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Resumo:

A insuficiéncia cardiaca (IC) esta associada a miopatia dos musculos esqueléticos dos membros,
com perda da massa muscular, diminui¢do na proporgédo da cadeia pesada das miosinas do tipo |
(MHCI), aumento na proporcdo da cadeia pesada das miosinas do tipo Il (MHCII), decréscimo
do metabolismo oxidativo e alteragcbes nos fatores de regulacdo miogénica (MRFs). Na IC
também ocorre aumento do estresse oxidativo na musculatura esquelética, o qual esta relacionado
as mudancas estruturais, morfolégicas e funcionais. Nesse estudo, nos investigamos e
comparamos as caracteristicas morfofuncionais dos musculos Soleo (SOL), lento e com
predominio de fibras oxidativas e Extensor Digitorum Longus (EDL), rdpido e com predominio
de fibras glicoliticas em ratos com IC induzida pela monocrotalina. Foram utilizados ratos
Wistar, machos (90 a 100 g), divididos em 2 grupos: controle (CT) e insuficiéncia cardiaca (IC),
induzida pela injecdo de dose Unica de monocrotalina (MCT, 30mg/Kg i.p.). Ap6s 22 dias da injecéo
da MCT, quando os animais apresentaram sinais de IC, todos os animais foram sacrificados e pesados. Os
musculos SOL e EDL foram retirados, pesados e processados para as analises morfoldgicas, moleculares,
bioquimicas e funcionais. A expressdo génica da MyoD e miogenina foram determinadas usando qRT-
PCR, as isoformas de MHC foram determinadas por eletroforese em gel de poliacrilamida, a freqiiéncia e
area de seccdo transversal dos tipos de fibra foram analisadas pela reagdo histoquimica de ATPase
miofibrilar (mATPase). Foram realizados estudos bioquimicos para a determinacéo do hydroperéxido de
lipideo (HL), da glutationa peroxidase (GSH-Px) e da superéxido dismutase (SOD) e catalase (CAT); o
estudo miografico foi realizado para determinar a forca maxima de contracdo, o tempo de contracdo e de
relaxamento e a resisténcia a fadiga. Todos os ratos tratados com MCT mostraram sinais de IC (hipertrofia
de atrio e ventriculo direitos, derrame pleural, ascite e hepatomegalia) e atrofia dos musculos SOL e EDL,
confirmada pela diminuicdo da area de seccao transversal dos tipos de fibras (Tipos I, IC, IIC e 1IA no
SOL e |, IIC, 1A, 1IA/D e 1IDB no EDL). No grupo com IC, a freqiiéncia das fibras 11C diminuiu e o
tempo de relaxamento da contracdo muscular aumentou no musculo SOL,; a expressao génica de
Miogenina diminuiu no musculo SOL enquanto a de MyoD diminuiu no musculo EDL. A
concentracdo de Hidroperdxido de lipidio (HL) aumentou e a atividade das enzimas antioxidantes
Glutationa Peroxidase (GSH-Px) e Superoxido dismutase (SOD) diminuiu apenas no musculo
SOL dos animais com IC; no masculo EDL, ndo houve alteragdo nas propriedades contrateis, na
expressao génica, na concentracdo de HL e na atividade das enzimas antioxidantes. Nos grupos
estudados, ndo houve alteracdo nas MHCs nos musculos SOL e EDL. Em conclusdo, a IC

induzida por monocrotalina induziu alteragdes morfologicas, bioquimicas e funcionais
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principalmente no musculo SOL, masculo de contragdo lenta e constituido predominantemente
por fibras oxidativas. Embora novos estudos sejam necessarios para melhor esclarecer os
mecanismos envolvidos na fisiopatologia da insuficiéncia cardiaca, nossos resultados contribuem

para a compreensdo das alteracdes musculo-especificas que ocorrem nessa sindrome.
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Abstract

Heart failure (HF) is characterized by a limited exercise tolerance, skeletal muscle myopathy with atrophy,
shift toward fast muscle fiber and myogenic regulatory factors (MRFs) changes. Reactive oxygen species
(ROS) also contribute to target organ damage in the heart failure syndrome. In this study, we investigated
and compared the morphofunctional characteristics in SOL, a slow oxidative muscle and EDL, a fast
glycolytic muscle in a monocrotaline-induced heart failure. Two groups of rats were studied: control (CT)
and Heart Failure (HF), induced by a single intraperitoneal injection of monocrotaline (MCT, 30mg/Kg).
MyoD and myogenin expression were determined by using gRT-PCR, MHC isoforms were studied by
using polyacrylamide gel electrophoresis, muscle fiber-type frequency and cross sectional area (CSA)
were analyzed by myofibrillar adenosine triphosphatase (mATPase). Biochemical study were performed
to determine: lipid hydroperoxide (LH), glutathione peroxidase (GSH-Px) and superoxide dismutase
(SOD); myographic study was performed to analyze: amplitude, rise time, fall time and fatigue resistance
in SOL and EDL muscles. All monocrotaline treated rats showed signs of HF (atrium and right ventricular
hypertrophies, pleural and pericardial effusions, and congested liver). HF group showed SOL and EDL
muscles atrophy, confirmed by CSA decreased in muscle fiber types (types I, IC, 1IC and I1A in SOL and
I, IC, IA, IA/D and IIDB in EDL muscles); the frequency of 1IC fiber type and the fall time of muscle
contraction increased only in SOL muscle; he myogenin mRNA expression was lower only in the SOL
muscle and the MyoD mRNA expression decreased only in EDL muscle. HF group also presented the
concentration of lipid hydroperoxide increased, superoxide-dismutase and glutathione peroxidase activity
reduced only in SOL muscle; EDL muscle showed the contractile properties, concentration of HL and
antioxidant enzyme activity not changed. In the groups studied, the percentage distribution of MHCs did
not alter in both muscles. In conclusion, our results indicate that the HF induced by monocrotaline
promoted biochemical, morphological and functional changes, more prominent in the SOL, a slow-twitch
muscle. Although further experiments are required for better determine the mechanisms involved in the
pathophysiology of heart failure, our results contributes to the understanding of the muscle-specific

changes that occur in this syndrome.
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| - INTRODUCAO

1.1. Caracteristicas Gerais do Musculo Estriado Esquelético

O musculo estriado esquelético é um tecido dinamico e possui caracteristicas peculiares
de adaptacdo morfoldgica, metabolica e funcional frente aos mais variados estimulos (Pette e
Staron, 2000). Esse tecido € constituido por células especializadas, as fibras musculares, que sédo
alongadas e multinucleadas e os nucleos estdo localizados na regido periférica da fibra, abaixo da
membrana plasmatica (Figura 1). As fibras musculares estdo imersas em uma matriz extracelular
rica em carboidratos e proteinas, que constituem o tecido conjuntivo do musculo. Esse tecido esta
organizado em trés bainhas distintas: o epimisio, que circunda todo o musculo; o perimisio, que
divide o musculo em fasciculos e o endomisio, que circunda cada fibra muscular (Craig, 1994;
Sanes, 1994). A disposicdo altamente organizada dos diferentes tipos de fibras musculares
confere a este tecido uma ampla diversidade estrutural, metabdlica e funcional (Schiaffino e
Reggiani, 1994; Pette e Staron, 2000).

Figura 1 — Corte transversal das fibras do mudsculo s6leo de ratos. Fibras musculares (F); Perimisio (seta
descontinua); Endomisio (seta continua) e Mionucleos (ponta da seta). Coloracdo HE (40x).
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A regulacdo do processo de formacdo dos musculos esqueléticos envolve a ativacgéo,
proliferacdo e diferenciacdo de linhagens de células miogénicas e depende da expressdo e
atividade de varios fatores transcricionais, entre eles, os fatores de regulacdo miogénica (do
inglés, myogenic regulatory factors ou MRFs).

Os MRFs sdo membros da familia dos fatores transcricionais “basic helix-loop-helix”
(bHLH), da qual fazem parte a MyoD, Miogenina, Myf5 e 0 MRF4, (do inglés, myogenic
regulatory factors ou MRFs) (Patapoutian et al., 1995; Rawls et al., 1995; Zhang et al., 1995,
Yoon et al., 1997).

A Miogenina e a MyoD tém funcdo priméria na miogénese e estdo envolvidas na
manutencao do fendtipo da fibra muscular adulta, rapida ou lenta; a Miogenina é expressa em
niveis superiores aos da MyoD em musculos lentos, enquanto que o0 oposto é verdadeiro para
musculos rapidos (Murre et al., 1989; Hughes et al., 1993; Voytik et al., 1993; Megeney &
Rudnicki, 1995). No entanto, estudos tém demonstrado que a Miogenina esta mais relaciona com
0 metabolismo do musculo do que com as mudancas na composi¢do das MHCs (Hughes et al.,
1999; Siu et al., 2004).

Morfologicamente as fibras musculares sdo constituidas por estruturas repetidas, os
sarcomeros, unidade contratil fundamental da fibra muscular (Huxley, 1969). Cada sarcomero €
formado por varias proteinas: as proteinas contrateis miosina (filamento grosso) e actina
(filamento fino), além das proteinas estruturais, responsaveis pela organizacdo e integridade
funcional do sarcomero. O filamento fino é formado pela actina e duas proteinas reguladoras, a
troponina e tropomiosina (McComas, 1996). O filamento grosso é formado pela polimerizagéo de
200 a 300 moléculas de miosina da classe Il. A molécula de miosina € um hexamero formado por
duas cadeias pesadas de miosina (do inglés, myosin heavy chain ou MHC), enroladas em a-
hélice, e quatro cadeias leves de miosina (do inglés, myosin light chain ou MLC) (Lowey et al.,
1969; Weeds & Lowey, 1971; Elliot & Offer, 1978; Warrick & Spudich, 1987). Cada cadeia
pesada pode ser separada em duas porcOes: meromiosina leve, em forma de bastdo, e
meromiosina pesada, conhecida como por¢do globosa da miosina, a qual apresenta o sitio de
ligacdo com a actina e a regido capaz de ligar-se a molécula de ATP e hidrolisa-la (atividade
ATPasica) (Huxley, 1969; Lowey et al., 1969) (Figura 2).
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Figura 2 — Esquema da molécula de miosina da classe Il. Cadeias pesadas de miosina (MHC), cadeias
leves de miosina (MLC), meromiosina leves (LMM), meromiosina pesadas (HMM), e por¢éo globosa
S1e S2 da HMM. (Dal Pai-Silva et al., 2005).

