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RESUMO

Pesquisas recentes na area de fisioterapia buscam elucidar as alteracfes envolvidas na
regeneracdo do musculo esquelético apds a aplicacdo de recursos terapéuticos. Neste
contexto, a aplicagcdo da Laserterapia de Baixa Intensidade tem se mostrado eficaz para
melhorar o processo de regeneracdo muscular, entretanto, o tipo de laser, os parametros
de radiacéo, periodo avaliado e os mecanismos moleculares envolvidos no processo de
regeneracdo demonstram resultados discrepantes. O objetivo deste estudo foi avaliar o
efeito da Laserterapia de Baixa Intensidade, tipo (AsGa), comprimento de onda de 904
nm, 7 dias apos a lesdo e verificar se o tipo de laser e a dose escolhida tem influéncia no
processo de regeneracdo muscular. Foram utilizados nesse estudo trinta ratos Wistar,
machos, adultos (trés meses de idade), peso corporal médio de 210-340g. Os animais
foram randomizados em trés grupos: Grupo Controle (C, n= 10), Grupo lesado néo
tratado (L, n=10) e o Grupo lesado e tratado (LT, n= 10). Apds anestesia dos animias, a
lesdo muscular foi induzida por congelamento (criolesdo) na regido central do ventre do
mausculo tibial anterior (TA) de ambos 0s membros posteriores, por meio de uma haste de
ferro previamente imersa em nitrogénio liquido. Como recurso terapéutico foi utilizado o
laser de AsGa, comprimento de onda de 904 nandmetros. As aplicagbes do laser foram
iniciadas 24 horas apds a lesdo, diariamente, com densidade de energia de 69 J/cm?, (48
segundos), durante cinco dias, em dois pontos na area da lesdo. Aos 7 dias, 0s animais
foram pesados e mortos; o musculo TA de ambos membros posteriores foi retirado e
processado para as andlises morfoldgica e molecular. O musculo TA esquerdo foi
congelado em nitrogénio liquido e cortes histologicos obtidos em criostato foram
submetidos as coloragGe s Hematoxilina e Eosina (para analise morfoldgica) e Picrosirius
(para andlise do colageno). O musculo TA direito foi utilizado para a anélise da expresséo
géncia da MyoD, miogenina, TNF-a, e TGF-f, pela Reacdo em Cadeia da Polimerase
apés Transcricdo Reversa em Tempo Real (RT-gPCR. Os resultados mostraram que 0s
animais do grupo lesado e tratado (LT) apresentaram maior numero de fibras em
regeneracdo, menor numero de fibras em degeneragdo e processo inflamatorio menos
intenso; ndo houve diferenca entre os grupos na remodelacdo do coldgeno. Néo houve
alteracdo na expressdo de TGF-feMyoD entre os grupos. Houve diminuicdo
significativa na expressdao do TNF-o e miogenina no grupo LT comparado ao grupo L.
Concluimos que o laser de AsGa, comprimento de onda de 904 nm, dose de 69 J/cm? e
energia final de 4,8 Joules aplicado 5 dias consecutivos promoveu a recuperacdo do
musculo sem alterar a remodelacéo do coldgeno na matriz extracelular do masculo.

Palavras Chave: Laserterapia, musculo esquelético, regeneracéao.



ABSTRACT

Recent research in the field of physiotherapy has aimed to elucidate the main changes
involved in skeletal muscle regeneration after application of therapeutic resources. In
this context, the application of Low Level Laser Therapy has proven to be effective at
improving the muscle regeneration process. However, the type of laser, irradiation
parameters, evaluation period and molecular mechanisms involved in the regeneration
process present conflicting results. The aim of this study was to evaluate the effects of
Low Level Laser Therapy, type GaAs at 904 nm, during the muscle regeneration
process, for seven days after the lesion, and verify whether both the GaAs laser and
chosen dose influence the muscle regeneration process. Thirty Wistar male adult rats
(three-month old), mean body weight 210 — 340 g were used in this study. The animals
were randomized into three groups: Control Group (C, n=10), Untreated Lesion Group
(L, n=10) and Treated Lesion group (TL, n=10). After anesthetizing the animals, muscle
lesion was induced by freezing (cryoinjury) in the middle belly portion of the tibialis
anterior muscle (TA) of both hind limbs, using an iron rod previously immersed in
liquid nitrogen. A GaAs laser, with a wavelength of 904 nm was used as a therapeutic
resource. Daily laser applications were initiated 24 hours after lesion, with an energy
density of 69 J/cm?, (48 seconds), for five consecutive days, at two points in the lesion
area. On the seventh day, the animals were euthanized and weighed; the TA muscles
from both hindlimbs were removed and processed for morphological and molecular
analysis. The left TA muscle was frozen in liquid nitrogen and histological sections
obtained in a cryostat were submitted to Hematoxylin and Eosin (for morphological
analysis) and Picrosirius (for collagen analysis) staining. The right TA muscle was used
for the analysis of gene expression of MyoD, myogenin, TNF-a and TGF-$ by using
the Polymerase Chain Reaction after Reverse Transcription in Real time (RT-gPCR).
The results demonstrated that the animals in the TL group presented an increased
number of regenerating fibers and fewer degenerating fibers and a less intense
inflammatory process; there was no difference between groups regarding collagen
remodeling. There was no alteration in TGF-f or MyoD expression. There was a
significant decrease in TNF-o and myogenin expression in the LT compared to the L
group. We concluded that the GaAs laser, wavelength 904 nm, 69 J/cm? dose and final
energy of 4.8 Joules, applied for 5 consecutive days, promoted muscle recovery without
altering the remodeling of the muscle extracellular matrix.

Keywords: Low level laser therapy, skeletal muscle, regeneration.
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1. INTRODUCAO
1.1.Caracteristicas Gerais do Musculo Estriado Esquelético

O musculo estriado esquelético é um tecido complexo, heterogéneo, altamente
diferenciado, com elevada capacidade de adaptagdo morfoldgica e funcional, e exerce
multiplas fun¢Bes no organismo tais como: locomocdo, manutencdo da postura,
respiragdo e movimentos dos membros; aproximadamente 40% da massa corporal é
constituida de tecido muscular esquelético (Smith et al., 2005; Nakano et al., 2009;
Tajbakhsh, 2009).

