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RESUMO
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AUTOR: NELSON RODRIGUES DE CARVALHO
ORIENTADOR: FELIX ALEXANDRE ANTUNES SOARES

Local e Data da Defesa: Santa Maria, 16 de margo de 2012.

Lesbes musculares esqueléticas estdo entre as causas mais frequentes de
comprometimento funcional do tecido muscular, acometendo a qualidade de vida e
sdo as principais responsaveis pela perda do ritmo de treinamento no caso de
atletas. As lesbes mais frequentes sdo as contusdes e distensdes musculares.
Assim, o desenvolvimento de terapias que amenizem e possam acelerar o processo
de reparo celular e reabilitacdo tecidual sdo de grande importancia. Desta forma,
aplicacoes terapéuticas de agentes fisicos estdo ganhando destaque, principalmente
na medicina desportiva, no tratamento de lesdes musculares esquelética, porém,
nao apresentam o mecanismo de acdo totalmente esclarecido. Este estudo foi
realizado para examinar se a modulacdo do estresse oxidativo poderia ser um
importante fator envolvido nos efeitos benéficos da crio e da termoterapia na injuria
por distensdo no muasculo gastrocnemius. Ratos machos Wistar adultos foram
submetidos a distensdo muscular e tratados com agentes terapéuticos fisicos, frio e
calor, de forma isolada ou combinada. A lesdo por distensdo causou um aumento
nos marcadores de dano oxidativo, tais como a formacdo de espécies reativas e
peroxidacdo lipidica no musculo e no sangue. NOés sugerimos que este dano
oxidativo € possivelmente relacionado a um prejuizo da estrutura da célula muscular,
assim, observamos uma significante correlacdo positiva entre 0 aumento nos niveis
plasmaticos de Creatina Quinase e no musculo e sangue niveis de
Diclorofluoresceina oxidada e substancias reativas ao é&cido tiobarbitarico. A
intensidade da resposta inflamatéria parece ser também um importante fator
envolvido na génese do dano oxidativo nos momentos iniciais a lesdo. O frio
terapéutico parece ser 0 mais efetivo em prevenir o dano induzido pela distensao
muscular possivelmente devido a sua capacidade em modular os danos a estrutura
da célula muscular e também a intensidade da resposta inflamatdria que segue a
injuria masculo esquelética.

Palavras-Chaves: Musculo esquelético. Distensado. Crioterapia. Termoterapia. Dano
oxidativo
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Skeletal muscle injuries are among the most frequent causes of functional
impairment in muscle tissue, affecting the life quality and are primarily responsible for
the loss of rhythm in the case of training athletes. The skeletal muscle lesion most
frequent are contusion and strain injury. Thus, developing therapies that mitigate and
might accelerate the rehabilitation process of injured tissue are of great importance.
For this reason, therapeutic applications of physical agents are gaining prominence,
especially in sports medicine for the treatment of skeletal muscle injury, but do not
have the mechanism of action fully understood. This study was performed in order to
examine whether the modulation of oxidative stress could be an important factor
involved in the beneficial effect of cryo and thermoterapy on strain gastrocnemius
muscle injury. Adult male Wistar rats were submitted to a strain injury and treated
with the therapeutic agents in an isolated or combined form. Strain damages caused
an increase in muscle and blood oxidative damage. We suggest that this oxidative
damage is possible related to the impairment of the muscle cells structure since that
we observed a significant positive correlation among the increase in plasma Creatine
Kinase levels and in muscle and blood Dichlorofluorescein oxidized and
Thiobarbituric acid reactive substance levels. The inflammatory response intensity
seems to be also an important factor involved in the genesis of the oxidative damage
in the initial moments that follows the muscle strain injury. The therapeutic cold
seems to be more effective to prevent the damage induced by the strain injury
possible due to its capacity to control the muscle cells structure impairment and also
to modulate the inflammatory response intensity that follows a muscle strain injury.

Key Words: Skeletal muscle. Strain injury. Cryotherapy. Termotherapy. Oxidative
damage.
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APRESENTACAO

No item INTRODUCAO, esté& descrita uma sucinta reviséo bibliogréfica sobre
os temas trabalhados nesta dissertagao.

O desenvolvimento referente a esta dissertacdo estdo apresentados sob a
forma de um artigo publicado na revista Journal of Sports Sciences o qual se
encontra alocado no item ARTIGO CIENTIFICO. As secBes Materiais e Métodos,
Resultados, Discussdo dos Resultados, Conclusdo e Referéncias Bibliogréficas,
encontram-se no proprio artigo e representam a integra deste estudo.

Os itens CONCLUSOES e PERSPECTIVAS s&o encontrados no final desta
dissertacdo, apresenta interpretacées e comentarios gerais sobre a investigacao
desenvolvida.

As REFERENCIAS BIBLIOGRAFICAS referem-se somente as citacbes que
aparecem no item INTRODUCAO desta dissertacéio uma vez que o artigo cientifico

contém as suas proprias referéncias.
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INTRODUCAO

O tecido muscular apresenta origem mesodérmica, podendo ser diferenciado
em trés tipos, musculo cardiaco, musculo esquelético e musculo liso, caracterizados
de acordo com suas peculiares morfolégicas e funcionais (Grounds, 1998). O tecido
musculo esquelético é constituido por células organizadas em grupos de feixes que
se encontram envolvidos pelo tecido conjuntivo, o qual permite uma unido concisa
entre as fibras apresentando flexibilidade, auxiliando para que a forca contratil
gerada individualmente possa ser transferida de forma Unica para todo o muasculo.
Assim, 0 musculo apresenta uma fungdo essencial para o organismo, desenvolver
tensdo e executar trabalho mecanico, ou seja, promover o movimento (Brukner e
Khan, 2001; Jarvinen et al., 2005). O musculo esquelético demonstra ser um tecido
altamente versétil, e capaz de se adaptar perfeitamente, a determinadas situacdes.
E possivel de ser observada esta capacidade adaptativa durante a pratica de
exercicio fisico, onde o muasculo consegue se adequar a uma necessidade
metabolica maior do que aquela durante o periodo de repouso (Ji et al., 1991).
Estudos também demonstram que durante a senescéncia ha o prejuizo funcional do
musculo observado pela sarcopenia, perda de massa muscular, em associacédo a
isto € possivel de ser evidenciado um aumento no dano oxidativo e
consequentemente disfuncdo mitocondrial (Grounds, 1998; Lanza e Nair, 2009).

Por outro lado, o comprometimento da capacidade funcional do tecido
muscular como consequéncia das injurias musculares esqueléticas estdo entre as
principais causas de morbidade e perda de ritmo de treinamento para atletas
profissionais, praticantes de atividades recreativas ou atividades diarias, desta
forma, as lesbes musculares demonstram-se como complicacdes que apresentam
uma alta frequéncia, e assim, afetando a qualidade de vida (Li et al.,, 2005).
Pesquisas recentes tém demonstrado que diversas atividades podem apresentar um
indice consideravel de lesdes musculares esqueléticas, dentre estas podem ser
destacadas as atividades de deslocamento (caminhada e ciclismo) e atividades
cotidianas (jardinagem, cuidados do lar) as quais apresentam respectivamente 5 e
22 % de incidéncias de lesGes musculares. No entanto, a grande maioria das lesdes
musculares sdo ocasionadas durante atividades recreativas e esportes competitivos,

representando 73% das lesdes (Parkkari et al., 2004).



13

Neste contexto € importante determinar qual o tipo e o grau de lesédo, desta
forma as injarias musculares esqueléticas podem ser divididas em categorias
distintas, classificadas de acordo com a forma e grau de injuria tecidual, assim, sé&o
elas: As contusGes musculares ocorrem quando o musculo € submetido a uma
abrupta e pesada forgca compressiva levando ao comprometimento interno, em geral
com integridade do segmento cutaneo, sendo tipico de esportes de contato. A
laceracdo € um evento mais drastico, onde ndo somente ha o rompimento de fibras
musculares, mas também um possivel dano a estrutura 6ssea, € considerada o tipo
de lesdo mais incomum, as cédibras que sao contracdbes musculares que
impossibilitam o atleta de relaxar o musculo voluntariamente, os entorses se
apresentam como um movimento brusco além da amplitude normal do movimento
fisiolégico da articulagdo, a luxacdo que € a perda da congruéncia articular,
tendinites e bursites. Por ultimo, a distensdo muscular que ocorre em decorréncia de
uma forca de tracdo excessiva submetida ao masculo e levando-o a uma sobrecarga
das fibras musculares e, consequentemente, uma ruptura préxima a juncao
miotendinosa (Kellett, 1986; Jarvinen et al., 2005). Nestas circunstancias as
propriedades de elasticidade, extensibilidade e contratilidade das células musculares
podem ser comprometidas.

