No
changes were observed in mRNA levels of BGN and FMOD (p > 0.05; Figures 2G,I).

Matrix remodeling enzymes: MMP-2 mRNA levels were upregulated in the 3D group
when compared with the C group (p = 0.02; Figure 2J), whereas the 14D and 28D groups
demonstrated upregulation when compared with the 3D group, respectively (p = 0.001; p =
0.001; Figure 2J). Additionally, TIMP-1 mRNA levels were downregulated in the 28D group
when compared with the C and 3D group, respectively (p = 0.001; p = 0.002; Figure 2K). On
the other hand, TIMP-2 mRNA levels were downregulated in the 3D group when compared
with the C group (p = 0.01; Figure 2L); however, the 14D and 28D groups showed upregulation
compared with the C (p = 0.01; p = 0.04 Figure 2L) and 3D groups, respectively (p = 0.001; p
=0.001; Figure 2L).

Cytokine: No changes were observed in mRNA levels of IL-6 among the groups (p >
0.05; Figure 2M).

Developmental/progenitor and differentiation factors: TNMD mRNA levels were
significantly upregulated in the 28D group when compared with the C, 3D, and 14D groups,
respectively (p =0.01; p=0.001; p = 0.001; Figure 2N). No changes were observed in mRNA
levels of SMAD-2 among the groups (p > 0.05; Figure 20). However, SMAD-3 mRNA levels
were upregulated in thel4D group when compared with the 3D group (p = 0.01; Figure 2P),
but the 28D displayed downregulation when compared with the 14D group (p = 0.01; Figure
2P). SCX and ERG-1 mRNA levels were significantly upregulated in the 28D group when
compared with the C (p = 0.001; p = 0.02; Figures 2Q,T), 3D (p = 0.002; p = 0.001; Figures
2Q,T), and 14D groups, respectively (p = 0.001; p = 0.004; Figures 2Q,T). Moreover, MKX
mRNA levels were upregulated in CT of the 14D and 28D groups when compared with the C
(p =0.04; p=0.001; Figure 2R) and 3D groups, respectively (p =0.001; p = 0.001; Figure 2R).
No changes were observed in mRNA levels of ADAMTS-4 among the groups (p > 0.05; Figure
2S).
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Matricellular proteins: No changes were observed in mRNA levels of SDC-4 among
the experimental groups (p > 0.05). However, FN and TNC mRNA levels were significantly
upregulated in the 14D and 28D groups when compared with the 3D group, respectively (p =
0.01; p=0.01; p=0.01; p=0.01; Figures 2G,H,U,V,X).

Light Microscopy of Tendon Hematoxylin and Eosin Staining

HE staining was performed to investigate adipose cells, blood vessels, peritendinous
sheath cells, and tendon proper cells in proximal and distal regions of CT (Figures 3A-P,Al-
J1). The 14D group presented lower adipose cell Vv% in the proximal region of the CT when
compared with 3D group (p = 0.01; Figures 3K,Al). Moreover, the 28D group displayed
decreased adipose cell Vv% when compared with the C and 3D groups, respectively (p =0.001;
p =0.001; Figures 30,B1). We also observed higher blood vessel Vv% in the proximal region
of tendon proper in the 14D group when compared with the C group (p = 0.002; Figures 31,E1);
however, the 28D group showed lower blood vessel Vv% in the same region of tendon proper
when compared with the 14D group (p = 0.01; Figures 3M,E1). Finally, 14D and 28D groups
demonstrated increased peritendinous sheath cell Vv% in the proximal region when compared
with the C (p = 0.04; p = 0.001; Figures 3K,0,G1) and 3D groups, respectively (p = 0.04; p =
0.001; Figures 3K,0,G1).

No significant differences were observed between the groups with respect to blood
vessel Vv% of peritendinous sheath and tendon proper cell Vv% in the proximal region of the

CT (p > 0.05; Figures 3C,I1).

On the other hand, the 28D group presented lower cell Vv% in the distal region of
tendon proper of the CT when compared with the C and 14D groups, respectively (p = 0.04; p
= 0.04; Figures 3N,J1). Lastly, no significant differences were observed between groups with
respect to adipose cell Vv% and blood vessel Vv% of peritendinous sheath and in tendon proper
and peritendinous sheath cell Vv% in the distal region of the CT (p > 0.05; Figures
3B1,D1,F1,H1).

Light Microscopy of Tendon Masson’s Trichrome Staining

Subsequently, the collagen content was analyzed in CT by Masson’s trichrome

staining. Collagen content decreased in the distal region of the 3D group when compared with
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the C group (p = 0.02; Figures 4C,I). The 14D group displayed lower collagen content when
compared with the C and 3D groups, respectively (p =0.001; p=0.03; Figures 4E,I). However,
collagen content increased in the 28D group when compared with the 3D and 14D groups,

respectively (p = 0.01; p = 0.001; Figures 4G,]).

With regard to the proximal region, collagen content decreased in the 14D group when
compared with the C and 3D groups, respectively (p = 0.001; p = 0.01; Figures 4F,J), whereas
collagen content increased in the 28D in comparison with 14D group (p = 0.01; Figures 4H.,J).