Os primeiros estudos envolvendo o tecido muscular classificavam os musculos em
“vermelhos” ou “brancos” (Ranvier, 1873). A cor vermelha estd relacionada com a presenga do
pigmento mioglobina e com o grau de vascularizagdo do musculo. Com a utilizagdo de técnicas
histoquimicas, observou-se que a maioria dos musculos estriados dos mamiferos é constituida por
uma populacdo heterogénea de fibras, que apresentam caracteristicas genéticas, morfoldgicas,
bioguimicas e fisioldgicas distintas (Dubowitz e Pearse, 1960). Inicialmente as fibras musculares
foram classificadas em vermelhas, intermediarias e brancas (Ogata, 1958). Posteriormente, trés
tipos principais de fibras musculares foram descritas, sendo denominadas de fibras dos tipos I,
I1A e 11B, de acordo com o padrdo de reacdo para a atividade da ATPase miofibrilar (mATPase)
na porcao globular da miosina (mATPase) (Brooke e Kaiser, 1970).

A velocidade de contracdo de um musculo é diretamente proporcional a atividade da
mATPase (Talmadge e Roy, 1993). Este evento foi demonstrado em analises de fibras isoladas,
que revelaram uma alta correlagéo entre o tipo de fibra, baseado na atividade da mATPase, com a
especificidade da miosina de cadeia pesada (MHC) (Barany, 1967; Pette e Staron, 2000). A MHC
capaz de rapida hidrolise do ATP é caracteristica das fibras do tipo I, que sao fibras de contracdo
rapida. Ja a MHC de lenta hidrolise do ATP é encontrada nas fibras do tipo I, de contracdo lenta
(Kelly & Rubinstein, 1994).
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Neste contexto, Pette e Staron (2001) classificaram os tipos de fibras musculares em
fibras de contracdo lenta — Tipo I (Slow Fibers), expressando MHCI e fibras de contragdo rapida
— Tipo II (Fast Fibers), subdivididas em tipo IIA, expressando MHClIla; tipo IID, expressando
MHCIId e tipo IIB, expressando MHCIIb. As fibras do tipo IID (MHCIId) se equivalem as fibras
IIX (MHCIIx), descritas em ratos (Schiaffino e Reggiani, 1994) (Figura 3).

R R R C C C

Figura 3- Separacdo elétroforética das isoformas de miosina de cadeia pesada (MHC) em diferentes
musculos de ratos (R) e camundongos (C). Expresséo das Isoformas rapidas MHCIlla, MHCIId e MHCIIb e
da Isoforma lenta MHCI. TA, tibial anterior; PS, por¢do profunda do psoas; AM, adutor magno; GA,
gastrocnémio; VL, vasto lateral; TA, tibial anterior. Eletroforese em gel de poliacrilamida - SDS-PAGE.
(adaptado de Hamalainen e Pette, 1993).

As fibras do tipo I, 1A, 1ID/X e 11B séo classificadas como fibras puras (Pette & Staron,
1997; Staron et al., 1999). Porém, além das fibras puras, que expressam apenas um tipo de RNA
mensageiro para a MHC, ha fibras que co-expressam diferentes genes para a MHC (Biral et al.,
1988; Aigner et al, 1993; Schiaffino & Reggiani, 1994; Caiozzo et al., 2003). Essas fibras séo
classificadas de acordo com o tipo de MHC predominante: Tipo IC (MHC I > MHC Ila), Tipo
IIC (MHC Ila > MHC 1), Tipo IAD (MHC Ila > MHC I1d), Tipo I[IDA (MHCIId > MHClIIa),
Tipo IIDB (MHC IId > MHC IIb) e Tipo IIBD (MHC IIb > MHCIId) (Di Maso et al.,2000; Pette
e Staron, 2000; Pette e Staron, 2001). Deste modo, assume-se uma organizacao sequencial das
fibras puras, as quais sao intermediadas por fibras hibridas (I <> IC < IIC <> IIA < IIAD < IID
<> [IDB « 1IB) (Pette & Staron, 2000) (Figura 4).
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Figura 4— Corte transversal do masculo séleo de rato. Fibras musculares puras (I e I1A) e hibridas (IC e
11C). Reacdo da ATPase miofibrilar, pH 4,35.

A natureza dindmica dos tipos de fibras nos musculos de mamiferos, demonstra que
cada tipo de fibra apresenta diferentes atividades das enzimas metabdlicas. A anélise
histoquimica do musculo para as atividades de enzimas mitocondriais e mATPase permite a
identificacdo das fibras como de contracdo lenta e metabolismo oxidativo; de contracdo rapida e
metabolismo glicolitico e de contracdo rapida e metabolismo oxidativo e glicolitico (Peter et al.,
1972).

As fibras com metabolismo oxidativo apresentam muitas mitocondrias, pouco
glicogénio e maior numero de capilares por fibra. Recebem maior teor de oxigénio e metabdlitos,
possuem elevada atividade de fosforilagdo oxidativa e a remogdo dos produtos do metabolismo €
mais répida. As fibras com metabolismo glicolitico apresentam poucas mitocéndrias, muito
glicogénio e o numero de capilares por fibras € menor, sendo o aporte de oxigénio e metabodlitos
mais reduzido (Silau and Branchero, 1978; Gray et al., 1983; Sanger and Stoiber, 2001).

A identificacdo das caracteristicas contrateis das fibras musculares é importante, pois
como 0s musculos sdo compostos por varios tipos de fibras musculares, suas propriedades

refletem a soma das caracteristicas das fibras que o constituem.
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A especificidade na expressao das diferentes isoformas de MHCs, de acordo com o tipo
de fibra e musculo analisado, revela uma ampla diversidade estrutural, funcional e metabdlica do

musculo esquelético (Pette & Staron, 2000).

1.2. Plasticidade Muscular

A diversidade funcional e metabdlica dos tipos de fibras confere ao musculo esquelético
uma alta capacidade para realizar uma variedade de demandas funcionais (Campos et al., 2002).
Contudo, as fibras musculares exibem uma alta plasticidade, o que habilita este tecido a alterar
suas caracteristicas morfologicas, metabolicas e funcionais, como resposta a estimulos
especificos (Pette e Staron, 2000; Magaudda et al., 2004). Esta plasticidade muscular tem sido
demonstrada em diferentes estimulos, tais como exercicio de resisténcia (aerdbico), treinamento
contra resisténcia (forca), estimulacdo elétrica, desnervacdo e reinervacdo, imobilizacdo,
microgravidade, intervencdo nutricional, hipoxia, envelhecimento, fatores hormonais (Pette e
Staron, 2000; Fluck e Hoppeler, 2003) e frente a algumas patologias. Os estimulos sucessivos
podem provocar ajustes especificos no fendtipo das fibras musculares, a fim de suprir as
necessidades do organismo, e, adaptar a funcdo muscular (Buller et al., 1960; Gutmann et al.,
1972; Simoneau & Pette, 1988; Klitgaard et al., 1990; Frontera et al., 1991; Caiozzo et al., 1992;
Caiozzo et al., 1996; Adams et al., 1999; Demirel et al., 1999; Williamson et al., 2000; Fitts et al.,
2001; Sharman et al., 2001; Moura et al., 2002; Parcell et al., 2003; Willoughby & Rosene, 2003;
Harber et al., 2004; Siu et al., 2004).

Dentre as patologias que podem causar alteracBes nas caracteristicas do musculo
esquelético destaca-se a Insuficiéncia Cardiaca (IC) (Poole-Wilson & Ferrari, 1996; Wilson,
1996; Bigard et al., 1998).

1.3. Insuficiéncia Cardiaca
A insuficiéncia cardiaca (IC) é um estado fisiopatolédgico na qual o coragéo é incapaz de

bombear sangue de acordo com as necessidades metabolicas teciduais, ou pode fazé-lo

adequadamente a custa da elevacdo da pressdo de enchimento ventricular (Braunwald et al.,
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2001; Givertz et al., 2005). De acordo com Cohn (1988), a IC é uma sindrome clinica associada &
disfungdo cardiaca, diminuicdo da expectativa de vida e intolerancia aos exercicios fisicos.

A IC constitui um importante problema clinico devido & gravidade de suas
manifestacOes e a sua grande prevaléncia. Estudos de prevaléncia estimam que aproximadamente
23 milhdes de pessoas no mundo tém IC e que dois milhdes de casos novos sdo diagnosticados
anualmente (Sociedade Brasileira de Cardiologia, 1999; Neto, 2004; Barreto et al., 1998). Dados
obtidos nos Estados Unidos e na Europa mostram que a incidéncia média de IC é de 1 a 5 casos
por 1000 habitantes/ano, e sua prevaléncia é de aproximadamente 1% a 2% da populagéo (Cowie
et al., 1997). A IC encontra-se entre as principais causas de internacdo do Sistema Unico de
Saude (Albanesi Filho, 1998; Rossi Neto, 2004).

As principais causas da IC sdo isquemias, inflamacOes agudas, hipertensdo arterial e
alteracOes das valvas cardiacas (Francis, 2001) e entre os principais sintomas da IC encontram-se:
dispnéia, fraqueza e fadiga de membros inferiores com consequente reducdo da atividade
locomotora, intolerancia para realizar exercicios fisicos e piora da qualidade de vida (Poole-
Wilson & Ferrari, 1996; Wilson, 1996; Bigard et al., 1998). Estudos demonstraram pobre
correlagdo entre debito cardiaco, fluxo sanguineo e intolerancia ao exercicio, sugerindo como
principais contribuintes para a incapacidade funcional, as alteragdes periféricas musculares
(Wilson, 1995; Vescovo et al., 1998c; Cicoira, 2002; De Sousa et al., 2002).