E constituido por células especializadas, as fibras musculares, multinucleadas e
0s nucleos estdo localizados na periferia da fibra, abaixo da membrana plasmaética, com
didmetro que varia entre 10 a 100 um. As fibras musculares estdo organizadas em feixes
revestidos por uma camada de tecido conjuntivo que reveste todo o mdasculo,
denominada de epimisio. A partir do epimisio, septos de tecido conjuntivo se dirigem
para o interior do musculo, dividindo-o em feixes, o perimisio. Cada fibra muscular é
revestida pelo endomisio, constituido de tecido conjuntivo frouxo (Figura 1) (Kjaer,
2004; Dal Pai e Carvalho, 2007).

M i 3
Figura 1: Corte transversal do musculo estriado esquelético. Fibras musculares (F);
Perimisio (p); Endomisio (e) e Miondcleos (n). Coloragdo HE (40 x). Fonte: o autor.
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1.2. Células Satélites

Durante a miogénese embrionaria, que ocorre através da diferenciacdo de
células precursoras miogénicas dos somitos a partir do mesoderma, formando as fibras
musculares, uma populacdo de células precursoras miogéncias ndo se diferencia e
permanece quiescente, sendo responsavel pelo crescimento pds-natal, pela adaptacdo
muscular e pelos processos de regeneracdo apds danos musculares (Shi e Garry, 2006;
Bentzinger et al., 2012). Essas células foram identificadas pela primeira vez por Mauro
(1961) e foram denominadas de células satélites.

As células satélites sdo mononucleadas, localizadas em um nicho especifico
entre o sarcolema e a lamina basal da fibra muscular. Encontram-se distribuidas ao
longo da fibra muscular, principalmente nas proximidades de capilares, sendo 20%
maior na regido das juncdes neuromusculares (Mauro, 1961; Buckingham, 2007;
Christov et al., 2007; White et al., 2010).

O numero de células satélites nos musculos € dependente da espécie, da idade e
do tipo de fibra considerado e atinge o pico maximo no estagio neonatal, perfazendo
cerca de 30 a 35% dos nucleos totais das fibras musculares e diminui para 2 a 7% na
fase adulta (Allbrook et al., 1971; Schmalbruch e Hellhammer, 1976; Sajko et al.,
2004; Lindstrom e Thornell, 2009; Bareja e Billin, 2013). Essas células apresentam um
aspecto fusiforme e, no estado quiescente, o citoplasma é escasso com poucas
organelas, contudo quando ativadas apresentam um citoplasma mais desenvolvido com

organelas mais desenvolvidas (Yin et al., 2013) (Figura 2).

Mionucleos
Miofribrilas / Vi
7 /4

74

Sarcolema - Fibra muscular

Lamina Basal Célula satélite
‘Quiescente’

Figura 2: Esquema demostrando a localizac&o das células satélites, entre o sarcolema e
a lamina basal da fibra muscular. Fonte: o autor, baseado em Mauro, 1961.
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O nicho das células satélites pode ser definido como o microambiente que
mantém a célula no seu estado indiferenciado enquanto esta ndo for ativada por um
estimulo especifico (Bentzinger et al., 2010) .

A capacidade das celulas satélites em se manterem no estado de quiescéncia é
importante para a manutencdo da populacdo das mesmas (Bjornson et al., 2012;
Mourikis et al., 2012). Esse processo é regulado pela acdo conjunta de varios genes que
evitam a sua ativacdo precoce, como 0 Cdknlb e Cdknlc 1c (do inglés cyclin-dependent
kinase inhibitors 1B e 1C); o Rb ou Rb1 (do inglés retinoblastoma tumor suppressor
protein), Rgs2, Rgs5 (do inglés regulator of G-protein signalling 2 e 5), Pmp22 (do
inglés peripheral myelin protein 22), e o Fator de Crescimento de Fibroblasto (FGF) (do
inglés fibroblast growth factor) (Hosoyama et al., 2011; Liu et al., 2013; Chakkalakal et
al., 2014).

As células satélites, em estado quiescente, expressam varios marcadores
nucleares e de superficie. Entre os marcadores nucleares destacam-se o emerin (EMD),
lamin A/C (LMNA) e a P57 ou Cdknlc (do inglés Cyclin-dependent kinase inhibitor
1C); como marcadores de superficie destacam-se a a7-integrina, calveolin 1 (CAV1),
M - cadherin; receptor de calcitonina (CALCR), molécula de adesdo celular neural
(NCAM1), Syndecan - 3/4 e molecula de adesdo vascular 1 (VCAM1) (Dumont et al.,
2015).

O controle e ativagdo das células satélites podem ser influenciados por varios
fatores de crescimento, que atuam como reguladores positivos, como 0s hormonios:
hormonio do crescimento (GH), insulina, e testosterona, os fatores de crescimento: fator
de crescimento semelhante a insulina - 1 (IGF-1) (do inglés insulin-like growth factor-
1); o fator de crescimento de hepatéricos (HGF) (do inglés hepatocyte growth factor);
fator de crescimento de fibroblasto (FGF) (do inglés fibroblast growth factor) e as
interleucinas — 6 e 15 (IL-6 e IL-15) e os reguladores negativos como o fator
transformante de crescimento-beta (TGF-p) (do inglés transforming growth factor-beta)
e a miostatina (Chargé e Rudnick, 2004). Além disso, as céelulas satélites tanto no estado
quiescente como no estado ativado, expressam marcadores miogénicos (Hawke e Garry,
2001), que controlam as fases de ativacdo, proliferagédo e diferenciagdo durante o
processo de crescimento ou reparo muscular (Seale e Rudnick, 2000). Varios
marcadores para células satélites foram identificados, entre eles o Pax7, o Sox8, o c-
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Met, a proteina CD34 (Cornelison et al. 2000; Michal et al. 2002; Schmidt et al. 2003;
Chargé e Rudnick, 2004) e os fatores de regulacdo miogénica (MRFs) (do inglés
myogenic regulatory factors) (Seale e Rudnick, 2000).

Os MRFs sdo fatores transcricionais expressos no musculo esquelético durante
a miogénese e crescimento muscular, nos processos de reparacdo, sendo importantes
também para a manutencdo do fen6tipo do musculo. Fazem parte dos MRFs a MyoD,
Miogenina, Myf5 e MRF4. Essas proteinas nucleares contém um dominio altamente
conservado, conhecido como “basic helix-loop-helix” (bHLH). Os MRFs reconhecem,
através de seu dominio basico (“basic”), uma sequéncia consenso no DNA conhecida
como E-box (5-CANNTG-3"), presente na regido promotora da maioria dos genes
musculo-especificos. A regido “helix-loop-helix” do MRF constitui o dominio de
ligacdo dessa molécula com proteinas E, como E12 e E47. A ligacdo do heterodimero
MRF-proteina E a seqiiéncia E-box ativa a transcricdo dos genes musculo-especificos,
levando a sua expressdo (Rudnick e Jaenisch 1995; Molkentin e Olson, 1996; Sabourin
e Rudnick, 2000). Além disso, essa interagdo pode iniciar a transcrigdo dos genes dos
préprios MRFs durante o crescimento muscular (Murre et al. 1989).