Tendon Biomechanical Properties Analysis

Figure 5 shows the force-displacement curves (A) obtained for the C, 3D, 14D, and
28D groups, from which the stress-strain curves were derived (Figure 5B). Of the six samples
in each group that were subject to tensile testing, any that showed a sudden drop in force without
breaking, i.e., evidence of slipping, on the force-displacement curves were excluded from the
analysis: 0/6 from C; 1/6 from 3D; 2/6 from 14D; 1/6 from 28D. These samples otherwise,
showed similar force-displacement profiles to those in their respective experimental groups;
thus, the slipping was likely due to insufficient clamping of the samples rather than those
samples being of particularly high-stiffness. For this reason, we do not believe that excluding

them introduced a selection bias into the study.

Differences in the profile of stress-strain curves (Figure 5B), the 28D showed a greater
capacity of resistance to tensional load despite of stiffnesses observed when compared with
others groups. The analysis of the material properties was based on these curves and will be

described below.

The maximum load in CT increased in 28D when compared with the 3D group (p =
0.02; Figure 6A). Regarding tendon extension (displacement at maximum load), the 3D group
showed a lower maximum extension when compared to the control group (p = 0.04). In
addition, 28D group decreases tendon extension compared to the other experimental groups (p
= 0.02; Figure 6B). The maximum stress in tendon increased in 28D when compared with the

3D group (p = 0.02; Figure 6C).

The 3D group showed a decrease of maximum strain compared to control group (p =

0.001). However, the 14D group showed an increase of maximum strain compared to C and 3D
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groups, respectively (p = 0.001 and p = 0.001). Additionally, 28D displayed lower maximum
stress when compared to the other experimental groups (p = 0.001; Figure 6D). Finally, 3D
showed increased elastic modulus when compared with the control group and 28D groups
showed the highest elastic modulus values when compared to the other groups (p = 0.016 and
p = 0.001; Figure 6E). No significant differences were observed between groups with respect

to energy to failure and cross-sectional area (p > 0.05; Figures 6F,G).
DISCUSSION

This study investigated the effects of skeletal muscle injury on time-course effects on
the expression of key genes involved in tendon remodeling as well as the morphological and

biomechanical properties of the calcaneal tendon (CT).

For the first time, the present study demonstrated tendon plasticity in terms of gene
expression as well as morphological properties and biomechanical adaptations in response to
skeletal muscle injury. The morphological analysis was performed in the proximal and distal
regions of CT. Although the proximal and distal regions are basely fibrous, the distal region of
the CT is subjected to different levels of compressive forces and friction than the proximal
region (Covizi et al., 2001). It was observed that distinct regions of CT differ in its response to
muscle injury stimuli. Our new understanding of tendon plasticity in response to skeletal muscle

injury may have crucial implications for treatment of tendinopathy.
Tendon Response at Three Days Post Muscle Injury (3D)

The muscle showed the greatest disruption at 3D, indicating that the CT might also
have been affected at this time point (Figure 1). Modulation in CTGF and COL1A1 gene
expression has been previously reported after tendon perturbations such as exercise (net
collagen degradation after 24—36 h followed by net synthesis by up to 72 h) (Magnusson et al.,
2010) and tendinopathies models (reduction in COL1A1 both 24 and 72 h of glutamate
exposure) (Dean et al., 2015). The novelty of our study was that skeletal muscle injury also
decreases CTGF and COL1A1 gene expression in tendon after 3 days. These results coincide
with decreased collagen content in the distal tendon region at the same time, indicating what
may be a progression toward a degenerative status. CTGF modulates many biological processes

in tendon, including cell adhesion, migration, proliferation, and angiogenesis (Chiquet et al.,
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2003; Nakama et al., 2006; Liu et al., 2015b).

Blockade of CTGF action or inhibition of CTGF synthesis may be associated with a
decrease of collagen synthesis in fibroblast cellular culture (Duncan et al., 1999), which can
cause detrimental effects on structural support, protection, and maintenance in tendon
functional integrity. A plausible explanation for the downregulation of CTGF and COL1A1 and
decreased collagen content at 3D could be the lack of mechanical stimulus in tendon induced
by muscle injury (i.e., stress shielding), since previous studies reported that mechanical stress
can induce a high-level of CTGF expression and collagen I synthesis (Schild and Trueb, 2002;
Chiquet et al., 2003; Heinemeier et al., 2007a; Galloway et al., 2013). These data suggest that

collagen homeostasis is disrupted at 3D following muscle injury.

The ECM homeostasis is in part controlled by the balance of MMPs and TIMPs
(Minkwitz et al., 2017); thus, the decrease of MMP-2 and TIMP-2 at 3D post injury suggests
that the tendon was undergoing remodeling in response to the skeletal muscle injury. In
addition, muscle injury likely hinders the normal molecular interactions between tendon and
skeletal muscle such as MMPs, growth factors, and migration/proliferation of proteins that
modulate tendon morphogenesis (Subramanian and Schilling, 2015; Thankam et al., 2016).