1.4. Alteracdes nas fibras do Musculo Esquelético na Insuficiéncia Cardiaca

Na IC observa-se alteracdes musculo esqueléticas incluindo aumento do metabolismo
glicolitico, decréscimo do metabolismo oxidativo, e menor resisténcia a fadiga (Simonini et
al.,1996; Ventura-Clapier et al., 2003), mudanca fenotipica de fibras do Tipo | para do Tipo I,
modificacdes nas miosinas de cadeia pesada e presenca de atrofia da musculatura esquelética
(Mancini et al., 1992; Harrington et al., 1997; Poehman, 1999; De Sousa, et al., 2000; Carvalho et
al., 2003) contribuem para as limitagdes funcionais (Sullivan et al., 1990; Mancini et al., 1992,
Simonini et al., 1996; Bigard et al., 1998; Vescovo et al., 1998a, De Sousa et al., 2000).

Carvalho et al. (2003) demonstraram em ratos com IC induzida por estenose adrtica, que
na fase de hipertrofia cardiaca (18 semanas) o musculo SOL ja apresenta mudanca para um

padrdo fenotipico mais rapido.
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Embora vérios fatores tenham sido descritos como responsaveis pelo desenvolvimento
de fadiga nos pacientes com IC, sua etiopatogenia ainda ndo esta completamente esclarecida.
Esse fendmeno é decorrente, em parte, das alteracdes metabdlicas, com aumento do metabolismo
glicolitico, decréscimo do metabolismo oxidativo e menor resisténcia a fadiga (Simonini et
al.,1996; Lunde et. al., 200; Ventura-Clapier et al., 2003).

Na IC, diferentes vias podem regular as mudancas fenotipicas no masculo esquelético
(Allen et al., 2001; Carvalho et al., 2006; Filippatos et al., 2005; Spangenburg et al., 2002),
incluindo os MRFs (Hughes et al., 1993; Hughes et al., 1999). Como descrito anteriormente,
varios estudos tém sugerido que a MyoD € expressa em niveis superiores em musculos
glicoliticos/rapidos, enquanto a miogenina € encontrada principalmente em musculos
oxidativos/lentos (Hughes et al., 1993). Estudos tém demonstrado que a miogenina estd mais
envolvida com o metabolismo do musculo do que com as mudancgas nas caracteristicas contrateis
(Hughes et al., 1999, Ekmark et al., 2003, Siu et al., 2004).

Estudos tém demonstrado que as alteracGes na expressdo dos MRFs estdo diretamente
envolvidas no controle fenotipico muscular e nas alteragdes metabolicas, em resposta a varias
condi¢Bes como alteracdes hormonais, microgravidade e o exercicio fisico (Mozdiziak et. al.,
1998, Mozdiziak et. al., Hughes et. al., 1999). Entretanto h& poucas informacdes na literatura a
respeito do papel dos fatores de regulacdo miogénica na transicdo dos tipos de fibras musculares
e das isoformas de cadeia pesada de miosina que ocorre nos portadores de IC.

Hughes et al. (1999) demonstraram em animais transgénicos, a atuacdo da Miogenina na
transicdo do metabolismo de glicolitico para oxidativo, sem alterar as MHCs. Siu et al. (2004)
demonstraram no musculo SOL de ratos, submetidos a um programa de exercicio aerébico por 8
semanas, que a Miogenina estd linearmente relacionada com adaptacGes das enzimas do
metabolismo oxidativo.

Dados do nosso laboratério evidenciaram a participacdo dos MRFs na transicdo
fenotipica do musculo diafragma de ratos em modelo de IC induzido por monocrotalina. Houve
uma diminuicdo da expressdao de MHC rapidas, associada a uma diminui¢cdo da MyoD; sem
alterar a expressao da miogenina e do MRF4 (Lopes et al., 2008).

Na IC ocorre aumento de espécies reativas de oxigénio (EROs) que contribuem com as
alteracOes estruturais, morfoldgicas e funcionais da musculatura estriada esquelética (Lapu-Bula,

2007; Conraads et al., 2008). O consumo de oxigénio no metabolismo celular resulta na produgéo
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de EROs (Feuers, 1998). Vérios fatores podem estar envolvidos neste processo. Primeiramente,
uma deficiéncia de oxigénio ou na demanda de substrato para o musculo, pode levar a hipoxia e
reoxigenacdo resultando na producdo de EROs. No entanto, a oferta de oxigénio prejudicada ndo
pode ser a Unica causa desses transtornos, pois as anormalidades metabodlicas sdo detectados
mesmo na presenca de fluxo sanguineo adequado. Por outro lado, vérios fatores neuro-humorais,
incluindo as catecolaminas, angiotensina Il, e citocinas também podem envolvidos na producéo
de EROs (Drexler, 1992).

Para se proteger das EROs o mdsculo esquelético contém um sistema de enzimas
antioxidantes, dentre as quais encontram-se: superéxido dismutase (SOD), glutationa peroxidase
(GPx) e catalase (CAT), que protegem as células contra a agdo das EROs (Powers et al., 1999). O
estresse oxidativo € um desequilibrio entre a producdo de EROs e 0s componentes que as
neutralizam, em favor do primeiro (Nishiyama et al., 1998). Durante esse processo algumas das
EROs podem produzir danos celulares em lipidios, proteinas e acidos nucléicos.

Mdasculos de metabolismos diferentes apresentam defesa antioxidante distinta
(Hollander et al., 1999). Os musculos com predominio de fibras oxidativas/lentas possuem maior
atividade das enzimas antioxidantes, devido ao maior consumo de oxigénio (Semba et al., 2007).
Ja, nos masculos com predominio de fibras musculares Tipo IA e 11B, a atividade destas enzimas
é menor (Ji et al., 1992; Hollander et al., 1999).

Recentemente, o papel do estresse oxidativo no masculo esquelético tem sido explorado
como mecanismo de progressdo da insuficiéncia cardiaca (Dalla Libera et al., 2005;. Kinugawa et
al., 2000;. Tsutsui et al., 2001;. Tsutsui et al., 2008;. Vescovo et al., 2008) e tem sido relacionada
a intolerancia ao exercicio em pacientes com IC (Nishiyama et al., 1998).

Em humanos com IC, alteracfes no metabolismo oxidativo no masculo Vasto Lateral
foram observadas, estando associadas a reducdo da capacidade e menor tolerancia ao esforco
(menor VO, max). Os autores sugerem a relacdo dessas alteracbes com aumento do estresse
oxidativo (Vescovo et al., 2008).

Tsutsui et al. (2001) demonstraram no muasculo SOL e gastrocnémio de ratos com IC
induzida por infarto do miocardio, diminui¢do da atividade mitocondrial e aumentou a producéo
de EROs. No entanto, a atividade das enzimas antioxidantes, incluindo superoxido dismutase,

catalase e glutationa peroxidase, ndo alterou entre 0s grupos.
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De acordo com Dalla Libera et al. (2005), no modelo de insuficiéncia cardiaca induzida
por monocrotalina em ratos, a diminuigdo da funcdo muscular e capacidade fisica foram devido a
oxidacdo das proteinas actina miosina e tropomiosina. Durante a IC, o dano oxidativo pode
ocorrer na isoforma de MHC e isso pode contribuir, em parte, a disfuncdo muscular esquelética,
que ocorre nesta sindrome (Coirault et al., 2007).

Atualmente pouco é conhecido sobre as alteracdes promovidas pelo estresse oxidativo
nas caracteristicas morfofuncionais em musculos com padrdes contrateis e metabolicos distintos
na IC.
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11-OBJETIVO

A hipétese desse trabalho é que na insuficiéncia cardiaca, o estresse oxidativo pode
causar alteracdes morfofuncionais distintas em musculos oxidativos e glicoliticos

O objetivo deste trabalho foi investigar e comparar as caracteristicas morfofuncionias
dos musculos Soleo (SOL) (com predominio lento e oxidativo) e Extensor Digitorum Longus

(EDL) (com predominio rapido e glicolitico) na IC induzida por monocrotalina em ratos.
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I11- MATERIAIS E METODOS

Animais e Protocolo Experimental

Esse estudo foi realizado no Laboratério de Biologia do Mdasculo Estriado do
Departamento de Morfologia, Instituto de Biociéncias (IB), UNESP. Foram utilizados ratos
Wistar, machos, com peso corporal de 90 a 100g, provenientes do Centro do Biotério Central —
UNESP, Botucatu. Dois grupos experimentais foram utilizados:

e Grupo controle (CT)
e Grupo insuficiéncia cardiaca (IC)

Foram realizados dois experimentos idénticos devido a grande quantidade de analises
que foram realizadas. Foram utilizados 23 animais (10 CT e 13 IC) em cada experimento.

A IC foi induzida pela injecdo de monocrotalina (MCT — SIGMA, C-2401), um
alcaloide extraido da leguminosa Crotalaria spectabilis, que induz as lesdes nos vasos
pulmonares, com severa hipertensdo arterial pulmonar, seguida de HVD e IC, sem acarretar, per
si, alteracOes na musculatura esquelética (Reindel et al., 1990; Vescovo et al., 1998).

A monocrotalina foi injetada intraperitonealmente numa Unica dose (30 mg/kg i.p.).
Esses animais receberam racdo e agua ad libitum. No grupo CT, foi injetada solucdo salina e
esses receberam a mesma quantidade de ragdo consumida, no dia anterior, pelo grupo IC. Todos
os animais foram mantidos em gaiolas individuais, a temperatura de 23 °C e com ciclos de
luminosidade de 12 horas, no Biotério de Pequenos Mamiferos do Departamento de Morfologia —
IB — UNESP — Botucatu.

Os animais foram observados diariamente para a deteccdo dos sinais compativeis com o
diagnostico clinico de IC, como taquipnéia e pelos arrepiados. A presenca de IC foi confirmada,
no sacrificio dos ratos, pela presenca de derrame pleural, ascite, trombo em atrio direito e
hipertrofia do ventriculo direito (Dalla Libera et al., 1999; Carvalho et al., 2003).
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Sacrificio dos animais

Quando os sinais de insuficiéncia cardiaca foram visualizados, 0 que ocorre, neste
modelo, apds 22 dias da inje¢cdo de monocrotalina, os animais foram pesados e posteriormente

sacrificados por decapitagéo.

