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RESUMO

A atrofia e fraqueza do quadriceps ap0s a ruptura do ligamento cruzado anterior (LCA),
presentes antes e apds sua reconstrucdo, sdo importantes limitacGes que restringem o
retorno dos individuos as atividades da vida diéria e desportivas. A rapida proteélise
muscular que ocorre nos diversos modelos animais e em diferentes condigdes em
humanos se deve, principalmente, ao sistema ubiquitna proteassoma (UPS).
Mecanismos neuromusculares sdo associados a atrofia e fraqueza do quadriceps apds a
ruptura e reconstrugdo do LCA, porém as vias moleculares envolvidas nesse processo
sdo desconhecidas. A identificacdo dessas vias pode favorecer o estabelecimento de
estratégias terapéuticas para amenizar o déficit muscular. Assim, o objetivo dessa tese
foi avaliar o efeito da transeccdo do LCA de ratos na expressdo dos genes pertencentes
ao UPS (MuRF-1, a Atrogina-1), e também da Miostatina (envolvida no controle da
massa muscular) pela técnica de PCR (reacdo em cadeia da polimerase) em tempo real
no quadriceps. Avaliou-se ainda o contetdo de proteinas ubiquitinadas por Western
Blotting e a area de seccdo transversa das fibras musculares (AST) dos masculos Vasto
Medial (VM), Reto Femoral (RF) e Vasto Lateral (VL). Niveis elevados de Atrogina-1,
MuRF-1 e Miostatina ocorreram ap0s transeccdo do LCA em todos os musculos
avaliados assim como a reducdo da AST nos musculos VM e VL. Os resultados desta
tese contribuiram para a compreensdo dos mecanismos de atrofia do quadriceps apos a

transeccdo do LCA.

Palavras-chave: Ubiquitina Proteassoma, Atrofia Muscular, Reabilitacdo, Quadriceps,

LCA.



ABSTRACT

The quadriceps muscle weakness and atrophy after the anterior cruciate ligament (ACL)
rupture, is present before and after its reconstruction, and are important limitations that
restrict the return of subjects to activities of daily living and sports. The combination of
reduced synthesis and increased levels of protein degradation results in a rapid loss of
muscle protein. The rapid muscle proteolysis occurs in several animal models and in
different conditions in humans, and are mainly associated to the ubiquitn proteasome
system (UPS). Neuromuscular mechanisms are associated with atrophy and weakness of
the quadriceps muscle after ACL rupture and reconstruction, but the molecular
pathways involved in this process are unknown. The identification of these pathways
may facilitate the establishment of therapeutic strategies to alleviate the muscle deficit.
Thus, the objective of this thesis was to evaluate the effect of ACL transection of rats in
the expression of genes of UPS (MuRF-1, Atrogina-1), as well as the expression of
myostatin (involved in control of muscle mass) by the Real Time PCR (polymerase
chain reaction) technique. It was evaluated the content of ubiquitinated proteins by
Western blotting and the cross-sectional area of muscle fibers (CSA) of the vastus
medialis (VM), rectus femoris (RF) and vastus lateralis (VL) of the quadriceps.
Elevated Atrogin-1, MuRF-1 and myostatin mRNA levels were observed after ACL
transection in all muscles assessed, as the reduction of CSA in VM and VL muscles.
The results of this thesis contributed to the understanding of the mechanisms of

quadriceps muscle atrophy after ACL transection.

Key Words: Ubituin-Proteasome, Muscle Atrophy, Rehabilitation, Quadriceps, ACL.
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APRESENTACAO

A presente tese esta estruturada de maneira a apresentar os artigos resultantes e submetidos a
publicacdo do projeto de doutorado direto, aprovado pelo Programa de P6s Graduacdo em
Fisioterapia da Universidade Federal de Sao Carlos (PPGFt), essa forma de apresentacao € aceita
e recomendada pelo PPGFt. Uma breve descricdo das atividades desenvolvidas no periodo do
doutorado direto é apresentada, assim como uma justificativa para a realizacdo do estudo. Na
sequéncia os dois trabalhos resultantes do projeto proposto serdo apresentados na forma de

manuscrito | e II.



ATIVIDADES NO PERIODO

Durante o periodo de doutorado pude participar de projetos desenvolvidos concomitantemente

em nosso laboratério e em outros da UFSCar.

Em 2008, participei em parceria com o laboratorio de Bioquimica e Biologia Molecular do
Departamento de Fisiologia, coordenado pela Profa. Dra. Heloisa Sobreiro Selistre Aradjo, do
estudo que avaliou o efeito de uma desintegrina (a alternagina-C) isolada do veneno de cobra
sobre o processo de regeneracdo do musculo esquelético. “Effects of alternagin-C from Bothrops
alternatus on gene expression and activity of metalloproteinases in regenerating skeletal
muscle.” Durigan, JLQ, Peviani SM, Russo TL, Delfino GB, Ribeiro JU, Cominetti MR, Araujo

HSS, Salvini TF. Toxicon 2008;52(6):687-94.

Em 2009 participei de projeto de outro aluno do laboratério, onde avaliamos o efeito da
eletroestimulacéo e alongamento muscular, combinados ou isolados, na expressao de genes que
regulam a massa muscular no musculo desnervado de ratos. Russo TL, Peviani SM, Durigan
JLQ, Gigo-Benato D, Delfino GB, Salvini TF. Stretching and electrical stimulation reduce the
accumulation of MyoD, myostatin and atrogin-1 in denervated rat skeletal muscle. Journal Of

Muscle Research And Cell Motility. 2010;31(1):45-57.

Ainda em 2009 participei de outro projeto de nosso laboratério onde se avaliou o efeito da
inflamacdo articular de tornozelo na expressdo de genes que regulam a massa muscular do
musculo so6leo de ratos. Ramirez CR, Russo TL, Delfino GB, Peviani SM, Alcantara CC, Salvini
TF. Chronic joint inflammation leads to muscle atrophy in the soleus muscle in rats. (submetido

ao Journal Of Muscle Research And Cell Motility)
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Durante o periodo de doutorado fiz estagio voluntario na Unidade de Saude Escola da UFSCar
na area de Ortopedia e Traumatologia (Fisioterapia Geral) sob supervisao do Prof. Carlos Castro.
Auxiliei a Profa Tania de Fatima Salvini em varios modulos da disciplina de Cinesioterapia
ofertada na graduacdo em Fisioterapia, assim como na Disciplina de P6s Graduagdo intitulada

“Plasticidade dos musculos esqueléticos: implicacBes para a fisioterapia.”

Ministrei durante as Jornadas Cientificas e Tecnoldgicas da UFSCar o mini curso: Plasticidade
Muscular: da célula a fungdo (2008); e o mini curso Tépicos avancados em exercicio fisico:
Respostas  metabdlicas e  moleculares; adaptacbes  neuromusculares;  avaliagdes

cardiorrespiratorias; novos recursos ergogénicos (2010; 2011).

Fui representante discente no Conselho de Pds Graduagdo em Fisioterapia (2008/2009),
experiéncia que me enriqueceu muito profissionalmente e politicamente. A participacdo no
féorum de POs Graduagdo em Fisioterapia nesse periodo também proporcionou esse

amadurecimento.

Durante o Doutorado tive a oportunidade de apresentar parte da presente tese no “European
Muscle Conference” sediado em Padova na Italia e realizado pela Sociedade Européia de
Pesquisa Muscular. A experiéncia de participar desse congresso foi uma das mas enriquecedoras
do Doutorado, pois tive a oportunidade de conhecer e ouvir os maiores nomes da pesquisa em
musculo “conheci minhas referéncias bibliograficas”. Tive a oportunidade de discutir limitagdes

metodoldgicas e principalmente de ver que eles também tem problemas com anticorpos!
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JUSTIFICATIVA

A ruptura do ligamento cruzado anterior (LCA) é uma das lesdes mais frequentes que acometem
a articulacao do joelho resultando em dor, instabilidade, atrofia e fraqueza muscular. Apesar da
alta incidéncia dessa lesdo, ha poucos estudos em modelos animais que avaliam as alteracdes
A H 9,12,13 . . .
musculares ap0s a ruptura desse ligamento. Os estudos em animais abordam mais as

alteracdes articulares e do préprio ligamento.®*819

Mecanismos neurofisiologicos tém sido propostos para explicar a fraqueza e atrofia do
quadriceps apds a ruptura do LCA. Uma inibicdo reflexa pré-sindptica da musculatura que
envolve a articulacdo, conhecida como inibicdo muscular artrogénica (IMA), pode ser iniciada
pela distensdo ou dano capsular.* > ! Foi também demonstrado uma disfuncéo na alca motora
gamma no musculo quadriceps apés a reconstrucdo do LCA. ° Esses mecanismos ajudam a

explicar a dificuldade desses sujeitos em alcancar a contracdo voluntaria maxima.

No entanto, os mecanismos moleculares e as vias intracelulares envolvidos no processo de
atrofia muscular, nessa condicdo, ainda ndo foram investigados. A identificacdo das vias
relacionadas a atrofia muscular pode favorecer o estabelecimento de estratégias terapéuticas para
amenizar esse quadro. Ja esta estabelecido o envolvimento da via ubiquitina-proteassoma na
atrofia do musculo esquelético, com aumento nos niveis de RNAm dos genes Atrogina-1 e
MuRF-1 dessa via em diferentes condi¢bes de desuso muscular (para revisdo Folleta et al.,

2011).2

Outro gene importante € a miostatina, atuante no controle da massa muscular tanto no periodo
embrionario, como no musculo ja desenvolvido. O fato dos niveis aumentados da miostatina

estarem correlacionados & perda de massa muscular em diferentes situacdes, como desuso * e

12



desnervacdo 2°, faz com seja intressanate avaliar sua expressdo no musculo quadriceps apés a
ruptura do LCA, uma vez que os niveis aumentados de miostatina poderiam estar relacionados

com a manutencdo do déficit de massa muscular nessas condicdes.

Estudos recentes do nosso laboratorio identificaram alteragbes na expressdo desses genes

14,15

realizados em musculos de animais submetidos a eletroestimulacdo , alongamento muscular

>12 lesdo muscular 2 e inflamac&o articular .

Considerando que a instabilidade causada pela ruptura do LCA induz alteragfes musculares que
levam a atrofia e fraqueza muscular, é importante identificar as vias de sinalizacdo envolvidas
nesse processo. A hipdtese da tese é que a ruptura do LCA causa atrofia, ativa genes associados a
atrofia muscular (MuRF-1, Atrogina-1 e Miostatina) no musculo quadriceps de ratos. O presente
projeto foi delineado para verificar a area de seccéo transversa (AST) das fibras musculares, a
expressdo desses genes e proteinas envolvidas na atrofia muscular no musculo quadriceps de

ratos, submetidos a transeccao do LCA.
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MANUSCRITO |

Segue 0 manuscrito traduzido para o portugués que foi originalmente submetido ao periodico

“American Journal Of Physical Medicine and Reahabilitation”.

Titulo: A transeccdo do ligamento cruzado anterior aumenta os niveis de RNAm da atrogina-1,

MuRF-1 e miostatina no quadriceps de ratos.

Gabriel B. Delfino!, Sabrina M. Pevianit, Jodo L. Q. Durigant, Thiago L. Russo?!, Igor L.

Baptista?, Mario Ferretti, Anselmo S. Moriscot?, Tania F. Salvini?.

1-Departmento de Fisioterapia, Universidade Federal de Sdo Carlos, Sdo Paulo, Brasil; 2-
Departamento de biologia celular e desenvolvimento, Instituto de ciéncias Biomédicas,
Universidade de Sdo Paulo, Sdo Paulo, Brasil; 3- Departamento de Ortopedia e Traumatologia,

Universidade Federal de Sdo Paulo, Sao Paulo, Brasil.

17



Abstract

Objective: To assess the mRNA levels of atrogin-1, MuRF-1 and myostatin in rat quadriceps

after anterior cruciate ligament (ACL) transection.

Design: Wistar rats were randomized into 3 different groups (n=5 per group): ACL (surgery and
ACL rupture), Sham (surgery without ACL transection) and Control. Vastus Medialis (VM),
Rectus Femoris (RF) and Vastus Lateralis (VL) muscles were harvested at 1, 2, 3, 7 and 15 days
after ACL rupture. The mRNA levels of atrogin-1, MuRF-1 and myostatin, as well as the
ubiquitinated protein content, muscle mass (MM) and cross sectional area (CSA) of the muscle

fibers were evaluated.

Results: Elevated levels of atrogin-1, MuRF-1 and myostatin mMRNA were detected in all tested
muscles at most time points. The ubiquitinated protein content was increased at 3 days in ACL
and Sham. The MM of the ACL group was reduced at 3, 7 and 15 days (VL and VM) and at 7
and 15 days (RF), whereas it was reduced in the Sham group at 3 and 7 days (VL and VM) and
at 7 days (RF). The CSA of VM was reduced at 3, 7 and 15 days in the ACL group and at 3 and
7 days in the Sham group. The CSA of VL was reduced at 7 and 15 days in the ACL group and
at 7 days in the Sham. While MM and CSA recovery was noted in the sham group, no recovery

was observed in the ACL group.

Conclusions: Quadriceps atrophy after ACL transection involves increased levels of myostatin,

atrogin-1 and MuRF-1 mRNA and the accumulation of ubiquitinated protein.

Key Words: Ubiquitin Protein Ligases, Knee Injury, Sports Medicine, Physical Medicine
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Resumo
Objetivo: Investigar os niveis de RNAm da atrogina-1, MuRF-1 e miostatina no musculo

quadriceps de ratos apos a transecgdo do ligamento cruzado anterior (LCA).

Material e Métodos: Ratos Wistar foram divididos em trés grupos diferentes(n=5 por grupo).
LCA (cirurgia e ruptura do LCA), Sham (cirurgia sem a ruptura do LCA) e Controle. Os
musculos Vasto medial (VM), Vasto Lateral (VL) e Reto Femoral (RF) do quadriceps foram
coletados 1, 2, 3, 7 e 15 dias apoés a transeccdo do LCA. Os niveis de RNAm para atrogina-1,
MuRF-1 e miostatina e o contetdo de proteinas ubiquitinadas foram avaliados. A éarea de seccdo

transversa das fibras (AST) e a massa muscular (MM) também foram avaliados.

Resultados: Os grupos LCA e Sham aumentaram os niveis de RNAm em todos os musculos na
maior parte dos periodos avaliados. O contetdo de proteinas ubiquitinadas aumentou em trés
dias nos grupos LCA e Sham. A MM reduziu no grupo LCA em 3, 7 e 15 diasno VL e VM e em
7 dias no RF. A AST do VM reduziu em 3, 7, 15 dias no grupo LCA e em 3 e 7 dias no Sham.
No VL a AST reduziu em 7 e 15 dias no grupo LCA e em 7 dias no grupo Sham. Diferentemente

do grupo Sham, o grupo LCA n&o recuperou a MM e AST.

Conclusdo: A atrofia muscular do quadriceps apds a transeccdo do LCA envolve niveis
aumentados de RNAm da miostatina e 0 sistema ubiquitina proteassoma pelo acumulo de

proteinas ubiquitinadas e niveis aumentados de RNAm de atrogina-1 e MuRF-1.

Palavras chave: Proteina Ubiquitina Ligase; Lesdo no joelho; Medicina esportiva, Fisioterapia.
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Introducéo
O ligamento cruzado anterior (LCA) é o principal estabilizador do joelho e sua ruptura uma das
lesGes mais frequentes, principalmente em atividades esportivas que foram associadas a 63% das

rupturas do LCA (7,25).

Dentre as alteracdes mais importantes em individuos com historia recente ou crénica de ruptura
do LCA estdo a atrofia e fraqueza do musculo quadriceps (2,9,22,25,34,36,40). Estas alteracGes
podem persistir de um ano apds a lesdo a quatro anos apés a reconstrucdo do LCA e reabilitacdo

(2,9,22).

Mecanismos neurofisioldgicos tém sido propostos para explicar a fraqueza e atrofia do
quadriceps apds a ruptura do LCA. Uma inibicdo reflexa pré-sinaptica da musculatura que
envolve a articulagdo, conhecida como inibicdo muscular artrogénica (IMA), pode ser iniciada
pela distensdo ou dano capsular (13,14,18). Foi também demonstrado uma disfungdo na alca
motora gamma no musculo quadriceps apds a reconstrucdo do LCA (17). Esses mecanismos
ajudam a explicar a dificuldade desses sujeitos em alcancar a contracdo voluntaria maxima.
Além disso, alteragdes metabdlicas e morfolégicas, como mudancas no perfil metabélico das
fibras de rapida para lenta podem também contribuir para tais deficiéncias apds a ruptura do

LCA (34).

As alteracdes musculares tem sido menos investigados apds a ruptura do LCA do que o efeito
dessa leséo na cartilagem (35). Okuyama et al. (26) demonstrou que a ruptura do LCA gera stress
no musculo quadriceps devido ao aumento na expressao da Proteina de Choque Térmico (Heat
Shock Protein 72 - HSP72). Estudos em coelhos, envolvendo diferentes lesfes ligamentares,

observaram atrofia no quadriceps somente quando a ruptura do LCA estava envolvida,
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destacando dessa maneira a influéncia da ruptura desse ligamento no desenvolvimento da atrofia

no masculo quadriceps (16,27).

A atrofia do musculo esquelético é caracterizada pela reducdo da massa muscular devido ao
desequilibrio entre a sintese e degradacgéo de proteinas, que resulta na perda do contetido protéico
nas miofibras (23,30). O principal mecanismo de reducdo da massa muscular € o aumento da
protedlise intracelular, atribuida ao sistema ubiquitina proteassoma (UPS), no qual proteinas
danificadas ou mal formadas sdo poliubiquitinizadas e entdo degradadas pelo proteassoma 26S
(30). Todo esse processo é mediado por trés componentes enzimaticos, E1 (enzima ativadora da
ubiquitina), E2 (enzima conjugadora da ubiquitina), E3 (proteina ubiquitina ligase) (30). O
aumento nos niveis de duas E3 ligases, como a atrogina-1 (também conhecida como MaFbx) e
MuRF-1 ocorre em diferentes modelos de atrofia muscular, como a desnervagéo, imobilizacdo e
suspensdo de membro (3,4,5,32). A importancia de investigar os niveis de RNAmM dessas

ubiquitina ligases é que seus aumentos precedem o inicio da perda de massa muscular (3,4,5,33).

A miostatina é uma importante proteina envolvida no controle da massa muscular, reconhecida
como uma reguladora negativa do crescimento da massa muscular (28). Além disso, a expressao
aumentada da miostatina tem sido associada a condi¢des atroficas, como as observadas durante o

desuso muscular (6,20,29) e desnervacdo (32).

Considerando que a atrofia do quadriceps é uma consequiéncia da ruptura do LCA e que pode
persistir mesmo apds sua reconstrucédo e reabilitacdo e que a atrogina-1, MuRF-1 e miostatina
sdo marcadores moleculares envolvidos no controle da massa muscular, o objetivo desse estudo
foi de avaliar os niveis de RNAm desses genes no musculo quadriceps durante a fase aguda apés

a transeccdo do LCA de ratos. A massa muscular e a AST das fibras musculares também foram
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avaliadas. Nossa hipdtese foi que a atrofia do quadriceps apos a ruptura do LCA poderia estar
relacionada com os aumentos nos niveis de RNAm da atrogina-1, MuRF-1 e miostatina. De
nosso conhecimento este é o primeiro estudo que avalia as vias moleculares envolvidas na atrofia

do quadriceps apds a ruptura do LCA.

Material E Métodos

Ratos Wistar com trés meses de idade (n=75; 312,63+£33g) foram estudados. Os animais foram
mantidos em gaiolas plasticas em sala com condi¢des ambientais controladas com livre acesso a
racdo e agua. O estudo foi aprovado pelo comité de ética em pesquisa com animais da
universidade (protocolo 015/2008) e foi conduzido de acordo com as normas internacionais de
cuidado animal. Esse estudo foi dividido em cinco periodos experimentais de analise: 1, 2, 3, 7 e
15 dias apoOs a transeccdo do LCA e para cada periodo os animais foram aleatoriamente
distribuidos em trés grupos experimentais com cinco animais cada, sendo: LCA (cirurgia e

transeccdo do LCA), Sham (cirurgia sem a transeccao do LCA) e Controle.

Cirurgia Para A Transecgdo Do LCA

Para os procedimentos cirirgicos os animais foram anestesiados com uma inje¢éo intraperitoneal
de xilazina (12mg/kg) e ketamina (95mg/kg). Em condicBes anestésicas, a pata esquerda foi
limpa e preparada utilizando-se solucdo de iodina. O animal foi colocado na posicdo supina, e
entdo uma incisdo central de 1 cm foi realizada sobre a face anterior do joelho esquerdo expondo
o0 tend&o patelar. A cavidade articular foi entdo exposta com a patela deslocada medialmente. O
LCA foi entdo identificado com o joelho em flexdo total e seccionado com uma tesoura cirurgica
tipo oftalmica. Depois disso, o teste de Lachman foi realizado para confirmar a transec¢do do

LCA. A incisé@o peripatelar foi fechada com fio de sutura tipo Vycril 4-0 e a pele foi suturada
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com fio de nylon 5-0. Depois da cirurgia os animais foram realocados nas gaiolas, sendo
adicionado Paracetamol (13,5mg/100mL) na &gua disponivel para beber nas primeiras 24hs para
prover analgesia. O procedimento cirdrgico foi modificado de Stoop et al. (24) no qual a patela

foi deslocada lateralmente ao invés de medialmente deslocada.

Coleta Das Amostras Musculares

Depois dos periodos experimentais 0s animais foram pesados e anestesiados. Depois disso, 0s
musculos Vasto lateral (VL), Reto Femoral (RF) e Vasto medial (VM) do quadriceps foram
cuidadosamente isolados, removidos e pesados. A massa muscular de cada musculo (MM, g) foi
entdo normalizada pela massa corporal (MC, g) para obter a relaggo MM/MC*100. Cada
musculo foi divido em duas partes a partir da regido central no ventre muscular. A porcao
proximal foi congelada imediatamente em isopentano pré-congelado em nitrogénio liquido e
armazenados a -80°C, para serem utilizados na mensuragdo da AST das fibras. A porcéo distal
foi rapidamente congelada em nitrogénio liquido e armazenado a -80°C para serem avaliados 0s

niveis de RNAm e para a avaliacdo do western blot.