Overall, muscle injury appeared to disrupt normal homeostatic molecular signaling in CT.

The disruption at the gene expression level at 3D in CT was associated with a
disruption in biomechanical properties. Specifically, the maximum strain in tendons was
significantly reduced by 2.9-fold at 3D stress-strain curve; further, the stress-strain curve
appeared considerably steeper compared to the uninjured control. This demonstrates that just
3D of muscle injury was sufficient to induce considerable mechanical alterations in tendon with
reduced ability to withstand strain. Previous studies have shown that tendon biomechanical
properties depend upon small leucine-rich proteoglycans (SLRPs; decorin and biglycan in
particular) (Robinson et al., 2017). SLRPs are the predominant proteoglycans in tendon with
decorin accounting for around 80% of the total proteoglycan content of the tissue (Samiric et
al., 2004). In the present study, there were downward trends in gene expression of both decorin

and biglycan at 3D relative to the control.

The tendon ECM remodeling and biological function are intimately linked to

mechanical load and muscle contraction intensity (Galloway et al., 2013). It has been
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demonstrated that external controlled load through exercise is a primary factor to promote tissue
remodeling, which can lead to structural and functional improvements (Galloway et al., 2013).
However, overloading above the tendon capacity is widely studied for their potential damaging
factor, as well as the abolition of muscle load (Millar et al., 2017). The muscle injury performed
in the present study showed a great traumatic process in the muscle. Experimental studies have
demonstrated biomechanical changes in CT only after 4 weeks of complete stress shielding in
calcaneus tendon (Ikoma et al., 2013; Kaux et al., 2013). Likewise, at least 5 weeks of high-
power strength training protocols, focused on the triceps sural complex, have been shown useful
in modifying mechanical variables (Kubo et al., 2007). This factor demonstrates that
mechanical privacy (by the abrupt decrease of muscle activity) in the current study have been

enough to generate significant mechanical alterations in the tendon.
Fourteen Days Post Injury (14D)

Types I and III collagen showed variable expression over time. The upregulation of
COLI1A1 post 14 days was associated with increased MKX and SMAD3, which are important
regulators of ECM production including expression of COL1A1 (Berthet et al., 2013; Liu et al.,
2015a). In contrast, COL3A1 showed a trend toward a decrease at 3D post-injury relative to the
control followed by a further decrease at 14D. At the same time, Masson’s trichrome staining
revealed lower collagen content at 14D relative to the control and the 3D post injury group. The
decline in collagen content at 14D may thus be reflected in the shallower stress-strain curve at
14D relative to 3D. We might speculate that the increase of COL1A1 gene expression at 14D
post-muscle injury may reflect a compensatory mechanism, producing collagen in response to

the altered mechanical properties at 3D.

These findings with respect to type I collagen may be supported by the abundance of
peritendinous sheath cells found in the 14D post skeletal muscle injury group. These cells may
have roles in restoring collagen content. In addition, the upregulation of CTGF, FN, MMP-2,
TIMP-2, SMAD3, and MKX 14 days post injury in comparison to 3D, indicating that tendon
undergoes adaptation following skeletal muscle injury. This may have clinical relevance in the

prevention and treatment of musculoskeletal injuries (Benjamin et al., 2008; Bohm et al., 2015).

While blood vessels in the control group were limited to the peritendinous sheath, we

found them trend toward an increase in abundance at 14D in the peritendinous sheath and
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penetrating the tendon proper. This may have provided the nutritional and metabolic support
for the active ECM remodeling in the CT in response to skeletal muscle injury. However, we
also observed a downward trend in VEGF gene expression in 3D and 14D compared to the
control group. Further investigations are required to explain this contradictory result; it may
suggest that other adjacent molecular pathways or post-translational regulation were involved

in producing the observed vascularization.
Twenty-Eight Days Post Injury (28D)

Twenty-eight days post skeletal muscle injury had increased peritendinous sheath cell
content in the proximal region of tendon compared with the control group. Moreover, 28D
showed similar collagen content to the control group, suggesting recovery from the loss of
collagen observed at 14D. These aspects may be linked to increased TGF-B1 expression
observed at 28D. TGF-B1 is an important factor in stimulating ECM growth, turnover, and
remodeling, being a well-known promoter of tendon fibroblast proliferation and collagen
synthesis (Kjaer, 2004; Gumucio et al., 2015; Goodier et al., 2016). SCX, MKX, and ERGI,
which are important transcription factors during tendon development and repair, also appear to
regulate expression of matrix molecules as TNMD which is consistent with the concurrent
upregulation of all these genes at 28D (Murchison et al., 2007; Shukunami et al., 2016; Wu et
al., 2017). As well, these genes are regulated by the TGF-f superfamily (Mendias et al., 2012;
Subramanian and Schilling, 2015).