Estudo dos parametros anatdmicos

Os musculos SOL e EDL dos membros inferiores direito e esquerdo foram dissecados e
pesados. As razdes SOL/PC, EDL/PC foram utilizadas como indice de atrofia muscular (Vescovo
et al., 1998). O ventriculo esquerdo (VE) e direito (VD) também foram dissecados e pesados
separadamente. As relacdes entre o peso dos ventriculos esquerdo (PVE) e direito (PVD) sobre o
peso corporal (PC) dos ratos (PVE/PC e PVD/PC) foram utilizadas como indices de hipertrofia

ventricular.

Analise morfoldgica e histoquimica

Apos a retirada e pesagem dos musculos SOL e EDL, fragmentos do terco medial direito
foram congelados, utilizando-se isopentano a —70 °C, previamente resfriado em nitrogénio
liquido. O material congelado foi armazenado em Freezer a —80 °C para posterior andlise. Cortes
histolégicos com 10 um foram obtidos em microtomo criostato e submetidos a coloracdo HE para
a avaliacdo da morfologia geral das fibras musculares; outros cortes foram submetidos a reagédo
histoquimica de ATPase miofibrilar (Brooke e Kaiser, 1970) para a identificacdo dos tipos de

fibras e andlise de area.

Analise da Cadeia Pesada das Miosinas (MHC)

A andlise da cadeia pesada das miosinas (MHC) foi realizada por meio de eletroforese
em gel de poliacrilamida duodecilsulfato de sodio (SDS-PAGE). Foram utilizados 12 cortes
transversais (12 um de espessura) de musculo, colocados em 0,5mL de uma solugdo contendo
glicerol 10 % (w/vol), 2-mercaptoetanol 5 % (vol/vol), SDS 2.3 % (w/vol), Tris HCI 0.9 %
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(w/vol) por 10 minutos, a 60 °C. Procedeu-se a eletroforese de pequenas quantidades dos extratos
(5-8 pl), em gel de poliacrilamida (gradiente de 7-10 %) com um gel de empacotamento a 4 %,
com 26 horas de corrida a 180 V, e em seguida, corado com Coomassie Blue. As isoformas das
cadeias pesadas das miosinas foram identificadas de acordo com seus pesos moleculares, os géis
fotografados, as imagens capturadas por VDS Software (Pharmacia Biotech) e a porcentagem
relativa quantificada por densitometria usando Image Master VDS Software (version 3.0).

Analise Bioguimica

Fragmentos dos musculos SOL e EDL pesando aproximadamente 200 mg foram
homogeneizados em 5 ml de fosfato de sédio tampédo a 0,1 M, pH de 7,4, contendo 1 mM de
acido etilenodiaminotetracético (EDTA). O tecido homogeneizado foi preparado em um
homogeneizador Teflon Glass Potter Elvehjem por 1 minuto a 100 rpm., sendo centrifugado a
10.000 rpm por 15 minutos. O sobrenadante foi usado para determinar a concentracdo das
proteinas totais. Também foi determinada a concentracdo hidroperdxido de lipidio (HL), a
atividade das enzimas antioxidantes glutationa-peroxidase (GSH-Px) e superoxido dismutase
(SOD).

O hidroperoxido de lipidio foi determinado através da oxidac¢do do Fe2+ (sulfato ferroso
amoniacal) em condi¢bes acidas (Jiang et al., 1991). As atividades enzimaticas foram
determinadas com a utilizacdo de leitor de microplacas (Bio-Tech Instruments Inc., Winooski,
VT, Estados Unidos), e as determinacgdes espectrofotométricas feitas com espectrofotdmetro
Pharmacia Biotech (974213, Cambridge, Inglaterra).

A atividade da glutationa peroxidase foi determinada por meio da oxidagéo da glutationa
em presenca de peroxido de hidrogénio (Hopkins and Tudhope, 1973); a atividade da superdxido
dismutase foi determinada, tendo como base a capacidade da enzima inibir a reducdo do
nitroblue-tetrazélico (NBT) por radicais livres gerados pela hidroxilamina em meio alcalino
(Ewing and Janero, 1995).
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Avaliacdo gquantitativa da expressdo génica por Reacdo em Cadeia da Polimerase em Tempo

Real apds Transcricao Reversa (QRT-PCR).

a) Extracdo de RNA com TRIzol (Invitrogen Life Technologies, Carlsbad, CA, EUA)

No momento da extracdo de RNA, fragmentos musculares, previamente congelados em
nitrogénio liquido, foram homogeneizados com homogeneizador de tecidos (IKA UltraTurrax/T-
25) em 1 ml de TRIzol/50-100 mg de tecido. O material insoltvel resultante da homogeneizacao
foi retirado por centrifugacdo a 12.000 g por 10 minutos a 4 °C. Essa solugédo foi coletada e
transferida para um tubo de 1,5 ml e incubada durante cinco minutos a temperatura ambiente para
permitir a completa dissociacdo dos complexos ndcleo-protéicos. Apds esse periodo, foram
acrescentados 0,2 ml de cloroférmio, por ml de TRIzol utilizado, homogeneizado vigorosamente
e incubado novamente, por trés minutos a temperatura ambiente. Apds essa segunda incubagdo o
material foi centrifugado a 12.000 g por 15 minutos a 4 °C.

Para a precipitacdo do RNA, a fase aquosa formada, apos a centrifugacdo do material,
foi separada e precipitada por intermedio da incubagdo com 0,5 ml de isopropanol (por ml de
TRIzol utilizado inicialmente) por 10 minutos & temperatura ambiente. ApoOs esse periodo, o
material foi novamente centrifugado a 12.000 g por 10 minutos a 4 °C. O sedimento formado foi
lavado com 1 ml de etanol 75 % (por mL de TRIzol utilizado inicialmente) e centrifugado a
7.500 g por cinco minutos a 4 °C. O sobrenadante foi removido cuidadosamente e, ap0s a retirada
do excesso de liquido do fundo do tubo, o pellet foi seco a temperatura ambiente durante cerca de
5 minutos. O RNA total foi dissolvido em 30 pl 4gua destilada e autoclavada (tratada com
Dietilpirocarbonato-Sigma® - DEPC, a 0,01 %), incubado por 10 minutos & temperatura de 60 °C
e, finalmente, armazenado a — 80 °C. O RNA foi quantificado por espectrofotometria a 260 nm,
usando-se o fator de correcdo proprio para 0 RNA. Foi também determinada a razdo entre as
medidas espectrofotométricas a 260 e 280 nm (razdo entre a quantidade de RNA e proteinas), o
que nos forneceu uma estimativa da qualidade da extracdo. Serdo utilizadas as amostras com

razdo > 1.8.
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b) Gel analitico de agarose para RNA

A qualidade do RNA foi avaliada pela presenca das bandas correspondentes aos RNAs
ribossomais 28S e 18S, apos eletroforese de 2 ug de RNA em gel de agarose a 1 %, ndo
denaturante, corado com SYBR Safe (Invitrogen Life Technologies, Carlsbad, CA, EUA)
c) Tratamento do RNA com DNase

Conforme as instrugdes do protocolo DNase | - Amplification Grade (Invitrogen Life
Technologies, Carlsbad, CA, EUA), o RNA total destinado a reacdo de transcricdo reversa foi
transferido para microtubo estéril, onde foi acrescentado 1 ul de tampdo DNase, 1 ul de DNase |
(1 unidade/ml) e agua destilada tratada com DEPC e autoclavada na quantidade suficiente para
completar 10 pl de solucdo. Essa solucdo permaneceu a temperatura ambiente durante 15 minutos

e, em seguida, foi acrescido de 1 pl de EDTA (25mM) e incubado a 65 °C por 10 minutos.

d) Reacdo de Transcri¢ao Reversa (RT)

A transcricdo reversa do RNA total obtido do musculo esquelético foi realizada em
aliquotas contendo 1 pug de RNA total ao qual foi adicionado 1 ul de Randon Primers (50 ng/ul),
1 ul de dNTP (10 mM) e o volume ajustado para 10 ul com H,O com DEPC (dietil
pirocarbonato). Cada amostra foi incubada a 65 °C por 5 minutos e, incubada no gelo por pelo
menos 1 minuto. Em seguida, foi adicionado 9 pl de uma mistura composta de 2 ul de tampéo de
transcriptase reversa (10X RT buffer), 4 ul de MgCl, 25 mM, 2 ul de DTT 0.1 M e 1 ul de
inibidor de ribonuclease recombinante RNaseOUT e, a mistura incubada a 25 °C por 2 minutos.
Posteriormente, foi adicionado em cada tubo 1 ul de enzima de transcriptase reversa (50
unidades) e, a mistura incubada a 42 °C durante uma hora, seguida de um periodo de 15 minutos
a 75 °C. Foi adicionado, em cada tubo, 1 pl da enzima RNase H e incubado por 20 minutos a 37
°C.

e) Reacdo em cadeia da polimerase em Tempo Real (QPCR)

Aliquotas de 5 pl da reagdo de RT foram adicionadas a uma mistura contendo, 25 ul de
Platinum® SYBR® Green qPCR Supermix-UDG, 1ul de primers “sense” e “anti-sense” (10 pM)
e 0 volume completado para 50 ul com &gua tratada com DEPC, para cada amostra. Os primers
para os genes analisados (Tabela 1) foram obtidos através do programa para desenho de primers

OligoPerfect™ Designer disponivel no endereco eletrdnico (www.invitrogen.com/oligos), a partir
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de sequéncias publicadas no GenBank (www.pubmed.com), para garantir a especificidade das
seqliéncias-alvo, evitar a formacdo de estruturas secundarias dos primers e a dimerizagdo dentro
de cada primer e entre os primers sense e anti-sense. Os fragmentos dos produtos de gPCR
formam 80-250 pares de bases, confirmados por gel de agarose 1 % em tampédo TAE (1x) corado
com SYBR safe (Invitrogen Life Technologies, Carlsbad, CA, EUA). Obtivemos concentracado
6tima dos primers (100 a 500 nM) comprovada pela anélise da curva de anelamento para
identificacdo da formacéo de dimeros dos primers e pela especificidade da reacdo. As condi¢des
dos ciclos da reagdo do qPCR foram padronizadas de acordo com as instru¢des do fabricante do
equipamento adquirido. Foram analisados por meio do software Genorm quatro genes
constitutivos: ARBP (Acidic ribosomal phosphoprotein), HPRT (Hypoxanthine-guanine
phosphoribosyltransferase), TBP (Tata Box Binding protein) e GAPDH (Glyceraldehyde 3-
phosphate dehydrogenase) dos quais 0os mais estaveis foram utilizados como genes de referéncia.
Para 0 modelo e musculos estudados os genes constitutivos mais estaveis foram HPRT e ARBP.
O fator de normalizacéo gerado pelo software foi utilizado para normalizar os dados de expressao

dos genes alvo.