AST das fibras musculares

Cortes histolégicos seriados foram obtidos da por¢do ventral dos musculos VM, VL e RF em
micrétomo criostato (Microm HE 505, Jena, Germany). Um corte histolégico (10um) corado
com azul de toluidina foi escolhido para mensuracdo das fibras musculares via microscopio de
luz (Axiolab, Carl Zeiss, Germany) e software para analise morfométrica (Axiovision 4.7.1.0,
Carl Zeiss, Germany). A AST das fibras musculares de cada musculo foi obtida pela medida de

cem fibras musculares localizadas na regido central do corte histolégico. Para cada masculo foi
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entdo obtido a relagdo entre AST das fibras de cada animal pela sua respectiva massa corporal

(um?/g).
Isolamento e analise do RNA

Um fragmento congelado de cada musculo foi homogeneizado e o RNA total isolado utilizando
0 reagente Trizol (Invitrogen, Carlsbad,CA) seguindo as instru¢fes do fabricante. O RNA
isolado foi dissolvido em Tris-HCL e 4&cido etileno-diaminotetracetico (TE) pH 7.6 e
quantificado espectrofotometricamente. A pureza foi investigada pela determinacdo da taxa de
absorbancia a 260nm sobre a 280nm. A integridade do RNA foi entdo confirmada pela inspecao
em gel de agarose a 1% corado com brometo de etideo (Invitrogen, Carlsbad, CA), por meio de

luz ultravioleta.
Transcricdo reversa

Para obter cDNA transcreveu-se reversamente 1 pug de RNA em solucdo contendo, tampéo de
transcricdo reversa 5x, uma mistura de dNTP (Promega, Madison, WI) contendo 0.2 mmol/L de
dATP, dCTP, dGTP e 0.1 mol/L de dTTP, 1 ul de oligo (dT) primer (Invitrogen, Carlsbad, CA) e
200U da enzima M-MLV RT (Promega, Madison, WI). A solugéo final foi entdo incubada a

70°C por 10 min, 42°C por 60 min e finalmente aquecidos a 95°C por 10 min.
Sequéncia Dos Primers

As  seqiéncias  especificas para ratos utilizadas foram: atrogina-1  (Senso:
TACTAAGGAGCGCCATGGATACT; anti-senso: GTTGAATCTTCTGGAATCCAGGAT),
MuRF1 (senso: TGACCAAGGAAAACAGCCACCAG; anti-senso:

TCACTCCTTCTTCTCGTCCAGGATGG), Miostatina (senso:
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CTACCACGGAAACAATCATTACCA,; antisenso: AGCAACATTTGGGCTTTCCAT),

GAPDH (senso: CCACCAACTGCTTAGCCC; anti-senso: GCCAAATTCGTTGTCATACC).

Reacdo Em Cadeia Da Polimerase Em Tempo Real (PCR-RT)

Os niveis de transcri¢cdo para os musculos dos grupos experimentais e controle foram analisados
simultaneamente e as reagdes conduzidas em duplicata no termociclador (Rotor Gene 3000,
Cobertt Research, San Francisco, USA) utilizando-se o SYBR green (Applied Biosystems,
Foster City, CA) como marcador de deteccdo de florescéncia e 180nM de cada primer num
volume final de 50pL. As condi¢es de ciclagem da temperatura para atrogina-1, MuRF-1,
miostatina e GAPDH foram 10 min a 95°C e entdo 40 ciclos de 15s a 94°C, 30s a 56°C para
atrogina-1, a 64°C para MuRF1, a 60°C para miostatina, e a 56°C para GAPDH,
respectivamente, e 1 min a 72°C, seguido por 10 min a 72°C. Os dados foram analisados pelo
método de comparacdo dos ciclos (Ct). A expressao do gene alvo foi normalizado pelo GAPDH.
Controles negativos contendo RNA sem a enzima M-MLYV transcriptase reversa garantiram que
0 produto da amplificacdo da PCR n&o foi resultado de uma amplificacdo de DNA genémico.

Um ensaio branco com agua ao invés de amostra, com primers e SYBR também foi realizado.

Western Blot

A técnica de western blot foi realizada com anticorpo policlonal de coelho contra ubiquitina
como o0 anticorpo primario (1:1000; Cat. No. A-100; Boston Biochem, Cambridge,
Massachusetts). O anticorpo secundario utilizado foi cabra anti-imunoglobulina de coelho

conjugado com alcalina fosfatase (1:2000;Cat. No D048701; Dako).
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As amostras foram homogeneizadas em tampéo de extracdo (para 10mL de tampdo de extracéo:
330ul de 100mM tampdo de fosfato de potéssio, 100ul de 10mM de HEPES, 10pl de 1mM DTT,
100l de 5mM 4&cido etileno-diamino tetracético EDTA pH 8.0, 30ul de 3mM MgCl2, 10% de
Glicerol, 40ul de solucdo de SDS a 10% , 1% de coquetel inibidor de protease e dgua MiliQ
suficiente para 10ml de solucdo. Os homogenatos foram centrifugados a 12,000 x g por 10min a
4°C, e o sobrenadante foi utilizado. A concentracdo de proteina foi determinada pelo ensaio de

Bradford (Bio-Rad, Hercules, California) com albumina de soro bovino como padréo.

A proteina muscular (50ug) foi separada por eletroforese em gel 10% de SDS-poliacrilamida
(SDS-PAGE) e transferida para uma membrana de nitrocellulose (0,45um; BIO RAD Cat.
N0.162-0115). As membranas foram marcadas com solucdo de Ponceau para confirmar a
transferéncia de proteinas e entdo lavadas com solucdo salina de Tris-Tween (TBST) (0.5 M
NaCl, 50 mM Tris-HCI pH 7.5, e 0.1% Tween-20). As membranas foram incubadas sob baixa
agitagdo por 12hs a 4°C com o anticorpo primario diluido em TBST com leite em p6 desnatado a
0,1% (0,1% leite em p6 desnatado, 0.5M NaCl, 50mM Tris-HCI, 0.1% Tween-20, pH 7.5). Apos
a incubagdo com o anticorpo priméario as membranas foram lavadas durante 30min em TBST, e
entdo incubadas com o anticorpo secundario por 1 hora em temperatura ambiente e lavada
novamente por 20 min com TBST e 10 min com tampé&o de detec¢do (1M Tris-HCL, 1M NacCl,
100mM MgCI2, pH9,5). As proteinas marcadas foram detectadas com solucdo NBT/BCIP
(ROCHE Diagnostics Cat. N0.11681451001). O espectro das bandas foi determinado pelo
software Scion Image (Scion Corp., National Institutes of Health, Bethesda, Maryland) sendo

que as membranas foram normalizadas pela sua marcagdo prévia com Ponceau.

Andlise Estatistica
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Os testes Shapiro-Wilk e Levene foram aplicados para avaliar respectivamente a normalidade e a
homogeneidade dos resultados. Mdltiplas comparacGes da médias foram realizadas pela anélise
de variancia (ANOVA) e o teste de Tukey aplicado para comparar os valores das médias. Foram

consideradas significantes as diferencas com valor de p<0,05.

Resultados

Niveis De RNAm Da Atrogina

Comparado com o controle o grupo LCA apresentou niveis aumentados de RNAm da atrogina-1
em todos os masculos avaliados e na maioria dos periodos avaliados (Fig. 1, A,D,G). O VM
apresentou niveis aumentados em todos os periodos avaliados (1 dia: 13 vezes, p<0,001; 2 dias:
12 vezes, p<0,001; 3 dias: 5 vezes, p<0,001; 7 dias: 4 vezes, p<0,001; 15 dias: 1,63 vezes,
p=0,03; Fig. 1A), assim como o RF (1 dia: 5,3 vezes, p<0,001; 2 dias: 4,3 vezes, p<0,001; 3 dias:
16 vezes, p<0,001; 7 dias: 5,5 vezes, p<0,001; 15 dias: 1,6 vezes, p=0,001; Fig. 1D). No musculo
VL os aumentos foram observados nos primeiros sete dias (1 dias: 12,1 vezes, p<0,001; 2 dias:

10,15 vezes, p<0,001; 3 dias: 33,45 vezes, p<0,001; 7 dias: 6,19 vezes, p<0,001; Fig. 1G).

O grupo LCA também apresentou niveis aumentados de RNAm de atrogina-1 quando
comparados ao grupo Sham (Figura 1 A,D,G). (VM: 1 dia: 1,4 vezes, p<0,001; 2 dias: 1,4 vezes,
p=0,001; 3 dias: 1,8 vezes, p=0,001; 7 dias: 1,55 vezes, p=0,04; 15 dias: 1,65 vezes, p=0,03,
Figura 1A; RF: 1 dia: 1,4 vezes, p<0,001; 7 dias: 1,4 vezes, p<0,001, Figura 1D; VL: 1 dia: 1,6

vezes, p<0,001; 2 dias: 2 vezes, p<0,001; 3 dias: 2 vezes, p<0,001, Figura 1G)

O grupo Sham também apresentou niveis aumentados de atrogina-1 em todos os musculos
avaliados comparado ao controle nos primeiros sete dias (Figura 1 A,D,G). (VM: 1 dia: 9 vezes,

p<0,001; 2 dias: 9 vezes, p<0,001; 3 dias: 3 vezes, p=0,004; 7 dias: 2,6 vezes, p=0,02, Figura
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1A; RF: 1 dia: 3,7 vezes, p<0,001; 2 dias: 3,63 vezes, p<0,001; 3 dias: 13 vezes, p<0,001; 7 dias:
3,7 vezes, p<0,001, Figura 1D; VL: 1 dia: 7,5 vezes p<0,001; 2 dias: 5,16 vezes, p<0,001; 3 dias:

17 vezes, p<0,001; 7 dias: 5,18 vezes, p<0,001, Figura 1G)

Niveis de RNAmM de MuRF-1

Os niveis de RNAm de MuRF-1 no grupo LCA encontravam-se aumentados nos primeiros trés
dias no VL, e nos sete primeiros dias no VM e RF quando comparados ao controle (Figura 1 B,
E, H). (VM: 1 dia: 11 vezes, p<0,001; 2 dias: 7,2 vezes, p<0,001; 3 dias: 6,4 vezes, p<0,001; 7
dias: 3,2 vezes, p<0,001, Figura 1B; RF: 1 dia: 2,5 vezes, p=0,001, 2 dias: 3 vezes, p<0,001; 3
dias: 5,1 vezes, p<0,001; 7 dias: 2,7 vezes, p=0,001, Figura 1E; VL: 1 dia: 12 vezes, p<0,001; 2
dias: 7 vezes, p<0,001; 3 dias: 33 vezes, p<0,001, Figura 1H). Também foram observados
maiores niveis de RNAm de MuRF-1 quando comparados o grupo LCA ao Sham em todos 0s
musculos avaliados (Figura 1 B,E,H). (VM: 1 dia: 2 vezes, p<0,001; 3 dias: 2,5 vezes, p<0,001,
Figura 1B; RF: 1 dia: 2 vezes, p=0,003; 3 dias: 1,8 vezes, p=0,002, Figura 1E; VL: 1 dia: 1,6

vezes, p<0,001; 2 dias: 1,6 vezes, p=0,002; 3 dias: 1,5 vezes, p<0,001, Figura 1H).

O grupo Sham mostrou niveis aumentados de RNAmM de MuRF-1 comparado ao controle em
todos os musculos avaliados e na maioria dos periodos avaliados (Figura 1; VM: 1 dia: 5,6 vezes,
p<0,001; 2 dias: 6 vezes, p<0,001; 3 dias: 2,5 vezes, p=0,008; 7 dias: 2,68 vezes, p<0,001,
Figura 1B; RF: 2 dias: 2,3 vezes, p=0,003; 3 dias: 2,7 vezes, p=0,01; 7 dias: 2,23 vezes, p=0,01,
Figura 1E; VL: 1 dia: 7,5 vezes, p<0,001; 2 dias: 4,4 vezes, p<0,001; 3 dias: 22 vezes, p<0,001,

Figura 1H).

Niveis De RNAmM De Miostatina
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O grupo LCA apresentou niveis aumentados de miostatina comparado ao controle em todos os
musculos durante os primeiros sete dias (Figura 1, C,F,1). O musculo VM apresentou niveis
aumentados nos primeiros sete dias (1 dia: 2,9 vezes, p<0,001; 2 dias: 2,65 vezes, p=0,02; 3 dias:
6,4 vezes, p<0,001; 7 dias: 4,16 vezes, p< 0,001, Figura 1C), e em 15 dias 0s niveis estavam
70% abaixo dos niveis basais (p<0,001, Figura 1C). O musculo RF apresentou niveis
aumentados nos primeiros sete dias (1 dia: 2,7 vezes, p<0,001; 2 dias: 5,8 vezes, P<0,001; 3 dias:
4,7 vezes, p<0,001; 7 dias: 5,3 vezes, p<0,001, Figura 1F). No VL os niveis de miostatina foram
aumentados em 2, 3 e 7 dias (2 dias: 4 vezes, p<0,001; 3 dias: 2 vezes, p<0,001; 7 dias: 5 vezes,

p<0,001, Figura 1I).

Os niveis de miostatina também estiveram aumentados no grupo LCA quando comparados ao
Sham em todos os musculos avaliados (Figura 1 C,F,1). (VM: 3 dias: 2,5 vezes, p<0,001; 7 dias:
1,55 vezes, p< 0,001, Figura 1C; VL: 7 dias: 1,6 vezes, p=0,008, Figura 1I; RF: 2 dias: 1,45

vezes, p=0,02, 7 dias: 1,40 vezes, p=0,002, Figura 1F).

Os niveis de RNAmM de miostatina também estavam elevados quando o grupo Sham foi
comparado ao controle, em todos os muasculos e na maioria dos periodos avaliados (Figura 1,
C,F,1). O musculo VM mostrou niveis aumentados do RNAm de miostatina nos primeiros sete
dias (1 dia: 2,8 vezes, p=0,001; 2 dias: 2,7 vezes, p=0,02; 3 dias: 2,5 vezes, p<0,001; 7 dias: 2,7
vezes, p<0,001, Figura 1C), porém aos 15 dias os niveis estavam 70% abaixo dos niveis basais
(p<0,001). O musculo RF apresentou niveis aumentados de RNAmM para miostatina nos
primeiros sete dias (1 dia: 2,5 vezes, p<0,001; 2 dias: 4 vezes, p<0,001; 3 dias: 3,8 vezes,
p<0,001; 7 dias: 3,8 vezes, p=0,001, Figura 1F). No VL os aumentos ocorreram desde o primeiro
dia até 7 dias (1 dia: 7,5 vezes, p<0,001; 2 dias: 4,4 vezes, p<0,001; 3 dias: 2 vezes, p<0,001; 7
dias: 3 vezes, p=0,005, Figura 11).

29



Unidades arbitrarias

-« LCA = Sham - Controle

A Atrogina-1/VM B MuRE-1/VM C Miostatina / VM
14_- ac,sc,sa ac,sc,sa 14_' acsc.sa 10+
I [ S— y w 124 w B ac,sc,sa
] ", @ ] @
10- : Y, fesesa 5 104 . BT
{ ®— » B 1 ™. ac,sc B 61
o \ 2 5] ac,sc,sa % ] - 8C,sc,58
4 N w 4 TR (%] K .
& N S 6 —é """" - T 4 acsc ACSGS 4
] \ .. Boscsa §E % . . ACSC B - .
4 \\ _______ - 2 4] .y -._“. E S % ______ _é~ .
] . ~.,_ asa S ] . ye S o4 =y
2] e e 5] s T L N ~8C,ac
J @ ~~ok j - . . -— g 1 4 * + ~ \{
0 T T T T T 0 T T T T T 0 T T T T T
1dia 2dias 3dias 7dias 15dias 1dia 2dias 3dias 7dias 15dias 1dia 2dias 3dias 7dias 15dias
Atrogina-1/RF MuRF-1/RF Miostatina / RF
25- D 8- E 8- F
2 ] ac,sc 1 . ac,sc,sa ac,sc,sa
w 9 w
8 g 6 ac,sc,sa 2 o ac.sc
£ ] g g
E 154 g E -----------
g et g 4lacsa BG5S “8C,SC B B s A
< 104 A7 N\ Jacscsa i iy 3 e AN
° lac.sc.sa ac,sc \\ , ° { ----------------- #u.‘ = e \\ \
c L s N [ . e U = i A
S 5] e i S S5 2 o g 52 1
[ — | m. - ac { & + {- . ~ : i b h
1 Thal t * * 1
0 T T T T T 0 T T T T T 0 r . r r .
1dia 2dias 3dias 7dias 15dias 1dia 2dias 3dias 7dias 15dias 1dia 2dias 3dias 7dias 15 dias
G Atrogina-1/VL H MuRF-1/VL | Miostatina / VL
40+ ac,sc.sa 401 8-
] 1 ac,sc,sa
w 32+ » 32 w ac,sc,sa
2 2 2 8
E ] ; g Y £
5 244 ac,sc,sa’ B 244 7R 3 acsc
5 T ] ac,sc,sa’ A 3 T 4
0 / 0 SN 7] L
S 16 N S 16 VRN 3 ARG '
g ac‘i[:,sa i SN 5 g ac,sc,sa I ”t \\\ \ g e 2 aC,S(;,r ”"g\ Y
2 4 bl ;s . ‘ac,sc k= . ;S \ b=} rd Lo ANERN
= 1 el P A = . / WY S 2 rd N
O g e ;// \\'.‘ o g . Tt ;o',f \\". o 2 -)’, \\"\..
0-—% : : ? = 01— : ; ; i 0l— ' ' r .
1dia 2dias 3dias 7dias 15dias 1dia 2dias 3dias 7dias 15dias 1dia 2dias 3dias 7dias 15dias

Figura 1: Niveis de RNAm da Atrogina-1 no Vasto Medial (VM; A), Reto Femoral (RF; D) e
Vasto Lateral (VL; G). Niveis de RNAm de MuRF-1 nos musculos VM (B), RF (E) e VL (H).
Niveis de RNAmM da miostatina nos musculos VM (C), RF (F) e VL (I). Os dados sdo expressos
como média + desvio padrdo. ac= p<0,05: LCA em relacdo ao grupo controle; sc= p<0,05: Sham

comparado ao controle; sa= p<0,05: Sham comparado com o grupo LCA.

Proteinas Ubiquitinadas

30



Uma vez que 0s niveis da expressdo génica das ubiquitina ligases ocorreram principalmente nos
primeiros trés dias em ambos os grupos LCA e Sham, foram avaliados os niveis de acimulo de
ubiquitina no terceiro dia. Nesse sentido, foram observados um acUmulo de proteinas

ubiquitinadas em todos os musculos de ambos os grupos, em relacdo ao controle (Fig. 2).
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Figura 2: Membranas de Western Blot mostrando a quantidade de proteinas
conjugadas com ubiquitina em 3 dias com as respectivas avaliagdes da densidade
Optica das membranas (unidades arbitrarias) do Vasto Medial (A), Reto Femoral (B) e
Vasto Lateral (C). MW: peso molecular.
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Massa Muscular

Os grupos LCA e Sham apresentaram reducdo na massa muscular em todos os musculos
avaliados comparados ao controle (Figura 3). O grupo LCA apresentou as seguintes reducdes:
VM (3 dias: 21%, p=0,002; 7 dias: 22%, p=0,002; 15 dias: 19%, p=0,02, Figura 3A), RF (7 dias:
20%, p<0,001; 15 dias: 22%, p<0,004, Figura 3B) e 0 VL (3 dias: 15%, p=0,005; 7 dias: 23%,

p<0,001; 15 dias: 25%, p=0,02, Figura 3C).

O grupo Sham apresentou as seguintes redugdes de massa muscular comparados ao controle:
VM (3 dias: 21%, p=0,002; 7 dias: 21%, p=0,003, Figura 3A), RF (7 dias: 20%, p<0,001, Figura

3B) e no VL (3 dias: 15%, p=0,005; 7 dias: 26%, p<0,001, Figura 3C).

AST Das Fibras Musculares

Os grupos LCA e Sham reduziram a relagdo AST/MC nos musculos VL e VM comparados ao
controle (Figura 3). No grupo LCA, o musculo VM apresentou a primeira reducéo aos 3 dias e 0
VL aos sete dias (VM: 3 dias: 35%, p=0,012; 7 dias: 29%, p<0,001; 15 dias: 40%, p=0,012,

Figura 3D; VL: 7 dias: 34%, p<0,001; 15 dias: 36%, p=0,01, Figura 3F).

No grupo Sham a reducdo na relagdo AST/MC para os musculos VM foi observada em 3 e 7
dias, e no VL somente em 7 dias, comparados ao controle (VM: 3 dias: 33%, p=0,018; 7 dias:

28%, p<0,001, Figura 3D; VL.: 7 dias: 34%, p<0,001, Figura 3F).
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Figura 4: Relacdo massa muscular/massa corporal (MM/BM) e a relagdo AST/massa corporal
(um#g) dos musculos Vasto Medial (A, D), Reto Femoral (B, E) e Vasto Lateral (C, F) do
musculo quadriceps de ratos. Os dados sdo expressos como médiatdesvio padrdo. ac= p<0,05:

LCA comparado ao grupo controle; sc= p <0,05: Sham comparado ao controle; sa= p<0,05:
Sham comparado ao grupo LCA.
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Discusséo

Os resultados desse estudo fornecem novas informacdes relacionadas as vias moleculares
envolvidas na atrofia do quadriceps apds a transecgdo do LCA em modelo animal, que foi
caracterizado pelo rapido aumento dos niveis de RNAm de atrogina-1, MuRF-1 e miostatina
associados a reducdo da massa muscular e da AST das fibras do musculo quadriceps, de acordo
com a nossa hipotese. Alem disso, resultados similares foram encontrados no grupo Sham, assim
é possivel sugerir que somente o procedimento cirdrgico na capsula articular é suficiente para
aumentar a expressdo desses genes e induzir adaptacGes atréficas no quadriceps. Porém,
diferentemente do grupo LCA o grupo Sham recuperou a massa muscular e a AST 15 dias apds a
cirurgia, evidenciando que a transeccdo do LCA é um fator limitante para a recuperacdo da

massa muscular no periodo avaliado.