As alteracfes nas propriedades mecanicas e fisiolégicas do tecido podem ser
resultado de uma incapacidade funcional da unidade contratil da fibra muscular, a
gual é designada como sarcomero. Além disso, a lesdo consequentemente poderia
provocar um comprometimento da membrana celular. Desta forma, dados da
literatura indicam que lesdes por contusao e distensdo perfazem aproximadamente
90% dos casos documentados (Hurme e Kalimo, 1992; Kalimo et al., 1997), e a
importancia da distensdo, uma injuria por estiramento, € clara para medicina
esportiva e ocupacional uma vez que a distensdo muscular acomete
aproximadamente 30% dos casos relatados na medicina. No campo do atletismo as
lesdes musculares por distensdo sdo comuns em atletas de velocidades, tais como
corredores e participantes de futebol americano, basquetebol, futebol, rugby e outros
esportes (Kirkendall e Garrett, 2002).

Além das categorias de lesGes musculares apresentadas, estas podem ser
separadas de acordo com o grau de cada uma delas, sendo assim, divididas em
lesbes de primeiro, segundo e terceiro grau (Jarvinen et al., 2005). Lesbes de

primeiro (1°) grau sdo as mais comuns e acontecem quando ha um estiramento das
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fibras musculares, porém o individuo permanece praticando a atividade. A sensacao
intensa de dor costuma aparecer no dia seguinte e o periodo de recuperagdo é
cerca de 5 dias. Segundo (2°) Grau uma maior quantidade de fibra é rompida.
Durante a atividade ha a sensacédo de algo “rasgando” no musculo, e apresenta-se a
incapacidade de manter a atividade fisica. O periodo de recuperagéo corresponde a
aproximadamente 10 dias. Terceiro (3°) Grau € o caso mais grave. H4 uma ruptura
completa do musculo, e a cura sé é possivel com cirurgia. O individuo interrompe de
imediato e, muitas vezes, ndo tem condi¢cdes de movimentar a regido do corpo onde
houve a lesdo. A recuperacao é aproximadamente 21 dias (Hurme e Kalimo, 1992;
Kalimo et al., 1997). A reabilitacdo estrutural do tecido muscular esquelético esta
intimamente associada com o0 processo de resposta inflamatéria (Kirkendall e
Garrett, 2002).

Como um mecanismo de protecdo para o organismo, a resposta inflamatoéria
€ um evento desencadeado pelo sistema imunoldgico. A resposta inflamatéria pode
ser iniciada por diversos fatores, tais como injuria mecanica, , doencas infecciosas e
toxinas bioquimicas. Além de se manifestar fisiopatologicamente em diversas
doencas humanas como a hepatotoxicidade, injaria por isquemia e reperfuséo
muscular esquelética (Gute et al., 1998; Judge e Dodd, 2003; Dambach et al., 2006).
A resposta inflamatéria apresenta sintomas e sinais caracteristicos, como a
formacé&o de calor, rubor, tumor (edema), dor e por ultimo a perda da funcéo. Estes
sinais cardinais apresentados sao manifestados em decorréncia do aumento no
fluxo sanguineo e permeabilidade capilar, permitindo um influxo de células
fagociticas, e consequente dano ao tecido. Levando isto em consideracdo, a
resposta inflamatoéria subsequente a lesdo muscular envolve uma cascata complexa
de eventos, sendo que este abrange a participacdo de linfocitos e mensageiros
guimicos sinalizadores. Dentre as moléculas quimicas atuantes neste processo, se
destaca, sobretudo, a bradicinina e histamina, que sensibilizam os receptores da
dor, e produzem vasodilatacdo local, além da consequente migracdo de fagocitos,
0S quais sao atraidos por quimiotaxia para o sitio do processo inflamatério. O
processo inflamatdrio em injurias musculares tais como as lesdes por distensdo e
contusdo consistem de neutrofilia, ativacdo de neutréfilos e acumulo de neutrdfilos
dentro da area lesada (Toumi e Best, 2003).

Assim, é importante destacar que tanto o reparo celular quanto tecidual no

sitio de lesdo sdo essenciais para o processo de reabilitacdo. Neste contexto, o
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estabelecimento do reparo tecidual pode apresentar-se dividido em 3 fases: 12 fase
ocorre a destruicdo — inflamacao, 22 fase acontece o reparo propriamente dito e 32
fase o remodelamento e reorganizacdo do tecido. Desta forma, é importante
salientar que, cada uma destas fases apresenta uma intima dependéncia do grau de
lesdo a qual o tecido esta sendo submetido (Jarvinen et al., 2005). A existéncia de
uma resposta inflamatéria subsequente a injuria muscular € um processo
necessario, o qual visa uma reabilitacdo e regeneracdo tecidual. O processo
inflamatério desencadeado para reabilitacdo frequentemente € acompanhado por
um aumento da formacao de espécies reativas tanto de oxigénio (EROs) quanto
nitrogénio (ERNs), as quais auxiliam na degradacdo e remocdo de células
danificadas. Todavia, este processo deve ser, portanto, controlada para evitar uma
excessiva producao de espécies reativas, as quais podem exacerbar o dano tecidual
(Toumi e Best, 2003).

Com o advento evolutivo do metabolismo aerdbico, a célula eucarittica
tornou-se um ambiente altamente oxidante o qual ndo somente permite extrair com
maior eficiéncia a energia quimica de seus substratos energéticos, mas também,
uma maior eficiéncia na producdo de adenosina trifosfato (ATP) durante a
fosforilacdo oxidativa na cadeia respiratdria mitocondrial (Thannickal, 2009). O
oxigénio envolvido no metabolismo oxidativo demonstra ser fundamental na
manutencdo da vida dos organismos aerébicos. Todavia, o préprio metabolismo
oxidativo celular pode apresentar como subprodutos de determinadas reacbes a
geracdo de moléculas reativas, e estas por sua vez, poderiam ser toxicas e
mutagénicas para a célula (Gutteridge, 1994). No entanto, a formacdo ponderada
das EROs podem ser benéficas, pois estdo envolvidas no auxilio a resposta
imunoldgica e sinalizacdo intracelular modulando ndo somente a cascata de
sinalizacdo do NF-kB, fator nuclear kappa B, um importante fator de transcricdo de
muitos genes de pro - sobrevivéncia, mas também o Nrf2, fator de transcricao
nuclear 2, um regulador de um amplo espectro de genes antioxidantes que atuam
em sinergia para remover EROs através de reacfes enzimaticas sequenciais
(Fialkow et al., 2007; Buonocore et al., 2010).

A geracdo endogena de EROs pode ocorrer como subprodutos da atividade
cataliticas de determinadas enzimas, tais como, a-Cetoglutarato Desidrogenase
(Tretter e Adam-Vizi, 2004), Xantina Oxidase e NADPH Oxidase (Medow et al.,

2011). Além destas fontes enzimaticas, a atividade da cadeia respiratéria



16

mitocondrial contribui ativamente para a formacao de espécies reativas (Kowaltowski
et al., 2009). Dados da literatura demonstram que aproximadamente 1-5% dos
elétrons que fluem pela cadeia respiratéria mitocondrial, ndo reduzam o oxigénio
(O2) molecular em agua (H20), e sim acarretem na formacao do anion superéxido
(O2") e posteriormente produz perdxido de hidrogénio (H,O,) (Fridovich, 1978;
Halliwell, 1994a; Kowaltowski et al., 2009). A geracdo mitocondrial de espécies
reativas ocorre principalmente através da atividade dos Complexos | e i,
desencadeando a geracdo de O,". Assim, é importante salientar que a producao
espécies reativas mitocondriais, quando elevadas, podem comprometer a
integridade da membrana interna e externa, afetando a formacdo do potencial de
membrana e em funcdo disso comprometendo a sintese de ATP, um processo
dependente da diferenca de potencial gerado através do bombeamento de protons
da matriz para o espaco intermembrana (Jezek e Hlavata, 2005; Kowaltowski et al.,
2009), e especialmente causar danos significativos em nivel de DNA mitocondrial,
afetando a maquinaria metabdlica da organela.

A participacdo dos neutrofilos € fundamental durante a inflamacdo, os
neutrofilos sdo as primeiras populacdes de células brancas a entrar na area
traumatizada ou tecidos estressados, e sua principal funcdo é conter e destruir o
tecido danificado ou corpos estranhos através da fagocitose, aumento respiratorio, e
degranulacao. Neutroéfilos geram acido hipocloroso e hipoclorito (HOCI/OCI') a partir
de H,0O, na presenca de ions cloreto para facilitar a degradacéo e remocéao do tecido
danificado. A geracdo pronunciada do HOCI/OCI" é um processo catalisado pela
mieloperoxidase (MPQO), enzima localizada dentro de granulo chamado azuréfilo
encontrado em leucécitos, sendo que esta enzima perfaz 5 e 1% do conteludo total
de proteina celular, em neutréfilos e mondcitos, respectivamente (Brown et al.,
2001). O potencial destas células capaz de exacerbar o dano muscular tem sido
cuidadosamente estudado em uma variedade de modelos experimentais (Schneider
e Tiidus, 2007).

