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RESUMO

Base tedrica: A osteoartrite € uma doenga crénica cuja principal caracteristica é a
degradacgao progressiva da cartilagem articular. Além do acometimento articular,
frequentemente, os pacientes com osteoartrite apresentam fraqueza e atrofia dos
musculos periarticulares. Apesar disso, os mecanismos moleculares envolvidos na
perda muscular relacionada a osteoartrite ndo sdo conhecidos. Os principais
mecanismos ja estudados, em outras condi¢des, estdo relacionados ao aumento da
degradacgao e a reducao da sintese de proteinas musculares e a déficits na ativagao
das células-satélite, responsaveis pela regeneragcdo muscular. A miostatina, um
importante regulador negativo do crescimento da massa muscular, estimula o
aumento da degradacéao e a reducgao da sintese de proteinas musculares. Por outro
lado, MyoD e miogenina, sdo marcadores de proliferagdo e de diferenciacdo de
células-satélite, respectivamente. Objetivos: Investigar os mecanismos moleculares
envolvidos na perda muscular em um modelo animal de osteoartrite induzida por
transecgdo do ligamento cruzado anterior em ratas. Métodos: Ratas Wistar fémeas
foram alocadas em dois grupos: OA (submetidas a cirurgia de transeccao do
ligamento cruzado anterior do joelho direito) e SHAM (submetidas a cirurgia ficticia do
joelho direito). Durante o periodo experimental de 12 semanas foram avaliados,
semanalmente, o peso corporal e a locomogao exploratoria espontanea. Apds a
eutanasia, foram coletadas as articulagbes do joelho direito para confirmagao do
desenvolvimento da doenga. Os musculos gastrocnémio, tibial-anterior e séleo, da
pata posterior direita, foram dissecados, pesados e congelados. O musculo
gastrocnémio foi utilizado para a avaliagdo da atrofia muscular, através da analise da
area seccional da miofibra, e para analise da expressao proteica de miostatina, MyoD
e miogenina. Resultados: A locomogéao exploratéria espontanea, o peso corporal € 0
peso dos musculos gastrocnémio, tibial-anterior e s6leo ndo apresentaram diferenga
significativa entre os grupos OA e SHAM. A histopatologia da articulagdo do joelho
confirmou o desenvolvimento da doenga nos animais do grupo OA. A area do musculo
gastrocnémio demonstrou redugdo de aproximadamente 10% no grupo OA, em
comparagao com o grupo SHAM. O grupo OA apresentou aumento na expresséo
proteica de miostatina e redu¢do na expressao proteica de miogenina. A expressao

proteica de MyoD nao apresentou diferenga entre os grupos. Conclusao: A atrofia do



musculo gastrocnémio presente na osteoartrite induzida por transecgéo do ligamento
cruzado anterior envolve aumento na expressdo de miostatina e redugdo na
expressao de miogenina. Nesse modelo, a perda muscular pode estar relacionada a
protedlise induzida pelos niveis aumentados de miostatina e ao déficit na

diferenciacao das células-satélite devido a redugcéo na expressao de miogenina.

Palavras-chave: osteoartrite; perda muscular; miostatina; miogenina.



ABSTRACT

Background: Osteoarthritis is a chronic joint disease primarily characterized by
cartilage loss. In addition to joint impairment, patients with osteoarthritis often suffer
from weakness and atrophy of the periarticular muscles. However, the molecular
mechanisms involved in osteoarthritis-related muscle wasting are not known. The main
mechanisms studied, in other conditions, are related to increased degradation and
reduced synthesis of muscle protein and to deficits in the activation of satellite-cells,
which are responsible for muscle regeneration. Myostatin, an important negative
regulator of muscle growth, stimulates the increase of degradation and the reduction
of synthesis of muscle protein. Moreover, MyoD and myogenin are markers of
proliferation and differentiation of satellite-cells, respectively. Objective: To investigate
the pathways involved in muscle wasting in a model of osteoarthritis induced by
anterior cruciate ligament transection (ACL) in rats. Methods: Female Wistar rats were
allocated into two groups: OA (submitted to the ACL transection) and SHAM (submitted
to surgical procedures without ACL transection). The spontaneous exploratory
locomotion and the body weight of animals were evaluated weekly. In the twelfth week
after the induction of disease, animals were euthanized and the right knee joints were
collected for further confirmation of the disease by histopathology. Gastrocnemius,
tibialis-anterior and soleus muscles from right hind paw were dissected, weighed and
frozen. Gastrocnemius was used for evaluation of muscle atrophy, by cross-sectional
area measurement, and protein expression of myostatin, MyoD and myogenin.
Results: Spontaneous exploratory locomotion, body weight and weight of muscles
showed no difference between OA and SHAM groups. The histopathology of the knee
joints confirmed the development of the disease in animals from OA group.
Gastrocnemius area of animals from OA group had a reduction of about 10%
compared to animals from SHAM group. Protein expression of myostatin was
increased in animals from OA group, while myogenin expression was decreased.
MyoD expression was similar in both OA and SHAM groups. Conclusion:
Gastrocnemius atrophy in osteoarthritis induced by ACL transection involves increased
protein expression of myostatin and decreased protein expression of myogenin. In this
model, muscle wasting may be linked to myostatin-induced proteolysis and to deficits

in satellite-cell differentiation due to decreased expression of myogenin.



Keywords: osteoarthritis; muscle wasting; myostatin; myogenin.
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1 INTRODUGAO

A osteoartrite (OA) é forma mais comum de doenga articular e uma das mais
importantes causas de incapacidade funcional e perda de qualidade de vida. As
alteracgdes patoldgicas observadas nas articulagdes de pacientes com OA incluem,
principalmente, degeneragdo progressiva da cartilagem, inflamagédo sinovial e
alteragcdes no osso subcondral (1). A OA afeta majoritariamente articulagées dos
joelhos, maos, quadris e coluna vertebral e os principais sintomas clinicos incluem dor
cronica, instabilidade articular, rigidez, deformidades articulares e estreitamento do
espaco articular (2). Os fatores de risco mais comuns para OA incluem sexo, idade,
obesidade, predisposigao genética, lesdo articular prévia e fatores mecanicos (3).
Tradicionalmente, o tratamento da OA consiste de analgésicos e drogas
modificadoras do curso da doenga, com substituicdo cirargica da articulagdo na

doenca em estagio final (4).