O processo de atrofia do musculo esquelético é caracterizado pela ativagdo do UPS. A
transcricdo aumentada de genes desse sistema, como a atrogina-1 e MuRF-1, tem sido associadas
a atrofia muscular esquelética em diferentes modelos animais de desuso, como a desnervacéo,
imobilizacdo e suspensdo de membro (3,4,10,33). Agora, demonstrou-se que esse sistema €
também disparado na atrofia muscular do quadriceps apds a cirurgia no joelho e especialmente

apos a transeccdo do LCA em ratos.

Embora os niveis aumentados de RNAm de atrogina-1 e MuRF-1 tenham sido observados em
todos os musculos dos grupos LCA e Sham, a transeccdo do LCA induziu os maiores niveis.
Supde-se que os maiores niveis de RNAm de atrogina-1 e MuRF-1 no grupo LCA pode estar
relacionado ao maior procedimento cirlrgico necessario para causar a transeccao do ligamento,
assim como pelo préprio ligamento lesado. Assim, os resultados encontrados em ambos os

grupos, LCA e Sham, nos primeiros trés dias estdo provavelmente relacionados a inflamacao
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articular. A inflamag&o no joelho é descrita como uma resposta intrinseca a lesdes e doencas

como a osteoartrite, lesdes ligamentares e meniscais, e a artroscopia (1,11,14,15).

Todavia, niveis aumentados de citocinas inflamatérias, como interleucina-6 e fator de necrose
tumoral alfa (TNF-a), tém sido observados no liquido sinovial de pacientes (15) e ratos (37)
durante a fase inflamatoria da ruptura do LCA e no quadriceps de ratos apés injecdo de salina no
joelho (8). Nesse sentido, sabe-se que a exposicdo a citocinas inflamatorias aumenta a expressdo
de fatores de transcricdo que regulam diretamente a expressdo de MuRF-1 no mdsculo
esquelético, como o0 TNF-a e fator nuclear kappa beta (12,19). Da mesma maneira, foi
demonstrado que o TNF-o aumenta a expressao da atrogina-1 através de componentes da familia
de Proteinas Cinases Ativadas por Mitégeno (MAPK), como a p38 MAPK (21). Assim, 0s niveis
aumentados de RNAm de atrogina-1 e MuRF-1 observados no presente estudo podem ser

resultados da exposicdo de citocinas inflamatorias da articulacdo lesada.

Os resultados relacionados aos niveis de RNAm de atrogina-1 e MuRF-1 podem também ter sido
influenciados pelo edema articular. O edema decorrente de dano capsular ou experimentalmente
induzido causa uma potente IMA que favorece a atrofia muscular (31, 38). Recentemente,
Ramirez et al. (28) demonstraram em modelo de edema articular de tornozelo induzido por
injecdo de salina, niveis elevados de RNAm de atrogina-1 no musculo tibial anterior dois dias
apods a injecdo. Portanto, nossos resultados sugerem que a atrofia relacionada a IMA apds lesdo
articular do joelho pode estar associada a niveis aumentados de RNAm de atrogina-1 e MuRF-1.
Assim, estudos futuros sdo necessarios para avaliar os niveis das ubiquitinas-ligases em modelo

de edema de joelho sem cirurgia.
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Nossos resultados também mostraram niveis aumentados de RNAmM para miostatina nos grupos
LCA e Sham em todos os musculos avaliados. Interessantemente, os maiores niveis de RNAm de
miostatina ocorreram quando os niveis de RNAm de atrogina-1 e MuRF-1 estavam diminuindo
ou baixos, especialmente no VL. Estudos prévios ja demonstraram que a miostatina inibe a
fosforilagdo da proteina cinase AKT, também conhecida como PKB, induzindo via FoxO1 a
proteolise através de niveis aumentados de atrogina-1 (24). Além disso, a inibicdo de AKT pela
miostatina compromete a via de hipertrofia muscular AKT/mTOR/p70S6K (39). Assim, supde-
se que a miostatina tem um papel chave apo6s a transec¢do do LCA, seja sinalizando para
protedlise via alvos da FoxOl (como: atrogina-1 e MuRF-1) seja prejudicando a sintese de
proteina via inibicdo da via AKT/mTOR/p70S6K. Estudos sobre as vias de hipertrofia ap6s a

transeccdo do LCA sdo necessarios para avaliar essa hipdtese.

Interessantemente, os niveis de RNAm da miostatina foram reduzidos em 15 dias nos musculos
VM nos grupos LCA e Sham, isso pode ter contribuido para a recuperacdo da massa muscular no
grupo Sham. No entanto, a ndo recuperagdo da massa muscular e da AST no grupo LCA pode

estar relacionado aos niveis aumentados de RNAm para atrogina-1 nesse periodo.

Embora os niveis de RNAm da atrogina-1, MuRF-1 e miostatina estivessem aumentados desde o
primeiro dia para todos os musculos avaliados dos grupos LCA e Sham, a reducdo na massa
muscular e AST foi primeiramente observada em 3 e 7 dias para 0 VM e VL respectivamente,
com a redugdo na massa muscular no RF ocorrendo em 7 dias. Esse aumento rapido dos
atrogenes seguido por reducdes tardias da massa e AST foram similares as observadas por
Sacheck et al. (33) em diferentes modelos de atrofia, e a outros estudos abordando atrofia

muscular e expressao de atrogenes (3,4). Alem disso, foi observado o acumulo de proteinas
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ubiquitinadas em 3 dias, possivelmente em conseqiiéncia ao grande e rapido aumento nos

primeiros trés dias dos niveis de RNAm das ubiquitina ligases apds os procedimentos cirirgicos.

Diferentemente do grupo Sham, os animais do grupo LCA ndo recuperaram a massa muscular e
a AST das fibras em todos os musculos em 15 dias. Isso pode também estar relacionado a
ativacdo reduzida dos motoneuronios gamma ap6s a ruptura do LCA, que é resultado da
atenuacdo dos aferentes la que podem causar um desuso prolongado das fibras rapidas inervadas
pelos motoneuronios de alto limiar (17). Além do mais, 0s aumentos prévios nos niveis de
RNAm de atrogina-1 e MuRF-1 no VL, VM e RF e a manutengdo dos niveis aumentados de
atrogina-1 no VM e RF em 15 dias podem ter influenciado a ndo recuperacdo da massa

muscular.

A reducdo tardia na massa muscular (7 dias) e auséncia de reducdo na area de sec¢do transversa
no musculo RF, podem ser associadas a sua funcdo bi articular, que pode ter promovido uma
maior atividade muscular oferecendo resisténcia a atrofia muscular apesar dos niveis aumentados
dos atrogenes nesse periodo. Nossos resultados estdo de acordo com estudos prévios mostrando
que 0 VM e VL sdo os primeiros afetados em todo o quadriceps ap6s lesdo do LCA (9,22).
Adicionalmente, Okuyama et. al. (26) demonstraram niveis aumentados de HSP72, somente no
VM e VL de ratos apds a ruptura do LCA. Nesse mesmo estudo a auséncia de niveis aumentados

de HSP72 no RF foi também atribuida a sua funcao bi articular (26).

E importante destacar que os misculos VL e VM do grupo LCA mantiveram os niveis baixos de
massa muscular e AST das fibras em 15 dias, uma vez que as porcentagens de reducdo
comparadas ao controle permaneceram proximo aos observados em 7 dias para o VL e a 3 dias

para VM. Esses resultados indicam que a reducdo da massa muscular ocorreu na primeira
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semana e foi mantida nos dias seguintes. Assim, baseados nesses resultados, presume-se que 0
possivel problema na recuperagdo da massa muscular do quadriceps nas primeiras duas semanas
apos a transecgdo do LCA pode estar relacionada a uma sintese protéica deficitaria associada aos

aumentos prévios e sustentados dos atrogenes.

Esse estudo fornece novas informagdes sobre os mecanismos moleculares envolvidos na atrofia
do quadriceps apds a transeccdo do LCA. Esse conhecimento pode ajudar na investigacdo dos
efeitos de intervencdes usadas na reabilitacdo e no desenvolvimento de estratégias para

minimizar a perda de massa muscular apos a cirurgias no joelho e ruptura do LCA.
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ABSTRACT

STUDY DESIGN: Controlled laboratory study.

OBJECTIVE: To assess the effects of neuromuscular electrical stimulation (NMES) on the
MRNA levels of genes related to muscle atrophy in the quadriceps muscle of rats after anterior

cruciate ligament transection (ACL).

METHODS: 125 Wistar rats were randomized into 5 different groups: ACL (surgery and ACL
rupture), ACLES (surgery and ACL transection and NMES), Sham (surgery without ACL
transection), ShamES (surgery without ACL transection and NMES) and Control. The vastus
medialis (VM), rectus femoris (RF) and vastus lateralis (VL) muscles of quadriceps were
harvested 1, 2, 3, 7 and 15 days after surgery. The mRNA levels of atrogin-1, MuRF-1 and
myostatin as well as the ubiquitinated protein content were evaluated. The muscle mass (MM)

and cross sectional area (CSA) of muscle fibers were measured.

RESULTS: ACL and Sham showed increased atrogin-1, MuRF-1 and myostatin mRNA levels in
all evaluated muscles in most periods. In the ACLES and ShamES, the increase of mRNA
atrogenes and myostatin was minimized or prevented in some evaluated periods. The
ubiquitinated protein content increased at 3 days in all groups. NMES prevented a reduction in
MM in all muscles of the ACLES group at 3 days and in ShamES in all periods, but did not
prevent a reduction in the CSA of the VM and VL at 7 and 15 days in ACLES, as it did at 7 days
in the VM of ShamES. Unlike the Sham and ShamES groups, the MM and CSA of the ACLES

and ACL groups did not recover.
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CONCLUSIONS: NMES minimized an increase of atrogenes and myostatin mRNA in the
quadriceps muscles of the ACLES and ShamES groups, inhibiting the early atrophy at 3 days,
although it did not prevent atrophy at 7 and 15 days after ACL rupture. Sham and ShamEsS,

however, displayed recovery of quadriceps mass and CSA.

KEY WORDS: Knee injury, Physical therapy, Sports Injuries, Ubiquitin Protein Ligases.
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RESUMO

Tipo de estudo: Ensaio experimental controlado

OBJETIVOS: Investigar os efeitos da estimulacdo elétrica neuromuscular (EENM) nos niveis
de RNAm dos genes relacionados a atrofia muscular do quadriceps de ratos ap6s a transec¢éo do

ligamento cruzado anterior (LCA).

Métodos: 125 Ratos Wistar foram aleatorizados a 5 grupos diferentes: LCA (cirurgia e
transeccdo do LCA), LCAES (cirurgia e transeccdo do LCA e EENM), Sham (cirurgia sem a
transeccdo do LCA), ShamES (cirurgia sem transeccdo do LCA e EENM) e Controle. Os
musculos Vastos Medial (VM), Reto Femoral (RF) e Vasto Lateral do quadriceps foram
coletados 1, 2, 3, 7 e 15 dias ap6s a cirurgia. Os niveis de RNAm de atrogina-1, MuRF-1 e
miostatina e o conteudo de proteinas ubiquitinadas foram avaliados. A massa muscular (MM) e a

area de seccdo transversa das fibras musculares (AST) foram mensurados.

Resultados: LCA e Sham apresentaram niveis aumentados de RNAm de miostatina, atrogina-1 e
MuRF-1 em todos os musculos e na maioria dos periodos avaliados. Nos grupos LCAES e
ShamES os aumentos dos atrogenes e miostatina foram minimizados e prevenidos em alguns
periodos. O conteldo de proteinas ubiquitinadas estava aumentado em 3 dias em todos 0s
grupos. A EENM preveniu a reducdo de massa muscular em todos os musculos em 3 dias no
grupo LCAES e em todos os periodos no ShamES, mas ndo preveniu a reducdo da AST do VM e
VL em 7 e 15 dias no LCAES, assim como em 7 dias para o0 VM do ShamES. Diferentemente

dos grupos Sham e ShamES, os grupos LCAES e LCA néo recuperaram a MM e AST.
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Conclusdo: A EENM minimizou os aumentos no RNAm dos atrogenes e da miostatina no
musculo quadriceps dos grupos LCAES e ShamES, inibindo a répida atrofia observada em 3
dias, porém a EENM n&o impediu a atrofia em 7 e 15 dias ap6s a transeccdo do LCA. Do

contrario os grupos Sham e ShamEs recuperaram a MM e AST do quadriceps.

Palavras Chave: Proteina Ubiquitina Ligases, Lesdo no Joelho, LesGes Esportivas, Fisioterapia.
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INTRODUCAO:

A ruptura do ligamento cruzado anterior (LCA) é uma das lesdes mais comuns do joelho. (1)

Apo6s a ruptura e reconstrucdo do LCA os individuos apresentam dor, fungdo do joelho
prejudicada, fraqueza e atrofia muscular, especialmente no muasculo quadriceps, o mais afetado

por essa lesdo.*®

Tem sido demonstrado que a atrofia do quadriceps persiste por anos, mesmo apoés a reabilitagéo.
(3153447 A atrofia tem sido associada a mecanismos comuns apds lesdes articulares, como a
inibicdo muscular artrogénica (IMA) e a disfungéo na alga motora gamma, inibindo a contragao
das grandes unidades motoras comprometendo o desenvolvimento da contragdo voluntaria

maéxima, 22327

Diferentes estratégias de reabilitacdo vem sendo precocemente empregadas para minimizar a
atrofia e as deficiéncias na ativacdo do quadriceps apos cirurgia de reconstru¢do do LCA, como
as contracdes excéntricas, oclusdo vascular, suplementacdo com vitaminas e a estimulacdo

elétrica neuromuscular (EENM).37195%)

A EENM ¢ utilizada clinicamente para melhorar a funcdo do quadriceps apds a lesdo do LCA
pelo fato de facilitar o recrutamento e restaurar a forca muscular, que pode estar inibida pela dor,
edema, ou pelo préprio trauma no joelho. ®**% Demonstrou-se recentemente que a EENM pode
sobrepor os déficits de ativagdo muscular contribuindo para minimizar a atrofia e perda de forca
muscular no quadriceps.®® Entretanto, Kim e colaboradores em revisdo sistematica apresentaram
contradicBes e inconsisténcias na efetividade da EENM na reabilitacdo do LCA.® Diferencas
consideraveis foram notadas nos parametros da EENM e nas técnicas de aplicagdo nos ensaios

clinicos, aléem de falhas metodologicas e selecdo de parametros de qualidade inferior. Bons
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ensaios clinicos e estudos na area basica envolvendo os efeitos da EENM apds lesdo do LCA séo
escass0s.®® Ainda ndo se sabe se a EENM pode regular vias moleculares de sinalizagdo

minimizando a atrofia do quadriceps apés lesdo do LCA.

A atrofia muscular esquelética ocorre em decorréncia de um programa coordenado de proteolise,
conhecido como sistema ubiquitina proteassoma (UPS).®® Esse programa requer a
poliubiquitinizacdo de proteinas alvo pelas ubiquitinas E3 ligases, fazendo com que a proteina

possa ser reconhecida e degradada pelo proteassoma.“¥

Em diferentes modelos de atrofia muscular foram encontrados niveis aumentados de atrogina-1
(também conhecida como MAFbx) e de MuRF-1 (Muscle Ring Finger 1) que sdo ubiquitinas do
tipo E3 ligase especificas do masculo. %% Ambas, atrogina-1 e MuRF-1, s&o conhecidas como
marcadores moleculares de atrofia muscular, uma vez que seus niveis elevados precedem e se

correlacionam com a maxima perda de massa muscular. “®

Outro importante regulador de massa muscular é a miostatina, atuando como um fator de
transcri¢do inibitorio ao crescimento muscular. Os niveis aumentados de miostatina tem sido

observados em diferentes modelos de atrofia muscular. ©:31:36:43.45)

Uma vez que a atrogina-1, MuRF-1 e a miostatina sdo marcadores moleculares envolvidos no
controle de massa muscular, o0 objetivo desse estudo foi avaliar os efeitos da EENM precoce
aplicada no quadriceps sobre os niveis de RNAmM desses genes durante a fase aguda apés a
transeccdo do LCA de ratos. A massa muscular e a area de seccdo transversa das fibras
musculares do quadriceps também foram avaliadas. Nossa hipétese foi que a EENM poderia

proteger o quadriceps de sua atrofia via reducdo nos niveis de RNAm da atrogina-1, MuRF-1 e
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miostatina. Para 0 nosso conhecimento esse € primeiro estudo que avalia os efeitos da EENM nas

vias moleculares de atrofia no musculo quadriceps ap6s transec¢édo do LCA.

MATERIAL E METODOS

Desenho Experimental

Ratos Wistar com trés meses de idade (n=125; 313,32+30g) foram estudados. Os animais foram
mantidos em gaiolas plasticas, em sala com condi¢des ambientais controladas e com livre acesso
a racdo e agua. O estudo foi aprovado pelo comité de ética em pesquisa com animais da
universidade (protocolo 015/2008) e foi conduzido de acordo com as normas internacionais de
cuidado animal. Esse estudo foi dividido em cinco periodos experimentais de analise: 1, 2, 3, 7 e
15 dias ap6s a transeccdodo LCA e para cada periodo os animais foram aleatoriamente
distribuidos em cinco grupos experimentais com cinco animais cada, sendo: LCA (cirurgia e
transeccdo do LCA), LCAES (cirurgia e transeccdo do LCA e EENM), Sham (cirurgia sem a
transeccdo do LCA), ShamES (cirurgia sem transeccdo do LCA e EENM), e Controle (sem

intervencao).

Cirurgia Para A Transeccdo do LCA

Para os procedimentos cirargicos os animais foram anestesiados com uma injecao intraperitoneal
de xilazina (12mg/kg) e ketamina (95mg/kg). Em condigdes anestésicas, a pata esquerda foi
limpa e preparada utilizando-se solucdo de iodina. O animal foi colocado na posic¢do supina, e
entdo uma incisao central de 1 cm foi realizada sobre a face anterior do joelho esquerdo expondo
o0 tenddo patelar. A cavidade articular foi entdo exposta com a patela deslocada medialmente. O

LCA foi entéo identificado com o joelho em flex&o total e seccionado com uma tesoura cirargica
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tipo oftadlmica. Depois disso, o teste de gaveta anterior foi realizado para confirmar a transec¢ao
do LCA. A inciséo peripatelar foi fechada com fio de sutura tipo Vycril 4-0 e a pele foi suturada
com fio de nylon 5-0. Depois da cirurgia os animais fora realocados nas gaiolas, sendo
adicionado Paracetamol (13m5mg/100mL) na agua disponivel para beber nas primeiras 24hs
para prover analgesia. O procedimento cirdrgico foi modificado de Stoop et al. ® no qual a

patela foi deslocada lateralmente ao inves de medialmente deslocada.
Parametros Da EENM

A EENM foi realizada com os animais ainda sedados imediatamente apds a cirurgia, € nos
demais periodos os animais eram novamente sedados e entdo submetidos a sessdo de EENM.
Ap0s tricotomia da regido do quadriceps e inguinal a pele foi limpa e coberta com camada de gel
condutor, dois eletrodos (quadrados e auto-adesivos, cada um com 1 cm?) foram colocados sob a
pata posterior esquerda dos ratos um na regido inguinal na eminéncia do nervo femoral e o outro
eletrodo colocado sob a porc¢do distal do quadriceps 1 cm acima da borda superior da patela. O
joelho foi mantido em extensdo total com o quadril em neutro, matendo-se essa posi¢ao com fitas

adesivas afim de evitar qualquer movimento durante as contracGes.

Sessdes diarias de EENM, cada uma com 20 contra¢fes do quadriceps, foram realizadas até o
altimo dia do desenho experimental, sendo a primeira sessdo logo ap6s a cirurgia. Esse

procedimento foi realizado nos grupos ShamgsS e LCAES.

A EENM foi realizada com o gerador de corrente Neurodin® (IBRAMED, Indstria Brasileira de
Equipamentos Médicos, Brasil). Os pardmetros da EENM foram: pulso retangular bifasico

simétrico, frequéncia carreadora de 2500Hz, modulada em 75 bursts por segundo, largura de
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pulso de 400us, 10s tempo ON, subida 2s, 50s tempo OFF. Os parametros utilizados foram

baseados em protocolo clinico previamente descrito. %

Figura 1: Figura mostrando a localizag&o dos eletrodos para o procedimento da EENM.
A-Vista Anterior. B - Vista Lateral.

Coleta Das Amostras Musculares

Depois dos periodos experimentais os animais foram pesados e anestesiados. Depois disso, 0s
musculos Vasto lateral (VL), Reto Femoral (RF) e Vasto medial (VM) do quadriceps foram
cuidadosamente isolados, removidos e pesados. A massa muscular de cada musculo (MM, g) foi
entdo normalizada pela massa corporal (MC, g) para obter a relagdo MM/MC*100. Cada
musculo foi divido em duas partes a partir da regido central no ventre muscular. A por¢édo
proximal foi congelada imediatamente em isopentano pré-congelado em nitrogénio liquido e
armazenados a -80°C, para serem utilizados na mensuracdo da AST das fibras. A porcéo distal
foi rapidamente congelada em nitrogénio liquido e armazenado a -80°C para serem avaliados 0s

niveis de RNAm e para a avaliacdo do western blot.