A MyoD e o Myf5 sdo conhecidos como fatores primarios, sendo expressos em
mioblastos na fase de proliferacdo, que antecede a fase de diferenciagéo, enquanto que a
miogenina e 0 MRF4 sdo expressos em células na fase de fusdo e diferenciacdo em
fibras musculares imaturas (Megeney e Rudnick 1995) (Figura 3). A miogenina e a
MyoD também podem estar envolvidas na manutencdo do fenédtipo da fibra muscular
adulta, como rapido ou lento. A miogenina é expressa em niveis superiores aos da
MyoD em musculos lentos, enquanto que o oposto é verdadeiro para muasculos rapidos
(Hughes et al. 1993; Voytik et al. 1993).
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Célula Satélite Mioblastos i Miofibra
1 T L
* * —
- _Aandl  ohng — e "’ s
b3 2 e
Quiescente  Ativada Proliferagao Diferenciacao Fuséao na Miofibra
miofibra madura
| Pax 7, Pax 3, CD34, Sox8, c-Met +
e e
} MyoD, My _{

( Miogenina, MRF4 |

Figura 3. Representacdo esquematica das células satélites no crescimento muscular. Células
satélites quiescentes expressam os marcadores Pax 7, Pax 3, CD 34, Sox 8 e c-Met. Apos sua
ativacdo, proliferam e passam a expressar os MRFs MyoD e Myf-5, tornando-se mioblastos. A
expressdo de miogenina e MRF4 controla a diferenciagdo dos mioblastos em miotubos, que
posteriormente se diferenciam para formar as miofibras maduras (adaptado de Zammit et al.
2006).

As células satélites podem ser ativadas em resposta a miotraumas severos ou

adaptativos, que requerem a regeneragdo muscular. Este mecanismo envolve a
proliferacdo e/ou diferenciacdo das células (Hawke e Garry 2001; Chargé e Rudnicki
2004), que poderéo participar da formacdo de novas fibras (apenas em situagdes de
necrose seguida de regeneracdo), originarem novas células satélites ou diferenciar-se em
novos mionucleos para reparar a fibra lesada.

A homesostase do musculo esquelético depende do equilibrio entre a
proliferacdo/diferenciacdo e a auto renovacao da populacdo de células satélites. A perda
da capacidade de auto renovagdo tem por consequéncia a diminuicdo no numero de
celulas satélite, reduzindo a capacidade de regeneracdo do musculo (Motohashi e
Asakura, 2014).

A auto renovacdo das células satélites pode ocorrer através de mecanismos
diferentes: de forma assimétrica, processo muito comum de auto-renovacdo das células
estaminais embrionarias, como também de maneira simétrica. Na divisdo simétrica, a
célula satélite divide-se de forma planar ao longo da membrana basal originando duas
células idénticas, o que poderia aumentar o nimero de células satélites ou originar duas
celulas ativadas que irdo se proliferar. Contudo, se a divisdo ocorrer na orientacao
apicobasal (divisdo assimétrica), a célula resultante que esta distante da membrana basal

se diferenciard em mioblasto e a célula proxima a lamina basal permacecerd como
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célula satélite. Se a divisdo vai ocorrer de forma simétrica ou assimétrica, depende da
necessidade do musculo em regeneragdo. O predominio da divisdo simétrica tende a
aumentar o numero de células satélites com capacidade para se diferenciar em
mioblastos, enquanto, o predominio da divisdo assimétrica favorece a geracdo de células
progenitoras e manutencdo da populacdo de células satélites (Kuang et al., 2007; Le
Grand et al., 2009; Wang et al., 2014)

1.3. Lesdo muscular

O musculo esquelético apresenta alta plasticidade demonstrada pela sua
capacidade de adaptar-se a diferentes estimulos, dentre esses as lesGes musculares
(Harridge, 2007).

As lesbes musculares tém uma alta incidéncia no esporte, ocorrem com
frequéncia em atletas e praticantes de esportes amadores. Nas diversas modalidades do
atletismo e do futebol profissional representam 50% e 30% de todas as lesGes, e
conforme a gravidade da lesdo pode comprometer a fungdo muscular, ocasionando
atrofia, contratura, dor e aumento da probabilidade de ocorrer uma nova lesdao e com
isso ocasionar limitages funcionais, incapacidades e comprometer o desempenho fisico
do atleta (Huard et al., 2002; Jarvinen et al., 2005; Renno et al., 2011; Alonso et al.,
2012; Ahmad et al., 2013; Freckleton e Pizzari, 2013)

Apos a lesdo muscular, ocorre necrose das fibras lesadas e a interacdo entre as
celulas inflamatérias como neutréfilos, macrofagos e mondcitos que tem por funcéo
fagocitar detritos celulares e promover a limpeza do local da leséo (Grounds, 2002;
Chazaud et al., 2003; Mourkioti e Rosenthal, 2005; Tibdall, 2005; Galli et al., 2011).
No entato, a resposta inflamatdria excessiva e persistente pode retardar a regeneracao
muscular e até mesmo levar a fibrose muscular. Portanto, atenuar a resposta
inflamatéria e diminuir o infiltrado de células inflamatérias é importante, a fim de
assegurar a coordenacao entre o processo inflamatério e a regeneracédo, resultando em
melhor recuperacdo funcional do tecido muscular apds uma lesdo (Liu et al., 2015).

Os macrofagos participam ativamente do processo de regeneracdo. Nas
primeiras 24 horas ap0s a lesdo, estdo presentes os macrofagos caracterizados pela
expressao do marcador de superficie CD68 (do inglés Cluster of Differentiation 68),
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cuja funcdo é fagocitar detritos celulares e estimular a liberagdo de citocinas pro-
inflamatorias tais como fator de necrose tumoral o (TNFa) e interleucina-1 beta (IL-1p).
O TNF-a é uma citocina pré-inflamatoéria que tem influéncia sobre varias células, na
degradacdo de proteinas e recrutamento de células polimorfonucleares e outras células
do sistema imunoldgico, contribuindo para a reparacdo tecidual (Albertini et al., 2008;
Pereira et al., 2010). Além disso, Langen et al., 2006, observaram que 0 aumento na
expressdo do TNF-a induz atrofia muscular, e resultou na inibicdo da diferenciagéo e
fuséo de mioblastos.