Atualmente sabe-se que a OA ndo é simplesmente um processo de uso e
desgaste, mas sim um processo de remodelagdo anormal de tecidos articulares,
impulsionado por uma série de mediadores inflamatérios (1). Em pacientes com OA,
0s processos de reparacao em resposta ao dano articular ndo sao capazes de
compensar suficientemente os mecanismos destrutivos, levando a lesées estruturais
e sintomas clinicos. Os primeiros sinais da doenca, a nivel celular, sdo proliferacéo e
remodelagdo da matriz cartilaginosa e dssea, que ocorrem na tentativa de manter a
integridade e a homeostase desses tecidos. Os condrdcitos articulares aumentam a
sintese de matriz, bem como de moléculas que contribuem para sua prépria
destruicdo, como citocinas pro-inflamatérias (5). A remodelagdo se torna uma
resposta deletéria quando o equilibrio entre o anabolismo e o catabolismo € perdido
(4). Em paralelo a essas alteracgdes, a atividade celular aumentada no osso subjacente
leva a esclerose do osso subcondral, com espessamento da placa cortical, extensa
remodelagdo trabecular, e formagdo de ostedfitos nas bordas exteriores das

articulacoes (5).

As estimativas sdo de que em todo o mundo 9,6% dos homens e 18% das
mulheres com idade igual ou superior aos 60 anos apresentem OA sintomatica (6). A

OA é mais prevalente em homens com até 50 anos, no entanto, a prevaléncia em
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mulheres aumenta significativamente apds a menopausa (5). O rapido aumento do
numero de idosos na populagdo, nos ultimos anos, torna a idade um fator
particularmente importante (7). A alta prevaléncia de OA em idosos pode estar
relacionada com a redugédo da capacidade regenerativa e com o acumulo de outros
fatores de risco. Da mesma maneira, a atual epidemia de obesidade pode contribuir
com o aumento da susceptibilidade a OA, tanto por gerar um aumento de carga sobre
as articulagbes quanto por propiciar a acdo de adipocinas inflamatorias (4). Além
disso, ha um claro componente genético envolvido, uma vez que a taxa de
herdabilidade estimada para OA esta na faixa de 40-65%, dependendo da articulagéo
(8). Adicionalmente, lesdes aos tecidos articulares podem afetar negativamente a
biomecanica da articulagdo, bem como causar danos ao osso ou a cartilagem,

tornando a articulagdo mais suscetivel a outros insultos (4).
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2 REVISAO DA LITERATURA

A reviséo bibliografica deste trabalho consistira de um artigo de revisdo que

sera encaminhado para a Revista Brasileira de Reumatologia.

2.1 ESTRATEGIAS PARA LOCALIZAR E SELECIONAR AS INFORMAGOES

A estratégia de busca envolveu as bases de dados PubMed e Web of Science
e foram incluidos estudos publicados entre 2000 e 2015. Foram realizadas buscas

através da lista de termos e suas combinagdes: “osteoarthritis”, “muscle”, “pain”,

“‘muscle arthrogenic inhibition”, “proprioception”, “cachexia”, “sarcopenia”, “disuse”,

LE 11 ” o«

“satellite-cell”, “myostatin”, “MyoD” e myogenin”.

2.2 ARTIGO 1: ENVOLVIMENTO MUSCULAR NA OSTEOARTRITE

Autores:

1.3 Jordana Miranda de Souza Silva, ' 3 Paulo Vinicius Gil Alabarse, 2 3 Rafael

Mendonga da Silva Chakr, 2 3 Ricardo Machado Xavier
Filiagao:
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Apoio Financeiro: Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior
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RESUMO

A osteoartrite € uma doenca crénica de alta prevaléncia caracterizada, principalmente,
por degradagdo da cartilagem articular. Os musculos periarticulares tém um papel
importante na manutencao da estabilidade articular e, nesse contexto, ha evidéncias
de que a fraqueza e a atrofia musculares influenciam na génese e no desenvolvimento
da osteoartrite dos membros inferiores. Além disso, outros aspectos presentes na
doenca, como dor, padroes de ativacdo musculares alterados e déficits na acuidade
proprioceptiva, agravam ainda mais a disfungdo muscular que acompanha a doenca.
Apesar disso, ndo sdo conhecidas as vias de sinalizagdo envolvidas na perda de
massa muscular da osteoartrite. As principais vias ja estudadas, em outras condigdes,
incluem reducgao da sintese ou aumento na degradacgao de proteinas musculares e

deficiéncia na regeneragao muscular.

INTRODUGAO

A osteoartrite (OA) é a doenca articular mais comum e uma das principais causas de
dor e incapacidade funcional em adultos (4). As alteragdes patoldgicas observadas
nas articulagbes de pacientes com OA incluem, principalmente, degeneragao
progressiva da cartilagem, inflamacgao sinovial e alteragbes no osso subcondral € nos

tecidos periarticulares (9). A OA afeta majoritariamente as articulagdes dos joelhos e



17

dos quadris, uma vez que esta presente em cerca de 3,8% e 0,85% da populagao

mundial, respectivamente (2).

Ha evidéncias crescentes de que o declinio de forgca muscular nos membros
inferiores esta associado com a OA de joelho e de quadril (10). Os musculos
periarticulares funcionam para produzir o movimento e também para absorver a carga
sobre o membro e proporcionar estabilidade articular (10, 11). Dessa maneira, a
fraqueza muscular foi identificada ndo sé como um fator de risco potencial para
incidéncia de OA, mas também como uma condigédo que influencia na progresséao e
na severidade da doenga. Além disso, a presenga da OA tem um impacto negativo
sobre a integridade da estrutura e da fungdo dos musculos, podendo, potencialmente,

afetar ainda mais o processo da doenca (12).

Esta revisao tem por objetivo reunir as mais relevantes publicagbes que versam
sobre a influéncia da perda muscular sobre incidéncia, progressao e severidade da

OA dos membros inferiores.

FORCA MUSCULAR E OSTEOARTRITE
Na OA dos membros inferiores, a fraqueza muscular € um achado comum. A funcao
muscular prejudicada pode gerar sobrecarga e instabilidade articulares e, por conta

disso, influenciar na génese e no curso da doenga.