AST Das Fibras Musculares

Cortes histoldgicos seriados foram obtidos da porgdo ventral dos musculos VM, VL e RF em

micrétomo criostato (Microm HE 505, Jena, Germany). Um corte histologico (10um) corado
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com azul de toluidina foi escolhido para mensuracdo das fibras musculares via microscépio de
luz (Axiolab, Carl Zeiss, Germany) e software para analise morfométrica (Axiovision 4.7.1.0,
Carl Zeiss, Germany). A AST das fibras musculares de cada musculo foi obtida pela medida de
cem fibras musculares localizadas na regido central do corte histoldgico. Para cada musculo foi

entdo obtido a relacdo entre AST das fibras de cada animal pela sua respectiva massa corporal

(um?/g).
Isolamento E Analise Do RNA

Um fragmento congelado de cada musculo foi homogeneizado e o RNA total isolado utilizando
0 reagente Trizol (Invitrogen, Carlsbad,CA) seguindo as instrugdes do fabricante. O RNA
isolado foi dissolvido em Tris-HCL e acido etileno-diaminotetracetico (TE) pH 7.6 e
quantificado espectrofotometricamente. A pureza foi investigada pela determinacdo da taxa de
absorbancia a 260nm sobre a 280nm. A integridade do RNA foi entdo confirmada pela inspegéo
em gel de agarose a 1% corado com brometo de etideo (Invitrogen, Carlsbad, CA), por meio de

luz ultravioleta.
Transcricdo Reversa

Para obter cDNA transcreveu-se reversamente 1 pug de RNA em solucdo contendo, tampéo de
transcricdo reversa 5x, uma mistura de dNTP (Promega, Madison, WI) contendo 0.2 mmol/L de
dATP, dCTP, dGTP e 0.1 mol/L de dTTP, 1 ul de oligo (dT) primer (Invitrogen, Carlsbad, CA) e
200U da enzima M-MLV RT (Promega, Madison, WI). A solugéo final foi entdo incubada a

70°C por 10 min, 42°C por 60 min e finalmente aquecidos a 95°C por 10 min.

Sequéncia Dos Primers
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As  sequéncias  especificas para ratos utilizadas foram: atrogina-1  (senso:
TACTAAGGAGCGCCATGGATACT; anti-senso: GTTGAATCTTCTGGAATCCAGGAT),
MuRF1 (senso: TGACCAAGGAAAACAGCCACCAG; anti-senso:

TCACTCCTTCTTCTCGTCCAGGATGG), Miostatina (senso:

CTACCACGGAAACAATCATTACCA,; antisenso: AGCAACATTTGGGCTTTCCAT),

GAPDH (senso: CCACCAACTGCTTAGCCC; anti-senso: GCCAAATTCGTTGTCATACC).

Reagdo Em Cadeia Da Polimerase Em Tempo Real (PCR-RT)

Os niveis de transcricdo para os musculos dos grupos experimentais e controle foram analisados
simultaneamente e as reagdes conduzidas em duplicata no termociclador (Rotor Gene 3000,
Cobertt Research, San Francisco, USA) utilizando-se o SYBR green (Applied Biosystems,
Foster City, CA) como marcador de deteccdo de florescéncia e 180nM de cada primer num
volume final de 50pL. As condi¢es de ciclagem da temperatura para atrogina-1, MuRF-1,
miostatina e GAPDH foram 10 min a 95°C e entdo 40 ciclos de 15s a 94°C, 30s a 56°C para
atrogina-1, a 64°C para MuRF1, a 60°C para miostatina, e a 56°C para GAPDH,
respectivamente, e 1 min a 72°C, seguido por 10 min a 72°C. Os dados foram analisados pelo
método de comparacdo dos ciclos (Ct). A expressao do gene alvo foi normalizado pelo GAPDH.
Controles negativos contendo RNA sem a enzima M-MLV transcriptase reversa garantiram que
0 produto da amplificacdo da PCR né&o foi resultado de uma amplificacdo de DNA gendmico.

Um ensaio branco com agua ao invés de amostra, com primers e SYBR também foi realizado.

Western Blot

A tecnica de western blot foi realizada com anticorpo policlonal de coelho contra ubiquitina

como o0 anticorpo primario (1:1000; Cat. No. A-100; Boston Biochem, Cambridge,
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Massachusetts). O anticorpo secundério utilizado foi cabra anti-imunoglobulina de coelho

conjugado com alcalina fosfatase (1:2000;Cat. No D048701; Dako).

As amostras foram homogeneizadas em tampé&o de extracdo (para 10mL de tampdo de extracéo:
330ul de 100mM tampéo de fosfato de potéssio, 100l de 10mM de HEPES, 10ul de 1mM
DTT,100ul de 5mM 4&cido etileno-diamino tetracético EDTA pH 8.0, 30pl de 3mM MgCI2, 10%
de Glicerol, 40ul de solucdo de SDS a 10% , 1% de coquetel inibidor de protease e 4gua MiliQ
suficiente para 10ml de solucdo. Os homogenatos foram centrifugados a 12,000 x g por 10min a
4°C, e o sobrenadante foi utilizado. A concentracdo de proteina foi determinada pelo ensaio de

Bradford (Bio-Rad, Hercules, California) com albumina de soro bovino como padréo.

A proteina muscular (50ug) foi separada por eletroforese em gel 10% de SDS-poliacrilamida
(SDS-PAGE) e transferida para uma membrana de nitrocellulose (0,45um; BIO RAD Cat.
N0.162-0115). As membranas foram marcadas com solucdo de Ponceau para confirmar a
transferéncia de proteinas e entdo lavadas com solucdo salina de Tris-Tween (TBST) (0.5 M
NaCl, 50 mM Tris-HCI pH 7.5, e 0.1% Tween-20). As membranas foram incubadas sob baixa
agitagdo por 12hs a 4°C com o anticorpo primario diluido em TBST com leite em p6 desnatado a
0,1% (0,1% leite em p6 desnatado, 0.5M NaCl, 50mM Tris-HCI, 0.1% Tween-20, pH 7.5). Apos
a incubagdo com o anticorpo priméario as membranas foram lavadas durante 30min em TBST, e
entdo incubadas com o anticorpo secundario por 1 hora em temperatura ambiente e lavada
novamente por 20 min com TBST e 10 min com tampéo de detec¢do (1M Tris-HCL, 1M NacCl,
100mM MgCI2, pH9,5). As proteinas marcadas foram detectadas com solucdo NBT/BCIP
(ROCHE Diagnostics Cat. N0.11681451001). O espectro das bandas foi determinado pelo
software Scion Image (Scion Corp., National Institutes of Health, Bethesda, Maryland) sendo

que as membranas foram normalizadas pela sua marcagéo prévia com Ponceau.
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Andlise Estatistica

Os testes Shapiro-Wilk e Levene foram aplicados para avaliar respectivamente a normalidade e a
homogeneidade dos resultados. Multiplas comparacfes da médias foram realizadas pela analise
de variancia (ANOVA) e o teste de Tukey aplicado para comparar os valores das médias. Foram

consideradas significantes as diferencas com valor de p<0,05.

RESULTADOS

Niveis De RNAm De Atrogina-1

Comparados ao controle, o grupo LCAES apresentou niveis elevados de RNAm de atrogina-1
em todos os musculos avaliados e na maioria dos periodos estudados (Figura 2 A,D,G). O
musculo VM apresentou elevados niveis nos sete primeiros dias (1 dia: 9 vezes; 2 dias: 12 vezes;
3 dias: 3 vezes; 7 dias: 4,73 vezes, todos p<0,01, Figura 2A), assim como o RF (1 dia: 6,2 vezes;
2 dias: 2,7 vezes; 3 dias: 8,6 vezes; 7 dias: 7,6 vezes, todos p<0,01; Figura 2D). No VL os niveis
foram aumentados nos sete primeiros dias (1 dia: 9,5 vezes; 2 dias: 7,5 vezes; 3 dias: 12 vezes; 7
dias: 7,3 vezes, todos p<0,01; Figura 2G), e em 15 dias os niveis de RNAm estavam reduzidos

em 85% (p<0,001; Figura 2G).

O grupo LCAES apresentou niveis alterados de RNAm de atrogina-1, comparado ao grupo LCA
(Figura 2 A,D,G). O VM apresentou niveis reduzidos nos seguintes dias (1 dia: 1,42 vezes; 3
dias: 1,64 vezes; 15 dias: 1,64 vezes, todos p<0,01; Figura 2A). No RF as redugdes ocorreram
em 2 dias (1,56 vezes; p<0,01) e em 3 dias (1,8 vezes; p<0,01), enquanto que em 7 dias um
aumento de 1,37 vezes (p=0,01) nos niveis de RNAm da atrogina-1 foram observados (Figura 2
D). O VL apresentou reducdo na maioria dos periodos avaliados (1 dia: 1,26 vezes; 2 dias: 1,34

vezes; 3 dias: 2,7 vezes, todos p<0,05; Figura 2G).
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Em relacdo ao controle, o grupo LCA apresentou aumento dos niveis de RNAm de atrogina-1 em
todos os musculos avaliados e na maioria dos periodos avaliados (Figura 2: A, D, G). O musculo
VM apresentou niveis aumentados em todos os periodos avaliados (1 dia: 13 vezes; 2 dias: 12
vezes; 3 dias: 5 vezes; 7 dias: 4 vezes; 15 dias: 1,63 vezes, todos p<0,01; Figura 2A), assim
como o RF (1 dia: 5,3 vezes; 2 dias: 4,3 vezes; 3 dias: 16 vezes; 7 dias: 5,5 vezes; 15 dias: 1,6
vezes, todos p<0,01; Figura 2D). No musculo VL foram encontrados niveis aumentados na
maioria dos periodos avaliados (1 dia: 12,1 vezes; 2 dias: 10,15 vezes; 3 dias: 33,45 vezes; 7

dias: 6,19 vezes, todos p<0,01; Figura 2G).

O grupo LCA também apresentou maiores niveis de RNAm da atrogina-1 em relagdo ao grupo
Sham (Figura 2 A,D,G) (VM: 1 dia: 1,4 vezes; 2 dias: 1,4 vezes; 3 dias: 1,8 vezes; 15 dias: 1,65
vezes, todos p<0,05; Figura 2A; RF: 1 dia: 1,4 vezes; 7 dias: 1,4 vezes, ambos p<0,05 Figura 2D;

VL: 1 dia: 1,6 vezes; 2 dias: 2 vezes, 3 dias: 2 vezes, todos p<0,01; Figura 2G).

O grupo Sham também apresentou aumento nos niveis de RNAm de atrogina-1 em todos os
musculos avaliados comparados ao controle nos sete primeiros dias (Figura 2 A,D,G). (VM: 1
dia: 9 vezes; 2 dias: 9 vezes, 3 dias: 3 vezes; 7 dias , todos p<0,01; Figura 2A; RF: 1 dia: 3,7
vezes; 2 dias: 3,63 vezes; 3 dias: 13 vezes; 7 dias: 3,7 vezes, todos p<0,01; Figura 2D; VL: 1 dia:
7,5 vezes; 2 dias: 5,16 vezes; 3 dias: 17 vezes; 7 dias: 5,18 vezes, todos p<0,01; Figura 2G). No
entanto, a EENM no grupo ShamES reduziu os niveis de RNAm de atrogina-1 comparados ao
Sham. No VM ocorreu reducdo de 1,82 vezes no primeiro dia (p<0,01, Figura 2A). No RF
ocorreram reducdes nos trés primeiros dias (1 dia: 1,48 vezes; 2 dias: 2,11 vezes; 3 dias: 1,49
vezes, todos p<0,05; Figura 2D). No VL os niveis de RNAm foram reduzidos em 1,38 vezes no

terceiro dia somente (p=0,02; Figura 2G)
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O grupo ShamES apresentou niveis alterados de RNAm de atrogina-1 em relagdo ao controle
(Figura 2A, D, G). O VM apresentou niveis aumentados nos trés primeiros dias (1 dia: 4,9 vezes;
2 dias: 10,3 vezes; 3 dias: 2,8 vezes, todos p<0,01; Figura 2A). No RF o0s niveis de RNAm
aumentaram na maioria dos periodos avaliados (1 dia: 5 vezes; 3 dias: 7 vezes; 7 dias: 2,86
vezes, todos p<0,05; Figura 2D). O musculo VL apresentou niveis aumentados nos primeiros
sete dias (1 dia: 6,86 vezes; 2 dias: 3,6 vezes; 3 dias: 9,8 vezes; 7 dias: 3,8 vezes, todos p<0,05;

Figura 2G), e 80% de reducdo em 15 dias (p<0,001; Figura 2G).

Niveis De RNAmM De MuRF-1.

Os niveis de RNAmM de MuRF-1 no grupo LCAES aumentaram nos primeiros sete dias no VM, e
no VL e RF na maioria dos periodos avaliados comparados ao controle (Figura 2 B, E, H).
(Figura 2; VM: 1 dia: 6,16 vezes; 2 dias: 7,7 vezes; 3 dias: 3,8 vezes; 7 dias: 2 vezes, todos
p<0,05, Figura 2B; RF: 1 dia: 3,2 vezes; 2 dias: 1,8 vezes; 3 dias: 2,2 vezes; 7 dias: 2,4 vezes,
todos p<0,01; Figura 2E; VL: 1 dia: 4,2 vezes; 2 dias: 7 vezes; 3 dias: 11,5 vezes, todos p<0,01;

Figura 2H)

A EENM aplicada ao grupo LCAES reduziu os niveis de RNAm de MuRF-1 comparados ao
LCA em todos os musculos avaliados (Figura 2 B, E, H). (VM: 1 dia: 1,78 vezes; 3 dias: 1,6
vezes; 7 dias: 1,61 vezes, todos p<0,01; Figura 2B; RF: 2 dias: 1,64 vezes; 3 dias: 2,27 vezes,

ambos p<0,01; Figura 2E ; VL: 1 dia: 2,8 vezes; 3 dias: 2,8 vezes, ambos p<0,01; Figura 2H).

Os niveis de RNAmM de MuRF-1 foram elevados em todos os musculos avaliados na maioria dos
periodos no grupo LCA comparado ao controle (Figura 2 B, E, H). (VM: 1 dia: 11 vezes; 2 dias:

7,2 vezes; 3 dias: 6,4 vezes; 7 dias: 3,2 vezes, todos p<0,01; Figura 2B; RF: 1 dia: 2,5 vezes; 2
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dias: 3 vezes; 3 dias: 5,1 vezes; 7 dias: 2,7 vezes, todos p<0,01; Figura 2E ; VL: 1 dia: 12 vezes;

2 dias: 7 vezes; 3 dias: 33 vezes, todos p<0,01; Figura 2H)

Observou-se também maiores niveis de RNAmM de MuRF-1 no grupo LCA em comparagao ao
Sham em todos os musculos avaliados (Figura 2 B, E, H). (VM: 1 dia: 2 vezes, 3 dias: 2,5 vezes,
ambos p<0,01; Figura 2B ; RF: 1 dia: 2 vezes, 3 dias: 1,8 vezes, ambos p<0,01; Figura 2E; VL: 1

dia: 1,6 vezes; 2 dias: 1,6 vezes; 3 dias: 1,5 vezes, todos p<0,01; Figura 2H).

O grupo ShamES apresentou niveis aumentados de RNAm de MuRF-1 em relacdo ao controle
em todos os musculos avaliados (Figura 2 B, E, H). (VM: 1 dia: 3 vezes, 2 dias: 6 vezes; 3 dias:
2,6 vezes; 7 dias: 1,83 vezes, todos p<0,01; Figura 2B; RF: 1 dia: 2,6 vezes; 2 dias, 1,81 vezes,
ambos p<0,01; Figura 2E; VL: 1 dia: 7 vezes; 2 dias: 5 vezes; 3 dias: 6,3 vezes, todos p<0,01;
Figura 2H) Apresentando ainda niveis alterados de RNAm em comparacdo com Sham,
minimizados em 1,8 vezes no VM no primeiro dia (p=0,01; Figura 2B), e no RF em 3 e 7 dias
(respectivamente 2,5 vezes, p<0,001 e 2,2 vezes, p<0,01; Figura 2E) e também no VL no terceiro
dia (3,5 vezes, p<0,001; Figura 2H). Os niveis de RNAmM de MuRF-1 aumentaram no ShamES

comparado ao Sham apenas no RF no primeiro dia (2 vezes, p<0,05; Figura 2E).

Um aumento dos niveis de RNAmM de MuRF-1 foram encontrados no Sham comparado ao
controle (Figura 2 B, E, H). (VM: 1 dia: 5,6 vezes; 2 dias: 6 vezes; 3 dias: 2,5 vezes; 7 dias: 2,6
vezes, todos p<0,01; Figura 2B; RF: 2 dias: 2.3 vezes, 3 dias: 2,8 vezes; 7 dias: 2,2 vezes, todos
p<0,01; Figura 2E; VL: 1 dia: 7,5 vezes; 2 dias: 4,3 vezes; 3 dias: 22 vezes, todos p<0,01; Figura

2H).

Niveis De RNAmM De Miostatina
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O grupo LCAES apresentou aumento nos niveis de RNAm da miostatina em relagdo ao controle
em todos os musculos avaliados durante os primeiros sete dias (Figura 2, C, F, ). O VM
apresentou niveis aumentados em 3 e 7 dias (3 dias 3,6 vezes; 7 dias: 2,3 vezes, ambos p<0,01;
Figura 2C), e em 15 dias seus niveis estavam 50% abaixo dos valores basais (p<0,001, Figura
2C). O RF apresentou niveis aumentados nos primeiros 7 dias (1 dia: 1,6 vezes; 2 dias: 4,2 vezes;
3 dias: 2,8 vezes; 7 dias: 5.3 vezes, todos p<0,05, Figura 2F). No VL os niveis de RNAm de
miostatina aumentaram em 2, 3 e 7 dias (2 dias: 5 vezes; 3 dias: 1,7 vezes; 7 dias: 2,7 vezes,

todos p<0,01; Figura 21).

A EENM aplicada ao grupo LCAES reduziu os niveis de RNAm de miostatina comparado ao
LCA (Figura2 C, F, ). (VM: 1 dia: 1,9 vezes; 2 dias: 2,4 vezes; 3 dias: 1,6 vezes; 7 dias: 1,77
vezes, todos p<0,01, Figura 2C; RF: 1 dia: 1,7 vezes; 2 dias: 1,38 vezes; 3 dias: 1,7 vezes, todos

p<0,01; Figura 2F; VL: 7 dias: 1,79 vezes; Figura 2I).

Os niveis de RNAm da miostatina foram também aumentadas no grupo LCA comparado ao
grupo controle em todos os masculos avaliados (Figura 2, C, F, ). (VM: 1 dia: 3 vezes, 2 dias:
2,6 vezes; 3 dias: 6,4 vezes; 7 dias: 4 vezes, todos p<0,01; Figura 2C; RF: 1 dia: 2,7 vezes; 2
dias: 6 vezes; 3 dias: 4,7 vezes; 7 dias: 5,2 vezes, todos p<0,01; Figura 2F; VL: 2 dias: 4 vezes; 3
dias: 2 vezes; 7 dias: 5 vezes, todos p<0,01, Figura 21). Em 15 dias os niveis de RNAm da

miostatina estavam 70% abaixo dos valores basais no VM (p<0,001; Figura 2C).

O grupo ShamES também apresentou niveis de RNAm da miostatina aumentados comparado ao
grupo controle (Figura 2, C, F, ). (VM: 3 dias: 2,6 vezes; 7 dias: 2 vezes, tanto p<0,05; Figura

2C; RF: 2 dias: 3,6 vezes; 3 dias: 2,3 vezes; 7 dias: 4,5 vezes, todos os p<0,01; Figura 2F; VL: 2
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dias: 4 vezes, p<0,001; Figura 2I). Em 15 dias os niveis de RNAm da miostatina estavam 60%

abaixo dos valores basais no VM (p<0,001; Figura 2C).

A EENM no grupo ShamES reduziu os niveis de RNAmM da miostatina em comparagdo ao Sham
(Figura 2, C, F, I). (VM: 1 dia: 2,35 vezes; 2 dias: 2,4 vezes, ambos p<0,01; Figura 2C; RF: 1
dia: 2 vezes, 3 dias: 1,66 vezes, ambos p<0,01; Figura 2F; VL: 3 dias: 1,73 vezes; 15 dias: 4.4

vezes, ambos p<0,01; Figura 21).

O grupo Sham apresentou elevagdo nos niveis de RNAm da miostatina em todos os madsculos na
maioria dos periodos avaliados comparado ao controle (Figura 2, C, F, I). O VM teve aumento
dos niveis de RNAm da miostatina nos primeiros 7 dias (1 dia: 2,8 vezes; 2 dias: 2,7 vezes; 3
dias: 2,5 vezes; 7 dias: 2,7 vezes, todos p<0,01; Figura 2C), porém em 15 dias estava 70%
(p<0,001) abaixo dos valores normais. O RF teve aumento dos niveis de RNAm da miostatina
nos primeiros 7 dias (1 dia: 2,5 vezes; 2 dias: 4 vezes; 3 dias: 3,8 vezes; 7 dias: 3,8 vezes, todos
p<0,01; Figura 2F). No VL os aumentos ocorreram do segundo até o sétimo dia (2 dias: 3,5

vezes; 3 dias: 2,3 vezes; 7 dias: 3 vezes, todos p<0,05; Figura 2I).
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Figura 2 Niveis de RNAm de atrogina-1 nos musculos Vasto Medial (VM; A), Reto Femoral
(RF; D) e Vasto Lateral (VL; G). Niveis de RNAm de MuRF-1 nos musculos VM (B), RF (E) e
VL (H). Niveis de RNAm da miostatina nos musculos VM (C), RF (F) e (I) VL. Os dados sao
expressos como média + desvio padrdo. aec= p<0,05: LCAES comparado ao controle; sec=
p<0,05: ShamES comparado ao controle; sse= p<0,05: Sham comparado ao ShamES; aae=
p<0,05: LCA comparado com LCAES; ac= p<0,05: LCA em relagcdo ao grupo controle; sc=
p<0,05: Sham comparado ao controle; sa= p<0,05 : Sham comparagdo com LCA.
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Proteinas Ubiquitinadas

Afim de avaliar o rapido aumento e 0s niveis mais altos de expressao génica das ubiquitinas
ligases, que ocorreram principalmente nos trés primeiros dias em todos os grupos, foram
avaliados os niveis de acumulacdo de proteinas ubiquitinadas no terceiro dia. Assim, em relacao
ao controle observou-se o acimulo de proteinas ubiquitinadas em todos os musculos de todos 0s

grupos avaliados (Figura 3).
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Figura 3: Membranas de Western Blot mostrando a quantidade de proteinas conjugadas com
ubiquitina em 3 dias com as respectivas avaliacbes da densidade Optica das membranas
(unidades arbitrarias) do Vasto Medial (A), Reto Femoral (B) e Vasto Lateral (C). MW: peso
molecular.
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Massa Muscular

A EENM aplicada no grupo LCAES impediu a perda de massa muscular em relacdo ao controle
em 3 dias no VM e VL, em 7 dias no RF, e em 15 dias no RF e VL (Figura 4). No entanto,
reducdes da massa muscular ainda ocorreram no VM (7 dias: 23%, p<0,01; 15 dias: 20%,

p=0,01; Figura4 A) e no VL (7 dias: 16,5%, p=0,01; Figura 4 C).