E importante considerar que em determinadas situacées, tais como as lesdes
musculares por distensdo e por contusdo, a formacdo de moléculas reativas
tornasse demasiadamente elevada, e o evidente desequilibrio entre a formacao e a
decomposicdo das EROs e espécies reativas de nitrogénio (ERNSs) alcancam niveis
considerados téxicos, desta forma, caracterizasse como um processo denominado
de estresse oxidativo (Fridovich, 1978; Halliwell, 2006; Kowaltowski et al., 2009). O
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estresse oxidativo tem sido amplamente documentado na literatura em situagdes
fisiopatologicas de determinadas doengas humanas, tais como aterosclerose,
hipertenséo, isquemia e reperfuséo, inflamagéo, fibrose cistica, diabetes, Parkinson,
Alzheimer e outras doencas neurodegenerativas, entretanto, durante as lesdes
musculares por distensdo e contusdo ainda permanece obscuro (Halliwell,
1994h;2006). A instabilidade redox intracelular provocada pelo estresse oxidativo
acarreta em uma perturbacdo da homeostase intracelular (Buonocore et al., 2010).
O dano oxidativo leva a uma complexa sequéncia de eventos celulares, tais como a
peroxidagao lipidica, ligagdo covalente a macromoléculas, mudangas no status tiol,
inibicdo de enzimas. Além disso, mudancas na estrutura e permeabilidade da
membrana, danificagdo no DNA, dano mitocondrial, e por fim consequentemente
provocando o processo de apoptose e necrose do tecido (Halliwell, 2006; Buonocore
et al., 2010).

Como mecanismo apropriado para prosperidade da vida na terra, organismos
aerobicos desenvolveram evolutivamente uma complexa maquinaria metabdlica
apropriada para minimizar os danos oxidativos causados pela formacdo exagerada
de EROs e ERNs (Gutteridge, 1994; Thannickal, 2009). Os sistemas de defesa
celular séo divididos em duas categorias, as quais desempenham sua atividade por
meio da neutralizacdo das moléculas reativas, ou impedindo a sua formacgéao. O
sistema antioxidante enzimatico constituido pela Superdxido Dismutase (SOD),
Catalase (CAT), Glutationa Peroxidase (GPx), além de enzimas auxiliares que
contribuem para a manutencédo da homeostase do status redox celular, tais como
Glutationa Redutase (GR), Glicose 6-Fosfato Desidrogenase (G6PDH) e Glutationa
S-Transferase (GST) (Ji et al., 1991; Gutteridge, 1994). O sistema antioxidante néo
enzimatico, o qual se relaciona a um grupo de antioxidantes que podem ser
agrupados em compostos produzidos in vivo, como € o caso do tripeptideo
glutationa (GSH), da ubiquinona e do acido urico, e em compostos obtidos
diretamente da dieta tais como vitaminas E, C, B-caroteno, a-tocoferol e outros
compostos. (Gutteridge, 1994; Halliwell, 1994a;b; Powers e Jackson, 2008). A
concentracdo dessas moléculas no organismo €é fortemente modulada pela
alimentacdo através da ingestdo de compostos que poderiam atuar como
precursores metabdlicos. Em situagcdes como a observada durante aclimatacéo ao
exercicio, a demanda metabdlica intensa provoca um aumento no consumo de

oxigénio o qual, culmina na formacdo de EROs. Entretanto, no decorrer do
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treinamento, este aumento na formacdo de EROs, é o sinal necessario para
desencadear um aumento na expressao de genes que codificam enzimas
responsaveis pela resposta antioxidante, tais como MnSOD e GPx (Ji et al., 1990; Ji,
1993). Além disso, uma maior producdo de antioxidantes ndo enzimaticos como a
GSH, que favorece uma adaptacdo ao estresse provocado pela atividade fisica
(Halliwell e Cross, 1994; Ji et al., 1998).

A geracao de oxido nitrico (NOS) a qual envolve a participacdo da enzima
oxido nitrico sintase € essencial para o tecido, uma vez que a producao endotelial de
oxido nitrico auxilia na vasodilatacdo resultando no aumento da perfusdo sanguinea
no sitio de lesdo (Filippin et al., 2011; Krauss et al.,, 2011). Dados da literatura
demonstram, em modelos de isquemia e reperfusdo muscular, que a utilizacao de L-
arginina, um substrato para enzima NOS, reduz a formagédo de edema no local de
lesdo, indicando que o 6xido nitrico influencia na permeabilidade endotelial (Krauss
et al., 2011). Contudo, durante a intensa resposta inflamatoria no tecido muscular
lesado a producao excessiva de O, pode reagir com o 6xido nitrico e intensificar o
dano com a formacdo de peroxinitrito, processo que contribui para 0 estresse
oxidativo oriundo da lesdo muscular (Huk et al., 1997). Por outro lado, estudos
demonstram que a geracdo de Oxido nitrico durante a fase de regeneracdo e
reabilitacdo tecidual € um fator importante para que as células satélites possam
iniciar o reparo, assim, existe uma complexa combinacdo de multiplos eventos que
seriam clinicamente importantes para promover a regeneracdo e minimizar a
formacdo da cicatriz fibrotica, resultando em um melhor funcionamento e
recuperacdo muscular apos a lesao (Filippin et al., 2011). Todavia, o papel das
ERNs ainda permanece obscuro para a lesdo muscular, porém tanto os efeitos
benéficos quanto toxicos parecem apresentar uma intima associa¢cdo com o balanco
redox na célula.

A resposta inflamatéria e os danos primarios causados pela lesdo muscular
sdo eventos que apresentam como consequéncia O estresse oxidativo e 0
comprometimento ndo somente em nivel macroscépico, mas também microscopico
como a incapacidade funcional de proteinas responsaveis pelas propriedades
contrateis do tecido. A aplicacdo de medidas terapéuticas que visem uma rapida
reabilitacdo e com o minimo de efeitos colaterais se faz essencial, contudo, a
medida terapéutica apropriada para o tratamento da injaria muscular ainda

permanece incerta. O uso de drogas anti-inflamatérias ndo esteroidais (AINES) tém
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sido estudado em modelos de lesdo muscular animal (Kellett, 1986). Entretanto
existem poucos dados relacionando o tratamento com AINES em humanos (Jarvinen
et al., 2005). Deste modo, evidéncias na literatura mostram que a utilizacdo de
AINES durante um periodo curto resulta na melhora transitéria na recuperagédo do
tecido lesado, reduzindo a resposta inflamatoéria, a dor e o inchago, sem apresentar
efeitos adversos sobre o processo de reabilitacdo (O'grady et al., 2000). Por outro
lado, é possivel que a resposta inflamatéria seja necesséaria durante a reabilitacdo
do tecido, e a inibicdo desta fase pode resultar em uma ma cicatrizacdo como tem
sido demonstrado com o uso de potentes anti-inflamatorios (Rahusen et al., 2004). A
utilizacdo de agentes fisicos como medida terapéutica para tratar injarias musculares
€ uma pratica muito frequente, porém, os efeitos benéficos, relacionado a estes
agentes fisicos ainda ndo estdo totalmente esclarecidos. Assim podemos destacar
dois agentes fisicos que apresentam maior destaque na medicina desportiva e
ocupacional, o frio e o calor.

Muitos estudos tém indicado um papel central do estresse oxidativo no
desenvolvimento agudo e crbnico de doencas humanas (Halliwell, 2006). Contudo,
h& poucos dados na literatura a respeito do envolvimento do estresse oxidativo em
modelos de lesdo muscular esquelética, como por exemplo, as induzidas por
distenséo (Li et al., 2005). Em vista disto, a realizacdo de estudos que investiguem
0S mecanismos envolvidos nos efeitos benéficos de agentes terapéuticos classicos
usados na pratica clinica esportiva é de grande interesse para o tratamento de
diferentes tipos de lesdes musculares. Agentes fisicos, tais como crioterapia e a
termoterapia sédo frequentemente tolerados para tratar lesdes musculares (Thorsson,
2001; Bleakley et al., 2004; Cochrane, 2004), os quais sao clinicamente eficientes,
contudo, o mecanismo molecular exato envolvido no efeito protetor por eles exibidos
ainda permanecem desconhecidos. Um possivel mecanismo envolvido na acédo da
crio e termoterapia envolve sua capacidade de agir como agente antioxidante e,
portanto, modulando o estresse oxidativo causado pela lesdo muscular esquelética.