Posteriormente, a populacdo desses macréfagos diminui e predominam o0s
macrdfagos que expressam o marcador de superficie CD163 (do inglés Cluster of
Differentiation 163), que estimulam a liberagéo de interleucina -10 (IL-10) (Cicilliot e
Schiaffino, 2010). Essas citocinas, em baixas concentracdes, além de controlar a
inflamacdo também promovem a ativacdo, proliferacdo e diferenciacdo das células
satélites contribuindo para a regeneracdo muscular (Gibbs et al., 2001; Cantini et al.,
2002; Tibdall, 2005; Sonnet et al., 2006; Chen et al., 2007; Serrano et al., 2008;
Duchesne et al., 2011).

1.4. Regenerac¢ao Muscular

O mdasculo esquelético adulto, em condi¢bes normais, € um tecido estavel.
Contudo, em resposta a uma lesdo, como em uma atividade fisica ou em algumas
doencas musculares, apresenta uma extraordinaria capacidade de regeneragdo (Zanou e
Gailly, 2013). A capacidade regenerativa do musculo esquelético requer a ativagao,
proliferacéo e diferenciagdo das células satélites (Wang e Rudnicki, 2012).

O processo de ativacdo, proliferacdo e diferenciacdo das células satélites na
regeneracdo muscular € semelhante ao processo que ocorre durante o desenvolvimento
muscular no periodo pos-natal (Parker et al., 2003; Seale et al., 2003). Nesse processo
as células satélite sdo estimuladas a entrar no ciclo celular e a se diferenciar (Abou-
Khalil e Brack, 2010). Em resposta a um miotrauma severo, que sobrevenha a necrose
da fibra (por ex: acdo de toxinas ou distrofia muscular), ou miotrauma adaptativo (por
ex: exercicio resistido), estas células sdo estimuladas a se diferenciar e proliferar para

formar uma nova populacdo de mioblastos (Hawke e Garry, 2001).
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O processo de regenera¢do muscular € um processo complexo e sincronizado
que ocorre em varias etapas distintas. E coordenado pelos MRFs, sendo que a MyoD e o
Myf5, estdo mais relacionados com a proliferacdo das células satélites e a Miogenina e
0 MRF4, sdo mais expressos durante a diferenciacdo terminal e fusdo de mioblastos
para formar miotubos no processo de reparagdo das fibras musculares (Palmer e
Rudnicki, 2003; Dumont et al., 2015).

A regulacdo da atividade das células satélites envolve fatores que podem ser
divididos em dois grupos. Os fatores de crescimento, que atuam como reguladores
positivos, tais como os hormoénios (GH, insulina e testosterona), os fatores de
crescimento: IGF-1, HGF, FGF e as citocinas. Os reguladores positivos sdo responsaveis
pela reentrada das células satélites no ciclo de divisdo celular e posteriormente
estimulam a replicagdo do DNA. H& também os reguladores negativos tais como a
miostatina e 0 TGF- B (Charge e Rudnicki, 2004) (Figura 4).
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Figura 4. Regeneracdo Muscular. Fibra muscular normal com célula satélite quiescente
e miondcleo (A). Ap6s um miotrauma (B), as células satélites quiescentes séo ativadas,
proliferam-se (C) e se diferenciam em mioblastos (E). No miotrauma adaptativo do
exercicio fisico, os mioblastos migram para a regido danificada e fundem-se a fibra
muscular pré-existente para reparar o local da microlesdo e/ou adicionar nucleos para
ampliar a taxa sintese protéica (hipertrofia) (F). Porém, em situacBes de miotraumas
severos que ocorra necrose das fibras (acdo de toxinas e distrofia), os mioblastos
poderdo se alinhar e fundir-se entre si, para formar uma nova miofibra (G), e reparar o
dano da fibra muscular (H). Durante o processo de regeneracdo, alguns mioblastos
retornam ao estado quiescente e restabelecem a populagdo de células satélites (D). A
fase de ativagdo das células satélites € caracterizada pela alta expressdo de MyoD e
Myf5, e na diferenciacdo ocorre um aumento na expresséo de Miogenina e MRF4
(Azul). Cada estéagio do processo de regeneracdo ¢ mediado por fatores de crescimento,
gue atuam como reguladores positivos (verde) ou reguladores negativos (vermelho).
Adaptado de Charge e Rudnicki, (2004).

O IGF-I é um hormbnio importante para o desenvolvimento e regeneracdo do
musculo esquelético. Apds a lesdo muscular as fibras danificadas expressam IGF | e
IGF II, contudo apenas o IGF-I esta envolvido na proliferagédo e diferenciacdo de
mioblastos (Serra et al., 2011; Jiao et al., 2013). De acordo com Cassano et al., 2009 a
expressdo de IGF-1 regula positivamente a regeneracdo muscular e a hipertrofia
muscular por estimular o aumento da sintese de proteinas.

O HGF esta relacionado com a regulacao das células satélites, ativando- as

e inibindo a diferenciacdao de mioblastos (Hawke & Garry, 2001). Na fase inicial do
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processo de regeneracdo atinge seu maior pico de expressao e diminui a medida
que ocorre a regeneracao das fibras musculares lesadas. De acordo com Miller et
al,, 2000, na fase inicial do processo de regeneracdao o HGF ativa as células satélites
aumentando o nimero de células satélites ativadas. Posteriormente, os niveis de
HGF diminuem e ocorre o aumento da diferenciacdo dos mioblastos.

A miostatina é uma proteina sintetizada no muasculo esquelético, também
conhecida como fator 8 de crescimento e diferenciacdo que regula o desenvolvimento e
crescimento do tecido muscular. Estudos demonstraram que 0 aumento na expressao de
miostatina inibe a proliferacdo e diferenciacdo das células satélites e por consequéncia
diminui o desenvolvimento muscular normal. No entanto, a supressdao da miostatina
desencadeia aumento excessivo da massa muscular (Kambadur et al., 1997; McPherron
etal., 1997; Lee, 2004; Cassano et al., 2009)

O TGF-B € um dos mais importantes fatores de crescimento relacionados com
0 processo de reparagdo tecidual, pois influencia a resposta inflamatdria, a angiogénese,
a reepitelizagdo, a deposicdo e a remodelacdo da matriz extracelular (Riedel et al.,
2007). No musculo esquelético, membros da superfamilia do TGF-p tém mostrado ter
efeitos fundamentais no desenvolvimento muscular pés-natal como no processo de
regeneracdo muscular por modular a atividade de mioblastos e inibindo tanto a
proliferacdo e a diferenciacdo das células satélites (Charge e Rudnicki, 2004; Kollias
and McDermott, 2008). Estudos demonstraram que TGF-B ndo sé induz a expressdo de
proteinas da matriz extracelular, mas também inibe a sua degradacéo através da inibigdo
de metaloproteases de matriz e estimula a sintese de colageno. (Sugaru et al., 2005;
Wisdom et al., 2005).