Alguns estudos identificam o declinio de forga muscular como um fendbmeno
precoce e, por vezes, precedente as lesdes estruturais da doenca (13, 14). Foi
demonstrado que uma redugdo no desempenho funcional dos membros inferiores,
bem como uma reducdo na forca do quadriceps, precedem o surgimento de
evidéncias radiograficas de OA de joelho (13, 14). Além disso, maior forca no
quadriceps atua como um fator de protecéo contra a incidéncia de OA de joelho e de
OA de quadril, principalmente entre mulheres (9, 15, 16). Hootman et al. reportaram
que niveis mais altos de forga no quadriceps reduzem em 55 a 64% o risco de doenca,
nos membros inferiores, em mulheres (16). Adicionalmente, maior forga de quadriceps
esta associada a menores niveis de degradagao da cartilagem, remodelamento 6sseo

e estreitamento do espaco articular em pacientes com OA de joelho (17, 18).
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A fraqueza muscular também esta relacionada com a progressédo da OA, uma
vez que o declinio na forga muscular de membros inferiores esta presente em
pacientes com diversos graus de doenga (19, 20). Quando comparados a controles
saudaveis, pacientes com OA de joelho apresentam fraqueza no quadriceps e nos
musculos do quadril (19-21). Similarmente, pacientes com OA bilateral de quadril
apresentam menor forca nos musculos responsaveis pela abdugao, adugao e flexao
do quadril quando comparados a controles saudaveis, e pacientes com OA unilateral
de quadril apresentam déficit de forca no membro afetado em comparacao ao membro
contralateral saudavel (22, 23). Ademais, a forga muscular parece decrescer a medida
que a gravidade da doenga aumenta, uma vez que pacientes mulheres com OA de
joelho severa apresentam menor forga no quadriceps do que pacientes com OA leve
(24).

Assim, além de um fator de risco identificavel, a fraqueza muscular representa
um indicativo de progressédo da OA. Por conta disso, o fortalecimento muscular tem
sido recomendado para o manejo clinico, tratamento e potencial prevencéo da doenca
(25).

ATROFIA MUSCULAR E OSTEOARTRITE

Frequentemente, a fraqueza muscular em pacientes com OA esta associada a atrofia
de fibras musculares (22, 23). Na atrofia muscular ha um desequilibrio entre a sintese
e a degradacdo de proteinas e um dos principais achados € a reducao da area de

secc¢ao transversal da fibra muscular.

Em pacientes com OA unilateral de quadril, além da redugao de forga, pode
haver reducido de até 19% na area seccional de musculos do quadril e da coxa no
membro afetado, em comparagdo com o membro contralateral saudavel (22, 23). Ja
na OA de joelho, essa reducao é de cerca de 12% em pacientes idosas, quando

comparadas a controles (26).

Além disso, a atrofia muscular presente na OA parece envolver principalmente
fibras do tipo 2. Terracciano et al. demonstraram que a atrofia no quadriceps em

pacientes com OA de joelho € homogénea entre os tipos de fibras (27). No entanto,
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Fink et al. reportaram a ocorréncia de atrofia de fibras musculares do tipo 2 em todos
os pacientes avaliados com OA de joelho e atrofia de fibras do tipo 1 em apenas 32%
dos pacientes. Visto que a area de fibras do tipo 2 coincide, sobretudo, com o estado
de treinamento fisico, a atrofia de fibras do tipo 2 pode estar relacionada com a

reducdo da movimentacdo do membro afetado pela OA por conta da dor (11).

Esses resultados evidenciam, portanto, a presenca de alteragdes estruturais no
musculo de pacientes com OA. Por conta disso, a atrofia muscular pode contribuir
para a diminuicdo ou perda da capacidade do musculo de proporcionar a estabilidade

articular necessaria (11).

DOR E PERDA MUSCULAR NA OSTEOARTRITE

Dor desencadeada ou agravada pelo uso da articulagao, bem como rigidez por alguns
minutos no inicio do movimento, sao sintomas caracteristicos da OA (4). Além disso,
a percepcao dolorosa associada a OA pode ser intensificada devido a sensibilizacao
nociceptiva. Existem evidéncias de sensibilizagdo nociceptiva central e periférica
associadas a OA, o que reduz o limiar nociceptivo tanto no local da OA, quanto a
distancia. A alteragcdo nesse mecanismo pode, ainda, servir de gatilho para a transigcéo
da dor aguda para a dor cronica (28, 29).

Além de ser um dos principais sintomas da OA, a dor pode acentuar a perda
muscular tipicamente observada nos pacientes. A dor causa importantes prejuizos na
mobilidade, uma vez que os pacientes com OA tendem a evitar a atividade fisica de
modo a preveni-la (30, 31). Em longo prazo, essa inatividade pode contribuir para a
deterioragao da fungao muscular, pois se sabe que o desuso leva a perda significativa

de massa e de for¢a muscular (30-32).

Adicionalmente, o aumento na descarga de neurdnios nociceptivos pode levar
a inibicdo muscular artrogénica, quando descargas alteradas da articulagdo com OA
resultam em defeitos na estimulagéo eferente do motoneurénio (33-35). Essa inibigao
neural continua impede que os musculos sejam completamente ativados, levando a

fraqueza muscular (34).
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Assim, a intensificacdo da sensacao dolorosa nos pacientes com OA é capaz
de afetar negativamente a fungdo muscular. Em conformidade com isso, foi
demonstrado que o controle da dor, através do uso de anti-inflamatérios nao
esteroidais, possibilitou um aumento da for¢ca do quadriceps em pacientes com OA de
joelho (36, 37).

PROPRIOCEPGCAO E PERDA MUSCULAR NA OSTEOARTRITE

A propriocepgao articular abrange o senso de posi¢ao articular e a sensacéo de
movimento. Essa percepcdo depende de mecanoreceptores nas articulagoes,
musculos, tenddes e tecidos associados. A propriocepcao é capaz de ativar e modular
a funcdo muscular a fim de promover estabilidade articular e produzir movimentos
controlados (38, 39). Quando a acuidade proprioceptiva diminui, a capacidade
funcional s6 pode ser mantida se houver forca muscular suficiente para compensar a
reducdo na precisdo de modulagdo e ativacdo de musculos. Por conta disso, a
capacidade funcional pode ser mais fortemente afetada na presencga simultdnea de

propriocepg¢ao diminuida e de fraqueza muscular (40).

Estudos demonstram que a propriocepgao é diminuida em pacientes com OA
de joelho quando comparados a controles saudaveis (41, 42). Além disso, a
associacao entre forca muscular e limitacdes funcionais € maior em pacientes com
OA de joelho que apresentam propriocepgao diminuida do que em pacientes com
propriocep¢ao normal. Sendo assim, na auséncia de controle neuromuscular
adequado, devido a propriocepc¢ao diminuida, a fraqueza muscular afeta os niveis de

atividade dos pacientes com OA com maior intensidade (40).

Adicionalmente, sabe-se que a acuidade proprioceptiva declina com nao so6 na
presenca da OA, mas também com o aumento da idade. Nesse sentido, foi
demonstrado que a propriocepcao € afetada de maneira ainda mais severa em

pacientes idosos com OA do joelho (43).