A crioterapia permanece como a modalidade terapéutica que apresenta uma
grande frequéncia de utilizacdo em situacbes de pds-lesdo muscular esquelética,
sendo aplicada, tanto empiricamente, como por profissionais da éarea clinica
desportiva (Bleakley et al., 2004; Puntel et al., 2011). As primeiras utilizacdes de frio
com neve e gelo natural foram feitas pelos antigos Gregos e Romanos para tratar

uma variedade de problemas médicos. Muitos livros antigos foram escritos sobre a
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crioterapia no inicio do século XIX e, em 1835, a aplicacao de compressas geladas
em ferimentos inflamados era bastante popular. A grande aplicabilidade como
medida terapéutica, € em funcéo principalmente devido a sua ampla disponibilidade
e baixo custo. Assim, atualmente muitos estudos descrevem a eficacia do frio
usando modelos animais e também o sucesso desta modalidade terapéutica na
pratica desportiva para combater os efeitos posteriores a atividade fisica intensa e
injurias por isquemia e reperfusdo musculares esqueléticas (Presta e Ragnotti, 1981;
Bleakley et al., 2004). Além disso, é possivel observar a preservacao morfo-
anatdmica e histologica do tecido lesado quando submetido ao tratamento com o frio
(Puntel et al., 2011). A utilizacdo clinica da crioterapia em circunstancias
fisiopatologicas e/ou injurias musculares, apresenta determinadas caracteristicas
proveniente do resfriamento local, dentre essas podemos citar, um efeito analgésico,
a diminuicdo da demanda metabdlica tecidual, uma reducdo do aporte sanguineo
em decorréncia do efeito vasoconstritor e, por conseguinte uma atenuacdo da
pressao hidrostatica, a qual levaria a formacdo do edema. Associado a isto,
podemos observar uma substancial diminuicdo na demanda metabdlica e no dano
desencadeado por uma resposta inflamatéria descontrolada (Bleakley et al., 2004;
Schaser et al., 2007; Puntel et al., 2011). Desta forma, o tratamento com aplicacao
do resfriamento local seria benéfico e auxiliaria no processo de reabilitacdo do tecido
lesado.

Da mesma forma que a crioterapia, outra modalidade terapéutica muito
adotada na reabilitacdo do tecido lesionado € a aplicacdo de calor na forma de
termoterapia (Cochrane, 2004). Assim, este agente fisico apresenta como efeitos
provenientes da elevacdo superficial da temperatura local, um aumento no aporte
sanguineo, vasodilatacdo, aumento da producdo metabdlica e diminuicdo do
espasmo muscular (Zuluaga, 1995; Prentice, 1999; Brukner e Khan, 2001). Como
recursos da termoterapia temos o calor superficial e o calor profundo. O calor
superficial é obtido através de compressas, bolsas e imersées com agua quente e
infravermelho. O tratamento com calor profundo necessita de aparelhos especificos
gue emitem ondas que penetram pela pele e atingem camadas mais profundas que
o calor superficial, como ultra-som, ondas curtas e microondas (Brukner e Khan,
2001). Por outro lado, a aplicabilidade do calor, ndo se restringe somente na terapia
de reabilitacdo do tecido muscular pés injuria muscular, existem dados na literatura

com a utilizacdo da termoterapia em Osteo artrite e artrite reumatdide (Nicholas,
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1994). Seguindo esta linha de estudo, a utilizagdo da termoterapia em modelo
experimental de cultura de condrdcitos observou que a aplicacdo terapéutica do
calor aumenta a viabilidade celular e o metabolismo de proteoglicanos, indicando
gue a aplicacéo da termoterapia poderia ndo somente atuar o dano celular sobre os
sitio da injuria, mas também sobre o tecido conjuntivo que envolve a juncao
miotendinosa, e, portanto, acelerar o processo de reabilitacdo (Hojo et al., 2003).
Portanto, como as injurias musculares esqueléticas podem ocorrer com
frequéncia durante a pratica esportiva profissional, recreativas ou devido a
atividades cotidianas, como uma simples caminhada, e, além disso, estas lesdes
podem se manifestar de formas diferentes, sendo que uma das formas de lesdes
musculares com maior incidéncia sdo aquelas provocadas por distensdes
musculares esqueléticas. Devido a este fato, € de grande importancia a aplicacdo de
medidas terapéuticas eficientes que visem uma rapida reabilitacdo. Neste contexto,
0 uso dos agentes terapéuticos fisicos, tais como a crio e a termoterapia tém
apresentado resultados clinicos significativos no processo de aceleracdo da
reabilitacdo do tecido lesionado. Considerando o fato de existir poucos relatos na
literatura sobre os fendmenos bioquimicos envolvidos nos efeitos da crio e
termoterapia sobre o dano muscular esquelético, o conhecimento de como estes
agentes fisicos exercem seus efeitos benéficos torna-se importante, uma vez que
estes constituem uma das principais estratégias utilizadas no tratamento de lesbes
musculares, e pelo fato de que os mecanismos bioquimicos envolvidos na origem de
seus efeitos protetores ndo se encontram completamente esclarecidos.
Considerando estes fatos, este estudo teve como objetivo examinar o
possivel envolvimento do estresse oxidativo no processo de lesdo muscular induzida
por distensdo em muasculo gastrocnemius de ratos; avaliando simultaneamente a
capacidade dos agentes fisicos em modular o dano oxidativo causado na fibra
muscular. Além disto, este estudo visa também investigar o possivel envolvimento
da resposta inflamatoria na génese do dano oxidativo em resposta a injuria por

distensao muscular.
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OBJETIVOS

OBJETIVO GERAL

Investigar o papel da crio e termoterapia na modulacdo do estresse oxidativo
induzido pela injuria muscular esquelética em um modelo experimental de distensao

muscular.

OBJETIVO ESPECIFICO

7/
o

Avaliar os efeitos do modelo de distensdo muscular sobre os marcadores

bioquimicos de estresse oxidativo;

% Quantificar o comprometimento da membrana celular muscular através da

atividade plasmatica da enzima Creatina quinase (CQ) apos a leséo;

D)

» Quantificar os niveis de substancias reativas ao acido tiobarbitarico (TBARS)

*,

e de diclorofluoresceina oxidada (DCF-oxid) em amostras do tecido muscular
e fracdo sanguinea (plasma e fracdo celular do sangue) dos animais

submetidos a lesao e tratados com os agentes fisicos;

% Analisar os efeitos do frio e calor terapéutico sobre a atividade das enzimas
superéxido dismutase (SOD) e catalase (CAT) em amostras do tecido

muscular;

% Quantificar a resposta inflamatéria no tecido muscular através da atividade

enzimatica da mieloperoxidase (MPO).
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DESENVOLVIMENTO

O desenvolvimento que faz parte desta dissertacdo estd apresentado sob a
forma de artigo cientifico. Os itens Materiais e Métodos, Resultados, Discussédo dos
Resultados e Referéncias Bibliograficas, encontram-se no préprio artigo. O artigo
encontra-se na formatacdo de publicacdo da revista cientifica Journal of Sports

Sciences.
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Abstract

The mechanisms of acton of physical agents commonly used to treat skeletal muscle lesions are not well understood. In this
study, we examined whether the modulation of oxidative stress is involved in the beneficial effects of cold and heat on
gastrocnemius muscle strain injury. Adult male Wiszar rats were submitted to a strain injury and treated with therapeutic
agents in an isolated or combined form. Strain damage caused an increase in muscle and blood oxidative damage. We
suggest that this oxidative damage might be related to the impairment of the muscle cell structure, since we observed a
significant positive correlation between increased plasma creatine kinase activity and both oxidized dichlorofluoresceine and
lipid peroxidation levels in muscle and blood. The intensity of the inflammatory response appears also to be an important
factor in the genesis of oxidative damage immediately following a muscle strain injury. Therapeutic cold seems to be more
effective in preventing the damage induced by a strain injury, possibly due to its capacity to control the impairment of muscle

cell structure and to modulate the intensity of the inflammatory response that follows a muscle strain injury.

Keywords: Skeletal muscle, strain injury, cold, heat, oxidative damage

Introduction

The development of therapies for the rehabilitation
or prevention of skeletal muscle disorders is funda-
mental to sport clinical practice (Clanton & Coupe,
1998; Kujala, Orava, & Jarvinen, 1997). The choice
of a technique or a method of treatment depends on
the type of lesion, stage of development, and
available resources (Jarvinen, Jarvinen, Kiairidinen,
Kalimo, & Jarvinen, 2005). Physical modalities such
as therapeutic cold (Bleakley, McDonough, &
MacAuley, 2004; Jarvinen et al., 2005) and ther-
apeutic heat (Cochrane, 2004) are generally selected
due to their wide availability and relatively low cost.