O grupo LCA apresentou reducdo da massa muscular em todos os musculos avaliados em
relacdo ao controle apresentando as seguintes reducfes: no VM (3 dias: 21%; 7 dias: 22%; 15
dias: 19%, todos p<0,01; Figura 4A), no RF (7 dias: 20%; 15 dias: 22%, ambos p<0,05; Figura

4B) e no VL (3 dias: 15%; 7 dias: 23%; 15 dias: 25%, todos p<0,05; Figura 4C).

O grupo Sham apresentou as seguintes reducdes de massa muscular: VM (3 dias: 21%; 7 dias:
21%, ambos p<0,01; Figura 4A), RF (7 dias: 20%, p<0,001, Figura 4B) e VL muscular (3 dias:
15%; 7 dias: 26%, ambos p<0,01; Figura 4C). A EENM aplicada ao grupo ShamgS impediu a

perda de massa muscular em todos os musculos e periodos avaliados.
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Figura 4: Relagdo massa muscular/massa corporal (MM/MC) e a relagdo AST/massa corporal
(um?#/g) dos musculos Vasto Medial (A, D), Reto Femoral (B, E) e Vasto Lateral (C, F) do
musculo quadriceps de ratos. Os dados sdo expressos como média + desvio padrdo. aec= p<0,05:
LCAES comparado ao controle; sec= p<0,05: ShamES comparado ao controle; sse= p<0,05:
Sham comparado ao ShamES; aae= p<0,05: LCA comparado com LCAES; ac= p<0,05: LCA
em relacdo ao grupo controle; sc= p<0,05: Sham comparado ao controle; sa= p<0,05 : Sham
comparado com LCA.
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Ast Das Fibras Musculares

A EENM impediu a reducéo precoce da AST das fibras musculares no grupo LCAE no VM em
trés dias, observando-se ainda as seguintes reducdes em relagdo ao controle: (VM: 7 dias, 46%;
15 dias, 36%, ambos p<0,01; Figura 4D; VL: 7 dias: 40%; 15 dias: 35% ambos p<0,01; Figura

4F).

No grupo LCA, o masculo VM apresentou a primeira reducdo na AST em 3 dias e no musculo
VL em 7 dias (VM: 3 dias: 35%; 7 dias: 29%; 15 dias: 40%, todos p<0,01, Figura 4D; VL: 7

dias: 31%; 15 dias: 34%, ambos p<0,01; Figura 4F).

No grupo Sham as redugdes na AST foram encontradas em 3 e 7 dias no mdsculo VM, e no
musculo VL apenas em 7 dias, comparados com o controle (muasculo VM: 3 dias: 33%; 7 dias:
26%, ambos p<0,01, Figura 4D; VL: 7 dias: 32%, p=0,003, Figura 4F). A EENM aplicada ao
grupo ShamES impediu a reducdo da AST no VL, enquanto que no VM foi impedida apenas em
3 dias, mostrando as seguintes reducGes em relacdo ao controle. (VM: 7 dias: 29%, p=0,01,;

Figura 4D).

Discusséo

Os resultados deste estudo fornecem novas informacBes sobre os efeitos da EENM nas vias
moleculares envolvidas na atrofia do quadriceps ap0s a transec¢do do LCA em modelo animal. A
EENM favoreceu a reducdo e inibi¢do dos niveis aumentados de RNAm de atrogina-1, MuRF-1
e miostatina, assim como inibiu a redu¢do precoce da massa muscular do quadriceps e AST das
fibras musculares, de acordo com nossa hipétese. Além disso, resultados semelhantes também
foram encontrados no grupo ShamES, onde os aumentos dos genes avaliados foram impedidos

ou minimizados no quadriceps. Destacamos ainda, que o procedimento cirdrgico realizado na

68



articulacdo do joelho é suficiente para desencadear o aumento dos niveis de RNAm destes genes
e induzir as adaptacOes atroficas nos musculos do quadriceps. Além disso, diferentemente do
grupo LCA e LCAES, o grupo Sham e ShamES recuperaram a massa muscular e AST das fibras
musculares 15 dias p6s-cirurgia em todos os muasculos avaliados, mostrando que a transecc¢ao do
LCA é um fator restritivo para a restauracdo da massa muscular nos periodos avaliados, mesmo

apos um protocolo de EENM.

Foi demonstrado que todos os procedimentos cirdrgicos desencadearam aumentos nos niveis de
RNAmM de atrogina-1 e MuRF-1 em todos os musculos avaliados, porém o grupo LCA mostrou
niveis maiores, o que pode ser devido ao préprio ligamento lesionado. Nesse sentido, a
inflamacdo articular que ocorre apo6s lesdes no joelho ou doengas (osteoartrite e lesGes de
menisco, e artroscopia) esta provavelmente relacionada com os resultados observados nesta fase

aguda apos os procedimentos cirtrgicos. 172329

Tem sido demonstrado que durante a fase inflamatéria aguda apés a ruptura do LCA ocorre 0
aumento nos niveis de citocinas inflamatérias, como a interleucina-6 e o Fator De Necrose
Tumoral Alfa (TNF-a) em liquido sinovial de pacientes e ratos, assim como no musculo
quadriceps de ratos apés a injecdo de soro fisiolégico no joelho. ‘42*%) Dessa maneira, os
aumentos nos niveis de RNAm de atrogina-1 e MuRF-1 observados no presente estudo podem
ser resultado da exposi¢do a citocinas inflamatérias da articulacdo lesionada, uma vez que tem
sido demonstrado que o TNF-a aumenta a expressdo da atrogina-1 atraves de componentes da
via de Protefna Quinase Ativada por Mitégeno (MAPK), como a p38 MAPK.' ?3? Da mesma
forma, a TNF-a e outras citocinas inflamatorias como o fator nuclear k3, aumentam a transcricao
de fatores que modulam diretamente a expressdo de MuRF-1 no musculo esquelético.

Recentemente, Ramirez e colaboradores demonstraram niveis aumentados de RNAm de TNF-q,
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MuRF-1 e atrogina-1 no musculo tibial anterior de ratos submetidos & inflamacdo do

tornozelo.*?

A EENM tem sido utilizada na tentativa de minimizar ou prevenir a atrofia muscular em muitas
condi¢bes, como no musculo desnervado, em sujeitos po6s lesdo medular e na atrofia do
quadriceps apds a ruptura do LCA .® 334" poucos estudos demonstraram os efeitos da EENM no
retardo da atrofia muscular. Em um modelo de rato desnervado, 200 contragdes por dia com um
intervalo de 8 horas entre cada sessdo de estimulo foi capaz de deter a atrofia das fibras
musculares © 1% e as alteracdes moleculares ®® no mésculo extensor longo dos dedos (EDL) de
ratos. Estes estudos tém utilizado eletrodos implantados, ao invés de eletrodos de superficie, que
sdo os recomendados em protocolos clinicos de EENM. Assim, este protocolo nédo foi testado em

ensaios clinicos, devido a limitacdo de usar eletrodos implantados.

Apesar da EENM diaria no grupo LCAES ter-se iniciado logo apds os procedimentos cirirgicos
e ter sido realizada no decorrer dos periodos avaliados, o estimulo precoce ndo impediu o
aumento dos niveis de RNAm da atrogina-1 e MuRF-1 na primeira semana, mas ajudou a
minimizé-los em todos os musculos avaliados. Estudos avaliando a EENM e expressdo de
atrogenes, mostraram que seus niveis podem ser minimizados ou mesmo aumentados em
resposta a periodicidade do estimulo (diéria ou dias alternados) no muasculo desnervado de ratos,
ou minimizados como observado em ratos com lesdo medular ou em suspensdo de membro
posterior com o uso de eletrodos implantados.®®2%33 Russo et al. usando eletrodo de superficie,
similar ao nosso, demonstraram niveis mais baixos de atrogina-1 apés EENM no musculo de
ratos desnervados.“® Assim, a modulagdo dos atrogenes por EENM dependera de diversos
fatores, incluindo os pardmetros (nimero de sessdes, freqiiéncia, amplitude de pulso,

intensidade) e da maneira que é fornecido (eletrodos implantados ou de superficie).

70



Esperava-se que a EENM no grupo ShamES inibiria o aumento nos niveis de RNAm dos
atrogenes observado no grupo Sham nos primeiros dias ap0s a cirurgia, mas como no grupo
LCAES o estimulo apenas minimizou os niveis de RNAm. Assim, acreditamos que a contracao
estimulada pela EENM sozinha n&o foi suficiente para inibir estes aumentos, possivelmente
devido a IMA observada apds lesdes e distensdo da capsula articular, inibindo a ativagdo total do
quadriceps. “® Por outro lado, os estudos de aplicacdo de EENM apés ruptura do LCA associam
contracBes voluntarias a esse estimulo, o que favorece um maior recrutamento de unidades
motoras, e que recentemente mostrou-se positivo para minimizar a atrofia do quadriceps em
individuos ap6s a reconstrucdo do LCA. @ Assim, uma das principais limitacdes deste estudo

foi a inviabilidade de associar a contracdo muscular voluntaria com a EENM em ratos.

Afim de avaliar os efeitos do rapido aumento na expressao dos atrogenes, foi avaliado o nivel de
proteinas ubiquitinadas em todos os musculos no terceiro dia pds cirurgia, e como seria de
esperar um acumulo de proteinas ubiquitinadas ocorreu nos grupos LCA e Sham em todos os
musculos avaliados. No entanto, os niveis de proteinas ubiquitinadas mantiveram-se elevados,
apesar da atenuacdo dos niveis de RNAm dos atrogenes em alguns periodos até 3 dias em todos
os musculos avaliados dos grupos submetidos a EENM, e curiosamente neste periodo, a perda de
massa muscular foi impedida em todos os musculos assim como a redugdo na AST no VM.
Assim, sabe-se que 0 acimulo de proteinas ubiquitinadas também pode resultar de reducdes na
rapida protedlise em decorréncia da inibicdo do proteassoma como observado em diferentes
modelos de atrofia.®>*¥ Assim, supomos que o actimulo de proteina ubiquitinadas nos grupos
submetidos a EENM pode ter-se dado pelos niveis aumentados de atrogenes associado as

menores taxas de protedlise, retardando neste periodo, a perda de massa muscular no VM e VL.
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O efeito positivo da contragdo muscular durante as fases iniciais de atrofia tém sido mais
relacionados com a manutengdo da sintese de proteinas durante as fases iniciais do que com a
reducdo na degradacdo, que se torna mais prevalente nos tempos sequentes.‘Y Assim, foi
demonstrado que as taxas de protedlise muscular e as atividades proteoliticas do proteassoma
20S permanecem praticamente inalterada ap6s uma forma aguda de exercicios de alta resisténcia,
apesar de aumentadas os indices de conjugacdo aguda de ubiquitina pos-exercicio, sugerindo que
este pode ser um importante mecanismo envolvido na resposta remodeladora do musculo para o

exercicio de alta resisténcia. ©®

O exercicio como modalidade terapéutica pode atenuar a perda de massa muscular, mesmo na
presenca de niveis mais elevados de proteina ubiquitina ligases e proteinas ubiquitinadas como
demonstrado por Dupont-Versteegden et al. em modelo animal de suspensdo de membro.®?
Além disso, a perda de massa muscular pode ser evitada durante niveis aumentados de RNAm de
atrogina-1 com a diminuicdo dos niveis de RNAmM da miostatina, que poderia suprimir o

processo catabélico através do estimulo da via anabélica. )

Com relacdo a miostatina, observou-se a alteragdo nos niveis de RNAm em todos os muasculos
avaliados e na maioria dos periodos avaliados. Os principais achados foram que a EENM foi
capaz de inibir os niveis de RNAmM da miostatina nos 2 primeiros dias no VM para ambos 0s
grupos LCAES e ShamES, neste Gltimo grupo a inibicdo ocorreu também no VL em 3 e 7 dias e
no RF no primeiro dia. Nos grupos LCA e Sham percebeu-se que 0s niveis mais elevados do
RNAmM da miostatina ocorreram quando a os niveis de RNAm da atrogina-1 e MuRF-1 estavam
baixos ou diminuindo, especialmente no VL. Quando a inibicdo do RNAm da miostatina néo foi
alcangado pela EENM, notou-se ao menos uma minimizagdo em seus niveis. Assim, acreditamos

que a resposta da miostatina a EENM também pode ter influenciado a manutencdo da massa
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muscular de VM e VL em 3 dias e RF em 7 dias. No entanto, mais estudos avaliando as vias de
hipertrofia no musculo quadriceps apos a transec¢do do LCA séo necessarias para verificar essa

hipdtese.

Todavia, foi demonstrado que a miostatina inibe a fosforilagdo da proteina quinase AKT,
também conhecido como PKB, induzindo protedélise através de niveis aumentados de atrogina-1
via FoxO1 dependente. ®® Além disso, a inibicdo da AKT pela miostatina compromete a via
hipertréfica Akt/mTOR/p70S6K. ©¥ Assim, supomos que a miostatina poderia ter um papel
fundamental ap6s a transeccdo do LCA, sinalizando para a degradacao de proteinas através das
proteinas alvo da FOXO-1 (ou seja, atrogina-1 e MuRF-1) e prejudicando a sintese de proteinas

atraves da inibicdo da via Akt/mTOR/p70S6K.

Embora os niveis aumentados de atrogina-1, MuRF-1 e miostatina tenham ocorrido desde o
primeiro dia a todos os musculos avaliados nos grupos LCA e Sham, a reducdo da massa
muscular e AST foi notada pela primeira vez aos 3 e 7 dias respectivamente para 0 VM e VL,
com a reducdo da massa no RF a partir de 7 dias. O mesmo padréo ocorreu para 0S grupos em
que a EENM foi aplicada, cuja redugdes na AST foram observadas pela primeira vez em 7 dias
no VM e VL do grupo LCAES, e em 7 dias para 0 VM do grupo ShamES. Este aumento
repentino na expresséo dos atrogenes seguida de alteragcOes posteriores da massa muscular e AST
foram semelhantes aos observados por Sacheck et al.“® em diferentes modelos de atrofia, e a

outros estudos relacionados a atrofia muscular e expressao atrogenes.

Diferentemente dos grupos Sham e ShamES, os animais dos grupo LCA e LCAES ndo
recuperaram a massa muscular e AST das fibras em todos os musculos em 15 dias. Isso também

poderia estar relacionado com a ativacdo reduzida dos motoneurénios gama apos ruptura do
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LCA, o que resulta em atenuagédo da aferentes la, que pode causar um desuso prolongado de
fibras rapidas inervados pelo motoneurdnios de alto limiar como também limitar a ativacéo total
do misculo. ¥ Além disso, 0s aumentos anteriores nos niveis de atrogina-1 e MuRF-1 no VL,
VM e RF dos grupos LCAES e LCA, assim como o0s niveis aumentados de atrogina-1 no RF e
VM em 15 dias no grupo LCA podem ter influenciado a auséncia de recuperacdo da massa

muscular do quadriceps.

O RF é o unico muasculo bi-articular do quadriceps, atuando também como flexor do quadril.
Esta dupla fungdo pode ter causado um maior nivel de atividade muscular do que nos musculos
VL e VM, impedindo (apesar de os niveis mais elevados atrogenes) a reducéo na AST e a perda
de massa muscular, que foi observada somente no dia 7. Além disso, a EENM foi eficaz em
preservar a massa muscular do RF. Nossos resultados estdo de acordo com estudos anteriores
mostrando que o0 VM e VL sdo os primeiros afetados em todo o quadriceps apos a lesdo do LCA.
(1539 Além disso, Okuyama et al. “ demonstraram niveis aumentados de HSP72 apenas nos
musculos VM e VL de ratos ap6s transeccdo do LCA. Nesse mesmo estudo, a auséncia de

aumento nos niveis da HSP72 no mudsculo RF também foi atribuida a sua funcéo bi-articular.

Destaca-se que em 15 dias as porcentagens de reducdo da massa muscular e AST das fibras
musculares nos musculos VM e VL do grupo LCA mantiveram-se proximo aos encontrados em
3 e 7 dias nos respectivamente muasculos VM e VL. Além disso, a EENM em nenhum periodo
avaliado provocou uma maior reducdo da massa muscular e AST nos grupos LCAES e ShamES.
Estes resultados indicam que a reducdo da massa muscular ocorreu na primeira semana e foi
mantido nos dias seguintes, apesar da intervengdo com EENM. Assim, podemos presumir, com
base em nossos resultados, que o possivel problema na recuperagdo da massa e AST do

quadriceps nas primeiras duas semanas apds a transeccdo do LCA pode estar também

74



relacionado a uma deficiente sintese de proteinas associados a manutencdo e aumentos prévios
dos atrogenes. Esta hipotese é reforcada pelo fato de que a recuperacdo da massa muscular, pode
ocorrer enquanto as taxas de degradacdo protéica ainda estdo elevadas, como observado em ratos

sépticos. &7

Esse estudo fornece novas informacOes sobre os efeitos da EENM na modulagdo dos
mecanismos moleculares envolvidos na atrofia muscular do quadriceps apos a transeccdo do
LCA. Esse conhecimento pode ajudar a melhorar as intervengdes utilizadas na reabilitacdo com o

objetivo de minimizar a perda de massa muscular ap6s a do LCA e ap0s cirurgia no joelho.
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ABSTRACT

Objective: To assess the mRNA levels of atrogin-1, MuRF-1 and myostatin in rat

quadriceps after anterior cruciate ligament (ACL) transection.

Design: Wistar rats were randomized into 3 different groups: ACL (surgery and ACL
rupture), Sham (surgery without ACL transection) and Control. Vastus Medialis (VM),
Rectus Femoris (RF) and Vastus Lateralis (VL) muscles were harvested at 1, 2, 3, 7 and
15 days after ACL rupture. The mRNA levels of atrogin-1, MuRF-1 and myostatin, as
well as the ubiquitinated protein content, muscle mass (MM) and cross sectional area

(CSA) of the muscle fibers were evaluated.

Results: Elevated levels of atrogin-1, MuRF-1 and myostatin mRNA were detected in
all tested muscles at most time points. The ubiquitinated protein content was increased
at 3 days in ACL and Sham. The MM of the ACL group was reduced at 3, 7 and 15
days (VL and VM) and at 7 and 15 days (RF), whereas it was reduced in the Sham
group at 3 and 7 days (VL and VM) and at 7 days (RF). The CSA of VM was reduced at
3, 7 and 15 days in the ACL group and at 3 and 7 days in the Sham group. The CSA of
VL was reduced at 7 and 15 days in the ACL group and at 7 days in the Sham. While
MM and CSA recovery was noted in the sham group, no recovery was observed in the

ACL group.
86



Conclusions: Quadriceps atrophy after ACL transection involves increased levels of

myostatin, atrogin-1 and MuRF-1 mRNA and the accumulation of ubiquitinated protein.

Key Words: Ubiquitin Protein Ligases, Knee Injury, Sports Medicine, Physical

Medicine
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INTRODUCTION

The anterior cruciate ligament (ACL) is the main stabilizer of the knee and its rupture is
a common injury that occurs mainly during sports, which accounts for 63% of ACL

ruptures (1,2).

Among the most important changes in individuals with a recent or chronic history of
ACL rupture are quadriceps atrophy and weakness (2,3,4,5,6,7,8). These alterations can
persist from one year after injury to 4 years after ACL reconstruction and rehabilitation

(3,4,5).

Neurophysiological mechanisms have been proposed to explain quadriceps weakness
and atrophy after ACL rupture. A presynaptic reflex inhibition of joint musculature
called arthrogenic muscle inhibition (AMI) could be triggered by joint distension and
damage (9,10,11). The involvement of gamma loop dysfunction in the quadriceps
muscle after ACL reconstruction has also been demonstrated (12). Such mechanisms
help explain the difficulty these subjects have in achieving maximal voluntary
contraction. Moreover, morphological and metabolic alterations such as the metabolic
profile of fibers changing from a fast to a slow phenotype could contribute to this

deficiency after ACL rupture (6).

Studies of skeletal muscle alterations after ACL transection in animal models have been
less investigated than studies focusing on the effect of this joint injury on cartilage
properties (13). Okuyama et al. (14) showed that some stress is generated in the
quadriceps muscle of rats after ACL transection due to an increase in Heat Shock

Protein-72 (HSP72) expression. Rabbit studies assessing ligament injuries found
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quadriceps muscle atrophy only when the ACL was transected, which highlights its

influence (15,16).

Skeletal muscle atrophy is characterized by a reduction in muscle mass due to an
imbalance of protein synthesis and degradation, which results in a loss of protein
content in the myofibers (17,18). The principal mechanism of muscle mass reduction is
increased intracellular proteolysis by the ubiquitin proteasome system (UPS), in which
misfolded or damaged proteins are polyubiquitinated and then degraded by 26S
proteasome (18). These processes are mediated by three enzyme components, E1 (Ub-
activating enzyme), E2 (Ub-conjugating enzymes), and E3 (ubiquitin protein ligase)
(18). The up-regulation of two E3 ligases, atrogin-1 (also called muscle atrophy F-box,
MAFbx) and muscle ring finger 1 (MuRF-1), occurs in different models of muscle
atrophy such as denervation, immobilization and limb suspension (19,20,21,22). The
importance of investigating the mRNA levels of these atrogenes (atrogin-1 and MuRF-

1) is that their increase precedes the onset of muscle weight loss (19,20,21,23).

Myostatin is also an important protein involved in the control of muscle mass,
recognized as a negative regulator of muscle mass growth (24). Furthermore, increases
in myostatin expression have been associated with atrophic conditions like muscle

disuse (24,25,26) and denervation (22).

Given that quadriceps muscle atrophy is a consequence of ACL rupture and could
persist after reconstruction and rehabilitation and that atrogin-1, MuRF-1 and myostatin
are molecular markers involved in the control of muscle mass, the objective of this
study was to evaluate the mRNA levels of these genes in quadriceps muscle in the acute

phase after ACL transection in rats. The muscle mass and cross-sectional area of muscle
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fibers of the quadriceps muscle were also evaluated. Our hypothesis was that quadriceps
muscle atrophy after ACL transection would be related to increased atrogin-1, MuRF-1
and myostatin mMRNA levels. To our knowledge this is the first study that has evaluated

the molecular pathways involved in quadriceps muscle atrophy after ACL transection.