SCX regulates fibroblast proliferation and initiation of tenocyte differentiation in
response to mechanical stimuli (Murchison et al., 2007). Previously, decreased SCX was shown
to be related to removal of tendon load, whereas it increased dramatically in response to
physiological loading (Mendias et al., 2012). For example, Murchison et al., 2007 reported that
mice with loss SCX expression have a disorganized ECM and reduced collagen which
compromise the power transmission capacity of tendon. Thus, these adaptations post 28 days
skeletal muscle injury may be important to maintain joint movement, passive elastic response,
and the restoration of tendon strength (Subramanian and Schilling, 2015). For their part, MKX
and ERG1 were shown to be involved in the maintenance of differentiated tenocytes (Wu et al.,

2017).

TNMD is a tendon-specific gene marker, known to be important for tendon maturation
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(Docheva et al., 2005). TNMD plays a role in proliferation, differentiation, and migration of
tendon progenitor cells (TSPCs) as well as endothelial cells (Shukunami et al., 2005, 2016).
Our findings demonstrate that regulation of SCX, MKX, ERG1, TGF-B1, and TNMD are linked
to increased muscle activity. This agrees with previous studies showing overexpression of TGF-

B, SCX, and TNMD induced by mechanical loading.

Previous studies have found structural (i.e., collagen fibrils irregularly arranged and
loose) and biomechanical changes (i.e., poor dynamic storage energy) in CT after few weeks
of complete stress shielding in calcaneus tendon (44, 45). In respect to biomechanical properties
following skeletal muscle injury, it appears that after 28D, the CT retains similar load-bearing
capacity to the uninjured control. However, the CT appeared to lose flexibility at 28D, given
that it had increased Young’s modulus compared to all time points and the least ability to
withstand high levels of strain. The increase in Young’s modulus at 28D seemed to correlate
with collagen synthesis and collagen fiber organization in this period. In a future study, it may
be interesting to see if these changes in biomechanical properties persist several months after
the skeletal muscle injury, and whether these changes can be linked to future susceptibility to

tendon injury.

Another novelty of our study was that 28 days post GA injury showed decreased
adipose cells in tendon when compared with the control group. Previous data have already
shown that high amounts of adipose cells may indicate tendon degeneration and deleterious
effects of aging (Benjamin et al., 2004). For example, two previous studies conducted by our
research group demonstrated that aging in rats is linked to high levels of fatty acid-binding
protein 4 (a protein linked to adipose cells) and increased adipose cells in CT (Barin et al., 2017;
Marqueti et al., 2018). These factors may compromise tendon structure leading to weakness
(Marqueti et al., 2018). The finding of decreased adipose cells 28 days post injury could thus
be a positive sign indicating ongoing recovery from the imbalances suffered by the GA injury.
Additionally, decreased adipose cells in 28D may have contributed to lower overall thickness

of the peritendinous sheath (Figure 3).

Some limitations of the present study should be highlighted, such as the inability to
identify the cell types contributing to mRNA levels since gene expression analysis was
conducted on the whole tendon. Moreover, the lack of immunoblot assay of essential proteins

and immunofluorescence would be relevant to clarify adjacent mechanisms involved in tendon
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remodeling. We further note that due to the practical necessity of testing all samples in a single
day at each time point, there is a risk for batch effects from day-to-day in biomechanical data.
To address this, we performed tests as consistently as possible by a single operator and present
data from all samples along with the means (Figure 5). While we have no evidence that a batch
effect of relevant size occurred, we state this limitation here and look forward to the results of
future similar studies. We next intend to evaluate gene expression, morphology, and
biomechanical properties of muscle over time following tendon injury in a similar model to the

present study.
CONCLUSION

In summary, our data demonstrate plasticity of the calcaneus tendon in response to
cryolesion of the gastrocnemius muscle in rats. The results suggest that such an adverse muscle
condition initiates a complex period of remodeling spanning at least 28 days. At 3 days
following injury, we observed dysregulation of signaling pathways associated with collagen I
and disrupted mechanical properties; at 14 days, there was reduced collagen content but
increased invasion of blood vessels into the tendon proper and peritendinous sheath cells; and
by 28 days, there was a dramatic rise in Young’s modulus and gene expression of transcription
factors related to ECM synthesis, remodeling, and repair. This study highlights the importance
of muscle-tendon interactions and provides insight into their underlying mechanisms. Our
results suggest that tendon may be susceptible to tendinopathies following skeletal muscle

injury; future human studies may be warranted to investigate this potential association.
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FIGURES:

Figure. 1. Histological evaluation of the muscle healing process of gastrocnemius muscle in
four groups post-operation hematoxylin-eosin (HE) staining: A, control(C); B, 3 days post
gastrocnemius muscle injury (3D); C, 14 days post gastrocnemius muscle injury (14D); D, 28
days post gastrocnemius muscle injury (28D). Inflammatory infiltrate (*), necrotic fiber (#),
centralized nucleus (black arrow) and fibers with normal appearance (N). Magnification: 400x.
The bar represents 40 um.
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Figure. 2. Changes in gene expression following gastrocnemius muscle injury in calcaneal tendon. Growth factors (blue): Transforming
growth factor beta 1 (TGF-f1), Vascular endothelial growth factor (VEGF), Pro-insulin like growth factor IA (/GF-Ia) and Connective tissue
growth factor (CTGF). Structural proteins (light orange): Collagen, type I, alpha 1 (COLIAI) and Collagen, type III, alpha 1 (COL3A1).
Small Leucine Rich Proteoglycan (green): Biglycan (BGN), Decorin (DCN) and Fibromodulin (FMOD). Matrix Remodiling Enzymes
(purple): Matrix Metalloproteinase-2 (MMP-2), Tissue inhibitor of matrix metalloproteinases-1 (7/MP-1) and Tissue inhibitor of matrix
metalloproteinases-2 (7IMP-2). Cytokine (grey): Interleukin-6 (IL-6). Diferential Factors (beige): Tenomodulin (Tnmd), Smad2 (SMAD?2),
Smad3 (SMAD3), Scleraxis (SCX), Mohawk (MKX), ADAMTS-4 and ERG- 1. Matricellular proteins (pink): Syndecan4 (SDC-4), Fibronectin
(FN) and Tenascin C (TNC). The experimental groups: control (C), 3 days post gastrocnemius muscle injury (3D), 14 days post gastrocnemius
muscle injury (14D), 28 days post gastrocnemius muscle injury (28D). a = significantly different from C; b = significantly different from
3D; ¢ = significantly different from 14D p < 0.05. (n = 6 per group).
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Figure. 3. Changes in morphological properties following gastrocnemius muscle injury in calcaneal tendon. A1-J1 express Vv% variation of
structural elements found in the proximal and distal regions of the CT in each experimental group. A—P evidenced longitudinal sections
(5um) of the proximal and distal regions of CT (tendon proper and peritendinous sheath (Pe) stained with hematoxylin-eosin. Control group
(C): tendon proper of the proximal region (A) and distal region (B) indicating cells (compact arrow) and vessels (arrowhead). Pe of proximal
region (C) and distal (D) indicating cells (compact arrow), adipose cells (asterisk) and vessels (arrowhead); 3 days post gastrocnemius muscle
injury (3D): tendon proper of the proximal region (E) and distal region (F) indicating cells (compact arrow) and vessels (arrowhead). Pe of
the proximal (G) and distal (H) regions indicating cells (compact arrow), adipose (asterisks) and vessels (arrowhead); 14 days post
gastrocnemius muscle injury (14D): tendon proper of the proximal region (I) and distal region (J) indicating cells (compact arrow) and vessels
(arrowhead). Pe of the proximal (K) and distal (L) regions indicating cells (compact arrow), adipose (asterisks) and vessels (arrowhead); 28
days post gastrocnemius muscle injury (28D): tendon proper of the proximal region (M) and distal region (N) indicating cells (compact
arrow) and vessels (arrowhead). Pe of the proximal (O) and distal (P) regions indicating cells (compact arrow), adipose (asterisks) and vessels
(arrowhead). K1: Shows the dissected CT (Adapted from Covizi et al. 2001) and indicates the position corresponding to proximal and distal
regions. The data are mean + SD. a = significantly different from C; b = significantly different from 3D; ¢ = significantly different from 14D;
p < 0.05 Magnification: 400x. The bar represents 40 pm. (n = 4 per group).
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Figure. 4. Masson's Trichrome staining of the proximal and distal regions of the CT for collagen
detection after gastrocnemius muscle injury. A—H evidenced longitudinal sections (5um) of the
proximal and distal regions of CT (tendon proper). The data are mean + SD. The experimental
groups (n=5): control (C), 3 days post gastrocnemius muscle injury (3D), 14 days post
gastrocnemius muscle injury (14D), 28 days post gastrocnemius muscle injury (28D). a =
significantly different from C; b = significantly different from 3D; ¢ = significantly different
from 14D; p < 0.05. Magnification; 400x. The bar represents 40 um. (n = 4 per group).
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Figure 5. A. Calcaneal tendon force—displacement curves obtained after gastrocnemius muscle
injury. The experimental groups: control (C), 3 days (3D), 14 days (14D) and 28 days post
gastrocnemius muscle injury (28D). B. Calcaneal tendon stress—strain curves obtained after
gastrocnemius muscle injury. Dotted lines indicate all the tested samples into each group and
the thick line indicate the mean of the group. (n = 7 per group).
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Figure 6. Biomechanical properties of the calcaneal tendon after gastrocnemius muscle injury. Maximum load (A), Displacement at maximum
load (B), maximum stress (C), maximum strain (D), elastic modulus (E), energy to failure (F) and cross-sectional area (G) presented. The
data are mean + SD. The experimental groups: control (C), 3 days (3D), 14 days (14D) and 28 days post gastrocnemius muscle injury (28D).
a = significantly different from C; b = significantly different from 3D; ¢ = significantly different from 14D, p < 0.05. (n = 7 per group).