MECANISMOS MOLECULARES DE PERDA MUSCULAR
Grande parte dos estudos que abordam o acometimento do musculo na OA tem como

objetivo o estudo da forga. No entanto, outros aspectos da fungdo muscular afetados
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pelo processo da doenga, como os mecanismos moleculares envolvidos na redugao
da massa muscular, sdo pouco estudados. As principais vias moleculares sao
conhecidas gragas a estudos que avaliam a perda muscular observada em doengas
cronicas (caquexia), devido a inatividade fisica ou imobilizagao (desuso) e decorrente
do processo normal de envelhecimento (sarcopenia) (44). Por conta disso, sabe-se

que os mecanismos sao distintos de acordo com a condi¢ao incitante.

A perda muscular esta relacionada a redug¢do no conteudo proteico das fibras
musculares. A sintese e a degradacao de proteinas do musculo esquelético sao
reguladas por uma rede de vias de sinalizagao que transmitem os estimulos externos
aos fatores intracelulares que regulam a transcrigdo génica (45). Dessa maneira, 0s
principais meios que levam a perda muscular séo a redugéo da sintese ou o aumento
da degradacao proteica e, também, déficits na capacidade de regeneragdo muscular

mediada pelas células-satélite (44).

Uma das principais vias que regula a degradagao de proteinas no musculo é o
sistema ubiquitina-proteossomo. Trés componentes enzimaticos sdo necessarios
para a degradacdo muscular por esse sistema: a enzima E1 ativa a ubiquitina, as
enzimas E2 s&o responsaveis por transferir a ubiquitina ativada para a molécula de
proteina que é alvo de degradacgao, e as enzimas E3 regulam a transferéncia de
ubiquitina para a proteina, marcando-a para ser degradada (Figura 1) (46). MuRF-1
(Muscle Ring Finger-1) e MAFbx (Muscle Atrophy F-box) s&o duas ligases E3
especificas do musculo esquelético e seus niveis encontram-se aumentados em
muitos tipos diferentes de caquexia (caquexia do cancer, insuficiéncia cardiaca,
doencga pulmonar obstrutiva crénica) e em resposta ao desuso (47-49). No entanto,
na sarcopenia ndo ha grandes alteragdes nos mediadores do sistema ubiquitina-
proteassomo (47).

Analogamente, a miostatina € um regulador negativo do crescimento da massa
muscular e pode inibir o crescimento muscular através de diversas vias. A miostatina
pode restringir a sintese de proteinas ao inibir a via IGF-1/PI3K/Akt (Insulin-Like
Growth Factor-1/ Phosphoinositide 3-kinase/ Akt), bem como promover maior
degradagao proteica ao estimular a atividade do sistema ubiquitina-proteossomo
através da via FoxO (Forkhead box O) (50). Além disso, a miostatina pode, ainda,
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interferir na ativagao das células-satélite ao reduzir a sua capacidade de diferenciagcao
(Figura 1) (51). Os niveis de miostatina normalmente se encontram elevados na
caquexia, e reduzidos ou nao alterados no desuso, porém, a sua expressao na atrofia
muscular relacionada a idade néao é clara (48, 52-57). Alguns autores descrevem que
nao ha nenhuma alteracdo da expressao de miostatina na sarcopenia, enquanto
outros descrevem uma significativa elevacdo ou, até mesmo, diminuigdo nos seus

niveis de expressao (56, 58).

Em contrapartida as vias que levam a perda de massa muscular, as células-
tronco musculares, chamadas de células-satélite, comandam o crescimento e a
regeneragdo do musculo esquelético. Em condigdes normais, as células-satélite
permanecem em estado de quiescéncia e sao caracterizadas pela expressao de Pax7
(Paired Box 7) e Myf5 (Myogenic factor 5. Em resposta a estimulos como crescimento
e regeneragao, as células-satélite ativadas, entdo chamadas de mioblastos,
expressam os fatores de transcricdo MyoD (Myogenic Differentiation) e Myf5 e
proliferam massivamente para gerar os progenitores miogénicos necessarios para a
regeneragdo muscular. Em seguida, os mioblastos regulam negativamente a
expressao de Pax7 e aumentam a expressao de fatores tais como miogenina e MRF4
(Muscle Regulatory Factor 4) para sofrer diferenciac&o e fusionar as fibras musculares
ja existentes (Figura 1) (59). Em resposta ao dano muscular resultante de fatores
circulantes relacionados a caquexia, as células-satélite sdo ativadas, mas as fibras
musculares danificadas n&do sdo reparadas, uma vez que a diferenciagao miogénica é
prematuramente interrompida devido a expressao sustentada de Pax7 (60, 61). Na
atrofia muscular decorrente do desuso nao ha alteragcéo no conteudo total de células-
satélite e os marcadores de proliferagédo e de diferenciagdo, como MyoD e miogenina,
normalmente, estdo diminuidos ou ndo apresentam alteragdo (56, 62-64). Os
potenciais mecanismos envolvidos na redugdo da massa muscular esquelética
durante a sarcopenia apontam para uma reducéo no conteudo de células-satélite, bem
como na sua falha em substituir e reparar fibras musculares lesadas (59, 65).

Apesar do esclarecimento a respeito dos mecanismos moleculares envolvidos
em condicbes como caquexia, desuso € sarcopenia, nha perda muscular que
acompanha a OA estes mecanismos ainda nao foram elucidados. A OA é uma doenca

cronica caracterizada por inflamagao de baixo grau, com elevagdo dos niveis de
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marcadores inflamatérios no soro e no musculo e, além disso, € uma doenga que,
frequentemente, leva seus pacientes a certo grau de limitagdo funcional e
consequente restricdo nos niveis de atividade fisica (30, 66, 67). Sendo assim, é
possivel que as vias de perda muscular associadas a OA se assemelhem as vias
associadas a caquexia ou ao desuso. Ademais, a prevaléncia de OA na populagao
idosa é bastante alta e, embora devam existir outros mecanismos que contribuam para
o agravamento da perda muscular, € possivel que nos pacientes com OA o declinio

muscular tenha algum componente associado a idade (68, 69).

De fato, a sarcopenia pode ser considerada primaria quando nenhuma outra
causa além do envelhecimento é evidente, no entanto, essa condi¢gao também pode
ser definida como sarcopenia secundaria, quando associada a outras patologias (70).
Sendo assim, a perda muscular da OA poderia ser classificada como sarcopenia
secundaria. Nesse sentido, ja foi revisado o papel clinico da sarcopenia em pacientes
afetados por OA e, embora haja variacdo nas medidas e ferramentas utilizadas nos
estudos para a comparagao entre sarcopenia e OA, a perda muscular nesses

pacientes é incontestavel (71).