MATERIALS AND METHODS

Experimental Design

Three month old male Wistar rats (n=75; 312.63+£33g) were studied. The animals were
housed in plastic cages under controlled environmental conditions with free access to
water and standard chow. The University Ethics Committee approved the experimental
procedures and the study was conducted in accordance with the National Guide for the
Care and Use of Laboratory Animals. This study was divided into five experimental
analysis periods: 1, 2, 3, 7 and 15 days after ACL transaction. The rats were randomly
distributed in three experimental groups of 5 animals for each time period: ACL
(submitted to the ACL transection), Sham (submitted to surgical procedures without

ACL transection) and Control (intact animals).

ACL Transection Surgery

The rats were anaesthetized with an intraperitoneal injection of xylazine (12 mg/kg) and
ketamine (95 mg/kg) for the surgical procedures. Under anesthesia, the left knee was
shaved and prepared using an iodine solution. The animal was placed in the supine
position and a 1-cm midline incision was then made over the anterior left knee exposing
the patellar tendon. The joint cavity was exposed using a lateral parapatellar approach

with the patella dislocated to the medial side. The ACL was identified with the knee
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joint in full flexion and then sectioned with ophthalmological scissors. Afterwards, the
anterior drawer test was performed to confirm ACL transection. The peripatellar
capsular incision was closed using 4-0 Vicryl sutures and the skin was closed with 5-0
nylon sutures. The sham surgical procedure was identical to the ACL identification
procedure but without ACL transection. After surgery the animals were returned to their
cages and Paracetamol (13.5mg/100mL) was added to the drinking water for the first
24hs after surgery as postoperative analgesia. The surgical procedure was modified

from Stoop et al. (13), in which the patella was laterally instead of medially dislocated.

Muscle Sample Collection

After the experimental periods, the animals were anesthetized and weighed. The Vastus
Lateralis (VL), Rectus Femoris (RF) and Vastus Medialis (VM) muscles of quadriceps
were then carefully isolated, removed and weighed. Each muscle’s mass (MM, g) was
normalized using body mass (BM, g) to obtain the MM/BM ratio. Each muscle was
divided into two parts at the middle of the belly. The proximal fragment was
immediately frozen in isopentane (pre-cooled in liquid nitrogen), stored at -80°C and
used for measuring muscle fiber CSA. The distal fragment was quick-frozen in liquid
nitrogen, stored at -80°C and used for measuring mMRNA levels and for the Western blot

evaluation.

Muscle Fiber CSA

Histological serial sections were cut from the middle of the VM, VL and RF muscles in
a cryostat microtome (Microm HE 505, Jena, Germany). One histological cross-section
(10pm) stained with Toluidine Blue was chosen to measure muscle fiber CSA under a

light microscope (Axiolab, Carl Zeiss, Germany) using morphometric analysis software
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(Axiovision 4.7.1.0, Carl Zeiss, Germany). The CSA for each muscle was obtained by
measuring 100 fibers located in the central region of the section. The ratio between
muscle fiber CSA and the body mass of each animal (CSA/BM) was then determined

for each muscle.

RNA lIsolation and Analysis

One frozen fragment of each muscle was homogenized and the total RNA was isolated
using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. The isolated RNA was dissolved in tris-HCI and ethylene-diaminetetracetic
acid (TE) pH 7.6 and quantified spectrophotometrically. The purity was assessed by
determining the ratio of absorbance at 260 nm to that at 280 nm. The integrity of the
RNA, in a 1% agarose gel stained with ethidium bromide (Invitrogen, Carlsbad, CA),

was then confirmed by ultra-violet light inspection.

Reverse Transcription

In order to obtain Cdna, we reverse transcribed 1 pg of RNA in a reaction mixture
containing 1 pg of cellular RNA, 5x reverse transcription buffer, a dNTP (Promega,
Madison, WI) mixture containing 0.2 mmol/L each of dATP, dCTP, dGTP and 0.1
mol/L of dTTP, 1 pl of oligo (dT) primer (Invitrogen, Carlsbad, CA) and 200U of M-
MLV RT enzyme (Promega, Madison, WI), which was incubated at 70°C for 10 min,

42°C for 60 min and then heated to 95°C for 10 min before quick chilling on ice.

Oligonucleotide Primers

The following rat sequences were used: atrogin-1 (forward:

TACTAAGGAGCGCCATGGATACT, reverse:
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GTTGAATCTTCTGGAATCCAGGAT), MuRF-1 (forward:
TGACCAAGGAAAACAGCCACCAG; reverse:
TCACTCCTTCTTCTCGTCCAGGATGG), Myostatin (forward:
CTACCACGGAAACAATCATTACCA,; reverse: AGCAACATTTGGGCTTTCCAT),
GAPDH (forward: CCACCAACTGCTTAGCCC; reverse:

GCCAAATTCGTTGTCATACC).

Real-Time Polymerase Chain Reactions

The RNA transcript levels for the different experimental and control muscles were
analyzed simultaneously and the reactions were carried out in duplicate in a Lightcycler
(Rotor Gene 3000, Cobertt Research, San Francisco, USA) using fluorescent dye SYBR
green detection (Applied Biosystems, Foster City, CA) and 180 nM of each primer for a
final volume of 50 pl. Thermal cycling conditions for atrogin-1, MuRF-1, myostatin and
GAPDH included 10 min at 95°C and then 40 cycles each of 15s at 94°C, 30s at 56°C
for atrogin-1, at 64°C for MuRF-1, at 60°C for myostatin, and at 56°C for GAPDH,
respectively, and 1 min at 72°C, followed by 10 min at 72°C. The data were analyzed
using the comparative cycle threshold (Ct) method. The target gene expression was
normalized to GAPDH. In addition, negative controls containing RNA without M-MLV
RT ensured that the PCR product was not the result of amplified genomic DNA. A
blank with water instead of template sample, primers and SYBER green was also

analyzed.

Western Blot

Western blotting was performed with rabbit polyclonal antibody against ubiquitin as the

primary antibody (1:1000; Cat. No. A-100; Boston Biochem, Cambridge,
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Massachusetts). The secondary antibody used was alkalin-phosphatase conjugated goat

anti-rabbit immunoglobulin (1:2000;Cat. No D048701; Dako).

The muscle samples were homogenized in extraction buffer solution (10ml of extraction
buffer solution included 330ul of 100mM potassium phosphate buffer, 100ul of 10mM
HEPES, 10ul of ImM DTT, 100ul of 5mM ethylene-diaminetetraacetic acid EDTA pH
8.0, 30ul of 3mM MgCl,, 10% pure glycerol, 40ul of 10% SDS solution, and 1%
phosphatase inhibitor cocktail in MiliQ water). Homogenates were centrifuged at
12,000 x g for 10 min at 4°C and the supernatant was used. Protein concentration was
determined by Bradford assay (Bio-Rad, Hercules, California), with bovine serum

albumin as a standard.

Muscle proteins (50pg) were separated on 10% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a pure nitrocellulose membrane (0,45um; BIO RAD
Cat. N0.162-0115). The membranes were stained with Ponceau Solution to confirm the
protein amount and then rinsed with Tween Tris-buffered saline solution (TBST) (0.5
MNaCl, 50 mMTris-HCI pH 7.5, and 0.1% Tween-20). The membranes were incubated
under low agitation overnight at 4°C with the primary antibody diluted in milk/Tween
tris-buffered saline solution (0.1% powdered skimmed milk, 0.5M NaCl, 50mM Tris-
HCI, 0.1% Tween-20, pH 7.5). After the primary antibody incubation period, the
membranes were washed for 30-min in TBST, incubated with secondary antibodies for
1 hour at room temperature and then washed again for 20 min in TBST and 10 min in
Detection Buffer (1M Tris-HCL, 1M NaCl, 100mM MgCI2, pH9,5). Labeled proteins
were detected through alkaline phosphatase detection with NBT/BCIP solution
(ROCHE Diagnostics Cat. N0.11681451001). The whole spectrum of bands was

determined using Scion Image software (Scion Corp., National Institutes of Health,
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Bethesda, Maryland) and the membranes were all normalized with the previous Ponceau

stain.

Statistical Analysis

Multiple comparisons of mean values were performed using analysis of variance
(ANOVA) and a post hoc Tukey test to compare mean values when appropriate. For all

comparisons, p < 0.05 was considered significant.

RESULTS

Atrogin-1 mRNA Levels

Compared to controls, the ACL group showed increased levels of atrogin-1 mRNA in
all evaluated muscles and in most of the evaluated periods (Figurel, A, D, G). The VM
muscle showed increased levels in all evaluated periods (1 day: 13 fold; 2 days: 12 fold,;
3 days: 5 fold; 7 days: 4 fold; 15 days: 1.63 fold; all p<0.05, Figure 1A), as did the RF
muscle (1 day: 5.3 fold; 2 days: 4.3 fold; 3 days: 16 fold; 7 days: 5.5 fold; 15 days: 1.6
fold; all p<0.01; Figure 1D). An increase was found in the VL muscle in the first seven
days (1 day: 12.1 fold; 2 days: 10.15 fold; 3 days: 33.45 fold; 7 days: 6.19 fold; all

p<0.01; Figure 1G).

The ACL group also showed higher mRNA levels of atrogin-1 than the Sham group
(Figure 1; VM muscle: 1 day: 1.4 fold; 2 days: 1.4 fold; 3 days: 1.8 fold; 7 days: 1.55
fold; 15 days: 1.65 fold, all p<0.05; Figure 1A; RF muscle: 1 day: 1.4 fold; 7 days: 1.4
fold, all p<0.01; Fig 1D; VL muscle: 1 day: 1.6 fold; 2 days: 2 fold; 3 days: 2 fold, all

p<0.01; Figure 1G)
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The Sham group also displayed higher atrogin-1 mRNA levels in all evaluated muscles
than controls in the first seven days (Figure 1; VM muscle: 1 day: 9 fold; 2 days: 9 fold;
3 days: 3 fold; 7 days: 2.6 fold, all p<0.05; Figure 1A; RF muscle: 1 day: 3.7 fold; 2
days: 3.63 fold; 3 days: 13 fold; 7 days: 3.7 fold, p<0.01; Figure 1D; VL: 1 day: 7.5

fold; 2 days: 5.16 fold; 3 days: 17 fold; 7 days: 5.18 fold, all p<0.01, Figure 1G)

MuRF-1 mRNA Levels

The MuRF-1 mRNA levels were higher in the ACL group than in the control group for
the VL muscle in the first three days and for the VM and RF muscles in the first seven
days (Figure 1; VM muscle: 1 day: 11 fold; 2 days: 7.2 fold; 3 days: 6.4 fold; 7 days:
3.2 fold, all p<0.01, Figure 1B; RF muscle: 1 day: 2.5 fold, 2 days: 3 fold; 3 days: 5.1
fold; 7 days: 2.7 fold, all p<0.01, Figure 1E; VL muscle: 1 day: 12 fold; 2 days: 7 fold;

3 days: 33 fold, all p<0.01, Figure 1H)

Higher MuRF-1 mRNA levels were also found in the ACL group than in Sham in all
evaluated muscles; see Figure 1 (VM muscle: 1 day: 2 fold; 3 days: 2.5 fold, all p<0.01,
Figure 1B; RF muscle: 1 day: 2 fold, 3 days: 1.8 fold, all p<0.01, Fig 1E; VL muscle: 1

day: 1.6 fold; 2 days: 1.6 fold; 3 days: 1.5 fold, all p<0.01, Figure 1H).

The sham group showed higher MuRF-1 mRNA levels than controls in all evaluated
muscles in most evaluated periods, Figure 1 (VM muscle: 1 day: 5.6 fold; 2 days: 6
fold; 3 days: 2.5 fold; 7 days: 2.68 fold, all p<0.001, Figure 1B; RF muscle: 2 days: 2.3
fold; 3 days: 2.7 fold; 7 days: 2.23 fold, all p<0.01, Figure 1E; VL muscle: 1 day: 7.5

fold; 2 days: 4.4 fold; 3 days: 22 fold, all p<0.001, Figure 1H).

Myostatin mMRNA Levels
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The ACL group showed higher myostatin mRNA levels than controls in all evaluated
muscles during the first seven days (Figurel, C,F,I). The VM muscle showed increased
levels in the first 7 days (1 day: 2.9 fold; 2 days: 2.65 fold; 3 days: 6.4 fold; 7 days: 4.16
fold, all p< 0.05, Figure 1C), and at 15 days its levels were 70% below basal values
(p<0.001, Figure 1C). There were increased myostatin mRNA levels in the RF muscle
in the first 7 days (1 day: 2.7 fold; 2 days: 5.8 fold; 3 days: 4.7 fold; 7 days: 5.3 fold,
p<0.001, Figure 1F) as well as in the VL muscle at 2, 3 and 7 days (2 days: 4 fold; 3

days: 2 fold; 7 days: 5 fold, all p<0.001, Figure 11).

The myostatin mMRNA levels were also higher in the ACL group than the sham groups
in all evaluated muscles (Figure 1: VL muscle: 7 days: 1.6 fold, p=0.008, Figure 1I; VM
muscle: 3 days: 2.5 fold; 7 days: 1.55 fold, all p<0.01, Figure 1C; RF muscle: 2 days:

1.45 fold; 7 days: 1.40 fold, all p<0.05, Figure 1F).

In most of the evaluated periods, there were higher levels of myostatin mRNA in all
evaluated muscles in Sham than in Control (Figurel, C,F,1). The VM muscle showed
increased levels of myostatin mRNA in the first 7 days (1 day: 2.8 fold; 2 days: 2.7 fold,;
3 days: 2.5 fold; 7 days: 2.7 fold, all p<0.05, Figure 1C), but at 15 days it was 70%
(p<0.001) downregulated. RF muscle had increased levels of myostatin mMRNA in the
first 7 days (1 day: 2.5 fold; 2 days: 4 fold; 3 days: 3.8 fold; 7 days: 3.8 fold, all p<0.01,
Figure 1F), as did the VL muscle from day 2 until day 7 (2 days: 3.5 fold; 3 days: 2

fold; 7 days: 3 fold, all p<0.01, Figure 11).

Figure 1: The mRNA levels of Atrogin-1 inVastus Medialis (VM; A), Rectus Femoris
(RF; D) and Vastus Lateralis (VL; G) muscles of the quadriceps. The mRNA levels of

MuRF-1 in VM (B), RF (E) and VL (H) muscles. The mRNA levels of Myostatin in
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ac = p<0.05: ACL compared to Control group; sc = p<0.05: Sham compared to Control

group; sa = p<0.05: Sham compared to ACL group.

Ubiquitinated Proteins

Since the highest levels of ubiquitin ligase gene expression occurred mainly in the first

three days in both the ACL and Sham groups, we evaluated the levels of ubiquitin

accumulation on the third day. Accordingly, more ubiquitinated proteins were observed

in all evaluated muscles in ACL and Sham than in Control (Figures 2A-2C).
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Figure 2: Western Blot membranes showing the amount of ubiquitinated protein
conjugate at 3 days and respective densical optical membrane evaluation (arbitrary
units) obtained from Vastus Medialis (A), Rectus femoris (B) and Vastus Lateralis (C)

muscles of the quadriceps. MW: molecular weight.
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The mass of all evaluated muscles was lower in both the ACL and sham groups than in
the control group (Figure 3). The ACL group showed the following reductions: VM
muscle (3 days: 21%; 7 days: 22%; 15 days: 19%, all p<0.05, Figure 3A), RF muscle (7
days: 20%; 15 days: 22%, all p<0.05, Figure 3B) and VL muscle (3 days: 15%, 7 days:

23%; 15 days: 25%, all p<0.05, Figure 3C).

The following reductions in muscle mass occurred in the sham group: VM muscle (3
days: 21%; 7 days: 21%, all p<0.01, Figure 3A), RF muscle (7 days: 20%, p<0.001,

Figure 3B) and VL muscle (3 days: 15%; 7 days: 26%, all p<0.01, Figure 3C).
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Both the ACL and sham groups had a lower CSA/BM ratio in the VL and VM muscles
than controls (Figures 3A-3F). In the ACL group, the VM muscle presented the first
reduction at 3 days and the VL muscle at 7 days (VM muscle: 3 days: 35%; 7 days:
29%; 15 days: 40%, all p<0.05, Figure 3D; VL muscle: 7 days: 34%; 15 days: 36%, all

p<0.01, Figure 3F).

In the sham group, a reduced CSA/BM ratio compared to controls was found in the VM
muscle at 3 and 7 days, and in the VL muscle only at 7 days (VM muscle: 3 days: 33%;

7 days: 28%, all p<0.01, Figure 3D; VL muscle: 7 days: 34%, p<0.001, Figure 3F).

DISCUSSION

The results of this study provide new information about the molecular pathways
involved in quadriceps muscle atrophy after ACL transection in a rat model, especially
the early increase in mMRNA levels of atrogin-1, MuRF-1 and myostatin associated with
a reduction of quadriceps muscle mass and muscle fiber CSA, which agrees with our
hypothesis. Similar results were also found in the sham group. It is possible that the
knee capsular joint surgical procedure itself is enough to increase the mRNA levels of
these genes and induce atrophic adaptations in the quadriceps muscles. However, unlike
that of the ACL group, Sham muscle mass and muscle fiber CSA were restored 15 days
post-surgery, showing that ACL transection was a restricted muscle mass restoration in

the evaluated period.

The process of skeletal muscle atrophy is characterized by activation of ATP-dependent
UPS. Upregulated transcription of genes in this system, such as atrogin-1 and MuRF-1,
have been associated with skeletal muscle atrophy in different animal models of disuse

(e.g. denervation, immobilization and hindlimb suspension) (19,20,27,22). Now we
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have shown that this pathway is also triggered in quadriceps muscle atrophy after knee

surgery, especially after ACL transection in a rat model.

Although the increased levels of atrogin-1 and MuRF-1 mRNA were observed in the
ACL and Sham groups in all evaluated muscles, ACL transection induced the highest
levels. We might suppose that these higher levels of atrogin-1 and MuRF-1 mRNA in
the ACL group are related to the ligament transection itself. Thus, the ACL and Sham
results in the first three days are probably related to joint inflammation. Knee
inflammation is described as an intrinsic response to injuries and pathologies such as

ligament and meniscus injuries, osteoarthritis, and arthroscopy (10,28,29,30).

Nevertheless, higher levels of inflammatory cytokines such as interlukin-6 and tumoral
necrosis factor-alpha (TNF-a) have been observed in the synovial liquid of patients (30)
and rats (31) during the acute inflammatory phase of ACL rupture’and in the quadriceps
muscle of rats after saline injection into the knee (32). Accordingly, it is known that
exposure to pro-inflammatory cytokines increases the expression of transcription factors
that directly regulate MuRF-1 expression in skeletal muscle, such as TNF-o and nuclear
factor-«f3 (33,34). Likewise, it has been demonstrated that TNF-o up-regulates atrogin-1
expression through components of the Mitogen-Activated Protein Kinase (MAPK)
family, such as p38 MAPK (35). Thus, the increased mRNA levels of atrogin-1 and
MuRF-1 in the present study could be the result of exposure to inflammatory cytokines

from the injured joint.

It is known that swelling either induced experimentally or due to joint damage causes
acute quadriceps AMI, reducing electromyographic (EMG) activity and favoring muscle

atrophy (36,37). Thus, the results related to atrogin-1 and MuRF-1 mRNA levels could
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also have been influenced by joint swelling. Accordingly, Ramirez et al. (38), in a
model of ankle swelling induced by saline injection, recently showed higher mRNA
levels of atrogin-1 in the tibialis anterior muscle after two days. Hence, our results
suggest that AMI-related muscle atrophy after knee joint injury could be associated with
increased atrogin-1 and MuRF-1 mRNA levels. However, further studies are necessary

to investigate ubiquitin ligase levels in a knee swelling model without joint surgery.

Our results also showed increased myostatin mMRNA levels in the ACL and Sham
groups in all evaluated muscles. Interestingly, higher myostatin mRNA levels occurred
when atrogin-1 and MuRF-1 mRNA levels were low or diminishing, especially in the
VL muscle. Accordingly, it has been shown that myostatin targets and inhibits the
phosphorylation of protein kinase AKT, also known as PKB, inducing proteolysis
through increased levels of atrogin-1 in a FoxO1l-dependent manner (39). Moreover,
AKT inhibition by myostatin compromises the hypertrophic Akt/mTOR/p70S6K
pathway (40). We hypothesize that myostatin could have a pivotal role after an ACL
transection, signaling protein breakdown through FoxO-1 downstream targets (i.e.,
atrogin-1 and MuRF-1) and impairing protein synthesis by inhibiting the
Akt/mTOR/p70S6K pathway. Further studies evaluating the molecular pathways of
muscle hypertrophy in the quadriceps after ACL transection would be necessary to

verify this hypothesis.

Interestingly, myostatin mRNA levels were downregulated at 15 days in the VM of
ACL and Sham, which could have contributed to the restoration of muscle mass in the
sham group. Nevertheless, the absence of muscle mass and CSA recovery in the VM of
ACL group could be related to the augmented mRNA levels of atrogin-1 during this

period.
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Although elevated levels of atrogin-1, MuRF-1 and myostatin were observed in all
muscles tested on days 1, 2 and 3 in both ACL and Sham, the reductions in muscle mass
and CSA were first noticed at 3 and 7 days for the VM and VL, respectively, with a
reduction in RF mass starting on the 7™ day. This sudden increase in atrogene
expression followed by later changes in muscle mass and CSA was similar to the results
of Sacheck et al. (22) in different models of muscle wasting, as well as to other muscle
atrophy and atrogene expression studies (19,20). Moreover, an accumulation of
ubiquitin protein conjugates was observed in all evaluated muscles at 3 days, possibly
as consequence of the rapid and great increase in the first three days of ubiquitin ligase

MRNA levels after the surgical procedures.