63

Epitenon Paratenon

/,

g /éroblast, 8 o
% Eease

Calcaneal tendon

Time-depedent tendon adapations

) &

T

- N\ /3 "\ /‘a Elastic modulus )
- COL1A1 % COL3A1 t Peritendinous sheath cells
TGF-B1, TNMD and TIMP-2

T Blood 6‘—‘9 Cells of tendon proper
T|MP.2 vessels *T= Adipose cells <

Muscle injured 1@ -

Cryolesion

—D>

y

Peritendinous .;‘\\)
sheathcells

l Displacemnet at |\
\_

maximum load
Maximum strain Maximum strain

Yy,
hd N~ D &
3D 14D




64

Figure 7. Calcaneal tendon plasticity in response to skeletal muscle injury. Main temporal analyses of the molecular, morphological and
biomechanical properties of Calcaneal tendon in relation to the control group. The experimental groups: control (C), 3 days (3D), 14 days
(14D) and 28 days (28D) post gastrocnemius muscle injury. Connective tissue growth factor (CTGF), Collagen, type I, alpha 1 (COL1AT1),
Collagen, type III, alpha 1 (COL3A1), Matrix Metalloproteinase-2 (MMP-2), Tissue inhibitor of matrix metalloproteinases-1 (TIMP-1),
Tissue inhibitor of matrix metalloproteinases-2 (TIMP-2), Tenomodulin (TNMD), Mohawk (MKX), Scleraxis (SCX), ERGI1. The tendon
calcaneal figure was adapted from Guzonni et al. (24).
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4. DISCUSSAO GERAL

No presente estudo, tivemos como objetivo central investigar os efeitos temporais da
lesdao musculoesquelética na expressdo de genes chaves, relacionados ao remodelamento
tendineo, assim como as propriedades morfologicas e biomecanicas do TC.

Trés dias apds, a lesdo muscular a nivel de GA gerou uma diminui¢do na expressao dos
genes CTGF, COL1A1, MMP-2 e TIMP-2. As propriedades biomecanicas também mostraram
mudangas distintas ao longo do tempo, com diminuicao da capacidade méxima de sustentacao
de carga e tensdo.

Interessantemente, 14 dias apos a lesdo muscular, foi verificada uma diminui¢do do
contetido de coldgeno nas regides distais e proximais do TC, mas com aumento de células da
camada peritendinea, expressdo génica de COL1Al, TIMP-2 E MKX e diminuicdo de
COL3A1, o que pode explicar a recuperagdo plena do conteudo de colageno 28 dias apos a
lesdo, nos mesmos niveis do grupo controle.

Finalmente, 28 dias ap0s a lesdo, os genes TGF-1, TNMD, TIMP-2, SCX, MKX, ERG1
apresentaram aumento da sua expressao génica. Neste mesmo time-point, também observamos
aumento das células da camada peritendinea, com progressdao do modulo de elasticidade e
diminui¢do de células adiposas, quando comparado ao grupo controle.

Esse estudo foi pioneiro em avaliar e demonstrar a plasticidade do TC em termos de
adaptagdes a nivel molecular, assim como propriedades morfolégicas e biomecanicas em
resposta a uma lesdo musculoesquelética. Tais modificacdes podem ser explicadas, com base
na literatura ja existente, pela auséncia/decréscimo do estimulo de carga oriundo da contragao
muscular (3, 5, 11), como também pela propria agao no tecido tendineo de fatores inflamatorios
presentes no musculo, a partir do processo lesivo (71), baseado na comunicagao bidirecional e
continua existente entre os dois tecidos.

Como evidenciamos em capitulos anteriores, os tendcitos sdo mecanossensiveis, pois
respondem a eventos de carga mecanica, como a tensdo da contragdo muscular, modulando o
ambiente extracelular através da formagdo e degradacdo de proteinas da matriz, por meio de
um processo denominado mecanotransdugdo (5). Dessa forma, inimeros estudos evidenciam
que cargas fisiologicas (dentro dos limites de capacidade teciduais) sdo necessarias para a
manuten¢do da homeostase do tenddo, enquanto que cargas anormais, acima da capacidade

tecidual ou pela completa falta desse estimulo, inibem a habilidade da populagdo celular de
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manter o equilibrio, sendo fator chave no desenvolvimento de tendinopatias (25, 26, 28, 29, 35,
60, 93). Existe um modelo proposto na literatura que descreve o continuum da patologia
tendinea e sua relacdo com a carga. Com base nesse modelo, os autores propdem que um tendao
saudavel, com niveis ideais de carga, adapte-se e se fortaleca. Por outro lado, um tendao, com
uma demanda imposta de forma excessiva e sem descanso adequado ou com a retirada completa
da imposic¢do de carga de forma cronica, culmina em degeneracdo tecidual, podendo, inclusive,
por meio da pobre gestdo de carga, gerar a ruptura completa (40).

Trabalhos em modelos animais, focados na andlise de varidveis morfoldgicas e
mecanicas, fomentam essas afirmagdes ao evidenciarem que, em virtude da paralisacdo da
atividade muscular, gerada a partir da aplicacdo de toxina botulinica no musculo ou com a
simples imposi¢ao de gesso em torno de um dos membros inferiores do animal, produzem uma
desorganizacdo das fibras de coldgeno, com alinhamento aleatério e um decréscimo em
variaveis mecanicas e a perda do padrdo de ondulagdes no tenddo (crimps), extremamente
importantes para a sua plena funcionalidade (94, 95).