Apos a lesdo muscular, também ocorre aumento significativo nos niveis de
creatina quinase (CK), das interleucinas IL-1p e IL-6 e de citocinas pro-inflamatorias,
aumento da producdo de espécies reativas de oxigénio e nitrogénio e diminuigdo na
atividade de enzimas antioxidantes (Droge, 2002; Buford et al., 2009). A diminui¢édo na
atividade das enzimas antioxidantes contribui para ativar o NF-kB responsével por
alteracGes na expressdo de genes que modulam a resposta inflamatoria, dentre estes as
citocinas pré-inflamatorias, fatores de crescimento e moléculas de adesdo A expressao
excessiva destes mediadores é prejudicial para a reparagdo muscular, uma vez que

intensifica a inflamacdo e pode inibir a diferenciacdo de mioblastos e o processo de
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fusdo (Barnes et al., 1997; Van den Berg et al., 2001; Adams et al., 2002; Langen et
al., 2004).

A IL-1B e TNF-o promovem aumento da expressdo de iNOS (do inglés Nitric
oxide synthases) e, consequentemente, aumenta os niveis de NO (do inglés nitric oxide)
no tecido (Kaminski e Andrade, 2001; Filippin et al., 2011). O aumento na expressao de
NO aumenta as espécies reativas de oxigénio e pode provocar altera¢Ges na sintese de
proteinas, no DNA e no metabolismo (EI-Remessy et al., 2009). O TNF-a € liberado
principalmente por macro6fagos, mas também pode ser liberado por linfocitos e
mastocitos. Além de estimular a sintese de prostaglandinas e colagenases, atua também
como agente quimiotatico para células inflamatdrias (Ishigame et al., 2006). A familia
da interleucina-6 (IL-6) é formada por citocinas as quais sdo produzidas por varios
tipos celulares, incluindo mioblastos e macréfagos. A IL-6 é capaz de promover a
degradacdo de tecido necrosado e a diferenciacdo das células satélites (Hawke &
Garry, 2001).

A répida recuperacdo do musculo apdés a lesdo e a manutencdo de suas
propriedades mecanicas sdo importantes para a reabilitacdo do individuo ndo atleta, mas
em especial para atletas que necessitam de sua méxima eficiéncia durante as
competicdes (Freitas Filho et al., 2006). Diversos recursos terapéuticos tém sido
utilizados no tratamento de diferentes afeccGes que acometem o tecido muscular
esquelético e dentre esses destacamos a Laserterapia de Baixa Intensidade. Os objetivos
terapéuticos no processo de reabilitacdo das lesdes musculares sdo controlar o processo
inflamatorio, minimizar a formacéo de fibrose e estimular a regeneracao tecidual (Assis
etal., 2012).

1.5.Laserterapia

O termo laser € um acrénimo que significa “amplificacdo da luz por emissao
estimulada de radiacdo”. A radiagdo laser sdo ondas eletromagnéticas amplificadas com
caracteristicas que a diferenciam das demais formas de radiagdes. Essas caracteristicas
sdo: monocromaticidade, coeréncia (temporal e espacial) e colimacgéo (Robertson et al.,
2009).
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A Laserterapia de Baixa Intensidade (LBI) é uma forma de radiacdo
eletromagnética de baixa poténcia, na faixa de 1 mW a 500 mW, utilizada no
tratamento de diversas patologias, e 0 comprimento de onda se situa entre 660 a 1000
nandémetros (nm) (Huang et al., 2011). As radiagcOes vermelhas e infravermelhas séo as
mais utilizadas no tratamento de diferentes tipos de tecidos. A infravermelha apresenta
0 comprimento de onda acima de 700 nm e a vermelha abaixo de 700 nm. Em geral,
quanto maior o comprimento de onda, maior a penetracdo do feixe no tecido. Por esta
razdo, o comprimento de onda infravermelho tem maior penetragdo quando comparado
ao comprimento de onda vermelho e, por esse motivo esses sdo utilizados com mais
freqUiéncia na pratica clinica do fisioterapeuta, no tratamento de diversos tecidos moles,
como por exemplo, masculos, tenddes, ligamentos e capsulas, dentre outros (Turner e
Hode, 2002; Esnouf et al., 2007; Karu, 2007; Meinhardt et al., 2008).

A LBI é um recurso ndo térmico e o seu efeito terapéutico é creditado a uma
interacdo fotoquimica com as células (Shefer et al., 2002; Lin et al., 2010). A interacdo
dos fétons da radiacdo laser com receptores especificos na mitocéndria aumenta a
fungdo mitocondrial, aumenta o consumo de oxigénio, a sintese de NADH e ATP e age
no potencial de membrana. A absorc¢éo da luz do laser pelos tecidos pode estimular um
aumento da sintese de RNA e na expressdo de varias proteinas reguladoras do ciclo
celular, e, por conseguinte, aumentar a proliferacdo das células (Dortbudak et al., 2000;
Renno, et al., 2007; Huang et al., 2009).

Estudos experimentais em animais revelaram que a LBI é capaz de reduzir o
processo inflamatoério, aumentar a atividade mitotica celular, estimular a angiogénese, a
sintese de colageno e promover a regeneracdo muscular (Albertini et al., 2007; Bortone
et al., 2008; Liu et al., 2009; Sussai et al., 2010). Os possiveis mecanismos sugerem que
a laserterapia pode diminuir o estresse oxidativo e a producdo de espécies reativas de
oxigénio (Avni et al., 2005; Rizzi et al 2006; Assis et al., 2012), melhorar a funcgéo
mitocondrial (Xu et al., 2008; Silveira et al., 2009) e ativar a microcirculacdo (Bibikova
1993).