Tabela 1: Genes analisados pela reacdo de qRT-PCR.

Genes N° de acesso Sequiéncia (5’ - 3”)
MyoD NM 1760791 TTTTTCATGCGACTCACAGC
GAAGGCAGGGCTTAAGTGTG
Myogenin M24393.1 T GCCACAAGCCAGACTACCCACC
CGGGGCACTCACTGTCTCTCAA
ARBP NM 022402 CCTGCACACTCGCTTCCTAGAG

CAACAGTCGGGTAGCCAATCTG
CTCATGGACTGATTATGGACAGGAC

HPRT NM_012583
GCAGGTCAGCAAAGAACTTATAGCC

N° de acesso: numero de acesso as sequéncias publicadas no GenBank.
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Estudo Funcional

a) Preparacao musculo extensor longo dos dedos e misculo s6leo de camundongo

Os muasculos SOL e EDL foram rapidamente removidos e umedecidos
intermitentemente com solugdo nutriente Ringer com a seguinte composi¢do (mM): NaCl (135);
KCI (5); MgCl, (2); NaHCOj3; (15); CaCl, (2); Na;HPO, (1) e glicose (11). Em seguida os
musculos foram montados verticalmente em cubas para 6rgéo isolado, contendo 25 ml de solugéo
nutriente, constantemente borbulhada com carbogénio (95 % O, e 5 % CO,) segundo Gallacci e
Oliveira (1994). Os tendBes dos musculos SOL ou EDL foram conectados a um suporte de vidro
em forma de L e a um transdutor de tensdo isométrica (Grass, FT03), acoplado a um amplificador
de sinal (Gould Systems, 13-6615-50). Os registros foram efetuados em um computador, por
meio de um sistema de aquisicdo de dados (Gould Sytems, Summit ACQuire e Summit
DataViewer). A seguir, cada musculo foi posicionado entre os polos de um eletrodo bipolar de
platina, e este foi acoplado a um estimulador elétrico (Grass, S88). Para evitar alguma
contribuicdo da contragdo indireta, pancurdnio (2x10° M), um classico bloqueador de receptores

nicotinicos pos-sinapticos, foi adicionado a solugéo nutriente.

b) Protocolo Experimental do Estudo Funcional

Em todos os experimentos, as preparacdes foram mantidas a 27 = 2 °C e submetidas a
um periodo de estabilizacdo de 10 minutos (duracdo de 4 ms, freqtiéncia de 0,2 Hz e 30 V). No
final deste periodo, a tensdo de base foi estabelecida individualmente, de modo a fornecer a
tensdo méaxima para cada preparacdo. Em seguida, foram realizados estimulos tetanicos de 2
segundos de duracdo e com intervalos de 3 minutos (mudsculos SOL e EDL nas freqliéncias de
120 Hz e 200 Hz, respectivamente), para estabelecer a voltagem ideal para cada preparacdo. A

seguir, foram registrados 45 minutos de contragdes controle.

c) Resisténcia a Fadiga e Propriedades Contrateis

O teste de resisténcia a fadiga foi realizado por meio de 30 contracfes tetanicas. Para o
musculo EDL foi utilizada frequéncia de 200 Hz, e para 0 masculo SOL 120 Hz. A duragéo do
tétano foi 0.9 s para o muasculo EDL e 1.5 s para 0 musculo SOL. Essas combinagbes de

frequéncia e duragdo do tétano resultam no mesmo ndmero de estimulos em cada tétano para os
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dois musculos (Barclay, 1992). A resisténcia a fadiga foi determinada por meio da razdo (%) da
amplitude da contragdo teténica final em relagdo a inicial.

As propriedades contrateis, observadas na primeira contragdo do experimento de fadiga,
foram: forca maxima de contracdo, tempo de contracdo e tempo de relaxamento das contracdes
tetanicas. O tempo contracdo foi determinado entre 10 % e 90 % do desenvolvimento da forca
méxima de contracdo e o tempo de relaxamento entre 90 % e 10 % apds o pico de contracdo
méaxima. Apos as gravacdes, os musculos foram secos e pesados. A for¢ca méxima de contracdo

foi normalizada pela a area de sec¢éo transversa do musculo.

Andlise estatistica

Para a andlise do peso corporal, do peso dos musculos SOL e EDL, do indice de atrofia
muscular (SOL/PC e EDL/PC), dos dados bioguimicos e valores das propriedades contrateis foi
utilizado o teste t de Student. Os dados foram expressos em média e desvio padréo.

Para a anélise do peso das camaras cardiacas (AT, VE e VD), do indice de hipertrofia
cardiaca (AT/PC, VE/PC e VD/PC), da frequéncia dos tipos de fibras, anélise funcional de
resisténcia a Fadiga e da expressao génica foi utilizado o teste ndo paramétrico de Mann-Whitney
(Zar, 1999). Os valores foram expressos em mediana, valor maximo e valor minimo. Uma

diferenca de 5 % foi considerada estatisticamente significativa.
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V- CAPITULO I — Artigo

Differential morphofunctional characteristics in fast and slow muscles in a

monocrotaline-induced heart failure.

Abstract

Heart failure (HF) is characterized by a limited exercise tolerance, skeletal muscle myopathy with
atrophy, shift toward fast muscle fiber and myogenic regulatory factors (MRFs) changes.
Reactive oxygen species (ROS) also contribute to target organ damage in the heart failure
syndrome. In this study, we investigated and compared the morphofunctional characteristics in
SOL, a slow oxidative muscle and EDL, a fast glycolytic muscle in a monocrotaline-induced
heart failure. Two groups of rats were studied: control (CT) and Heart Failure (HF), induced by a
single intraperitoneal injection of monocrotaline (MCT, 30mg/Kg). MyoD and myogenin
expression were determined by using qRT-PCR, MHC isoforms were determined by using
polyacrylamide gel electrophoresis, muscle fiber-type frequency and cross sectional area (CSA)
were analyzed by myofibrillar adenosine triphosphatase (mATPase). Were performed
biochemical study to determine: lipid hydroperoxide (LH), glutathione peroxidase (GSH-Px) and
superoxide dismutase (SOD); myographic study was performed to determine: amplitude, rise
time, fall time and fatigue resistance in SOL and EDL muscles. All monocrotaline treated rat
showed signs of HF (atrium and right ventricular hypertrophies, pleural and pericardial effusions,
and congested liver), SOL and EDL muscles atrophy, confirmed by CSA decreased in muscle
fiber types (types I, IC, 1IC and IlA in SOL and I, IIC, 1A, IIA/D and IIDB in EDL muscles).
Muscle fiber frequency decreased in 1IC type and the fall time of muscle contraction increased
only in SOL muscle. The mRNA expression of myogenin was lower in SOL muscle and mRNA
expression of MyoD was decreased in EDL muscle. The concentration of lipid hydroperoxide
was increased, and superoxide-dismutase and glutathione peroxidase activity reduced only in
SOL muscle of animals with heart failure. The percentage distribution of MHCs, contractile
properties, concentration of HL and antioxidant enzyme activity were not different in EDL
muscle. In conclusion, our results indicate that the HF induced by monocrotaline promoted

biochemical, morphological and functional changes, more prominent in the SOL, a slow-twitch
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muscle. Although further experiments are required for better determine the mechanisms involved
in the pathophysiology of Heart Failure, our results contributes to the understanding of the

muscle-specific changes that occur in this syndrome.

Keywords: Skeletal muscle, Heart failure, Oxidative stress, Myosin, MRFs, Monocrotaline

Introduction

Heart failure (HF) is a clinical syndrome characterized by a limited exercise tolerance
with early appearance of dyspnea and fatigue (Coats et al. 1994) and by high mortality. It has
been shown that the increased levels of circulating inflammatory cytokines together with
neuroendocrine activation and catabolic/anabolic imbalance produces a skeletal muscle
myopathy, characterized by muscle wastage, reduced oxidative capacity, a shift from slow fatigue
resistant type | to fast less fatigue resistant type Il fibers and atrophy (Dalla Libera et al. 2004; De
Sousa et al. 2000; Lipkin et al. 1988; Mancini et al. 1992; Vescovo et al. 1998). These changes

further depress exercise capacity.

In HF, different pathways regulate phenotypic changes in skeletal muscle (Allen et al.
2001; Carvalho et al. 2006; Filippatos et al. 2005; Spangenburg et al. 2002), including the
myogenic regulatory factors (MRFs), a family of transcriptional factors that control the
expression of several skeletal muscle specific genes (Hughes et al. 1993; Hughes et al. 1999).
The family has four members: MyoD, myogenin, Myf5, and MRF4. MRFs form dimers with
ubiquitous E proteins (e.g. E12 or E47) resulting in heterodimeric complexes that bind to the E-
box consensus DNA sequence (5"-CANNTG-3") found in the regulatory region of many muscle-
specific genes (Murre et al. 1989). During embryogenesis, MRFs are critical for establishing
myogenic lineage and controlling terminal differentiation of myoblasts (Parker et al. 2003).
Several studies have suggested that MyoD transcript is prevalent in fast glycolytic muscle,
whereas the myogenin transcript is mainly found in slow-oxidative muscle (Hughes et al. 1993).
Studies have shown that myogenin is more involved with oxidative gene expression and
metabolic enzyme activity than contractile characteristics (Ekmark et al. 2003; Hughes et al.
1999; Siu et al. 2004).
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Reactive oxygen species (ROS) also contribute to target organ damage in the heart failure
syndrome (Lapu-Bula 2007). The use of oxygen to oxidative metabolism result in ROS
production (Feuers 1998). Several possible factors might be involved in this process. First, an
impaired oxygen or substrate delivery to the muscle could lead to hypoxia and reoxygenation
resulting in the generation of ROS. However, impaired oxygen delivery cannot be the sole cause
of these derangements because the metabolic abnormalities are detected even in the presence of
adequate blood flow. Second, various neurohumoral factors including catecholamines,

angiotensin 11, and cytokines also can activate the generation of ROS (Drexler 1992).