Strain injuries are among the most frequent
skeletal muscle injuries and are due to a sudden
stretch to the muscle (Kujala et al., 1997; Li, Feng, &
Wang, 2005; Mair, Seaber, Glisson, & Garrett,
1996). Under such conditions, a disruption of the
skeletal muscle cell structure generally occurs near
the myotendinous juncton (Tidball, Salen, &
Zernicke, 1993). A large haematoma results and an
increased number of inflammatory cells reach the

injured tssue to start the repair process (Jarvinen
et al., 2005; Li et al., 2005).

An inflammatory response is required for the
structural and functional rehabilitation of the da-
maged tissues (Jarvinen et al., 2005). One method to
investigate the intensity of the inflammatory response
that follows a skeletal muscle injury is to measure
myeloperoxidase activity in plasma. Some studies
have shown that skeletal muscle damage, such as that
related to excessive physical exercise, could result in
an increase in neutrophil degranulation, leading to
the release of active myeloperoxidase into the plasma
(Belcastro, Arthur, Albisser, & Raj, 1996; Bury &
Pirnay, 1995). Moreover, there is histological evi-
dence for a relatdonship between the increase in
myeloperoxidase activity and neutrophil extravasa-
tion into the injured skeletal muscle (Tidball, 2005).

However, an excessive inflammatory response could
be accompanied by the uncontrolled generation of
reactive species (Spiteller, 2006; Supinski & Callahan,
2007). To remove reactive species and their secondary
products, cells display several defence and repair
mechanisms, which are grouped in enzymatic and
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non-enzymatic antioxidant systems (Chain, Chow, &
Chui, 1999). An imbalance between the antioxidant
defence systems and the reactive species generated
may result in an impairment of normal cell function.
Many studies have suggested a central role for
oxidative stress in the development of acute and
chronic human disorders (Halliwell, 2006). How-
ever, there are limited data for the existence of such
alterations in models of skeletal muscle tssue lesions,
such as those due to muscle strains (Li et al., 2005).
Thus, understanding the mechanisms involved in the
beneficial effects of classical therapeutic agents used
to treat muscle lesions is of interest. Physical agents
usually used to treat skeletal muscle lesions, such as
therapeutic cold (Bleakley et al.,, 2004; Thorsson,
2001) and therapeutic heat (Cochrane, 2004), are
clinically efficient, although the mechanisms in-
volved in their protective effects are unknown.
Since limited data are available in the literature
regarding the biochemical phenomena that underlie
the therapeutic effects of cold and heat in skeletal
muscle damage, we examined the possible central
role of oxidative damage in skeletal muscle strain
injury induced in rats. The intensity of the inflam-
matory response and impairment to muscle cell
membrane structure were also investigated as possi-
ble factors related to the genesis of the oxidative
damage that follows a muscle strain injury. We also
analysed the capacity of therapeutic cold, therapeutic
heat, and a combination of the two to modulate the
oxidative damage in the lesions, and the possible
mechanisms related to their beneficial effects.

Materials and methods
Animals

Male Wistar rats weighing 270-320 g from our own
breeding colony were kept in cages of five animals
each, with food and water ad libitum, in a tempera-
ture-controlled room (22 + 3°C) with a 12-h light
dark cycle and with lights on at 07.00 h. The animals
were maintained and used in accordance with the
guidelines of the Committee on Care and Use of
Experimental Animal Resources of the Federal
University of Santa Maria, Brazil.

Skeletal muscle strain damage

The skeletal muscle strain was induced according to
Almeskinders and Gilbert (1986), with few modifica-
dons. First, the animals were anaesthetized with an
injection of ketamine (50 mg - kg~ ! i.p.) and xilazine
(10 mg - kg ! i.p.). The fully anaesthetized animals
were placed in a prone position and the surgical

incision made in the right hind limb was trichoto-
mized and sterilized. The distal tendon of the right
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gastrocnemius muscle was surgically detached from
the other tendons and connected to a force cell and
strained at a continuous speed of 6 cm - min ! for
30 s, since preliminary experiments in our laboratory
pointed to a latency range of 0.35-1.25 min to
tendon rupture. After the strain, the distal tendon
was replaced and the wounds were sterilized and
closed. All the animals were treated with benzyl
penicillin (100 mg - kg~ ' i.p.) for 3 days to prevent
infection of the wound. The bandage was changed
just before each treatment session.

Treatments

The animals were divided into six groups:

1. Control animals not subjected to the muscular
strain lesion (n=15).

2. Sham animals subjected to the standard surgi-
cal procedure without a lesion (n = 15).

3. Animals subjected to the muscular lesion
without any treatment (7= 15).

4. Animals subjected to the muscular lesion with
therapeurtic cold as treatment (n = 15).

5. Animals subjected to the muscular lesion with
therapeuric heat as treatment (n = 15).

6. Animals subjected to the muscular lesion
followed by both therapeutic cold and ther-
apeutic heat as treatments (n=15).

In all treatments groups, the animals were not
subjected to any previous training process. All trear-
ment sessions were undertaken twice a day for 5 min
starting at 07.00 and 19.00 h, respectively (Bleakley
etal., 2004). The firstsession was applied 30 min after
the muscle strain. The effects of all treamment
protocols were also analysed in a condition similar to
that of the control animal group, characterized by the
absence of any muscular lesion. They received
therapeutic cold and/or heat and no significant
changes were observed, indicating an absence of an
effect per se of the treatments used (data not shown).

Therapeutic cold. Therapeutic cold was developed by
static application of ice cubes directly under the
injured muscle tendon (above the surgical wound).

Therapeutic heat. Therapeutic heat was developed by
the application of infrared rays directly under the
injured muscle tendon (above the surgical wound).
The infrared radiation was produced using an infrared
lamp (INFRAPHIL PAR38E 230 V, 150 W, Philips,
Netherlands) placed 30 cm from the treatment site.

Combined therapeutic cold and therapeutic heat. The
combined application of therapeutic cold and ther-
apeutic heat was performed by subjecting the rats



first to the treatment with therapeutic heat followed
immediately by the treatment with therapeutic cold.

Biochemical analysis

Biochemical analyses were performed 2 h and 1, 5, 10
or 15 days after treatment. The choice of the treatment
period was based on the inital phase of the repair
process, so as not only to observe the possible oxidative
stress induced by the strain injury under such
conditions, but also to investigate and compare the
effects of the different treatment protocols used here.

Tissue preparation. Rats were euthanized and whole
blood collected (cardiac puncture) in previously
heparinized tubes and kept on ice. Whole blood
samples were precipitated with chloroacetic acid
40% (1:1) and centrifuged (4000 g for 10 min at
4°C) to obrtain the supernatant fraction that was used
for determination of thiobarbituric acid reactive
species. Other heparinized blood samples were
centrifuged at 1000 g for 10 min at 4°C to obtain
plasma and cellular blood fractions, which were used
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for measurement of dichlorofluoresceine diacetate
oxidaton. In addidon, aliquots of plasma were
frozen (—20°C) for 7 days for later analysis of
creatine kinase activity. The right gastrocnemius
muscle was also removed and quickly homogenized
in saline (150 mm) and kept on ice. After homo-
genization, the skeletal muscle samples were cen-
trifuged at 4000 g for 10 min at 4°C to yield a low-
speed supernatant fraction that was used for deter-
mination of thiobarbituric acid reactive species and
dichlorofluoresceine diacetate oxidation. Aliquots of
skeletal muscle supernatant fraction were frozen
(—20°C) for later analysis of antioxidant enzyme
catalase and superoxide dismutase activities, and for
protein determination.

2',7'- dichlorofluorescein fluorescence assay. A dichloro-
fluoresceine fluorescence assay was used to mea-
sure cellular peroxide production (Myhre,
Andersen, Aarnes, & Fonnum, 2003). Aliquots of
plasma (200 ml), cellular blood fraction (10 ml) or
skeletal muscle supernatant fracdon (50 ml) were
added to a medium containing Tris-HCl buffer
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Figure 1. Muscle oxidative damage: (A) dichlorofluoresceine (DCF-RS) concentration; (B) thiobarbituric acid reactive substance (TBARS)
concentration; (C) catalase activity; (D) superoxide dismutase (SOD) activity. Values are expressed as a percentage of control
values + standard error (n=3). Control DCF-RS value was 42.163 + 0.541 fluorescence units, control TBARS wvalue was 10.450 umol
MDA -mg~' protein, control catalase activity was 104.677 + 10.640 U - mg~' protein, and control SOD activity was
51.188 + 0.130 U - mg_1 protein (means + standard errors; n = 3). “Significant difference (P < 0.05) compared with control.
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(0.01 mm, pH 7.4) and dichlorofluoresceine diace-
tate (7 mMm). After the addition of dichlorofluor-
esceine diacetate, the medium was incubated in the
dark for 1 h until the fluorescence measurement
procedure (excitation at 488 nm and emission at
525 nm, with both slit widths at 5 nm). Oxidized
dichlorofluoresceine was determined using a stan-
dard curve of dichlorofluoresceine and results were
expressed as a percentage of the control group
(Pérez-Severiano et al., 2004).