A radiacdo laser é uma excelente opcdo para o tratamento de lesGes
musculares, pois € um recurso de baixo custo, ndo invasivo, de fécil aplicagdo, pode

reduzir o uso de medicamentos e, além disso, até o presente momento ndo foram
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relatados efeitos colaterais nos tecidos tratados com o uso desse recurso (Alves et al.,
2014).

Estudos recentes com diferentes tipos de lasers e parametros de radiagédo
mostram efeitos benéficos na fase inicial do processo de regeneragdo muscular
modulando o processo inflamatério (De Almeida et al., 2013; Rodrigues et al., 2013;
Brunelli et al., 2014; Fernandes et al., 2014); estimulando a formacdo de novos vasos
sanguineos (De Souza et al., 2011); remodelando a matriz extracelular (Baptista et al.,
2010; Alves et al., 2014) e estimulando a proliferacdo e diferenciacdo das células
satélites (Vatansever etal., 2012; Assis et al., 2013).

Os lasers mais frequentemente utilizados em tratamentos de lesdes teciduais
sd0 0 Hélio-Neon (HeNe), Arseneto de Galio (AsGa), Arseneto de Galio Aluminio
(AsGaAl) e Indio-Galio-Aluminio-Fosforeto (InGaAlP) (Silva et al., 2010). Varios
estudos foram realizados, em humanos, utilizando o Laser de Arseneto de Galio (AsGa)
(comprimento de onda de 904 nm) e mostraram os seus efeitos benéficos em diferentes
condicbes patoldgicas tais como, no tratamento da dor miofascial (Gur et al., 2004);
diminuicdo da dor lombar (Mandi¢ e Rancie, 2011; Jovici¢ et al., 2012); diminuic¢do da
dor no ombro (Bingdl et al., 2010); no tratamento do liquen plano oral (Cafaro et al.,
2010).

Estudos experimentais em ratos, utilizando o Laser de Arseneto de Galio
(AsGa) (comprimento de onda de 904 nm e energia final variando entre 0,04 a 3,0
Joules) também tem demonstrado o beneficio do laser sobre as lesdes no musculo
esquelético. Foi observado diminuicdo do processo inflamatério e da formacdo de
fibrose (Rizzi et al., 2006), aumento na sintese de ATP (Silveira et al., 2009), previne
lesBes musculares induzidas pelo exercicio fisico (De Almeida et al., 2011), aumento da
expressdo dos MRFs (Silva et al., 2012), reducéo significativa do estresse oxidativo e da
sintese de colageno (De Souza et al., 2013; Silveira et al., 2013) e previne a progressao
das alteraces musculares na Distrofia Muscular de Duchenne (Leal-Junior et al., 2014).

Embora os estudos que utilizaram a laserterapia no tratamento de diferentes
tecidos mostram que a radiacdo laser acelera o processo de regeneracdo tecidual,
diferentes protolocos de tratamento sdo utilizados o que dificulta a comparagdo dos
resultados e a escolha de pardmetros adequados de tratamento (Silva et al., 2010). Um

estudo avaliou os parametros em equipamentos de diferentes fabricantes e mostrou
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variagdes na energia final irradiada, indicando que a densidade de energia apenas nao
parece ser o melhor parametro para a escolha da dose adequada a ser utilizada no
tratamento, mas também é importante observar a energia final irradiada para se obter o
melhor resultado terapéutico (Fukuda and Malfatti, 2008).

De acordo Enwemeka, (2009) a densidade da energia ou fluéncia é definida
como a quantidade de energia aplicada por unidade de area. A densidade de energia é
obtida dividindo a energia final irradiada pela area do feixe é expressa em joules por
centimetro quadrado (J/cm?).

A energia irradiada é um dos pardmetros mais criticos que tem infuéncia nos
resultados do tratamento, e apresenta variacbes de acordo com a poténcia do
equipamento e o tempo de irradiacdo. E o produto da poténcia do equipamento em
miliwatts (mW) pelo tempo de irradiacdo em segundos (s), portanto, a densidade de
energia é influenciada por variaveis tais como: poténcia do equipamento, energia final
irradiada, tempo de irradiacdo e area do feixe (Enwemeka, 2009).

A Associagdo Mundial de Lasertrapia recomenda a utilizacdo de energia final
de 2 a 4 Joules para o tratamento de diferentes tipos de tecidos humanos, incluindo
musculo esquelético (Walt, 2006). Estudos que avaliaram os efeitos da radiacao laser no
processo de regeneracdo muscular mostraram que a energia final mais comum utilizada
apresentou variagoes entre 1,4 e 2,0 Joules (Alves et al., 2014). Um estudo utilizando
um Laser de Arseneto de Galio (AsGa), 904 nm, 1,5 mW, que comparou o efeito de
diferentes energias finais (1,5 e 3,0 Joules), aplicadas durante 5 dias consecutivos, com
a primeira aplicacdo 3 dias ap0s a lesdo mostraram que o tratamento com uma energia
final de 3,0 Joules, foi eficaz para melhorar a regeneracdo do musculo (Silva et al.,
2012). No entanto, Oliveira et al., 1999, utilizando o Laser de Arseneto de Galio
(AsGa), 904 nm, 1,5 mW e energia final de 0,19 e 0,72 Joules ndo observaram
alteracGes morfoldgicas na recuperagdo muscular (Oliveira et al., 1999).

Com base nos dados apresentados, no nosso estudo, optamos por investigar o
efeito do Laser de Arseneto de Galio (AsGa), 904 nm, 50 mW e area do feixe 0,035 cm?
na regeneracdo do musuclo estriado esquelético, apds criolesdo, utilizando uma

energia final alta (4,8 Joules).
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2. OBJETIVOS

O objetivo deste trabalho foi avaliar os efeitos do efeito Laser de Arseneto de
Galio (AsGa) na fase inicial do processo de regeneragdo muscular, utilizando energia
final alta de 4,8 Joules. Para tanto foram avaliados aspectos morfoldgicos da area da
lesdo, numero de fibras musculares em regeneracdo e degeneracdo, 0 percentual de
colageno, a expressdo dos fatores regulatorios miogénicos (MyoD e miogenina), o
processo inflamatdrio através da expressao do TNF-a e fibrose através da expressao do
TGF-p.
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3. MATERIAL E METODOS

3.1.Modelo Animal

Todo o experimento e procedimentos foram realizados de acordo com as
normas internacionais de experimentacdo animal (Clark et al., 1997), e foi aprovado
pelo Comité de Etica e Pesquisa da Universidade do Oeste Paulista, Presidente
Prudente, Sdo Paulo, (protocolo n® 713/11). Foram utilizados 30 ratos Wistar machos,
(Rattus norvegicus), com trés meses de idade, com peso de 210 a 340 g, oriundos do
Biotério Central da Universidade do Oeste Paulista. Os animais foram mantidos em
gaiolas individuais no Biotério de Pequenos Mamiferos do Departamento de Morfologia
do Instituto de Biociéncias da UNESP, em ambiente com temperatura controlada (22-24
°C), ciclo de luminosidade claro/escuro invertido (12/12 h) e providos com racdo e agua
ad libitum.