Nevertheless, skeletal muscle contains an enzymatic antioxidative system encompassing
superoxide dismutase (SOD), glutathione peroxidase (GPX), and catalase (Cat), which protect the
cells from attacks by ROS (Powers et al. 1999). Oxidative stress is an imbalance between the
oxidants and antioxidants systems in favor of the former (Nishiyama et al.1998). Recently, the
role of oxidative stress in skeletal muscle has been explored as such a mechanism of HF
progression (Dalla Libera et al. 2005; Kinugawa et al. 2000; Tsutsui et al. 2001; Tsutsui et al.
2008; Vescovo et al. 2008) and has been related to exercise intolerance in patients with HF
(Nishiyama et al. 1998).

Tsutsui et al. (2001) showed in the soleus and gastrocnemius muscles in rats with heart
failure induced by myocardial infarction, mitochondrial activity decreased and increased ROS
production. However, antioxidant enzyme activities, including superoxide dismutase, catalase,

and glutathione peroxidase, were similar between groups.

According to Dalla Libera et al. (2005), in the model of heart failure induced by
monocrotaline in rats, the decrease in muscle function and exercise capacity were due to the
oxidation of the proteins actin, myosin and tropomyosin. During HF, oxidative damage can occur
in the myosin heavy chain isoform and this may contribute, in part, to skeletal muscle
dysfunction that occurs in this syndrome (Coirault et al. 2007). These results support the
hypothesis that oxidative stress may cause (at least in part) skeletal muscle dysfunction in heart

failure.

However, little is known about the oxidative stress damage on the morphofunctional

characteristics in the oxidative and glycolytic muscles during HF. In this study, we investigated
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and compared the morphofunctional characteristics in SOL, a slow oxidative muscle and EDL, a

fast glycolytic muscle in a monocrotaline-induced heart failure.

Materials and methods

Experimental model

Twenty weaned male Wistar rats (3—4 weeks old; 80 - 100 g) were obtained from the
Central Animal House at Sdo Paulo State University. Heart failure (HF) was experimentally
induced in ten rats (HF group) by a single intraperitoneal (i.p., 30 mg/kg) injection of
monocrotaline (MCT — SIGMA, C-2401), a widely accepted heart failure model (Dalla Libera et
al. 2001; Leineweber et al. 2002; van Albada et al. 2010; Vescovo et al. 1998). MCT is a
pyrrolizidine alkaloid that induces pulmonary vascular disease with severe right ventricle
hypertrophy and failure (Reindel et al. 1990; Vescovo et al. 1989) without itself producing
changes in skeletal muscle (Vescovo et al. 1998). Preliminary experiments conducted in our lab
revealed that 30 mg/kg i.p. was an appropriate dose of MCT for the animals with regard to
survival and HF induction (Carvalho et al. 2006; Carvalho et al. 2010). MCT-treated rats were
allowed to eat freely from a supply of standard rat cubes. Ten control rats (CT group) were
injected with saline and were given the same quantity of food as consumed on the previous day
by the treated rats. HF and CT rats were studied 22 days after monocrotaline administration when
the HF group had developed overt heart failure. At the end of the experimental period, the
animals were sacrificed by decapitation and body weight (BW), SOL and EDL muscle weight
were evaluated. The EDL/BW and SOL/BW ratio were used as index of muscle atrophy. Left
ventricle weight (LVW), right ventricle weight (RVW), and atrium weight (ATW) normalized by
body weight (LVW/BW, RVW/BW and ATW/BW, respectively) were used as indexes of heart
hypertrophy. This experiment was approved by the Ethics Committee of Instituto de Biociéncias,
UNESP, Botucatu, SP, Brazil (Protocol. Number 103/2009-CEEA).
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Histochemical and morphometric procedures

SOL and EDL muscle were removed and the middle portion frozen in liquid nitrogen at -
156 °C. Samples were kept at -80 °C until use. Histological sections (12 um thick) were obtained
in a cryostat (JUNG CM1800, Leica Germany) at —24 °C to determine muscle fiber-type
frequency and cross sectional area (CSA), using myofibrillar adenosine triphosphatase
(mATPase) histochemistry after preincubation at pH 4.2 and 4.5 (Brooke and Kaiser 1970; Guth
and Samaha 1969) muscle fiber types were classified as types I, IC, 1IC, and IlA in SOL and I,
I1C, 1A, I1AD and IID/B in EDL muscles (Staron et al. 1999) (Fig. 1). Fiber cross-sectional area
for each fiber type and fiber-type frequency was determined using Image Analysis System
Software (Leica, Germany). These parameters were calculated in two random fields per animal

using a 20x objective.

SOL EDL

Fig. 1. Cross sections of SOL and EDL muscles showing fiber-type distribution using myofibrillar
adenosine triphosphatase (mATPase) reaction after preincubation at pH 4.5. SOL (I, type I; IC, type IC;
I1C, type IIC; A, type 11A); EDL (1, type I; 1A, type lIA; AD, type IIAD; DB, type IID + type 11B) muscle
fibers. Bar 40um.
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Electrophoretic separation of Myosin heavy chain (MHC)

MHC isoform analyze was performed by sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) in duplicate (maximum 5 % of variation). Ten serial cross sections (12 um
thick) were collected from each muscle sample and placed in a solution (0.5 mL) containing glycerol 10 %
(w/vol), 2-mercaptoethanol 5 % (vol/vol) and sodium dodecylsulfate (SDS) 2.3 % (w/vol) in a Tris/HCI
buffer 0.9 % (pH 6.8) (w/vol). The final solution was shaken for 1 minute and heated for 10 minutes at 60
°C (Campos et al. 2002). Small quantities (30 pL) of the extracts were submitted to electrophoresis
reaction (SDS-PAGE 7-10 %), using a 4 % stacking gel, for 26 hours at 180 V; the maximum current was
limited to 13 mA. The gels were stained with Coomassie Blue (Bar and Pette 1988) and used to identify
the isoforms according to their molecular weight. EDL muscle showed bands at the MHCI, MHClla,
MHCIId and MHCIIb levels and SOL muscle showed bands at the MHCI and MHClla levels (Fig. 2). The
gels were photographed, the images captured by VDS Software (Pharmacia Biotech) and their relative
percentages were quantified by densitometry using Image Master VDS Software (version 3.0).
Identification of MHC isoforms was accomplished by comigration of plantaris muscle samples using a
control animal as pattern.

CT HF Marker

EDL

Fig. 2. Representative SDS-PAGE gel used to quantify MHC isoforms in SOL and EDL muscles from
control (CT) and heart failure (HF) groups.
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RNA isolation and analysis

Total RNA was extracted from SOL and EDL muscles with TRIzol Reagent (Invitrogen,
USA). Frozen muscles were mechanically homogenized on ice in 1 ml ice-cold TRIzol reagent.
Total RNA was solubilized in nuclease-free H20, incubated in DNase | (Invitrogen, USA) to
remove any DNA present in the sample, and quantified by measuring the optical density (OD) at
260 nm. RNA purity was ensured by obtaining a 260/280 nm OD ratio of ~2.0. Degradation of
RNA samples was monitored by the observation of appropriate 28S to 18S ribosomal RNA ratios

as determined by GelRed staining of the agarose gels.

Reverse transcription

For each sample, cDNA was synthesized from 2 pg of total RNA by using components
from the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA). The
reaction contained 10 ul 10x Reverse Transcription Buffer, 4 pl 25x dNTPs, 10 ul 10x random
primers, 100 units of RNase inhibitor (Applied Biosystems, USA), 250 units of MultiScribeTM
Reverse Transcriptase, and the final volume was adjusted to 100 ul with nuclease-free H20. The
primers were allowed to anneal for 10 min at 25 °C before the reaction proceeded for 2 h at 37
°C. Control ““No RT’’ reactions were performed by omitting the RT enzyme. These reactions
were then PCR amplified to ensure that DNA did not contaminate the RNA. The resulting cDNA

samples were aliquoted and stored at -20 °C.

Real-Time gPCR

Two microliters of cDNA, corresponding to 20 ng of total RNA, from the Reverse
transcription reaction were used as a template in the real-time gPCR, performed in a 7300 Real-
Time PCR System (Applied Biosystems, USA). Cycling conditions were as follows: 95 °C for 10
min followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The reactions were run in
duplicate using 0.4 uM of each primer and 2X Power SYBR Green PCR master mix (Applied
Biosystems, USA) in a final volume of 25 ul. Primer sequences were designed using the Primer
Express v3.0 software (Applied Biosystems, USA) and are listed in the Table 1. Melting
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dissociation curves and agarose gel electrophoresis were performed to confirm that only a single
product was amplified. Control reactions were run lacking cDNA template to check for reagent
contamination. Relative gene expression was calculated using the Comparative CT Method
(Livak and Schmittgen 2001). The gene expression and the most stable reference genes were

obtained using geNorm (version 3.5, written by Vandesompele et al. 2002).

Table 1. Oligonucleotide primers used for Real-Time PCR amplification of reverse transcribed
RNA

PCR
Product Accession N° Sequence (5’ — 3°) Length
(bp)
TTTTTCATGCGACTCACAGC 137
MyoD NM_176079.1
GAAGGCAGGGCTTAAGTGTG
T GCCACAAGCCAGACTACCCACC 246
Myogenin M24393.1
CGGGGCACTCACTGTCTCTCAA
Acidic ribosomal 1 00,0, CCTECACACTCGCTTCCTAGAG 74
phosphoprotein - CAACAGTCGGGTAGCCAATCTG
Hypoxanthine CTCATGGACTGATTATGGACAGGAC 123
guanine NM_012583
phosphorib05y| GCAGGTCAGCAAAGAACTTATAGCC

Accession N°, GenBank accession number; bp base pairs

Biochemical study

Ten animals from each group were used for the biochemical study. Samples of 200 mg,
SOL and EDL muscle were weighed and homogenized in 5 ml of cold phosphate buffer (0.1 M,
pH 7.4) containing 1 mM ethylenediaminetetraacetic acid (EDTA). Tissue homogenates were
prepared in a motor-driven Teflon glass Potter Elvehjem tissue homogenizer (1 min. 100 rpm)
immersed in ice water. The homogenate was centrifuged at 10,000 rpm for 15 min and
supernatant was used to determine: Total protein (TP), lipid hydroperoxide (LH), glutathione
peroxidase (GSH-Px), superoxide dismutase (SOD), and catalase (CAT). LH was measured
through hydroperoxide-mediated Fe2+ oxidation under acid conditions (Jiang et al. 1991).