Apesar de diversos autores ja terem investigado a relagao entre OA e perda
muscular, a literatura carece de estudos basicos sobre os padrées moleculares

envolvidos nesse acometimento muscular.
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Figura 1: Vias moleculares que envolvem sinalizagdo de miostatina, MuRF-1, MyoD e
miogenina no musculo esquelético. A miostatina aumenta a degradag¢ao e diminui a
sintese proteica através da ativagao do complexo SMAD e da inibigcdo da via IGF-
1/PI13K/Akt, resultando, assim, na ativagao de atrogenes e na inibigdo da miogénese.
Citocinas inflamatérias podem também promover a ativagdo de atrogenes. A
degradagao de proteinas pelo sistema ubiquitina-proteossomo requer a participagéao
de trés enzimas distintas (E1, E2 e E3), sendo que E3 confere especificidade as
proteinas que serdo degradadas. MuRF-1 e MAFbx sdao enzimas E3 especificas do
musculo. As células-satélite sdo precursores miogénicos quiescentes encontrados no
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musculo que, quando ativadas, entram no ciclo celular, sofrem proliferacao,
diferenciagao e entdo fundem-se as fibras musculares ja existentes, em resposta a
estimulos como crescimento e regeneragao. Fonte: prépria autora.

CONCLUSOES

Os musculos dos membros inferiores, principalmente o quadriceps, exercem
influéncia no controle de carga sobre a articulagdo. Prejuizos na fungdo muscular,
incluindo fraqueza muscular, padrbes de ativagao muscular alterados e déficits na
acuidade proprioceptiva sdo comumente encontrados em associagao com a OA. Além
disso, ha evidéncias de que a fraqueza muscular pode predispor ao surgimento e,
potencialmente, a progressao da doenga. Assim, ha a formagao de um circulo vicioso
envolvendo perda muscular e degradacéo articular na OA. Porém, em contrapartida,
nao s&o conhecidos os mecanismos moleculares envolvidos na disfungdo muscular

que acompanha a OA.
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3 MARCO TEORICO

A base tedrica relatada demonstra que os pacientes com OA apresentam perda
muscular, por vezes precedente as lesbes estruturais da doenga. O comprometimento
da fungdo muscular causa excesso de carga sobre a articulagcdo e tem como
consequéncia a instabilidade articular, agravando, assim, o curso da doenga. Embora
esteja clara a relagcdo entre OA e perda muscular, ndo sdo conhecidas as vias

moleculares envolvidas nesse processo.



27

4 JUSTIFICATIVA

A OA é uma doenga prevalente e que envolve ndo apenas a cartilagem, a
sindvia e 0 osso subcondral, mas também o musculo periarticular. Do envolvimento
muscular na OA sabemos, através de outros estudos, que ha aumento de citocinas
inflamatorias, fraqueza e atrofia muscular, mas ndo conhecemos as alteragbes
moleculares envolvidas neste processo. Dentre os diferentes mecanismos de reducéo
da massa muscular, alguns estdo associados a estado inflamatério sistémico e outros
a desuso. Nao temos até o presente momento evidéncias das vias moleculares que

levam a perda muscular observada na OA.

Sendo assim, o conhecimento dos alvos moleculares envolvidos nesse
processo pode promover a descoberta de biomarcadores e, como consequéncia,
oferecer base para futuros estudos diagndsticos e terapéuticos, a semelhanga do que

vem ocorrendo com outras doengas musculoesqueléticas.
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5 OBJETIVOS

5.1 OBJETIVO PRINCIPAL

Descrever as alteragdes histologicas e moleculares do musculo gastrocnémio em um

modelo experimental de osteoartrite.

5.2 OBJETIVOS SECUNDARIOS

Confirmar o desenvolvimento da osteoartrite através da avaliagao histopatoldgica da
articulagao do joelho.

Avaliar a locomogao exploratdria espontanea dos animais;

Avaliar o peso corporal e peso dos musculos gastrocnémio, tibial-anterior e s6leo dos

animais;
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Abstract

Objective: The aim of this study was to investigate the pathways involved in muscle
wasting in an animal model of osteoarthritis (OA) induced by anterior cruciate ligament

(ACL) transection in rats.

Design: Female Wistar rats were allocated into two groups: OA (submitted to the ACL
transection) and SHAM (submitted to surgical procedures without ACL transection).
The spontaneous exploratory locomotion and the body weight of animals were
evaluated weekly. In the twelfth week after the induction of disease, animals were
euthanized and the knee joints were collected for further confirmation of the disease
by histopathology. Gastrocnemius, tibialis-anterior and soleus muscles were dissected
and weighed. Gastrocnemius was used for evaluation of muscle atrophy, by cross-
sectional area measurement, and protein expression of myostatin, MyoD and

myogenin.

Results: The histopathology of the knee joints confirmed the development of the
disease in animals from OA group. Gastrocnemius area of animals from OA group had
a reduction of about 10% compared to animals from SHAM group. Protein expression
of myostatin was increased in animals from OA group, while myogenin expression was
decreased. MyoD expression was similar in both OA and SHAM groups. Spontaneous
exploratory locomotion, body weight and weight of muscles showed no difference
between OA and SHAM groups.

Conclusion: Gastrocnemius atrophy in OA induced by ACL transection involves
increased protein expression of myostatin and decreased protein expression of
myogenin. In this model, muscle wasting may be linked to myostatin-induced
proteolysis and to deficits in satellite-cell differentiation due to decreased expression

of myogenin.
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Introduction

Osteoarthritis (OA) is a chronic disease characterized primarily by articular
cartilage loss. Changes in muscles surrounding the affected joint can also be present
(1). Since, periarticular muscles function not only to produce movement, but also to
provide joint stability, muscle impairment may influence the onset, progression and
severity of OA (2). Additionally, the presence of OA may have a negative impact on
muscle function, further affecting the disease process, and establishing a vicious circle

of joint degradation and muscle wasting (3).

In OA that affects lower limbs, muscle weakness is a common feature. Studies
have identified the decline in muscle strength as an early phenomenon, and sometimes
preceding structural lesions of the disease (4, 5). Muscle weakness is also related with
the progression of OA, since the muscle strength in the lower limbs seems to decrease
as the severity of the disease increases (6-8). Furthermore, muscle weakness in
patients with OA is often associated with atrophy of muscle fibers (8, 9). In this context
studies report that there is a reduction of 12-19% in the cross-sectional area (CSA) of

the muscles from the affected limb in patients with hip and knee OA (9-11).