Lipid peroxidation assay. Lipid peroxidation was
determined by measuring thiobarbituric acid reactive
substances as described by Ohkawa and colleagues
(Ohkawa, Ohishi, & Yagy, 1979) in whole blood
samples and in skeletal muscle supernatant fraction.
We added 500-ml aliquots of supernatant fraction
obtained after blood sample precipitation, or 200-ml
aliquots of skeletal muscle supernatant fraction, for
the colour reaction. The concentration of thiobarbi-
turic acid reactive substances was measured at
532 nm using a standard curve of malondialdehyde,
and the results were expressed as a percentage of the
control group.

Creatine kinase activity assay. Total creatine kinase
activity was measured spectrophotometrically in

treatment (days)

28

plasma samples as an index of strain muscle damage
using diagnosis kits (CK-NAC Liquiform, Labrtest,
MG, Brazil).

Superoxide dismutase activity assay. Superoxide dis-
mutase enzyme activity in skeletal muscle super-
natant fraction was assayed spectrophotometrically
as described by Misra and Fridovich (1972). This
method is based on the capacity of superoxide
dismurtase to inhibit autoxidation of adrenaline to
adrenochrome. Briefly, different aliquots of super-
natant fraction were added to a medium containing
glycine buffer (50 mm, pH 10.5) and adrenaline
(1 mm). The kinetic analysis of superoxide dismutase
was started after the addition of adrenaline, and the
colour reaction was measured at 480 nm.

Catalase activity assay. Catalase enzyme activity was
determined in skeletal muscle supernatant fraction
by the decomposition of hydrogen peroxide accord-
ing to Aebi (1984). Briefly, a 50-ml aliquot of
supernatant fraction was added to a medium con-
taining potassium phosphate buffer (50 mm, pH 7.4)
and hydrogen peroxide (1 mm). The kinetic analysis
of catalase was started after the addition of hydrogen
peroxide, and the colour reaction was measured at
240 nm.

A | control B |_| cantrol
.E - lesion E - lesion
2 g L —

o oz sham g o E ot
a [=H
- a 5 a
; 018 f T S o,
E E
@ @
012 fia] 0.12
< <
ju] o
S 008 T oo
.t A=
= £ L
£ o004y % 004 b
8
o 000 L—mm— I Y T o 000 N S T N
o o 1 5 10 15 o 1 5 10 15
= treatment (days) = treatment (days)

C [T cantrol D [ cortiol
= N esion = B esion
jt] '6 -

B heat 5 o020 7 cartn
o a

s 5

j=]

E £

%] 5]

fis} o

<< <

a .

) K

2 2z

= =

8 8

g ] z :

i 5 10 15 o 1 5 10 15
= = treatment {days)

Figure 2. Muscle myeoloperoxidase (MPO) activity: (A) lesion animals; (B) cold-treated animals; (C) heat-treated animals; (D) combined
cold- and heat-treated animals. Values are expressed as change in absorbance per milligram of protein (means + standard errors; n=3).
Significant difference (P < 0.05) compared with control. "Significant difference (P < 0.05) compared with lesion.



Myeloperoxidase activity assay. Myeloperoxidase en-
zyme activity was determined in skeletal muscle
supernatant fraction according to the method of
Grisham and colleagues (Grisham, Hernandez, &
Granger, 1986), with some modifications. Briefly, a
sample of the skeletal muscle preparation (20 ml)
was added to a medium containing potassium
phosphate buffer (50 mm, pH 6.0) containing
hexadecyltrimethylammonium bromide (0.5%) and
N, N, N', N'-tetramethylbenzidine (1.5 mm). The
kinetic analysis of myeloperoxidase was started after
the addition of hydrogen peroxide (0.01%), and the
colour reaction was measured at 655 nm at 37°C.

Protein  determination. The protein content was
determined according to Lowry and colleagues
(Lowry, Rosebrough, Farr, & Randall, 1951) using
bovine serum albumin as standard.

Statistical analysis

Data were analysed by two- or three-way analysis of
variance, and univariate analysis of variance followed
by Duncan’s test. Correlations between the factors
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measured here were performed by Pearson’s correla-
tion. Statistical significance was set at PP < 0.05.

Results

Effect of the strain muscle injury

Skeletal muscle tissue. Figure 1A and 1B show that
oxidized dichlorofluoresceine and thiobarbituric acid
reactive substance activity increased significantly in
skeletal muscle after the lesion (P < 0.05). Catalase
activity was also significantly increased one day after
the lesion (Figure 1C; P < 0.05), although no
significant differences were observed for superoxide
dismurase actvity (Figure 1D). Figure 2A shows that
myeloperoxidase activity increased significantly only
one day after the muscle strain injury (P < 0.05).

Blood tissue. Figure 3A and 3B show an increase in
oxidized dichlorofluoresceine in plasma and in the
cellular blood fraction after the lesion (P < 0.05).
There was also a significant increase in whole-blood
thiobarbituric acid reactive substance concentration

| control
B ——
160 Il csion
128 B
g
= 95
=]
[=]
B 64
R
Rz r

1 5 10
treatment (days)

O

[ control

3000
2400
1800
1200

600

'] 1 5 . 10 15
treatment (days)

Figure 3. Blood oxidative damage: (A) plasma dichlorofluoresceine (DCF-RS) concentration; (B) cellular blood fraction DCF-RS
concentration; (C) thiobarbituric acid reactive substance (TBARS) concentration; (D) plasma creatine kinase activity. Values are expressed
as a percentage of control values + standard error (n =3). Control DCF-RS in plasma value was 55.776 + 0.520 fluorescence units, control
DCF-RS in erythrocytes value was 266.471 + 10.360 fluorescence units, and control TBARS value was 1.226 ymol MDA - ml~' whole
blood (means + standard errors; n = 3). “Significant difference (P < 0.05) compared with control.
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and in plasma creatine kinase activity after the lesion
(Figure 3C and 3D; P < 0.05).

Effects of therapeutic cold

Skeletal muscle tissue. Figure 4A and 4B show that
therapeutic cold treatment modulated the increase in
oxidized dichlorofluoresceine and thiobarbituric acid
reactive substances levels induced by the lesion
(P < 0.05). Caralase activity was also modulated by
the cold treatment (Figure 4C; P < 0.05) but no
significant effects were observed for superoxide
dismutase activity (Figure 4D). The increase in
myeloperoxidase activity was also significantly
modulated by the cold treatment (Figure 2B;
P < 0.05).

Blood tissue. Figure 5A and 5B shows that the
therapeutic cold treatment maintained plasma and
cellular blood fraction oxidized dichlorofluoresceine
levels near to control values (P < 0.05). The
increases in whole-blood thiobarbituric acid reactive
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substance concentration and in plasma creatine
kinase activity were also modulated by the cold
weatment (Figure 5C and 5D; P < 0.05).

Effects of therapeutic heat

Skeletal muscle tissue. Figure 6A and 6B illustrate that
therapeutic heat modulated the increase in oxidized
dichlorofluoresceine and thiobarbituric acid reactive
substances induced by the lesion only after 5 days of
treatment (P < 0.05). Catalase activity was modu-
lated by the heat treatment only after 10 days of
treatment (Figure 6C; P < 0.05), but no significant
effects were observed for superoxide dismutase
actvity (Figure 6D). The increase in myeloperox-
idase activity was also significantly modulated by the
heat treatment (Figure 2C; P < 0.05), although the
control value was not reached.

Blood tissue. Figure TA and 7B show that the
therapeutic heat treatment decreased plasma and
cellular blood fraction oxidized dichlorofluoresceine
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Figure 4. Effects of cold treatment on muscle oxidative damage: (A) plasma dichlorofluoresceine (DCF-RS) concentration; (B)
thiobarbituric acid reactive substance (TBARS) concentration; (C) catalase activity; (D) superoxide dismutase (SOD) activity. Values are
expressed as a percentage of control values + standard error (n =3). Control DCF-RS value was 42.163 + 0.541 fluorescence units, control
TBARS value was 10.450 pumol MDA - mg~' protein protein, control catalase activity was 104.677 + 10.640 U - mg~" protein, and
control SOD activity was 51.188 + 0.130 U - mg ™' protein (means + standard errors; n = 3). *Significant difference (P < 0.05) compared

with control. "Significant difference (P < 0.05) compared with lesion.
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Figure 5. Effects of cold treatment on blood oxidative damage: (A) plasma dichlorofluoresceine (DCF-RS) concentration; (B) cellular blood
fraction DCF-RS concentration; (C) whole-blood thiobarbituric acid reactive substance (TBARS) concentration; (D) plasma creatine kinase
activity. Values are expressed as a percentage of control values + standard error (n=3). Control DCF-RS in plasma value was
55.776 + 0.520 fluorescence units, control DCF-RS in erythrocytes value was 266.471 + 10.360 fluorescence units, and control TBARS
value was 1.226 pmol MDA - ml~! whole blood (means + standard errors; n=3). *Significant difference (P < 0.05) compared with

control. "Significant difference (P < 0.05) compared with lesion.

levels only after 10 days of trearment (P < 0.05).
However, the increase in whole-blood thiobarbituric
acid reactive substances was not significantly
modulated by the heat treatment (Figure 6C).
Plasma creatine kinase activity was also significantly
modulated by the heat treatment (Figure 6D;
P < 0.05), although the control value was not
reached.