Samples were added to reaction mixtures containing 100uM xylenol orange, 250uM FeSO4,
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25uM H2S04, and 4mM butylated hydroxytoluene (BHT) in 90% (v/v) methanol. The mixtures
were incubated for 30 min at room temperature prior to measurement at 560nm. GSH-Px was
assayed using 0.15 M, pH 7.0 phosphate buffer containing 5mM EDTA, 0.1 ml 0.0084M
NADPH, 0.005 ml GSSG-reductase (Sigma), 0.01ml 1.125M NaN3 (sodium azide), and 0.1 ml
0.15M GSH (Hopkins and Tudhope 1973). Superoxide dismutase activity was determined by the
ability of the enzyme to inhibit reduction of nitro blue tetrazolium (NBT; Sigma). NBT reduction
rate in the absence of tissue was used as a reference. One unit of SOD was defined as the amount
of protein needed to decrease the reference rate to 50% maximum inhibition. All data were
expressed in SOD units per mg protein (Ewing and Janero 1995). Enzyme activities were
determined using a microplate reader (Bio-tech Instruments INC USA). Spectrophotometric
determinations were performed in a Pharmacia Biotech spectrophotometer (974213, Cambridge,
England). All reagents were from Sigma (Sigma. St. Louis, MO, USA). The extinction
coefficient for NADH at 340 nm was 6.22 umol-1 cm-1 and for DTNB at 412 nm was 13.6
mmol-1 cm-1.

Fatigue Resistance and Contractile Properties

The EDL muscle or SOL muscle preparations were removed and mounted for myographic
recording in vitro, according to Gallacci and Oliveira (1994). The preparation was mounted
vertically in a conventional isolated organ-bath chamber containing 25 mL of physiological
solution of the following composition (mmol/L): NaCl, 135; KCI, 5; MgCI2, 1; CaCl2, 2;
NaHCO3, 15; NaH2PO4, 1; glucose, 11. This solution was bubbled with carbogen (95 % O2 and
5 % CO2), which kept the pH at 7.4 to 7.5, and maintained at 27 °C. The preparations were
attached to isometric force transducers (Grass, FT03) for recording the twitch tension. The
transducer signal outputs were amplified and recorded on computer via a transducer signal
conditioner (Gould, 13-6615-50) with an AcquireLab Data Acquisition System (Gould). Once
mounted in the test apparatus, muscles were allowed 10 min to equilibrate to the experimental
temperature. A series of brief tetanic contractions were used to establish the muscle length that
produces the maximum tetanic force. The isometric contractile properties of muscles and their
resistance to fatigue were assessed in sequence. Direct contractions were evoked by

supramaximal pulses (0.2 Hz, 4 ms and 30 V), delivered from an electrical stimulator (Grass,
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S88), through a bipolar electrode positioned on opposite sides of the muscle. To avoid the
interference of indirect contractions, these experiments were performed in the presence of
pancuronium bromide (2x10-6 M). Fatigue resistance protocol consisted of 30 tetanic
contractions. For EDL muscles the frequency was 200 Hz and for SOL muscle 120 Hz. The
duration of tetani was 0.9 s for EDL and 1.5 s for SOL muscle. These combinations of pulse
frequency and tetanus duration resulted in both muscles receiving the same number of stimulus
pulses in each tetanus (Barclay 1992). Fatigue resistance was defined as the force developed in
the last contraction of a series relative to the force in the first contraction and was expressed as a
percentage. The contractile properties studied were amplitude, rise time and fall time of the first
tetanic contraction. The rise time of contraction was determined between 10 % and 90 % of the
development of maximum amplitude and the fall time was determined between 90 % and 10 %
after maximum amplitude. Following recordings, muscles were dried and weighed. Force was

normalized for muscle cross-sectional area.

Statistical analysis

Anatomical data, muscle fiber cross-sectional area, biochemical data and contractile
properties values were expressed as mean + standard deviation (SD). Comparisons between
groups were made using the Student’s unpaired t-test. Muscle fiber frequency, MHC isoform
content values, gene expression and fatigue resistance values were expressed as median,
maximum and minimum value. Comparisons between groups were using Mann-Whitney test

(Zar 1999). Differences were considered to be significant when P< 0.05.

Results
Presence of heart failure in the monocrotaline-treated rats
After 22 days, all monocrotaline treated rats showed heart failure at post-mortem,

confirmed by atrium and right ventricular hypertrophies (RVW/BW >0.80), pleural and

pericardial effusions, and congested liver. No alterations were found in the control rats.
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There was no significant difference in BW between HF and CT groups. Heart weight was
increased in HF compared to CT, as demonstrated by LVW, RVW, and ATW and by the heart
hypertrophy indexes (RVW/BW and ATW/BW) (Table 2).

Table 2. Anatomical data of CT and HF

Experimental groups

CT (n=10) HF (n=13)
BW (g) 166.83 + 11.94 173.79 + 15.66
RVW (mg) 133 (116; 153) 382 (346; 460) **
RVW/BW (mg) 0.79 (0.69; 0.80) 2.21(1.87; 2.64) **
LVW (mg) 395.00 (365; 462) 489.00 (417; 559) *
LVW/BW (mg) 2.38 (2.25; 2.71) 2.85 (2.29; 3.30) *
ATW (mg) 59.00 (46.00; 74.00) 129.00 (71; 169) **
ATW/BW (mg) 0.35 (0.26; 0.46) 0.85 (0.39; 0.99) **
SOL (mg) 91.00 + 17.00 81.00 + 11.00
SOL/BW (mg) 0.54 +0.08 0.46 +0.05 *
EDL (mg) 89.00 + 8.00 76.00 + 11.00 *
EDL/BW (mg) 0.54 +0.04 0.44 +0.04 **

Values are means + SD (BW, SOL, SOL/BW, EDL, EDL/BW) and median (maximum — minimum value)
(RVW, RVW/BW, LVW, LVW/BW, ATW, ATW/BW); n: number of animals; CT: control group; HF: heart
failure group; BW: body weight; LVW: left ventricle weight; RVW: right ventricle weight; ATW: atrium
weight; EDL: extensor digitorum longus weight; SOL: soleus weight; * P<0.05 and **P<0.001;
Statistical significance versus control group.

Degree of muscles, fiber type frequency and atrophy

SOL and EDL atrophy index (SOL/BW; EDL/BW) were significantly decreased in the HF
compared to the CT group (Table 2). Using the myofibrillar adenosine triphosphatase (mATPase)
histochemical reaction, after preincubation at pH 4.2 and 4.5, in both muscles, all muscle fiber
types showed CSA decreased in the HF compared to the CT group (P< 0.05) (Fig. 3 and 4).
Muscle fiber frequency decreased only in IIC type in SOL muscle of HF compared to the CT
group (Tables 3 and 4).
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Fig. 3. Cross-sectional area (CSA; um?) of SOL muscle fiber types I, IC, 1IC and lIA in control (CT, n =
10) and heart failure (HF, n=10) groups. Values are expressed as meanxSE. *P<0.05: Statistical

significance versus control group.
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Fig. 4. Cross-sectional area (CSA; um?) of EDL muscle fiber types I, IIC, IIA, 1A/D, and 1IDB in control
(CT, n = 10) and heart failure (HF, n =10) groups. Values are expressed as meantSE. *P<0.05:
Statistical significance versus control group.
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Table 3. Fiber-type frequency (I, IC, IIC, I1A) in SOL muscle from control (CT) and heart failure (HF)
groups

Group | IC 1C A
cT 70,4(68,56-84,62)  7,2(1,13-1121)  2,8(2,02-9,72) 14,4 (10,98-22,50)
HF 77,5(66,18-81,87)  3,1(0,18-3,89) 1,7(0,18-2,43)*  17,1(13,20-31,56)

Values are median (maximum — minimum value) * P<0.05; Statistical significance versus control group.

Table 4. Fiber-type frequency (I, I1IC, IIDB, IIAD e 1IA) in EDL muscle from control (CT) and heart
failure (HF) groups

Group | IC A 1AD 1IDB
CT  46(1,359) 09(9,7-33) 151(7,621,5) 52 (2,2-11,5) 74,8 (70,6-77,4)

HF  40(1955)  06(0-2,3)  167(12,8208) 3.8(2952) 752 (69,2-78,9)

Values are median (maximum — minimum value) * P<0.05; Statistical significance versus control group.

The representative SDS-PAGE gel used to quantify MHC isoforms is shown in the Fig. 2
and data from the two groups are summarized in the Tables 5 and 6. SOL muscle showed MHCI
and MHClla isoforms; EDL muscle presented MHCI, MHCIla, MHCIId and MHCIIb isoforms.
The percentage distribution of MHCs was not different between groups (p> 0.05).

Table 5. Percentage distribution of myosin heavy chain (MHC), | and Ila in SOL muscle from control
(CT) and heart failure (HF) groups

Groups MHC | MHC I1A
CT 80.5 (72.7-88.1) 19.5 (11.9-27.3)
HF 78.9 (66.3-89.14) 21.1 (10.9-33.7)

Values are median (maximum — minimum value) * P<0.05; Statistical significance versus control group.
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Table 6. Percentage distribution of myosin heavy chain (MHC), I, lla, Ild and Ilb in EDL muscle from
control (CT) and heart failure (HF) groups.

Groups MHC | MHC 1A MHC 11D MHC 11B
cT 6.7 (3.0-16,5) 7.0 (3.5-10.2) 26.2 (21.9-28.3) 57.4 (51.5-10.7)
HF 5.6 (3.2-12.2) 7.6 (3.9-9.9) 24.0 (14.8-31.6) 59.5 (51.4-75.8)

Values are median (maximum — minimum value) * P<0.05; Statistical significance versus control group.