3.2.Grupos Experimentais

Os animais (n=30) foram divididos aleatoriamente em trés grupos (n = 10 por grupo)

como descrito abaixo:

1)Grupo controle (C): Os animais ndo foram submetidos a lesdo ou tratamento.

2)Grupo Lesado (L): animais submetidos a lesdo, mas ndo foram submetidos a
tratamento com a terapia laser de baixa intensidade (LBI).

3)Grupo Lesado/Tratado (LT): animais foram lesados e submetidos ao tratamento com a

terapia laser de baixa intensidade (LBI).

3.3.Modelo de Lesao

Os animais foram anestesiados com 1 ml/kg de 1% ketamina HCI (Dopalen;
Vetbrands; Sao Paulo; Brasil) e 2% xilazina (Anasedan; Vetbrands; Sdo Paulo; Brasil),
via intraperitoneal (IP). A les&o foi realizada confome descrito por Assis et al., (2012) e
Miyabara et al. (2006). Apoés a anestesia, foi realizada tricotomia no membro posterior

direito e esquerdo e, em seguida, um corte longitudinal (1 cm) foi realizado na pele ao
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longo do ventre do musculo tibial anterior (TA) expondo o musculo de ambos 0s
membros. Em seguida, uma barra retangular de ferro (0.8 x 0.8 mm?2), previamente
congelada em nitrogénio liquido por 30 segundos, foi mantida em contato (transversal)
com a regido central do musculo TA de ambos os membros durante 10 segundos, de
maneira alternada. O procedimento foi repetido por duas vezes consecutivas, com um
intervalo de tempo de 30 segundos e depois a pele foi suturada (Figura 5). O musculo
TA foi escolhido porque é um masculo superficial, tornando a cirurgia simples. Apos a
cirurgia, os animais foram alojados em gaiolas de plastico individuais em uma sala com

condigdes ambientais controladas.

Figura 5: Imagem ilustrativa da criolesdo no ventre do masculo tibial anterior.

3.4.Desenho Experimental

Foi utilizado um laser de diodo semicondutor composto por Arseneto de Gélio
(AsGa), (KLD Biossistemas®, Amparo, Brasil), emissdo pulsada, comprimento de onda
de 904 nandmetros, poténcia de saida (média) de 50 mW (miliwatts), area de emissao
do feixe de 0,035 cm>.

O tratamento foi iniciado 24 horas ap6s a criolesdo, e as aplicacdes foram
realizadas por 5 dias consecutivos, com intervalo de 24 horas entre as aplicagdes. Os
animais foram contidos manualmente com o membro posterior posicionado em
extensdo, a caneta do Laser foi posicionada diretamente sobre a pele (contato direto), na
area da lesdo, no ventre do masculo tibial anterior, mantida em um angulo de 90° a

superficie irradiada (Figura 6). A densidade de energia utilizada foi de 69 J/cm?,
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aplicado em dois pontos sobre a area da lesdo, a uma distancia de 1 cm por ponto, para
atingir toda a &rea da lesdo (Morrone et al., 1998). O tempo de irradiacdo foi de 48
segundos por ponto, resultando em uma energia final de 2,4 Joules em cada ponto,
totalizando 4,8 Joules na area da lesdo. Esta dose e energia final foram escolhidas com
base em um estudo anterior, utilizando um Laser de Arsenieto de Galio na fase inicial
do processo de regeneracdo muscular (Silva et al., 2012). Ap6s 7 dias foi mensurado o
peso corporal dos animais (PC) e em seguida, foram mortos mediante overdose de
anestésico (ketamina) via intraperitoneal. O mdusculo tibial anterior de ambos os
membros foi removido, e em seguida fragmentos do terco medial do musculo foram
removidos e congelados, utilizando-se isopentano a —156°C, previamente resfriado em
nitrogénio liquido. O material congelado foi armazenado em Freezer a —80° C. O
Fragmento do musculo tibial anterior esquerdo foi utilizado para analise morfoldgica e

o direito para a analise molecular (expressdo genénica).

Figura 6: Imagem representativa do tratamento com o Laser.

3.5.Analise Histoligca

Cortes histologicos de 8 um, do terco medial do musculo tibial anterior do
membro posterior esquerdo foram obtidos em micrétomo criostato (JUNG CM1800,
Leica Alemanha), a —20 °C e submetidos a técnica de coloragdo Hematoxilina e Eosina

(HE) para avaliar a morfologia geral das fibras musculares na area da lesdo. A
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frequéncia (porcentagem) de fibras musculares em degeneracdo e regeneragéo foi
analisada utilizando-se quatro campos de imagem computadorizada para cada animal. A
avaliacdo histopatologica por HE foi realizada com microscopio de luz (Olympus,
OpticalCo. Ltd., Tokyo, Japan), com a objetiva de 20x e quatro campos foram
escolhidos aleatoriamente na area da lesdo. Na analise qualitativa investigada para cada
animal se considerou qualquer modificagdo no local da lesdo como processo
inflamatorio, edema, nimero de fibras em regeneracdo e degeneracdo. Para avaliacdo
histoldgica do colageno foi realizada a técnica do PicroSirius (Calvi et al, 2012). Trés
amostras de imagem computadorizadas foram usadas para cada animal. A quantificagdo
dos dados histopatoldgicos foi realizada utilizando um microscopio de luz ligado a um
sistema de analise de imagem computorizado (Qwin Leica, Wetzlar, Alemanha). A
freqUéncia de fibras musculares (processo de degeneracdo e regeneracdo) e analise do
colageno foram determinadas usando o Image Analysis Software System (Leica,

Alemanha). Estes parametros foram calculados utilizando uma objectiva de 20x.

3.6.Avaliacdo quantitativa da expressdo génica por Reacdo em Cadeia da
Polimerase em Tempo Real apds Transcri¢cdo Reversa (QPCR

Fragmentos do terco medial do mdsculo tibial anterior do membro posterior
direito foram utilizados na analise da expressdo génica (MyoD, Miogenina, TNF-a e
TGF-B).