In general, the main known molecular pathways leading to muscle loss are
related to reduction of protein syntheses, increased proteolysis and impaired muscle
regeneration by satellite-cells (12). Myostatin is recognized as a negative regulator of
muscle mass growth and may limit the protein synthesis by inhibiting IGF-1/PI13K/Akt
(insuline like growth factor-1/phosphoinositide 3-kinase/Akt) pathway. Myostatin can
also promote protein degradation by stimulating the activity of ubiquitin-proteasome
system through FoxO (forkhead box O) pathway (13). Additionally, through the
canonical or MAPK (mitogen activated protein kinase) pathways, myostatin can impair
the activation of satellite-cells reducing their capacity of proliferation and differentiation
(14). Satellite-cells are muscle stem cells responsible for muscle growth and repair.
During muscle regeneration, activated satellite-cells proliferate, differentiate and then
fuse to the existing myofibers. MyoD and myogenin are markers of satellite-cell

proliferation and differentiation, respectively (15).
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Despite the knowledge about muscle weakness and atrophy in patients with OA
of lower limbs, literature lacks basic science studies concerning the molecular
processes involved in OA muscle wasting. Our aim was to identify which pathways are
associated with muscle wasting in an animal model of OA induced by anterior cruciate

ligament (ACL) transection.

Materials and methods

Animals and experimental design

Three-month-old female Wistar rats weighing about 250g were studied. Animals
were housed in plastic cages under controlled environmental conditions with free
access to water and food. All experiments were performed according to the Guiding
Principles for Research Involving Animals (NAS) and to the Committee of Research

and Ethics in Health and the Graduate Group of the Hospital de Clinicas.

Eighteen rats were randomly distributed in two experimental groups of nine
animals each: OA (submitted to the ACL transection) and SHAM (submitted to surgical

procedures without ACL transection).
ACL transection surgery

OA was induced by surgical transection of the right anterior cruciate ligament.
Animals were initially anesthetized with an intraperitoneal injection of ketamine
(0.50mg/kg) and xylazine (0.25mg/kg). During the surgical procedures, anesthesia was
maintained with inhaled isoflurane (3%). Under anesthesia, the right knee was shaved
and prepared using an iodine solution and a 3cm incision was made medial to the
patellar tendon. The subcutaneous tissue and muscle were then incised and the patella
laterally sublaxed; the joint capsule was opened with the limb hyperextended. With the
limb in full flexion, the anterior cruciate ligament was visualized by blunt dissection,
and sectioned by a latero-medial cut parallel to the tibial plateu, using a scapel blade.
Transection was confirmed with the anterior drawer test. The patella was then
replaced, and the limb extended. The joint capsule and muscle layers were closed with
5.0 Vicryl sutures and 50uL of tramadol was then injected into the joint capsule to
provide local analgesia. Skin was closed with 4.0 nylon sutures. Sham surgery
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consisted of all the steps mentioned the above except for ligament transection. After
surgery, the animals were returned to their cages and received intraperitoneal injection
of tramadol (5mg/kg). Twelve and 24 hours after the surgery, the animals received

tramadol intraperitoneally (5mg/kg) as postoperative systemic analgesia.
Experimental period

The experimental period lasted 12 weeks. In the first two weeks after surgery,
the animals were kept at rest. After the third week post-surgery, animals were weighed
and had their spontaneous exploratory locomotion evaluated weekly. At the end of
experimental period, at the twelfth week, animals were anesthetized and then killed by
decapitation. The right knee joint was removed to confirm the development of OA
through histological analysis. Gastrocnemius, tibialis-anterior and soleus muscles,
from the right hind paw, were isolated, dissected and weighed. The muscles were
stored at -80°C and gastrocnemius was used for Western blot and histopathological

analysis.
Animal locomotion

The locomotion of animals was evaluated before the surgery and after the third
week post-surgery until the end of the experimental period. In this procedure, the rats
were placed individually into an acrylic box, with sensors capable of detecting the
motion of animals (Monitor de Atividade IR, Insight Equipamentos Ltda, Ribeirdo Preto,
SP, Brazil). In each evaluation, spontaneous exploratory locomotion of the animals
was detected for 5 minutes after an adaptation period of 30 seconds (adapted from
Ref. 15). The data from the motion detection were sent to and evaluated by a software
(Insight Equipamentos Ltda, Ribeirdo Preto, SP, Brazil) using the following
parameters: walked distance and velocity, and number of times that animals jumped,

rested or stood.
Knee joint histopathology

The joints from the right knee were excised and fixed in 10% buffered formalin
for five days. The joints were decalcified with 10% nitric acid for 24h and paraffin
mounted. The joints were sectioned into 4 mm slices and stained with hematoxylin-

eosin (HE). Two different scoring systems developed by OARSI (Osteoarthritis
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Research Society International) were used to evaluate the animal joints and to
measure the experimental OA severity by a blinded pathologist: OARSI histopathology

grading system and OARSI cartilage degeneration score.

The OARSI histopathology grading system consists of OA cartilage pathology
assessment system based on six grades, which reflect depth of the lesion, and four
stages reflecting extent of OA over the joint surface. The recommended score is an
index of combined grade and stage. The simple formula: score = grade x stage is
recommended. This method produces an OA score with a range of 0-24 based on the

most advanced grade and most extensive stage present (16).

The OARSI cartilage degeneration score is an evaluation of overall cartilage
pathology. For this score, the medial tibial cartilage plateau is divided into three zones
in order to evaluate pathology of different load-bearing areas. Cartilage degeneration
in each zone is scored 0-5, according to the percentage of affected cartilage (17).

Myofiber cross-sectional area

Myofiber cross-sectional area measurement was used to evaluate muscle
atrophy. The gastrocnemius muscles from the right hind limbs were excised and fixed
in 10% buffered formalin for 1 day and paraffin mounted. The muscles were sectioned
into 6mm slices and stained with HE. To determine the myofiber area, the muscle fiber
diameter was measured, and the myofiber CSA was calculated. Using the software
Image-Pro Express (version 5.1.0.12; Media Cybernetics, Rockville, MD, USA), 10
images were taken of each gastrocnemius muscle per rat, and 20 fibers were