Unlike the Sham group, the ACL group had not recovered muscle mass or muscle fiber
CSA in any muscle at 15 days. This could also be related to reduced gamma motor
neuron activation after ACL rupture, which results in an attenuation of la afferents that
might cause a prolonged disuse of fast-twitch fibers innervated by the high threshold
motoneurons (12). Moreover, the previous increases in atrogin-1 and MuRF-1 in VL,
VM and RF and the increased levels of atrogin-1 in RF and VM at 15 days might have

influenced quadriceps muscle mass recovery.

The RF is the only bi-articular muscle in the quadriceps, acting also as hip flexor. We
believe that this dual function could have led to a greater muscle activity level than was
present in the VL and VM muscles, preventing (despite the higher atrogene levels)
muscle mass loss, which was observed only on the 7" day, and CSA reduction. Thus,
our results agree with previous studies showing that the VM and VL are the most-
affected of all the muscles in the quadriceps after ACL injury (4,5). Additionally,

Okuyama et al. (14) demonstrated increased levels of HSP72 only in the VM and VL
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muscles of rats after ACL transection. In this same study, the absence of increased

HSP72 levels in RF muscle was also attributed to its bi-articular function (14).

In contrast to other animal studies (15, 16) where quadriceps atrophy was not found in
groups with sham-operated knees with intact ACL, we did find such atrophy in our
sham group. This difference may be attributed to the evaluated periods, since we studied

an acute instead of a chronic phase in which muscle mass could have been restored.

We would like to point out that at 15 days the percentages of reduction in muscle mass
and muscle fiber CSA in the VM and VL muscles of the ACL group remained close to
those found at 3 days and 7 days in the VM and VL muscles, respectively. Thus, based
in our results, we might presume that the problem with quadriceps mass recovery in the
first two weeks after ACL transection could be related to previous increases in atrogene

levels as well as to poor protein synthesis.

This study provides new information about the molecular mechanisms involved in
quadriceps atrophy after ACL transection. This knowledge could be useful for
assessinng the effects of rehabilitation interventions as well as for developing strategies

to minimize muscle mass losses after knee surgery and ACL transection.
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ANEXO 11

Segue o manuscrito original submetido ao periodico “Journal of Orthopaedic &

Sports Physical Therapy”.
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STUDY DESIGN: Controlled laboratory study.

OBJECTIVE: To assess the effects of neuromuscular electrical stimulation (NMES)
on the mRNA levels of genes related to muscle atrophy in the quadriceps muscle of rats

after anterior cruciate ligament (ACL) transection.

METHODS: 125 Wistar rats were randomized into 5 different groups: ACL (surgery
and ACL rupture), ACLES (surgery and ACL transection and NMES), Sham (surgery
without ACL transection), ShamES (surgery without ACL transection and NMES) and
Control. The vastus medialis (VM), rectus femoris (RF) and vastus lateralis (VL)
muscles of quadriceps were harvested 1, 2, 3, 7 and 15 days after surgery. The mRNA
levels of atrogin-1, MuRF-1 and myostatin as well as the ubiquitinated protein content
were evaluated. The muscle mass (MM) and cross sectional area (CSA) of muscle fibers

were measured.

RESULTS: ACL and Sham showed increased atrogin-1, MuRF-1 and myostatin
MRNA levels in all evaluated muscles in most periods. In the ACLES and ShamES, the
increase of MRNA atrogenes and myostatin was minimized or prevented in some
evaluated periods. The ubiquitinated protein content increased at 3 days in all groups.
NMES prevented a reduction in MM in all muscles of the ACLES group at 3 days and
in ShamES in all periods, but did not prevent a reduction in the CSA of the VM and VL
at 7 and 15 days in ACLES, as it did at 7 days in the VM of ShamES. Unlike the Sham

and ShamEsS groups, the MM and CSA of the ACLES and ACL groups did not recover.

CONCLUSIONS: NMES minimized an increase of atrogenes and myostatin mRNA in

the quadriceps muscles of the ACLES and ShamES groups, inhibiting the early atrophy

117



at 3 days, although it did not prevent atrophy at 7 and 15 days after ACL rupture. Sham

and ShamES, however, displayed recovery of quadriceps mass and CSA.

KEY WORDS: Knee injury, Physical therapy, Sports Injuries, Ubiquitin Protein

Ligases.
INTRODUCTION

Anterior cruciate ligament (ACL) rupture is one of the most common sports injuries to
the knee.** After ACL rupture and reconstruction, individuals experience pain, impaired
knee function, muscle weakness and atrophy, especially in the quadriceps muscle,

which is the most affected by this injury.®

It has been demonstrated that quadriceps muscle atrophy persists for years, even after
rehabilitation.®*>3**" This outcome has been associated with mechanisms triggered after
joint injury and damage, such as arthrogenic muscle inhibition (AMI) and gamma loop
dysfunction, which occur after ACL rupture and reconstruction and inhibit the

recruitment of sufficient motor neurons for maximal voluntary contraction.?>?%’

Different rehabilitation strategies such as eccentric contraction, vascular occlusion,
vitamin supplementation and electrical muscle stimulation (NMES) have been
attempted soon after injury to minimize quadriceps muscle activation deficits and
atrophy after knee surgery.>"'**' NMES is a clinical approach used to improve
quadriceps function after ACL injury by facilitating muscle recruitment and restoring
quadriceps strength, which may be inhibited by pain, effusion, or knee trauma.>* It has
been recently shown that NMES may overcome muscle activation deficits, helping to
minimize quadriceps strength loss and atrophy.'® However, Kim et al. demonstrated

contradictions and inconsistencies regarding the effectiveness of NMES on ACL
118



rehabilitation in a systematic review. Considerable discrepancies were noted in NMES
parameters and application techniques across trials as well as methodological flaws and
suboptimal parameter selection. Good clinical trials and basic scientific studies are
scarce regarding the effects of NMES after ACL injury.? It is unknown whether NMES
can regulate atrophy signaling pathways and thus minimize quadriceps muscle atrophy

after ACL injury.

The skeletal muscle atrophy occurs through a coordinated molecular program of
proteolysis, known as ubiquitin proteasome system (UPS).*® This program requires the
polyubiquitination of target proteins by E3 ubiquitin ligases, which causes the protein to

be degraded by the 26S proteasome.*

Atrogin-1 (also called muscle atrophy F-box, MAFbx) and muscle ring finger 1 (MuRF-
1) MuRF-1 are muscle specific E3 ubiquitin ligases found to be upregulated in different
models of muscle atrophy.*®*> Both atrogin-1 and MuRF-1 are known as molecular
markers of muscle atrophy, since their higher levels precede and correlate with maximal

loss of muscle mass.*®

Another important regulator of muscle mass is Myostatin, which acts as muscle
antigrowth transcription factor and has been demonstrated to be upregulated in different

models of muscle atrophy.®3!204345

Given that atrogin-1, MuRF-1 and myostatin are molecular markers involved in the
control of muscle mass, the objective of this study was to evaluate the effects of early
NMES applied to the quadriceps on the mMRNA levels of these genes in the acute phase
after the ACL rupture in rats. The muscle mass and the cross-sectional area of muscle
fibers of the quadriceps muscle were also evaluated. Our hypothesis was that NMES
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could protect against quadriceps muscle atrophy through reduced expression of atrogin-
1, MuRF-1 and myostatin mRNA levels. To our knowledge this is the first study that
has evaluated the molecular pathways of NMES in quadriceps muscle after ACL

rupture.

MATERIALS AND METHODS

Experimental Design

Three month old male Wistar rats (n=125; 313.32+30g) were studied. The animals were
housed in plastic cages under controlled environmental conditions with free access to
water and standard chow. The University Ethics Committee approved the experimental
procedures and the study was conducted in accordance with the National Guide for the
Care and Use of Laboratory Animals. This study was divided into five experimental
analysis periods: 1, 2, 3, 7 and 15 days after ACL transaction. The rats were randomly
distributed in five experimental groups of 5 animals for each time period: ACL (surgery
and ACL rupture), ACLES (surgery and ACL transection and NMES), Sham (surgery
without ACL transection), ShamES (surgery without ACL transection and NMES) and

(intact animals).

ACL Transection Surgery

The rats were anaesthetized with an intraperitoneal injection of xylazine (12 mg/kg) and
ketamine (95 mg/kg) for the surgical procedures. Under anesthesia, the left knee was
shaved and prepared using an iodine solution. The animal was placed in the supine
position and a 1-cm midline incision was then made over the anterior left knee exposing
the patellar tendon. The joint cavity was exposed using a lateral parapatellar approach

with the patella dislocated to the medial side. The ACL was identified with the knee
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joint in full flexion and then sectioned with ophthalmological scissors. Afterwards, the
anterior drawer test was performed to confirm ACL transection. The peripatellar
capsular incision was closed using 4-0 Vicryl sutures and the skin was closed with 5-0
nylon sutures. The sham surgical procedure was identical to the ACL identification
procedure but without ACL transection. After surgery the animals were returned to their
cages and Paracetamol (13.5mg/100mL) was added to the drinking water for the first
24hs after surgery as postoperative analgesia. The surgical procedure was modified

from Stoop et al. (50), in which the patella was laterally instead of medially dislocated.

Electrical Stimulation Parameters

Under anesthesia, NMES was performed immediately after surgery. The skin was
shaved, cleaned, and covered with a gel conductor layer. Two electrodes (circular, self-
adhesive, 1 cm in diameter each) were placed on the left hindlimb: the first was placed
on the inguinal region in the femoral nerve eminence and the second on the distal
quadriceps femoral region, 1 cm above of superior border of the patella. The knee was
maintained in total extension and the hip in neutral position to prevent any movement
due to quadriceps contraction. Each NMES session produced 20 maximal contractions
of the quadriceps muscle. One session was applied every day until the end of
experiment, beginning with the above-mentioned session immediately after ACL injury.

The same procedure was used for the ShamES group.

A Neurodyn® current generator (IBRAMED, Brazil) was used. The NMES parameters
were the following: a symmetrical biphasic rectangular pulse with a carrier frequency of

2500 Hz, modulated at 75 bursts per second, a pulse width of 200us, time ON, 10 s; rise
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up 2 s; time OFF, 50 s. The NMES parameters were based on a previously described

clinical protocol.*?

Muscle Sample Collection

After the experimental periods, the animals were anesthetized and weighed. The Vastus
Lateralis (VL), Rectus Femoris (RF) and Vastus Medialis (VM) muscles of quadriceps
were then carefully isolated, removed and weighed. Each muscle’s mass (MM, g) was
normalized using body mass (BM, g) to obtain the MM/BM ratio. Each muscle was
divided into two parts at the middle of the belly. The proximal fragment was
immediately frozen in isopentane (pre-cooled in liquid nitrogen), stored at -80°C and
used for measuring muscle fiber CSA. The distal fragment was quick-frozen in liquid
nitrogen, stored at -80°C and used for measuring mMRNA levels and for the Western blot

evaluation.

Muscle Fiber CSA

Histological serial sections were cut from the middle of the VM, VL and RF muscles in
a cryostat microtome (Microm HE 505, Jena, Germany). One histological cross-section
(10pm) stained with Toluidine Blue was chosen to measure muscle fiber CSA under a
light microscope (Axiolab, Carl Zeiss, Germany) using morphometric analysis software
(Axiovision 4.7.1.0, Carl Zeiss, Germany). The CSA for each muscle was obtained by
measuring 100 fibers located in the central region of the section. The ratio between
muscle fiber CSA and the body mass of each animal (CSA/BM) was then determined

for each muscle.

RNA Isolation and Analysis
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One frozen fragment of each muscle was homogenized and the total RNA was isolated
using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. The isolated RNA was dissolved in tris-HCI and ethylene-diaminetetracetic
acid (TE) pH 7.6 and quantified spectrophotometrically. The purity was assessed by
determining the ratio of absorbance at 260 nm to that at 280 nm. The integrity of the
RNA, in a 1% agarose gel stained with ethidium bromide (Invitrogen, Carlsbad, CA),

was then confirmed by ultra-violet light inspection.

Reverse Transcription

In order to obtain Cdna, we reverse transcribed 1 pg of RNA in a reaction mixture
containing 1 pg of cellular RNA, 5x reverse transcription buffer, a dNTP (Promega,
Madison, WI) mixture containing 0.2 mmol/L each of dATP, dCTP, dGTP and 0.1
mol/L of dTTP, 1 pl of oligo (dT) primer (Invitrogen, Carlsbad, CA) and 200U of M-
MLV RT enzyme (Promega, Madison, WI), which was incubated at 70°C for 10 min,

42°C for 60 min and then heated to 95°C for 10 min before quick chilling on ice.

Oligonucleotide Primers

The following rat sequences were used: atrogin-1 (forward:

TACTAAGGAGCGCCATGGATACT; reverse:
GTTGAATCTTCTGGAATCCAGGAT), MuRF-1 (forward:
TGACCAAGGAAAACAGCCACCAG; reverse:
TCACTCCTTCTTCTCGTCCAGGATGG), Myostatin (forward:

CTACCACGGAAACAATCATTACCA,; reverse: AGCAACATTTGGGCTTTCCAT),
GAPDH (forward: CCACCAACTGCTTAGCCC,; reverse:
GCCAAATTCGTTGTCATACC).
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Real-Time Polymerase Chain Reactions

The RNA transcript levels for the different experimental and control muscles were
analyzed simultaneously and the reactions were carried out in duplicate in a Lightcycler
(Rotor Gene 3000, Cobertt Research, San Francisco, USA) using fluorescent dye SYBR
green detection (Applied Biosystems, Foster City, CA) and 180 nM of each primer for a
final volume of 50 pl. Thermal cycling conditions for atrogin-1, MuRF-1, myostatin and
GAPDH included 10 min at 95°C and then 40 cycles each of 15s at 94°C, 30s at 56°C
for atrogin-1, at 64°C for MuRF-1, at 60°C for myostatin, and at 56°C for GAPDH,
respectively, and 1 min at 72°C, followed by 10 min at 72°C. The data were analyzed
using the comparative cycle threshold (Ct) method. The target gene expression was
normalized to GAPDH. In addition, negative controls containing RNA without M-MLV
RT ensured that the PCR product was not the result of amplified genomic DNA. A
blank with water instead of template sample, primers and SYBER green was also

analyzed.

Western Blot

Western blotting was performed with rabbit polyclonal antibody against ubiquitin as the
primary antibody (1:1000; Cat. No. A-100; Boston Biochem, Cambridge,
Massachusetts). The secondary antibody used was alkalin-phosphatase conjugated goat

anti-rabbit immunoglobulin (1:2000;Cat. No D048701; Dako).

The muscle samples were homogenized in extraction buffer solution (10ml of extraction
buffer solution included 330ul of 100mM potassium phosphate buffer, 100ul of 10mM
HEPES, 10ul of ImM DTT, 100ul of 5mM ethylene-diaminetetraacetic acid EDTA pH
8.0, 30ul of 3mM MgCl,, 10% pure glycerol, 40ul of 10% SDS solution, and 1%
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phosphatase inhibitor cocktail in MiliQ water). Homogenates were centrifuged at
12,000 x g for 10 min at 4°C and the supernatant was used. Protein concentration was
determined by Bradford assay (Bio-Rad, Hercules, California), with bovine serum

albumin as a standard.

Muscle proteins (50pg) were separated on 10% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a pure nitrocellulose membrane (0,45um; BIO RAD
Cat. N0.162-0115). The membranes were stained with Ponceau Solution to confirm the
protein amount and then rinsed with Tween Tris-buffered saline solution (TBST) (0.5
MNaCl, 50 mMTris-HCI pH 7.5, and 0.1% Tween-20). The membranes were incubated
under low agitation overnight at 4°C with the primary antibody diluted in milk/Tween
tris-buffered saline solution (0.1% powdered skimmed milk, 0.5M NaCl, 50mM Tris-
HCI, 0.1% Tween-20, pH 7.5). After the primary antibody incubation period, the
membranes were washed for 30-min in TBST, incubated with secondary antibodies for
1 hour at room temperature and then washed again for 20 min in TBST and 10 min in
Detection Buffer (1M Tris-HCL, 1M NaCl, 100mM MgCI2, pH9,5). Labeled proteins
were detected through alkaline phosphatase detection with NBT/BCIP solution
(ROCHE Diagnostics Cat. N0.11681451001). The whole spectrum of bands was
determined using Scion Image software (Scion Corp., National Institutes of Health,
Bethesda, Maryland) and the membranes were all normalized with the previous Ponceau

stain.

Statistical Analysis
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Multiple comparisons of mean values were performed using analysis of variance
(ANOVA) and a post hoc Tukey test to compare mean values when appropriate. For all

comparisons, p < 0.05 was considered significant.

RESULTS

Atrogin-1 mRNA levels

Compared to controls, the ACLES group showed increased mRNA levels of atrogin-1
in all evaluated muscles and in most evaluated periods (Figurel, A,D,G). The VM
muscle showed increased levels in the first seven days (1 day: 9 fold; 2 days: 12 fold; 3
days: 3 fold; 7 days: 4.73 fold, all p<0.01, Figure 1A), as did the RF muscle (1 day: 6.2
fold; 2 days: 2.7 fold; 3 days: 8.6 fold; 7 days: 7.6 fold, all p<0.01; Figure 1D). An
increase was found in the VL muscle in the first seven days (1 day: 9.5 fold; 2 days: 7.5
fold; 3 days: 12 fold; 7 days: 7.3 fold, all p<0.01; Figure 1G) and at 15 days the levels

were reduced by 85% (p<0.001; Figure 1G).

Compared to ACL, the ACLES group showed changes in mRNA levels of atrogin-1
(Figurel, A, D, G). The VM showed a reduction on following days (1 day: 1.42 fold; 3
days: 1.64 fold; 15 days: 1.64 fold, all p<0.01; Figure 1A). A reduction occurred in the
RF at 2 days (1.56 fold; p=0.002) and 3 days (1.8 fold; p=0.003), while at 7 days an
increase of 1.37 fold (p=0.01) in mRNA levels of atrogin-1 was found (Figure 1D). The
VL showed a reduction in most periods (1 day: 1.26 fold; 2 days: 1.34 fold; 3 days: 2.7

fold, all p<0.05; Figure 1G).

Compared to the control group, the ACL group showed increased mRNA levels of
atrogin-1 in all evaluated muscles and in most evaluated periods (Figure 1: A,D,G). The

VM muscle showed increased levels in all evaluated periods (1 day: 13 fold; 2 days: 12
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fold; 3 days: 5 fold; 7 days: 4 fold; 15 days: 1.63 fold, all p<0.01; Figure 1A), as did the
RF muscle (1 day: 5.3 fold; 2 days: 4.3 fold; 3 days: 16 fold; 7 days: 5.5 fold; 15 days:
1.6 fold, all p<0.01;Figure 1D). Increases were found in the VL muscle in most periods
(1 day: 12.1 fold; 2 days: 10.15 fold; 3 days: 33.45 fold; 7 days: 6.19 fold, all p<0.01;

Figure 1G).

The ACL group also showed higher mRNA levels of atrogin-1 than the Sham group
(Figure 1; VM muscle: 1 day: 1.4 fold; 2 days: 1.4 fold; 3 days: 1.8 fold; 15 days: 1.65
fold, all p<0.05;Figure 1A; RF muscle: 1 day: 1.4 fold; 7 days: 1.4 fold, both p<0.05
Figure 1D; VL muscle: 1 day: 1.6 fold; 2 days: 2 fold; 3 days: 2 fold, all p<0.01; Figure

1G).

Higher mRNA levels of atrogin-1 were found in all evaluated muscles of the Sham
group than the control group in the first seven days (Figure 1; VM muscle: 1 day: 9
fold; 2 days: 9 fold; 3 days: 3 fold; 7 days, all p<0.01;Figure 1A; RF muscle: 1 day: 3.7
fold; 2 days: 3.63 fold; 3 days: 13 fold; 7 days: 3.7 fold, all p<0.01; Figure 1D; VL
muscle: 1 day: 7.5 fold; 2 days: 5.16 fold; 3 days: 17 fold; 7 days: 5.18 fold, all p<0.01,
Figure 1G). However, compared to Sham, NMES reduced the mRNA levels of atrogin-
1 in ShamES. There was a 1.82 fold reduction in the VM only at 1 day (p=0.002, Figure
1A). There was a reduction in the RF muscle on the first 3 days (1 day: 1.48 fold; 2
days: 2.11 fold; 3 days: 1.49 fold, all p<0.05; Figure 1D). In the VL, mRNA levels of

atrogin-1 were reduced 1.38 fold at 3 days (p=0.02; Figure 1G)

The ShamES group’s mRNA atrogin-1levels were altered compared to those of the
control group (Figure 1 A, D, G). The VM showed increased levels in the first 3 days (1

day: 4.9 fold; 2 days: 10.3 fold; 3 days: 2.8 fold, all p<0.01; Figure 1A). Increased
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levels were found in the RF in most evaluated periods (1 day: 5 fold; 3 days: 7 fold; 7
days: 2.86 fold, all p<0.05; Figure 1D). The VL showed increased levels in the first
seven days (1 day: 6.86 fold; 2 days: 3.6 fold; 3 days: 9.8 fold; 7 days: 3.8 fold, all

p<0.05;Figure 1G), and an 80% reduction at 15 days (p<0.001; Figure 1G).

MuRF-1 mRNA levels

The ACLES group’s mRNA levels of MuRF-1 in the VM and VL muscles were higher
in the first seven days than in the control group, as were those in the RF muscles in most
evaluated periods (Figure 2 B,E,H). (VM muscle: 1 day: 6.16 fold; 2 days: 7.7 fold; 3
days: 3.8 fold; 7 days: 2 fold, all p<0.05, Figure 2B; RF muscle: 1 day: 3.2 fold; 2 days:
1.8 fold; 3 days: 2.2 fold; 7 days: 2.4 fold, all p<0.01; Figure 2E; VL muscle: 1 day: 4.2

fold; 2 days: 7 fold; 3 days: 11.5 fold, all p<0.01; Figure 2H)

Compared to ACL, NMES reduced the mRNA levels of MuRF-1 in the ACLES group
for all evaluated muscles (Figure 2 B, E, H). (VM: 1 day: 1.78 fold; 3 days: 1.6 fold; 7
days: 1.61 fold, all p<0.01; Figure 2B; RF: 2 days: 1.64 fold; 3 days: 2.27 fold, both

p<0.01; Figure 2E; VL: 1 day: 2.8 fold; 3 days: 2.8 fold, both p<0.01; Figure 2H).