Effects of combined therapeutic cold and therapeutic heat

Skeleral muscle. Figure 8A and 8B show that the
combined cold and heat treatment modulated the
increase in oxidized dichlorofluoresceine and thio-
barbituric acid reactive substances induced by the
lesion, although the control value was reached only
after 5 days of treatment (2 < 0.05). Catalase actvity
was significantly modulated by the combined cold
and heat treatment after 5 days of treatment (Figure
8C; P < 0.05), although the control value was
reached only after 10 days of treatment. There were
no significant effects of the combined cold and heat
treatment on superoxide dismutase actvity (Figure
8D). The increase in myeloperoxidase activity was

also significantly modulated by the combined cold
and heat treatment (Figure 2D; P < 0.05), although
the control value was not reached.

Blood tissue. Figure 9A and 9B illustratye that the
combined treatments modulated plasma and cellular
blood fraction oxidized dichlorofluoresceine levels
only after 5 days of treatment (P < 0.05). Similarly,
the increase in whole-blood thiobarbituric acid
reactive substances levels was modulated only after
5 days of treatment (Figure 9C), although control
values were not reached. Plasma creatne kinase
activity was not significantly modulated by the
combined cold and heat treatment (Figure 9D).

Comparisons among the effects of the different physical
agents

Univariate analysis of variance showed that the cold-
or heat-treated animals showed a significant decrease
in muscle or blood oxidized dichlorofluoresceine
compared with the combined cold- and heat-treated
animals (F=24.794, P < 0.05). Similarly, thiobar-
bituric acid reactive substances in muscle and in
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Figure 6. Effects of heat treatment on muscle oxidative damage: (A) dichlorofluoresceine (DCF-RS) concentration; (B) thiobarbituric acid
reactive substance (TBARS) concentration; (C) catalase activity; (D) superoxide dismutase (SOD) activity. Values are expressed as a
percentage of control values + standard error (n =3). Control DCF-RS value was 42.163 + 0.541 fluorescence units, control TBARS value
was 10.450 pmol MDA - mg~"' protein, control catalase activity was 104.677 + 10.640 U - mg ' protein, and control SOD activity was
51.188 + 0.130 U - mg " protein (means + standard errors; n=3). “Significant difference (P < 0.05) compared with control. "Significant

difference (P < 0.05) compared with lesion.

blood varied significantly among groups, with the
cold-treated animals showing the most significant
decrease in thiobarbituric acid reactive substances
followed by the combined cold- and heat-treated
animals (FF=29.246, P < 0.001). In addition, mus-
cle catalase enzyme activity and plasma creatine
kinase enzyme activity varied significantly among
groups, with the cold-treated animals showing the
most significant decrease in these enzymes followed
by the combined cold- and heat-treated animals
(F=4.492, P < 0.001 and F=80.375, P < 0.001,
respectively). All these data were confirmed by three-
way analysis of variance.

Correlations between oxidative damage in skeletal muscle
and in blood

Table I shows the correlations among oxidative
damage parameters analysed in animals with lesions
taking into account the mean values obtained on the
different days of analysis after the lesion was induced
(1, 5, 10, and 15 days after). A significant positive
correlation was observed between oxidized dichlo-
rofluoresceine and thiobarbituric acid reactive

substance concentrations in muscle (Table I). In
addition, oxidized dichlorofluoresceine and thiobar-
bituric acid reactive substance concentrations in
muscle were correlated positively with their respec-
tive concentrations in blood (Table I). Muscle cata-
lase actvity and plasma creatine kinase activity were
also correlated positively with the muscle and blood
oxidized dichlorofluoresceine and thiobarbituric
acid reactive substance concentrations (Table I). In
contrast, a significant negative correlation was
observed between skeletal muscle superoxide dis-
mutase activity and oxidized dichlorofluoresceine
concentrations in plasma (Table I).

Discussion

Our results point to a significant increase in oxidized
dichlorofluoresceine and thiobarbituric acid reactive
substances in both skeletal muscle and in blood in
response to a standard muscle strain injury. These
results support the hypothesis that oxidative damage
is a classical feature that follows an acute disorder
such as a muscle lesion (Li et al., 2005; Supinski &
Callahan, 2007). We believe that the genesis of the
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Figure 7. Effects of heat treatment on blood oxidative damage: (A) plasma dichlorofluoresceine (DCF-RS) concentration; (B) cellular blood
fraction DCF-RS concentration; (C) whole-blood thiobarbituric acid reactive substance (TBARS) concentration; (D) plasma creatine kinase
activity. Values are expressed as a percentage of control values + standard error (n=3). Control DCF-RS in plasma value was
55.776 + 0.520 fluorescence units, control DCF-RS in erythrocytes value was 266.471 + 10.360 fluorescence units, and control TBARS
value was 1.226 U - ml~! whole blood (means + standard errors; n=3). *Significant difference (P < 0.05) compared with control.

bSigniﬁcant difference (P < 0.05) compared with lesion.

oxidative damage could be related to the intensity of
the inflammatory response immediately after a lesion
is sustained. This hypothesis is supported by our
results that show a significant increase in muscle
myeloperoxidase activity 1 day after the muscle strain
injury (Figure 9A). Thus, our results are in
accordance with the literature showing that an
excessive inflammatory response is generally fol-
lowed by an uncontrolled generation of reactive
species (Spiteller, 2006; Supinski & Callahan, 2007),
which could result in oxidative damage and conse-
quently impairment of normal cell function (Gurter-
idge & Halliwell, 1994).

We observed a relationship between oxidative
damage at the site of the lesion and also in blood,
since there was a significant positive correlation
between oxidized dichlorofluoresceine and thiobar-
bituric acid reactive substances in skeletal muscle
and in blood. We believe that the reason for this
similar increase in oxidative damage markers in
muscle and blood could also be related to the high
intensity of the inflammatory response, at least in the
initial moments following the muscle strain injury.

The increase in oxidized dichlorofluoresceine con-
centration was also correlated positively with the
increase in thiobarbituric acid reactive substances. A
possible explanation for these results is that there is a
marked generation in reactive species in response to
a muscle strain injury that lead not only to oxidized
dichlorofluoresceine formation but also help to start
a complex cascade of reactions that culminate in
lipid peroxidaton. Based on our results, we hy-
pothesize that the peripheral analysis of oxidative
damage markers in blood could be used as a useful
tool to analyse the extent as well as the healing
processes after a muscle lesion.

Skeletal muscle catalase activity was also signifi-
cantly increased following the muscle lesion (Figure
1C). Since catalase is an important antioxidant
enzyme in skeletal muscle, we believe that the
increase in its activity could be understood as a
compensatory mechanism in response to a stressing
condition where the impairment of functional
biomolecules is improved. This suggestion is sup-
ported by our results, which show a positive
correlation between muscle catalase activity and
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Figure 8. Effects of combined cold and heat treatments on muscle oxidative damage: (A) dichlorofluoresceine (D CF-RS) concentration; (B)
thiobarbinuric acid reactive substance (TBARS) concentration; (C) catalase activity; (D) superoxide dismutase (SOD) actvity. Values are
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activity was 51.188 + 0.130 U - mg~ ! protein (means + standard errors; n = 3). *Significant difference (P < 0.05) compared with control.

PSignificant difference (P < 0.05) compared with lesion.

muscle and blood lipid peroxidation (thiobarbituric
acid reactive substances). In contrast, the reason for
no significant difference in superoxide dismutase
enzyme activity could be related to the absence of
sufficient time for an effective adaptation in view of
the single stressing condition that the skeletal muscle
was submitted to, or to the methodological limita-
tions of the method used (Figure 1D).