measured from each image, totaling 200 measured myofibers (18).
Western blot

Western blot was performed in order to identify the protein expression of
myostatin, MyoD and myogenin. The muscle samples were homogenized with a lysis
buffer (10mM Tris-HCI, 250mM saccharose, 5mM EDTA, 50mM sodium chloride,
30mM anhydrous sodium phosphate, 50mM sodium fluoride, 100uM sodium
orthovanadate, 10mM phenylmethylsulfonyfluoride (PMSF), 100mM Dithiothreitol
(DTT), and protease inhibitor cocktail in MiliQ water). Homogenates were centrifuged
at 12.000 g for 10 minutes at 4°C and the supernatant was used. Protein concentration
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was determined by Bradford assay. Muscle proteins (100ug) were separated on 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a
polyvinylidene difluoride (PVDF) membrane. The membranes were stained with
Ponceau solution to confirm the protein transfer and then rinsed with phosphate-
buffered saline with Tween (PBS-T). The membranes were incubated under low
agitation overnight at 4°C with the primary antibodies against myostatin (1:250, Santa
Cruz, sc-28910), MyoD (1:500, Sigma, SAB2501587) and myogenin (1:250, Sigma,
SAB2501587) diluted in milk/PBS-T (1% powdered skimmed milk). After the primary
antibody incubation period, the membranes were washed for 30 minutes in PBS-T,
incubated with secondary antibody against rabbit immunoglobulin G (1:5000, Sigma,
A9169) or against goat immunoglobulin G (1:5000, Sigma, A5420) diluted in milk/PBS-
T (1% powdered skimmed milk) for 2 hours at room temperature and then washed
again for 30 minutes in PBS-T. Detection of the labeled protein was done using the
enhanced chemiluminescence system (Millipore, WBKLS0500). These protein

expressions were normalized by GAPDH expression.
Statistical analyses

The results are expressed as mean values with standard error of the mean
(SEM) for symmetric variables and as medians and percentiles (25% and 75%) for the
asymmetric variables. The data were compared by Student's t test or ANOVA followed
by Tukey's test or ANOVA followed by Mann-Whitney's U-test. Significance was
accepted at P<0.05.

Results

Animal locomotion

After the third week post-surgery, none of the parameters evaluated in animal
locomotion (walked distance and velocity, and number of times that animals jumped,

rested or stood) showed a significant difference between OA and SHAM groups (Figure

1).
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Fig. 1. Walking distance (A) and velocity (B) and times resting (C), standing (D) and
jumping (E) of OA and SHAM animals. Data are expressed as mean and SEM.

Animal and muscle weight and

Body weight of the animals in both groups increased equally over the
experimental period, therefore there was no statistical difference in body weight
between OA (257,79 + 27,38g) and SHAM (262,47 + 17,749g) groups, at the end of the
experimental period. Regarding the weight of the right hind paw muscles, the average
weight of gastrocnemius, tibialis-anterior and soleus muscles tended to be lower in
animals from OA group (1,40 + 0,31g; 0,45 + 0,06g; 0,10 £ 0,01g) compared to SHAM
group (1,59 = 0,16g; 0,48 + 0,04g; 0,10 + 0,01g), but not significantly different (Figure
2).
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Fig. 2. Body weight of OA and SHAM animals during the experimental period (A).
Gastrocnemius muscle weight (B), tibialis-anterior muscle weight (C) and soleus
weight (D) of OA and SHAM animals at the end of the experimental period. Data are
expressed as mean and SEM.

Knee joint histopathology

At 12 weeks after ACL transection, in knee joint of animals from OA group, most
of the remaining cartilage was degraded and undergoing remodeling. There was
cartilage replacement by fibrous connective tissue in animals from OA group,
compromising cartilage original function. Moreover, severe synovitis was also
detected. Both OARSI grading system and OARSI cartilage degeneration score
demonstrated statistical difference between OA and SHAM groups. Data were
analyzed by ANOVA followed by Mann-Whitney1s U-test (Figure 3).
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Muscle cross-sectional area

OA group showed a significant reduction (p<0.05) in gastrocnemius muscle
CSA at the end of the experimental period compared to SHAM group. The reduction

in muscle CSA was around 10% (Figure 4).
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Western blot

After twelve weeks of disease, increased expression of myostatin (negative
regulator of muscle mass) protein (52kDa; larger myostatin propeptide) was found in
gastrocnemius muscles from OA group (0.3 fold, P<0.05). Mature myostatin peptide
(26kDa) was not detected. The primary antibody used was supposed to detect both 52
and 26kDa proteins, but only 52kDa protein was detected.

The expression of MyoD (satellite-cell proliferation marker) did not differ
between groups, however, the expression of myogenin (satellite-cell differentiation
marker) displayed significantly lower levels in OA group (0.4 fold, P<0.05) (Figure 5).
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Fig. 5. Western blot membranes showing the expression of myostatin (A), MyoD (B),
myogenin (C) in gastrocnemius muscle of OA animals and SHAM animal at the end of
the experimental period (B). Data are expressed as mean and SEM. *P < 0.05 OA vs
SHAM.

Discussion

The results of this study provide new information about the molecular pathways
involved in muscle wasting in a rat model of OA induced by ACL transection. The
muscle atrophy found in animals from OA group is in agreement with what occurs in
seems to be representative of what occurs in patients with OA. Additionally, the
increase in myostatin expression and the decrease in myogenin expression may at

least partially explain the mechanisms involved in this atrophy.

An experimental period of 12 weeks was established, since, at this time, ACL
transection model is able to promote a significant joint cartilage damage (19).
Additionally, after 12 weeks of disease, muscle atrophy was also expected to be
present, allowing the evaluation of pathways involved in muscle wasting (20). A study
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reported that both ACL transection surgery and sham surgery are able to cause muscle
atrophy in rats, however, 15 days after the surgeries, only rats that underwent ACL
transection remained with atrophy (20).Thus, in addition to joint impairment, 12 weeks
of disease may be appropriate time to allow the operated animals to recover from the
effects of trauma caused by the surgery and, this way, only disease intrinsic atrophy
would remain. To verify the occurrence and the severity of the disease, two different
scoring systems developed by OARSI were used to evaluate joint histopathology:
OARSI histopathology grading system and OARSI cartilage degeneration score. The
first system is a combined score based on qualitative assignment of numbers as OA
histologic features, while the second one is a measurement of cartilage degeneration
percentage. The two scores complement each other and both showed significant
difference between OA and SHAM groups. According to OARSI grading system, most
animals from OA group developed a mild disease, while according to OARSI cartilage
degeneration score, animals from OA group had severe cartilage degeneration, but
the animals from SHAM group also had a small degree of joint involvement, probably

due to sham surgery.

Patients with OA typically suffer from articular pain and its consequences such
as avoidance of physical activity. In the long-term, the avoidance of activities, in order
to prevent pain, leads to muscle strength deterioration (21, 22). In our study, the
animals from OA group had the same pattern of movement than the animals from
SHAM group in the spontaneous exploratory locomotion test. This way, the reduction
in activity levels may not be related to muscle wasting in our model. However, it is
known that patients with knee OA, especially those ones with advanced OA, have
altered gait patterns, because of the abnormal knee joint loading (23, 24). So, although
we have not found differences in animal locomotion, perhaps we could have found

changes in gait pattern in animals from OA group, if we had evaluated this parameter.