Gene Expression Analysis by RT-gPCR

The measurement of gene expression by RT-gPCR revealed that SOL muscle mRNA
expression of Myogenin was significantly lower in the HF comparing to CT group. EDL muscle

MRNA expression of MyoD was significantly decreased in the HF comparing to CT group (Fig. 5
and 6).
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Fig. 5. mRNA abundance estimated by RT-gPCR of MyoD and Myogenin (Myog) in SOL muscle of the
control (CT, n=10) and heart failure (HF, n=10) groups. Data were expressed as minimum, 1% quartile,
median, 3" quartile and maximum values. Gene expression was normalized to the reference gene
Hypoxanthine-guanine phosphoribosyltransferase (HPRT) and acidic ribosomal phosphoprotein
(ARBP) from the same RT product. Normalized data are expressed in arbitrary units (AU). *P<0.05:
statistical significance versus control group.
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Fig. 6. mRNA abundance estimated by RT-gPCR of MyoD and Myogenin (Myog) in EDL muscle of the
control (CT, n=10) and heart failure (HF, n=10) groups. Data were expressed as minimum, 1% quartile,
median, 3" quartile and maximum values. Gene expression was normalized to the reference gene
Hypoxanthine-guanine phosphoribosyltransferase (HPRT) and acidic ribosomal phosphoprotein
(ARBP) from the same RT product. Normalized data are expressed in arbitrary units (AU). *P<0.05:
statistical significance versus control group.

Biochemical analysis

SOL muscle in HF group showed increased lipid hydroperoxide, reduced superoxide-
dismutase and glutathione peroxidase activity in comparison to CT group. In EDL muscle, lipid
hydroperoxide, superoxide-dismutase and glutathione peroxidase activity was similar between
groups (Table 7).

Table 7. Oxidative stress in SOL and EDL muscles in control (CT) and heart failure (HF) groups

SOL EDL
CT (n=10) HF (n=10) CT (n=10) HF (n=10)
GSH-Px 100.26 + 19.25 73.56 + 15.69* 47.16 + 1353  50.04 +12.69
(U/mg of tissue)
SOD 32.77 £3.95 24.66 £5.17* 33.3+1.32 31.26 + 3.60
(U/mg of tissue)
HL 362.78 +49.29  429.14 +58.02*  460.47 +27.11  452.7 + 42.07
(nmol/mg
of tissue)

Means £ SD; n - number of animals; GSH-Px - glutathione peroxidase; SOD - superoxide-dismutase; LH
- lipid hydroperoxide. * P<0.05; Statistical significance versus control group.
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Contractile Properties and Fatigue Resistance Tests

The fall time was prolonged in the HF group comparing to the control group, only in the SOL
muscle (Table 8). However, there were no significant changes in the amplitude, rise time and the fatigue

resistance of EDL and SOL muscles in the HF group comparing to control (Tables 8 and 9).

Table 8. Contractile properties of directly evoked twitches in SOL and EDL muscles in control (CT) and
heart failure (HF) groups

SOL EDL
2
RT (ms) FT (ms) @ /-II';]'?‘T]Z) RT (ms) FT (ms) TA (g/mm’)
CT 28.5 89.5 29.3 12.52 25.68 21.77
(n=10) +5.0 +10.3 +13.7 +0.39 +4.41 +9.53
HF 30.0 1195 25.7 12.50 27.3 24.18
(n=10) +6.1 + 32.0* +11.3 +0.25 +5.07 +5.07

Means + SD; n - number of animals; RT — Rise time of twitch; FT — Fall time of twitch; TA — Twitch
amplitude * P<0.05; Statistical significance versus control group.

Table 9. Fatigue resistance evaluated from the decrease of 30 direct contractions in SOL and EDL muscle
in control (CT) and heart failure (HF) groups

Fatigue resistance

SOL EDL
CT (n=10) 0.36 (0.47-0.25) 0.36 (0.57-0.22)
HF (n=10) 0.35 (0.71-0.24) 0.34 (0.50-0.27)

Median (maximum and minimum value); n - number of animals; Amplitude of directly evoked tetanus
were expressed as a percentage to the initial amplitude * P<0.05; Statistical significance versus control

group.

Discussion

The aim of this study was to investigate and to compare the morphofunctional characteristics in
SOL and EDL muscles in a monocrotaline-induced heart failure. The major finding in this study is that
monocrotaline-induced heart failure promoted distinct alterations in skeletal muscles with distinct
morphofunctional characteristics. These alterations were higher in oxidative (SOL) than in glycolytic
(EDL) muscles. We showed atrophy in SOL and EDL muscles, oxidative stress, down-regulation in
myogenin mMRNA expression and prolongation of fall time of tetanic contraction only in SOL muscle;

down-regulation in MyoD mRNA expression occurred only in EDL muscle.
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Skeletal muscle atrophy in HF has been commonly described in clinical (Anker et al., 1999;
Mancini et al. 1992; Sullivan et al. 1990), and experimental studies (Carvalho et al. 2003; Dalla Libera et
al. 2004; Delp et al. 1997; Schulze et al. 2003). However, skeletal muscle atrophy is dependent on the
model of HF used and muscle type examined. In experiments using the monocrotaline to induce HF in
rats, there was no atrophy in the diaphragm (Lopes et al. 2008), but the EDL muscle showed atrophy
(Carvalho et al 2006; Carvalho et al. 2010). Martinez et al. (2010) observed atrophy, in the SOL muscle,
in rats with HF induced by myocardial infarction. Carvalho et al. (2003) showed muscle atrophy in rats
with HF induced by aortic stenosis (AS). In our study, HF promoted SOL and EDL muscle atrophy, after
22 days from monocrotaline treatment.

Some factors seems to be involved in muscle atrophy in HF, as disuse conditions
(Gundersen & Merlie 1994), aging (Alway et al. 2002), physical activity and neuromuscular
reduced, systemic activation of neurohormones and inflammatory cytokines (Dalla Libera et al.
2001; Fillipatos et al. 2005; Toth et al. 2006). Preliminary experiments conducted in our lab
showed that skeletal muscle atrophy in HF may be involved with changes in the MRFs gene
expression (Carvalho et al. 2006; Martinez et al. 2010), and changes in the atrogenes MAFbx /
atrogin - 1 and Murfl (Carvalho et al. 2010).

In our experiment, the increased in the LH and decreased antioxidant enzymes activity
(GSH-Px and SOD) in the SOL muscle of HF group indicates an increased oxidative stress in this
muscle. In EDL muscle, the activity of these enzymes was not change. Oxidative stress in
skeletal muscle play an important role related to the structural and functional changes (Barreiro et
al. 2005; Kaasik et al. 1999).

Muscles with different metabolic characteristics present distinct antioxidant defense; in those with
a predominance of oxidative and slow muscle fibers the antioxidant enzyme activity is higher than in the
muscle with a predominance of glycolytic and fast fibers (Semba et al. 2007). Mancini et al. (1989)
demonstrated a decrease in antioxidant enzyme activities, increased frequency of fast twitch fibers and
decrease in the frequency of slow twitch fibers, in gastrocnemius muscle, in patients with HF; these
characteristics were also observed in gastrocmenius muscle, in rats with HF induced by myocardial
infarction (Brunotte et al. 1995). In HF induced by monocrotaline, model used in our study, the decrease
in the antioxidant enzymes activity and the increase in LH only in the SOL muscle indicate that HF
effects was more pronounced in this muscle, fact that could have contributed to the contractile properties
in this muscle.

The decrease in mMRNA expression of myogenin in the SOL and MyoD in the EDL muscle of HF
group may be related to the muscle atrophy observed in these muscles (Carvalho et al. 2006; Martinez et
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al. 2010). These MRFs are involved in the embryonic and adult myogenesis, controlling the myoblasts or
satellite cells activity, respectively. MRFs also are involved in the maintenance of the muscle fibers
phenotype fast and slow; the myogenin is more expressed in slow muscles, whereas MyoD is more
expressed in fast muscles (Hughes et al. 1993; Megeney & Rudnicki, 1995; Murre et al. 1989; Voytik et
al. 1993). Thus, the significant decrease in mRNA expression of MyoD and myogenin in EDL and SOL
muscles may indicate a change in the satellite cells proliferation and differentiation that in turn culminated
with the muscles atrophy.

In the HF, changes in the skeletal muscle phenotypic characteristics frequently occur
(Dalla Libera et al. 2009; Vescovo et al. 1998) with a decrease in the slow and increase in the fast
type fibers, which makes the muscle faster. In our study, there was a significant decrease in the
frequency of hybrid-type IIC fibers in the SOL muscle. This decrease was not accompanied by a
significant increase in the frequency of fiber type IIA. Electrophoresis analysis showed a
tendency to decrease the relative percentage of MHC | and increase in the relative percentage of
MHC I1A. Therefore, we believe that in the acute model of HF used in our study, there was a
tendency of the SOL muscle in acquiring the fast phenotype. This statement is in according to the
gene expression results.

In relation to the contractile properties, there were no changes in the fatigue resistance
and muscular maximum amplitude in the muscles studied in HF. De Sousa et al. (2001) showed
no changes in contractile properties in SOL muscle in rats with HF induced by aortic stenosis.
However, the fall time of contraction in the SOL muscle in HF group was higher compared to the
control group. This finding is in according to Ertunc et al. (2009) which showed that HF leads the
prolongation of twitch fall time only in SOL muscle. Kuno et al. (1988) reported that muscles
with higher proportions of type Il fibers (fast twitch and glycolytic metabolism) have higher fall
time compared to muscles with a predominance of type | fibers (slow twitch and oxidative
metabolism). Thus, our findings regarding the SOL muscle confirm the trend in purchasing the
faster phenotype in this muscle, in the monocrotaline-induced HF.

In conclusion, our results indicate that the HF induced by monocrotaline promoted biochemical,
morphological and functional changes, more prominent in the SOL, a slow-twitch muscle. Although
further experiments are required for better determine the mechanisms involved in the pathophysiology of
Heart Failure, our results contributes to the understanding of the muscle-specific changes that occur in this

syndrome.
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