The mRNA levels of MuRF-1 were higher in all evaluated muscles and most periods in
the ACL group than the control group (Figure2 B, E, H) (VM muscle: 1 day: 11 fold; 2
days: 7.2 fold; 3 days: 6.4 fold; 7 days: 3.2 fold, all p<0.01; Figure 2B; RF muscle: 1
day: 2.5 fold; 2 days: 3 fold; 3 days: 5.1 fold; 7 days: 2.7 fold, all p<0.01; Figure 2E;

VL muscle: 1 day: 12 fold; 2 days: 7 fold; 3 days: 33 fold, all p<0.01; Figure 2H).

Greater mRNA levels of MuRF-1 were also found in the ACL group than in Sham in all

evaluated muscles (Figure 2 B, E, H). (VM muscle: 1 day: 2 fold; 3 days: 2.5 fold, both
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p<0.01; Figure 2B; RF muscle: 1 day: 2 fold; 3 days: 1.8 fold, both p<0.01; Figure 2E;

VL muscle: 1 day: 1.6 fold; 2 days: 1.6 fold; 3 days: 1.5 fold, all p<0.01; Figure 2H).

Compared to the control group, the ShamgS group showed increased mRNA levels of
MuRF-1 in all evaluated muscles (Figure 2 B, E, H). (VM muscle: 1 day: 3 fold; 2 days:
6 fold; 3 days: 2.6 fold; 7 days: 1.83 fold, all p<0.01; Figure 2B; RF muscle: 1 day: 2.6
fold; 2 days, 1.81 fold, both p<0.01; Figure 2E; VL muscle: 1 day: 7 fold; 2 days: 5
fold; 3 days: 6.3 fold, all p<0.01; Figure 2H). ShamES levels were reduced by 1.8 fold
in the VM muscle at 1 day compared to Sham (p=0.01; Figure 2B). This also occurred
in the RF muscle at 3 and 7 days (2.5 fold, p<0.001; 2.2 fold, p<0.009 respectively;
Figure 2E) and in the VL muscle at 3 days (3.5 fold p<0.001; Figure 2H). The mRNA
levels of MuRF-1 were higher in ShamES than in Sham only for the RF muscle at 1 day

(2 fold, p=0.02; Figure 2E).

Higher mRNA levels of MuRF-1 were found in Sham than in control (Figure 2 B, E,
H). (VM muscle: 1 day: 5.6 fold; 2 days: 6 fold; 3 days: 2.5 fold; 7 days: 2.6 fold, all
p<0.01; Figure 2B; RF muscle: 2 days: 2.3, fold; 3 days: 2.8 fold; 7 days: 2.2 fold, all
p<0.01; Figure 2E; VL muscle: 1 day: 7.5 fold; 2 days: 4.3 fold; 3 days: 22 fold, all

p<0.01; Figure 2H).

Myostatin mMRNA levels

The ACLES group showed higher mRNA levels of myostatin than the control group in
all evaluated muscles during the first seven days (Figure 2, C, F, ). The VM muscle had
higher levels at 3 and 7 days (3 days 3.6 fold; 7 days: 2.3 fold, both p<0.01; Figure 2C),
but at 15 days its levels were 50% below basal values (p<0.001, Figure 2C). RF muscle
levels were increased in the first 7 days (1 day: 1.6 fold; 2 days: 4.2 fold; 3 days: 2.8
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fold; 7 days: 5.3 fold, all p<0.05, Figure 2F). In the VL muscle, increased mRNA levels
of myostatin were found at 2, 3 and 7 days (2 days: 5 fold; 3 days: 1.7 fold; 7 days: 2.7
fold, all p<0.01; Figure 21). At 15 days, mRNA levels of myostatin in the ACLES group

were 80% below basal values for VL (p<0.001; Figure 2I).

Compared to the ACL group, the application of NMES in the ACLES group reduced
MRNA levels of myostatin (Figure 2 C, F, I). (VM muscle: 1 day: 1.9 fold; 2 days: 2.4
fold; 3 days: 1.6 fold; 7 days: 1.77 fold, all p< 0.01, Figure 2C; RF muscle: 1 day: 1.7
fold; 2 days: 1.38 fold; 3 days: 1.7 fold, all p<0.01; Figure 2F; VL muscle: 7 days: 1.79

fold; 15 days: 9 fold, both p<0.01; Figure 21).

The mRNA levels of myostatin were also higher in the ACL group than in the control
group in all evaluated muscles (Figure 2, C, F, 1). (VM muscle: 1 day: 3 fold; 2 days:
2.6 fold; 3 days: 6.4 fold; 7 days: 4 fold, all p<0.01; Figure 2C; RF muscle: 1 day: 2.7
fold; 2 days: 6 fold; 3 days: 4.7 fold; 7 days: 5.2 fold, all p<0.01; Figure 2F; VL muscle:
2 days: 4 fold; 3 days: 2 fold; 7 days: 5 fold, all p<0.01, Figure 21). At 15 days mRNA
levels of myostatin were 70% below basal values in the VM muscle (p<0.001; Figure

2C).

The ShamES group also showed higher mRNA levels of myostatin than the control
group (Figure 2, C, F, I). (VM muscle: 3 days: 2.6 fold; 7 days: 2 fold, both p<0.05;
Figure 2C; RF muscle: 2 days: 3.6 fold; 3 days: 2.3 fold; 7 days: 4.5 fold, all p<0.01,
Figure 2F; VL muscle: 2 days: 4 fold, p<0.001; Figure 2I). At 15 days mRNA levels of

myostatin were 60% below basal values in the VM muscle (p<0.001; Figure 2C).

Compared to the Sham group, NMES reduced mRNA levels of myostatin in ShamES
(Figure 2, C, F, I). (VM muscle: 1 day: 2.35 fold; 2 days: 2.4 fold, both p<0.01; Figure
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2C; RF muscle: 1 day: 2 fold; 3 days: 1.66 fold, both p<0.01; Figure 2F; VL muscle: 3

days: 1.73 fold; 15 days: 4.4 fold, both p<0.01; Figure 2I).

There were higher mRNA levels of myostatin in the Sham group than the control group
in all evaluated muscles in most evaluated periods (Figure 2, C, F, 1). The VM muscle
showed increased mRNA levels of myostatin in the first 7 days (1 day: 2.8 fold; 2 days:
2,7fold; 3 days: 2,5 fold; 7 days: 2,7 fold, all p<0.01; Figure 2C), but at 15 days it was
70% (p<0.001) downregulated. The RF muscle displayed increased mRNA levels of
myostatin in the first 7 days (1 day: 2.5 fold; 2 days: 4 fold; 3 days: 3.8 fold; 7 days: 3,8
fold, all p<0.01;Figure 2F). In the VL muscle, there were increases from 2 days until 7

days (2 days: 3.5 fold; 3 days: 2.3 fold; 7 days: 3 fold, all p<0.05; Figure 21).

Polyubiquitinated Proteins

In order to evaluate the rapid increase and higher levels of ubiquitin ligase gene
expression, which occurred mainly in the first three days in all groups, we evaluated the
ubiquitin accumulation levels on the third day. Accordingly, an accumulation of
ubiquitinated proteins was observed in all evaluated muscles of all groups compared to

the control group (Figure 3).

Muscle mass

Compared to the control group, NMES prevented muscle mass loss in the ACLES
group at 3 days in the VM and VL, at 7 days in the RF and at 15 days in the RF and VL
muscles (Figure 4). However, reductions in muscle mass were found in the VM (7 days:
23%, p=0.004; 15 days: 20%, p=0.01; Fig 4 A) and VL muscles (7 days: 16.5%,

p=0.01; Fig 4 F).
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The ACL group’s muscle mass was lower than the control group for all evaluated
muscles, showing the following reductions: VM muscle (3 days: 21%; 7 days: 22%; 15
days: 19%, all p<0.01; Figure 4A), RF muscle (7 days: 20%; 15 days: 22%, both
p<0.05; Figure 4B) and VL muscle (3 days: 15%; 7 days: 23%; 15 days: 25%, all

p<0.05; Figure 4C).

The Sham group presented the following reductions in muscle mass: VM muscle (3
days: 21%; 7 days: 21%, both p<0.01; Figure 4A), RF muscle (7 days: 20%, p<0.001,
Figure 4B) and VL muscle (3 days: 15%; 7 days: 26%, both p<0.01; Figure 4C). In

ShamES, NMES prevented the loss of muscle mass.

Muscle Fiber CSA

NMES only prevented the early reduction of muscle fiber CSA in ACLE VM at 3 days,
showing the following reductions compared to the control group: (VM: 7 days, 46%; 15
days, 36%, both p<0.01; Figure 4D; VL: 7 days: 40%; 15 days: 35% both p<0.01;

Figure 4F).

In the ACL group, the first reductions in CSA appeared at 3 days the VM muscle and at
7 days in the VL muscle (VM muscle: 3 days: 35%; 7 days: 29%; 15 days: 40%, all

p<0.01, Figure 4D; VL muscle: 7 days: 31%; 15 days: 34%, both p<0.01; Figure 4F).

In the Sham group, reductions in CSA compared to the control group were found at 3
and 7 days in the VM muscles, and only at 7 days in the VL muscle (VM muscle: 3
days: 33%; 7 days: 26%, both p<0.01, Figure 4D; VL muscle: 7 days: 32%, p=0.003,
Figure 4F). In ShamES, NMES prevented CSA reduction in the VL throughout the
experiment, but only at 3 days in VM, with a 29% reduction compared to the control

group at 7 days: (p=0.01; Figure 4D).
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Discussion

The results of this study provide new information about the effects of NMES on
the molecular pathways involved in quadriceps atrophy after ACL rupture in a rat
model. They were characterized by reduction or inhibition of increased mRNA levels of
atrogin-1, MuRF-1 and myostatin, which, in agreement with our hypothesis, was also
associated with inhibited early reduction of quadriceps muscle mass and muscle fiber
CSA. Moreover, similar results were found in the ShamES group, in which the
treatment prevented or minimized increases in the evaluated genes in the quadriceps. It
should also be pointed out that, due to the increased levels of the evaluated genes found
in all groups, the surgical procedure alone to the capsular ligament is enough to trigger
increased levels of these genes in MRNA and to induce atrophic adaptations in
quadriceps muscle. Moreover, unlike the ACL and ACLES group, muscle mass and
muscle fiber CSA had been restored by the 15" day after surgery in the Sham and
ShamES groups for all evaluated muscles, showing that ACL rupture is a restricting
factor for the restoration of muscle mass in the evaluated period, even after an NMES

protocol.

We showed that all surgical procedures triggered an increase in mRNA levels of
atrogin-1 and MuRF-1 in all evaluated muscles, although the ACL group showed the
highest levels, which might be due to the injured ligament itself. Nevertheless the joint
inflammation occurring after knee injuries or pathologies (osteoarthritis, ligament and
meniscus injuries, and arthroscopy) is probably related to the results observed in this

acute phase after surgery. 272324
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During the acute inflammatory phase after ACL rupture, increased levels of
inflammatory cytokines as interleukin-6 and tumor necrosis alpha (TNF-a) have been
demonstrated in the synovial liquid of both humans and rats, as well as in the
quadriceps muscle of rats after a saline injection into the knee.**?**! Thus, the increased
MRNA levels of atrogin-1 and MuRF-1 observed in the present study could be the result
of exposure to inflammatory cytokines from the injured joint, since it has been
demonstrated that TNF-o upregulates atrogin-1 expression with components of
Mitogen-Activated Protein Kinase (MAPK) family such as p38 MAPK.?**? Likewise,
TNF-a and nuclear factor-«f3, another inflammatory cytokine, upregulate transcription
factors that directly modulate MuRF-1 expression in skeletal muscle.?® More recently,
Ramirez demonstrated increased mRNA levels of TNF-o, MuRF-1 and Atrogin-1 in the

tibialis anterior muscle of rats submitted to ankle inflammation.*?

NMES has been used in an attempt to minimize or prevent the muscle atrophy in
many conditions, such as denervated muscle, spinal cord injury and quadriceps atrophy
after ACL rupture.>®*’ Few studies have shown the effects of NMES for inhibiting
muscle atrophy. In a denervated rat model, 200 contractions per day with a rest interval

910 and

of 8 hours between each session was able to inhibit muscle fiber atrophy
molecular changes®® in the EDL muscle of two-month-old rats. Implanted electrodes
were used in these studies rather than surface electrodes, which are recommended for

clinical NMES protocols. Due the limitation to use implanted electrodes, this study’s

protocol has not been previously tested in clinical trials.

Despite the daily NMES procedure applied to the ACLES group, which began as
soon as surgical procedures ended and continued throughout the evaluation period,

increased MRNA levels of atrogin-1 and MuRF-1 were not prevented in the first week,
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although the procedure helped minimize them in all evaluated muscles. Studies
evaluating NMES and atrogenes expression have shown that its level could be
minimized or even enhanced in response to stimulus periodicity (daily or on alternating
days) in denervated rat muscle, or minimized in hindlimb suspended rats with spinal
cord injury using implanted electrodes.’®?*%® Russo et al., using surface electrodes
similar to ours, demonstrated lower levels of atrogin-1 after NMES in denervated
muscle.”> Thus, the modulation of atrogenes by means of NMES depends on different
factors including both the parameters (number of sessions, frequency, pulse amplitude,
intensity) and the method used to provide treatment (superficial or implanted

electrodes).

It was also expected that the NMES in the ShamES group would inhibit increased
MRNA levels of atrogenes in the Sham group in the first days after surgery but, as in the
ACLES group, the stimulus only minimized mRNA levels. Thus, we believe that the
contractions provoked by NMES alone were insufficient to inhibit these increases,
possibly due to the AMI that was found to occur after joint capsule distension and
injuries, which inhibits the full activation of the quadriceps.”® Furthermore, studies
applying NMES after ACL rupture have demonstrated that voluntary contractions favor
a greater recruitment of motor units, which was recently shown to improve the
quadriceps of subjects after ACL reconstruction. *° Thus one of the main limitations of
this study was the infeasibility of associating voluntary contractions with NMES and

surface electrodes in rats.

In order to evaluate the effects of rapid increases in atrogenes expression, the levels of
ubiquitinated proteins were evaluated in all muscles at 3 days. As expected, an

accumulation of ubiquitinated proteins had occurred in all evaluated muscles of the
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ACL and Sham groups. However, the levels of ubiquitinated protein remained elevated,
despite attenuated atrogenes levels in some periods, until the third day in all evaluated
muscles of NMES groups. Surprisingly, the loss of muscle mass was prevented during
this period in all muscles, as was CSA in the VM. Accordingly, as observed in different
models of atrophy, it is known that an accumulation of ubiquitinated protein can also
result from reductions in accelerated proteolysis that have been promoted by
proteasome inhibition.?>>* Thus, we suppose that the accumulation of ubiquitinated
protein in the NMES groups could have occurred due to increased atrogenes levels
associated with lower proteolysis rates, thus delaying muscle mass loss in the VM and

VL muscles during this period.

The positive effects of muscle contraction during the early phases of atrophy are more
related to continued early phase protein synthesis than to reduced degradation, which
becomes more prevalent subsequently.* Accordingly, it has been demonstrated that
total muscle protein breakdown rates and 20S proteasome peptidase activities remained
largely unchanged after a high-resistance exercise bout, despite increased rates of
ubiquitin-conjugation immediately post-exercise, suggesting that this may be an
important mechanism involved in the muscle remodeling response to high-resistance

exercise.*

Exercise as a therapeutic modality can attenuate the loss of muscle mass even with
higher levels of ubiquitinated protein and ubiquitin ligases, as has been demonstrated by
Dupont-Versteegden et al. in a hindlimb suspension muscle disuse model."*
Additionally, muscle mass loss could be prevented during increased mRNA levels of
atrogin-1 by decreasing mRNA levels of myostatin, which may suppress the catabolic

process by stimulating the anabolic pathway.*
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Our data revealed altered mMRNA levels of myostatin in all evaluated muscles in most
evaluated periods. The main finding was that NMES inhibited myostatin mRNA in the
first 2 days in the VM for both ACLES and ShamES. In the latter group, there was also
inhibition in the VL at 3 and 7 days and in the RF on the first day. Regarding the ACL
and Sham groups, higher mRNA levels of myostatin occurred when atrogin-1 and
mMRNA levels of MuRF-1 were diminishing or low, especially in the VL. When NMES
did not inhibit myostatin mRNA, its levels were minimized. Thus, we believe that the
myostatin response to NMES could also have influenced muscle mass maintenance in
the VM and VL at 3 days and in the RF at 7 days. Nevertheless, further studies
evaluating hypertrophic pathways in the quadriceps muscle after ACL rupture would be

necessary to verify this hypothesis.

Accordingly, it was demonstrated that myostatin targets and inhibits the
phosphorylation of the protein kinase AKT, also known as PKB, inducing proteolysis
through increased levels of atrogin-1 in a FoxO1 dependent way.*® Moreover, AKT
inhibition by myostatin compromises the hypertrophic Akt/mTOR/p70S6K pathway.>*
Thus, we infer that myostatin could have a pivotal role after the ACL rupture, signaling
protein breakdown through FoxO-1 downstream targets (i.e., atrogin-1 and MuRF-1)

and impairing protein synthesis by inhibiting the Akt/mTOR/p70S6K pathway.

Although there were augmented levels of atrogin-1, MuRF-1 and myostatin from the
first day in all evaluated muscles in the ACL and Sham groups, a reduction in muscle
mass and CSA was first noticed at 3 and 7 days in the VM and VL respectively, with a
reduction in RF mass beginning at 7 days. The same pattern occurred in the NMES
groups, in which CSA reduction was first observed at 7 days in the VM and VL of

ACLES, and at 7 days in the VM of ShamES. This sudden increase in atrogenes
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expression followed by later changes in muscle mass and CSA was similar to the results

46
l.

of Sacheck et a in different models of muscle wasting as well as to other studies on

muscle atrophy and atrogenes expression *°.

Unlike the Sham and ShamES group, the animals from the ACL and ACLES groups
had not recovered muscle mass or muscle fiber CSA in all muscles at 15 days. This
could also be related to reduced gamma motor neuron activation after ACL rupture,
which results in attenuation of la afferents that might cause a prolonged disuse of fast-
twitch fibers innervated by high threshold motoneurons, thus limiting full muscle
activation. 2 Moreover, the previous increases in atrogin-1 and MuRF-1 levels in VL,
VM and RF in the ACLES and ACL groups and the augmented levels of atrogin-1 in
RF and VM at 15 days in ACL group might have influenced the lack of quadriceps

muscle mass recovery.

The RF is the only bi-articular muscle in the quadriceps, acting also as hip flexor. We
believe that this dual function could have led to a greater muscle activity level than was
present in the VL and VM muscles, preventing (despite the higher atrogenes levels)
both muscle mass loss, which was observed only on the 7" day, and CSA reduction.
Furthermore, NMES was effectively preserved RF muscle mass. Our results agree with
previous studies showing that the VM and VL are the most affected muscles in the
quadriceps after ACL injury.*® 3* Moreover, Okuyama et al. “® demonstrated increased
levels of HSP72 only in the VM and VL muscles after ACL transection in a rat model.
This study also attributed the lack of increased HSP72 levels in RF muscle to its bi-

articular function.
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We would like to point out that at 15 days the muscle mass and muscle fiber CSA
reduction percentages in the VM and VL muscles of the ACL group remained close to
the values found at 3 and 7 days in these muscles. Additionally, in every evaluated
period, NMES caused a greater reduction in muscle mass and CSA than was observed
in the ACL and Sham groups. These results indicate that the muscle mass reduction
occurred during the first week and continued in the following days, despite NMES
intervention. Thus, we might presume, based on these results, that the problem of
quadriceps mass and CSA recovery in the first two weeks after ACL rupture could also
be related to poor protein synthesis associated with previously sustained elevated
atrogene levels. This assumption is reinforced by the fact that muscle mass recovery can
occur while protein degradation rates are still elevated, as has been observed in septic

rats. >’

This study provides new information about the effects of NMES on the molecular
mechanisms involved in quadriceps muscle atrophy after ACL rupture. This knowledge
could help to improve rehabilitation interventions aiming to minimize the loss of muscle

mass after ACL rupture and knee surgery.
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Figure

Figure 1: Picture showing the localization of electrodes for electrical stimulation
procedure. A - Frontal view. B - Lateral view.
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Figure 2: The mRNA levels of Atrogin-1 inVastus Medialis (VM; A), Rectus Femoris (RF; D) and
Vastus Lateralis (VL; G) muscles of the quadriceps. The mRNA levels of MuRF-1 in VM (B), RF
(E) and VL (H) muscles. The mRNA levels of Myostatin in VM (C), RF (F) and VL (I) muscles.
Data are expressed as mean + standard deviation. aec = p<0,05: ACLES compared to Control
group; ac = p<0,05: ACL compared to Control group; aae = p<0,05: ACL compared to ACLES
group; sec= p<0,05: ShamES compared to control group; sc= p<0,05: Sham compared to Control
group; sa= p<0,05: Sham compared to ACL group; seae= p<0,05: sse = p<0,05: Sham compared to
ShamES group.
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Figure 3: Western Blots membranes of ubiquitinated protein conjugates at 3 days
and respective densical optical membranes evaluation (arbitrary units) obtained
from Vastus medialis (A), Rectus femoris (B) and Vastus Lateralis (C) muscles of
quadriceps. MW: molecular weight.
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Figure 4: The muscle mass/body mass ratio (MM/BM) and the cross sectional
area/body mass ratio (um2/g) of Vastus Medialis (A,D), Rectus Femoris (B,E) and
Vastus Lateralis (C,F) of rat quadriceps muscles. Data are expressed as mean + standard
deviation. aec= p<0,05: ACLES compared to control; ac= p<0.05: ACL compared to
Control group; aae= p<0,05: ACL compared to ACLES; ac= p<0,05: ACL compared to
Control group; sec= p<0,05: ShamES compared to control; sc = p<0.05: Sham
compared to Control group; sa= p<0.05: Sham compared to ACL group; sse= p<0,05:
Sham compared to ShamES; seae= p<0,05: ShamES compared to ACLES; sc= p<0,05:
Sham compared to Control group; sa = p<0,05: Sham compared to ACL group.
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