Regarding body weight, the animals from both groups gained weight at the
same rate throughout the experimental period. The weight of gastrocnemius, tibialis-
anterior and soleus muscles also showed no significant difference between groups.
These results demonstrate that OA induced by ACL transection is unable to promote
a marked loss of lean body mass in animals from OA group. Differently, in other models

in which animals develop muscle atrophy, such as models of immobilization or chronic
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inflammation, there is a significant loss of body weight and loss of muscle weight (25,
26). However, in patients with knee OA, changes in muscle volume may not occur. A
study, in which patients with knee OA were followed for two years, reported that there
is a decrease of 2.1% in quadriceps muscle mass and an increase of 2.9% in
intermuscular fat (27). This way, despite the loss of muscle mass, muscle volume does
not undergo large changes, probably because of the increased muscle fat infiltration
(27). Otherwise, the intermuscular fat gain in patients with OA may also be related with
aging, and not only with OA progress. In our model, the lack of loss of muscle mass in
animals from OA group comparing to SHAM group is in agreement with the mild
atrophy that OA animals developed.

At the end of the experimental period, the gastrocnemius area of animals from
OA group had a reduction of about 10% compared to animals from SHAM group. The
atrophy that occurred in these animals was mild, but it demonstrates that OA induced
by ACL transection is able to promote muscle impairment. The absence of reduction
in levels of locomotion in animals from OA group, in spite of the possibility of altered
gait in these animals, shows that muscle atrophy may be related to other factors and
not solely to disuse. As the immobility does not seem to be the cause of muscle atrophy
in our model, muscle wasting may be associated with the chronic inflammatory process
of the disease. It is noteworthy that OA is considered a low grade inflammation disease,
mainly because of synovitis (28). Serum concentration of several inflammatory
markers is elevated in patients with OA of the lower limbs, and it is correlated with
decreased physical function and lower muscle strength (29, 30). Levels of
inflammatory mediators are also increased in muscles of patients with knee OA, when
compared to healthy individuals, and are also related with physical disability and
reduced muscle strength (3, 31). These studies evaluated muscle strength only, but it
is known that reduction of muscle strength is usually associated with muscle atrophy

in patients with OA of lower limbs, as some studies report (9, 10).

Although there are studies that assessed the expression of inflammatory
markers in muscle of patients with OA and its relation with muscle weakness (3, 31),
the pathways directly involved in controlling the synthesis and degradation of muscle
proteins, as well as satellite-cell activation patterns, are not known. In order to identify

the pathways leading to muscle wasting, protein expression of myostatin (a negative
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regulator of muscle mass), MyoD (satellite-cell proliferation marker) and myogenin
(satellite-cell differentiation marker) were evaluated.

Myostatin protein is produced in muscle and adipose tissue and then is released
and circulates in the blood in a latent form as a full-length precursor, which is cleaved
into an amino-terminal pro-peptide and a carboxy-terminal mature region: the active
form of the molecule (32). After twelve weeks of disease, increased levels of myostatin
protein (52kDa; larger myostatin propeptide) were found in animals from OA group.
Mature myostatin peptide (26kDa) was not detected. Findings from several groups
indicate that myostatin expression is usually increased during conditions such as
cachexia (33-36). In disuse conditions, however, levels of myostatin are usually
decreased or not changed (37-39). Moreover, myostatin inhibition is able to increase
muscle mass and prevent loss of muscle mass in several pathological conditions in
mice (40, 41). So, the elevation of myostatin expression in animals from OA group may
be a contributing factor to the atrophy that was found in these animals. The only study
that evaluated the expression of myostatin in patients with hip OA reported increased

levels of myostatin gene expression, which is in accordance with our results (42).

Myostatin also plays a negative role in the control of satellite-cell proliferation
and differentiation and MyoD and myogenin are implicated to participate in myostatin-
induced differentiation suppression (14, 43). Our results show a decrease in myogenin
protein expression in animals from OA group, although MyoD levels remained the
same in both OA and SHAM groups. It is noteworthy that no other study has ever
reported on markers of satellite-cell activation in OA-related muscle wasting. According
to the literature, gene and protein expression of these markers are usually decreased
in disuse atrophy (25, 44, 45). On the other hand, and similar to our results, protein
expression of MyoD and myogenin are found to be lower in patients with inflammatory
diseases (33, 44, 46, 47). In animals from OA group, higher levels of myostatin might
be related to the repression of the satellite-cell differentiation program. Myogenin is
necessary for efficient activation of target genes required for terminal differentiation of
myoblasts, and further fusion of myoblasts to the existing myofibers for muscle repair
(48). Furthermore, in the absence of myogenin, other muscle regulatory factors, such
as MyoD, cannot promote muscle formation, since the differentiation of satellite-cells

is impaired (49).
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According to our results, the increased levels of myostatin promote a reduction
of satellite-cell differentiation by down-regulating myogenin expression. Additionally,
as far as myostatin is able to stimulate protein degradation by activating FoxO pathway,
muscle proteolysis by ubiquitin-proteasome system may be enhanced. As the
regenerative potential of satellite-cells is impaired, because of the inhibition of
myogenin, and unable to counterbalance the degradation of muscle proteins, the
muscle atrophy is stablished. Furthermore, as muscle atrophy in both disuse and
inflammatory diseases have decreased expression of satellite-cell activation markers,
but only inflammatory diseases have increased expression of myostatin, it can be said

that our results are closer to the inflammation pattern of muscle wasting.

Conclusion

This study provides new insights on the molecular mechanisms involved in
muscle wasting in OA induced by ACL transection. The pathways involved could be
partially identified and, from now, it is known that myostatin and myogenin play a
significant role in OA-related muscle wasting. This knowledge can be useful for
assessing the effects of rehabilitation interventions and also for prevention strategies

against disease development.
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8 CONSIDERAGOES FINAIS

Este trabalho demonstrou que a perda muscular associada a osteoartrite, em
um modelo de osteoartrite induzida por transecgao do ligamento cruzado anterior,
resulta de alteragcbes na expressao proteica de miostatina e de miogenina. Assim, a
perda muscular pode estar relacionada tanto ao aumento da protedlise, induzido pelos
niveis aumentados de miostatina, quanto ao déficit na diferenciacdo das células-
satélite, responsaveis pela regeneragdo muscular, por conta da redugao na expressao

de miogenina.
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9 PESPECTIVAS FUTURAS

Os conhecimentos adquiridos por meio deste trabalho fornecem embasamento
para estudos terapéuticos futuros. Visto que a osteoartrite representa uma condicéo
deveras incapacitante, a identificacdo das vias envolvidas na perda muscular
associada a essa doenga viabiliza o surgimento de novos potenciais alvos

moleculares para o seu tratamento.