Plasma creatine kinase activity was also signifi-
cantly increased following the muscle lesion (Figure
2D). Since plasma creatine kinase activity is classi-
cally used as a means to analyse the extent of skeletal
muscle cell rupture (Brancaccio, Maffulli, & Limo-
gelli, 2007; Fink, Hase, Luttgau, & Wettwer, 1983),
our results point to an extensive impairment in
muscle cell structure in response to the lesion.
Moreover, we believe that the extensive muscle cell
rupture could also be related to the increase in
oxidative damage of the muscle. This hypothesis is
supported by our results, which show a significant
positive correlation between plasma creatine kinase
activity and oxidized dichlorofluoresceine and thio-
barbituric acid reactive substances in muscle.

We observed the potential for therapeutic cold
and heat to modulate the oxidative damage induced
by a muscle strain injury. We found that the
different physical agents were able to attenuate
the increase in oxidized dichlorofluoresceine and
thiobarbituric acid reactive substances in muscle
and blood. However, the cold treatment was more
effective in reducing this oxidative damage in both
skeletal muscle and blood. We believe the effec-
tiveness of the cold treatment to modulate the
oxidative damage that follows a muscle strain injury
could be related to its capacity to modulate the
intensity of the initial inflammatory response after a
muscle lesion. This hypothesis is supported by our
results, which show a significant decrease in
myeloperoxidase actvity in cold-treated animals
on the day following the muscle strain injury
(Figure 9B). The capacity of the cold treatment to
modulate the inflammatory response that follows a
skeletal muscle injury has been reported previously
in the literature (Schaser et al., 2007). In addition,
we believe that the capacity of the heat treatment to
limit the oxidative damage induced by the lesion
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Figure 9. Effects of combined cold and heat treatments on blood oxidative damage: (A) plasma dichlorofluoresceine (DCF-RS)
concentration; (B) cellular blood fraction DCF-RS concentration; (C) whole-blood thiobarbituric acid reactive substance (TBARS)
concentration; (D) plasma creatine kinase activity. Values are expressed as a percentage of control values + standard error (n =3). Control
DCEF-RS in plasma value was 55.776 + 0.520 fluorescence units, control DCF-RS in erythrocytes value was 266.471 + 10.360 fluorescence
units, and control TBARS value was 1.226 ymol MDA - ml~! whole blood (means + standard errors; n=3). “Significant difference
(P < 0.05) compared with control. "Significant difference (P < 0.05) compared with lesion.

and also to slightly decrease skeletal muscle
myeloperoxidase activity could be related to the
controlled heat application that was employed in
our study.

The protective properties of therapeutic cold also
could be related to its capacity to modulate the
impairment of muscle cell structure. This hypothesis
is supported by our results, which show a significant
decrease in plasma creatine kinase in cold-treated
animals compared with controls (Figure 4D). Simi-
larly, the increase in skeletal muscle catalase activity
was also significantly limited by the cold treatment.
We believe that this decrease in muscle catalase
activity in cold-treated animals could be related to
lower levels of muscle oxidative damage markers.
This hypothesis is also supported by our results,
which showed a significant positive correlation
between muscle catalase activity and concentrations
of muscle oxidized dichlorofluoresceine and thio-
barbituric acid reactive substances (Table I).
Although the heat-treated and the combined cold-
and heat-treated animals showed a decrease in
plasma creatine kinase and muscle catalase activity,
the cold treatment was more effective in reducing the

levels of this marker of muscle cell

impairment.

structure

Conclusion

The lesion due to a muscle strain injury was
associated with an increase in oxidative stress
damage not only at the site of the lesion, but also
in blood. Thus, we strongly believe that the analysis
of oxidative stress markers in blood could be very
useful as an index of muscle injury in strain lesions.
The intensity of the inflammatory response appears
also to be an important factor involved in the genesis
of the oxidative damage in the moments that follow a
muscle strain injury. Although heat and cold alone
and in combination decreased the muscle and blood
oxidative damage, the therapeutic cold treatment
seems to be more effective in preventing the damage
induced by a strain injury. We believe that the greater
beneficial effects of the cold treatment are possibly
related to its capacity to control the impairment of
muscle cell structure and also to modulate the
intensity of the inflammatory response that follows
a muscle strain injury.
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Table I. Correlations between the different oxidative damage parameters analysed.

Muscle Muscle Muscle Muscle Plasma Plasma CBF Whole-blood
DCF-RS TBARS CAT S0D CK DCF-RS DCF-RS TBARS

Muscle DCF-RS

r 1.000 0.491** 0.158 0.039 0.491** 0.342** 0.493** 0.364**

P 0.000 0.103 0.685 0.000 0.000 0./000 0.000
Muscle TBARS

r 0.491** 1.000 0.206 0.069 0.529** 0.481** 0.281** 0.517**

P 0.000 0.032 0.480 0.000 0.000 0.003 0.000
Muscle CAT

r 0.158 0.206* 1.000 0.114 0.263** 0.112 —0.069 0.324**

P 0.103 0.032 0.242 0.006 0.250 0.480 0.001
Muscle SOD

r 0.039 0.069 0.114 1.000 —=0.025 —0.250%* —=0.094 0.046

P 0.685 0.480 0.242 0.801 0.009 0.333 0.636
Plasma CK

r 0.491** 0.529** 0.263** —=0.025 1.000 0.428** 0.353** 0.599**

P 0.000 0.000 0.006 0.801 0.000 0.000 0.000
Plasma DCF-RS

r 0.342** 0.481** 0.112 —0.250** 0.428** 1.000 0.443%* 0.411**

P 0.000 0.000 0.250 0.009 0.000 0.000 0.000
CBF DCF-RS

r 0.493** 0.281** —0.069 —0.094 0.353** 0.443** 1.000 0.387**

P 0.000 0.003 0.480 0.333 0.000 0.000 0.000
Whole-blood TBARS

r 0.364** 0.517** 0.324** 0.046 0.599** 0.411** 0.387** 1.000

P 0.000 0.000 0.001 0.636 0.000 0.000 0.000

Note: DCF-RS =dichlorofluoresceine, TBARS =thiobarbituric acid reactive substances, CAT = catalase, SOD = superoxide dismutase,
CK =creatine kinase, CBF =cellular blood fraction. r=Pearson’s correlation coefficient, P=significance (two-tailed).
*Correlation significant at the 0.01 level (two-tailed). **Correlation significant at the 0.05 level (two-tailed).
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CONCLUSOES

CONCLUSAO GERAL

A utilizacdo de modalidades terapéuticas como a crio e termoterapia
demonstraram ser eficiente no tratamento da distensdo muscular. A lesdo muscular
esquelética provocada pela distensdo aumentou os parametros marcadores de dano
oxidativo. Além disso, a intensidade da resposta inflamatéria parece ser também um
fator envolvido na génese do dano oxidativo nos momentos que sucedem a
distensdo muscular esquelética. A aplicacdo terapéutica de calor e frio sozinhos e
em combinacao reduz o dano oxidativo muscular e no sangue, e o tratamento com o
frio parece ser mais efetivo em prevenir o dano induzido pela distensdo muscular. A
recuperacdo do musculo lesado foi estimulada pela aplicacdo decorrente da
aplicagéo controlada do calor, o qual apresentou um efeito modulatorio sobre a

resposta inflamatéria auxiliando na recuperacéo do masculo.
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CONCLUSOES ESPECIFICAS

De acordo com os resultados apresentados nesta dissertacdo podemos concluir

que:

0

A analise da atividade plasmatica da enzima creatina quinase revelou um
profundo aumento causado pela distensdo, contudo tanto crio quanto

termoterapia modulam o aumento deste marcador de dano muscular,

A lesdo muscular causou um aumento nos niveis de marcadores de dano
oxidativo tano na fracdo sanguinea quanto no sitio de lesdo. Contudo o

tratamento com crio e termoterapia modulou eficientemente este processo,

A atividade catalase foi significativamente aumentada apés a lesdo muscular.
No entanto, o tratamento com agentes fisicos reduziu este efeito. A atividade
da superdoxido dismutase permaneceu inalterada durante o periodo

experimental,

O aumento da atividade da mieloperoxidase indicando uma intensa resposta
inflamatdria apds a distensédo foi eficientemente modulado pelo tratamento

com a crio e termoterapia.
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PERSPECTIVAS

Tendo em vista os resultados obtidos neste trabalho, as perspectivas para
trabalhos posteriores séo:

% Avaliar o envolvimento da disfuncdo mitocondrial durante o periodo inicial
poés-lesdo, assim como os parametros de funcionamento mitocondrial no

tecido muscular submetido a distensdo muscular.

% Investigar os efeitos da crio e termoterapia sobre os parametros de

funcionamento mitocondrial durante a injaria muscular.

% Investigar a participagdo de mediadores quimicos pro e anti-inflamatorios,
tais como interleucinas, durante o periodo inicial de lesdo muscular, assim

como o efeito dos agentes fisicos sobre estes fatores.

% Investigar o efeito da crio e termoterapia sobre a expressao de enzimas do

sistema de defesa antioxidante e seu envolvimento na lesao.
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