Ademais, nessas importantes alteracdes ligadas principalmente a dependéncia de
estimulos mecanicos das células tendineas, resultados recentes apontam que as respostas
musculares iniciais ao seu processo lesivo, com énfase ao periodo inflamatdrio, podem
ocasionar déficits morfocelulares também no tendao (71).

Nessa vertente, Connizzo and Grodzinsky (2018) apresentaram pela primeira vez a
caracterizacdo bioldgica de um modelo de cultura in vitro do manguito rotador de ratos, que
incluia a cabeca umeral, o tenddo supraespinhal e o musculo supraespinhal com a complexa
estrutura hierarquica de colageno, juncdo miotendinosa e entese (conexoes nativas) intactas. Os
autores evidenciaram que a grande concentracdo de citocinas pro-inflamatorias em nivel
muscular (TNF-a, IL-6 e IL-1) promoveram alteragdes histologicas no tenddo, resultando em
um padrdo mais arredondado de tenocitos, juntamente com uma diminui¢do na densidade de
células, caracteristicas tipicas de tenddes em processo de tendinopatia. Além disso, a expressao
de proteinas da matriz foi alterada, demonstrando uma regulagdo negativa de coldgeno do tipo
1 e uma regulacdo positiva do colageno do tipo 2 e agrecana, com possibilidade de uma
renovacdo da matriz e, potencialmente, uma transicdo para um tecido mais semelhante a
cartilagem. Estudos anteriores ja haviam relacionado a regulagdo positiva de TNF-a, IL-6 e IL-

1 a patologia do tendao (tendinopatias) (96-98).
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As evidéncias, focadas no entendimento molecular e fisiologico das relagdes diretas
entre o tecido muscular e tendineo, devem ser utilizadas na pratica clinica durante a montagem
de raciocinios que incorporem nao somente os trabalhos cientificos voltados para técnicas de
reabilitagdo e avaliacdo, assuntos por vezes mais valorados por profissionais comprometidos
com o atendimento direto aos pacientes, mas também o entendimento de varidveis vinculadas
a ciéncia bdsica, que proporcionam ao profissional maior qualidade e capacidade intelectual na
elaboracdo da tomada de decisdo em processos de reparo de lesdes musculares e tendineas.

Segundo as conclusdes do presente estudo e a literatura atual sobre o tema, fica claro
que o restabelecimento de processos mecanotransdutivos, dentro dos limites fisiologicos
individuais, sdo essenciais para melhorar o resultado do reparo apds tendinopatias e a prevengao
da geracdo de processos lesivos (3). Ou seja, se o objetivo for atuar no tecido tendineo,
promovendo alteragdes na sua MEC, que culminardo no aumento de capacidade tecidual, a
variavel clinica a ser modulada ¢ a carga. A terapia baseada em exercicios ¢ o fator-chave no
tratamento e o meio com maior aporte cientifico para reabilitacio de tendinopatias. E necessario
um aumento progressivo da forga, resisténcia e padrdes funcionais que incorporem a unidade
musculotendinea afetada e toda a cadeia cinética, incluindo o membro nao afetado (11, 99, 100).

Portanto, nossos resultados demonstram que a reabilitagdo de lesdes musculares
necessita de atencdo também ao tecido tendineo, uma vez que as alteracdes destacadas no
presente estudo sugerem periodos mecanicamente instaveis do tenddo durante o processo de
reparo muscular. Ainda, ¢ importante salientar que, apds um processo inicial de lesdo tendinea,
o tenddo aparentemente "curado" (sem sinais clinicos de tendinopatia, como a dor durante a
atividade fisica) permanece bioldgica, estrutural e mecanicamente inferior ao tecido nativo e
pode exibir fenotipos ndo semelhantes ao tenddo, incluir formacdo dssea ou ossificagdo
heterotopica, depdsitos de cartilagem e um aspecto celular diferente do natural (células mais
arredondadas), alterando sua resposta mecanossensitiva natural (37, 40). Tais adaptagdes
podem também estar presentes em tenddes apos lesdo muscular, uma vez que, nas fases inicias
do processo de regeneragdo muscular, os tenddes apresentam aspectos morfoldgicos e
mecanicos semelhantes aos observados em tendinopatias.

No presente trabalho, procuramos esclarecer diversas duvidas, ainda nao elucidadas pela
literatura, no que tange aos aspectos moleculares, morfologicos e biomecanicos do tenddo frente

a lesdo muscular. De forma complementar, outras abordagens cientificas vém demonstrando
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que a integridade do tenddo também tem sua importancia para a manutengdo e integridade da
massa muscular (101-104).

Sabemos que a lesdo de tenddo provoca alteragdes biomecanicas com consequente
limitagdo funcional que prejudica o restabelecimento da funcao. Estudos mostram que rupturas
tendineas sdo responsaveis por adaptacdes deletérias na massa muscular, que podem impactar
diretamente na sua funcionalidade (101, 104). Nesse sentido, foi evidenciado aumento de
tecido conjuntivo intramuscular, redu¢do do numero de capilares no musculo, atrofia muscular
bem como actimulo de gordura intramuscular apés tenotomia (101-103). Essas adaptacdes, no
interior do musculo, podem causar perda de elasticidade bem como diminui¢do da circulagao
(101, 102). Assim, o grau dessas adaptacdes musculares pode aumentar de acordo com a
gravidade da lesdao no tendao bem como com o tempo decorrido de ruptura. Além disso, esses
sinais parecem ser um fator limitante para o remodelamento tendineo, uma vez que o acumulo
de gordura intramuscular e perda de massa muscular t€ém grande impacto na fun¢do muscular
devido a diminuicdo da forca de contragdo e, consequentemente, podem prejudicar a
transmissdo de carga mecanica para o tendado (101, 102).

No entanto, ainda ha uma escassez de evidéncias no que diz respeito as adaptacdes
moleculares e morfofuncionais que podem ocorrer no musculo em decorréncia de uma lesdo no
tenddo. Dessa forma, uma segunda parte do referido projeto estd sendo executada para
verificagdo das respostas musculares frente aos efeitos deletérios de uma lesdo direta no tendao,
0 que permitird obtencdo de respostas complementares a este estudo, para suportarmos a
hipotese de que alteragdes na integridade musculo-tenddo podem interferir na
mecanotransdu¢do entre ambos os tecidos, que sd3o fundamentais para a manutencdo e/ou

otimizag¢do de suas fungdes biologicas.
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5. CONCLUSAO

Em resumo, nossos dados demonstram plasticidade do tenddo calcdneo em resposta a
lesdo do musculo gastrocnémio em ratos. Os resultados sugerem que essa condigdo muscular
adversa inicia um periodo complexo de remodelamento tendineo que dura pelo menos 28 dias.
Aos 3 dias apds a lesdo, observamos desregulacdo das vias de sinalizagdo associadas ao
colageno I e perturbagdes nas propriedades mecanicas; aos 14 dias, houve reducao do conteudo
de colageno, mas aumento da invasdo dos vasos sanguineos nas c¢lulas da bainha adequada e
peritendinosa do tendao; e, em 28 dias, houve um aumento dramatico no médulo de Young e
na expressao génica dos fatores de transcri¢ao relacionados a sintese, remodelacao e reparo da
MEC. Neste estudo, destacamos, portanto, a importancia das intera¢cdes musculo-tenddo e
fornecemos informagdes sobre seus mecanismos subjacentes. Nossos resultados sugerem que
o tenddo pode ser suscetivel a tendinopatias ap6s lesdo muscular esquelética; estudos humanos

futuros poderdo ser necessarios para investigar essa potencial associagao.
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7. ANEXOS

7

Anexo I — Documento de aprovacao do projeto por Comité de Etica em Pesquisa

CERTIFICADO

Certificamos que o projeto intitulado “LesGes musculo-tendineas e sua relagdo com a regeneragao
tecidual e remodelamento da matriz extracelular”, protocolo n°028/15 sob a responsabilidade de Rita
de Cassia Marqueti Durigan - que envolve a producdo, manutengdo e/ou utilizacdo de animais do filo
Chordata, subfilo Vertebrata (exceto o homem), para fins de pesquisa cientifica (ou ensino) — encontra-se
de acordo com os preceitos da Lei n® 11.794, de 8 de outubro de 2008, do Decreto n°6.899, de 15 de
julho de 2009, e com as normas editadas pelo Conselho Nacional de Controle da Experimentagdo Animal
(CONCEA), e foi aprovado pela COMISSAO DE ETICA NO USO DE ANIMAIS (CEUA/UCB) DA Universidade
Catolica de Brasilia, em reunido de 18 /11 / 2015.

Vigéncia do projeto 30 de julho de 2019.

Espécie / linhagem Rattus norvergicus / Wistar

N°de Animais 140

Peso / Idade 200g / 2 Meses

Sexo Masculino

Origem Biotério do Laboratério de Processos Basicos (UCB)

Brasilia, 18 de Novembro de 2015.
Secretaria da Comissao ue Etica

Em Uso de Animais (CEUA/UCB) \A . e, B Wl crmd®

Universidade Catélica de Brasilia %
(61) 3356-9492
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cases where authorship is retained by the consortium/group, the consortium/group should be

listed as an author separated by “,” or “and”. Consortium/group members can be listed in a
separate section at the end of the manuscript.

Example: John Smith, Barbara Smith and The Collaborative Working Group.
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In cases where work is presented by the author(s) on behalf of a consortium/group, it should
be included in the manuscript author list separated with the wording “for” or “on behalf of”.
The consortium/group will not retain authorship.

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

2.3.1.9. Headings and Sub-headings
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publicly accessible website on which the trial is registered.
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2.3.1.12. Text
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order to facilitate the review process. Your manuscript should be written using either LaTeX
or MS-Word.

Templates are available (see above)
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out in the presence of any personal, professional or financial relationships that could
potentially be construed as a conflict of interest. For more information on conflicts of interest,
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knowledge, providing evidence that the findings - whether positive or negative - contribute to
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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
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syndrome. We make the case that this theory of enhanced brain function in autism explains
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