3.6.1.Expressdo de RNA

Uma por¢do muscular de cada amostra, previamente congelada em nitrogénio
liquido, foi homogeneizada com homogeneizador de tecidos (IKA UltraTurrax/T-25)
em 1 mL de TRIzol/50-100 mg de tecido. O material insoluvel resultante da
homogeneizacdo foi retirado por centrifugacdo a 12.000g por 10 min a 4 °C. Essa
solucéo 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
nucleo-protéicos. Apos esse periodo, foi acrescentado 0,2 mL de cloroférmio para ml de

TRIzol utilizado, homogeneizando vigorosamente e incubando novamente, desta vez,
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por 3 min a temperatura ambiente. ApOs essa segunda incubacdo o material foi
centrifugado a 12.000g/15 min a 4 °C.

Para a precipitacdo do RNA, a fase aquosa formada, apds a centrifugacdo do
material, foi separada e precipitada por intermédio da incubacdo com 0,5 mL de
isopropanol (por mL de TRIzol utilizado inicialmente) por 10 min a temperatura
ambiente. Apds esse periodo, o material foi novamente centrifugado a 12.000g/10 min a
4 °C. O sedimento formado foi lavado com 1mL de etanol 75%/mL de TRIzol utilizado
inicialmente) e centrifugado a 7.500g/5 min a 4 °C. O sobrenadante foi removido
cuidadosamente e, apds a retirada do excesso de liquido do fundo do tubo, o pellit foi
seco a temperatura ambiente durante cerca de 5 min. O RNA total foi dissolvido em
4gua destilada e autoclavada (tratada com Dietilpirocarbonato-Sigma® - DEPC, a
0,01%), incubado por 10 min a temperatura de 60°C e, finalmente, armazenado a - 80°C.
O RNA foi quantificado por espectrofotometria a 260 nm, usando-se o fator de corregédo
proprio para 0 RNA (40). 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. As amostras utilizadas teréo

razdo 1.8.

3.6.2.Tratamento do RNA

As amostras de RNA foram tratadas com TURBO DNase (Ambion, EUA) para
remover a contaminagcdo com DNA genémico. A concentracdo de RNA, em ng/uL, foi
determinada através do espectrofotdmetro. A qualidade do RNA foi obtida pelo nimero
da integridade do RNA (RNA Integrity Number, RIN), a partir da analise dos RNAs
ribossomais baseadas em microfluidos, utilizando-se o sistema 2100 Bioanalyzer
(Agilent, EUA).

3.6.3.Reacdo em cadeia da polimerase em Tempo Real (QPCR).

Os niveis de expressao dos genes alvos foram detectados por RT-qPCR atraveés
do QuantStudio™ Real-Time PCR Systems ((). Para cada reacdo, 2 uL de cDNA (20
ng/uL) foram amplificados usando 6.5 uL de Power SYBR Green PCR Master Mix 2x

(Applied Biosystems, USA), 2 uL de cada primer (nas concentracfes étimas testadas
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previamente) e 6.5 pL de dgua ultrapura, completando 25 pL de reacdo. As reacdes para
cada gene foram realizadas em duplicatas, utilizando-se as condic¢Ges de termociclagem
descritas para a RT-gPCR. Ao término de cada reacdo, a amplificacdo especifica de
cada gene foi confirmada pela analise da curva de dissociacdo dos fragmentos
amplificados. Para cada gene, foram utilizados um controle negativo da PCR (cDNA
substituido por &gua livre de RNase) e um controle negativo para a reacdo de
Transcricdo Reversa (CDNA substituido por mistura inicial contendo quantidades iguais
de RNA de todas as amostras). Os primers utilizados para detectar os genes alvo MyoD,
miogenina, TGF-B, TNF-a e os controle enddgenos Ppla, Pplb e B2m sdo mostrados na
Tabela 1. Expressdo génica relativa foi calculada usando o método comparativo CT
(Livak and Schmittgen, 2001), e o grupo controle para a normalizagdo dos dados
obtidos. A expressdo dos genes alvos e 0s genes de referéncia mais estaveis (Ppla e
Pplb) foram obtidos usando geNorm (versdo 3.5, descrito por Vandesompele et al.,
2002).

Tabela 1. Conjunto de primer utilizados para expressao génica.

Gene Forward primer Reverse primer
MyoD TTTTTCATGCGACTCACAGC GAAGGCAGGGCTTAAGTGTG
Myogenin GTCTTTTCCGACCTGATG ATAGAAGTGGGGCTCCTGGT
TGF-B GGACTCTCCACCTGCAAGAC GACTGGCGAGCCTTAGTTTG
TNF-a TGATCGGTCCCAACAAGGA GGGCCATGGAACTGATGAGA
Ppla TCAACCCCACCGTGTTCTTC ACTTTGTCTGCAAACAGCTCG
Pplb CAAGACCTCCTGGCTAGACG CCGTACCACATCCATGCCTT
B2M CGAGACCGATGTATATGCTTGC GTCCAGATGATTCAGAGCTCCA

MyoD; Myogenin; TNF-a; TGF-B; Ppla: peptidylprolyl isomerase A (cyclophilin A); Pplb: peptidylprolyl
isomerase B (cyclophilin B; beta-2-microglobulin.

3.7.Andlise Estatistica

Os dados referentes as analises de expressdo génica (TNF-a, Miogenina,
MyoD e TGF-beta) foram submetidos ao teste de variancia (ANOVA ONE Way), para
permitir a analise comparativa entre 0s grupos experimentais. O teste de Tukey foi
utilizado para caracterizar se houve diferenca entre os grupos. Os resultados do nimero
de fibras em regeneracdo e de fibras em degeneragcdo e bem como das fibras em

regeneracdo foram submetidos ao teste de Mann-Whitney para determinar possiveis
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diferencas entre os grupos lesados e tratados quando comparados com o grupo lesado e
ndo tratado. A analise estatistica dos dados referentes ao percentual de colageno foi
avaliado através do teste de Kruskal-Wallis seguido de teste a posteriori de Dunn para
determinar as diferenca entre os grupos analisados. Para todas as analises estatisticas foi

estipulado o nivel de significancia de 5% (p< 0,05).
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4. CAPITULO 1 - High Final Energy Of Low - Level Gallium Arsenide Laser
Therapy Enhances Skeletal Muscle Recovery Without A Positive Effect On
Collagen Remodeling *

*Artigo publicado na revista Photochemistry and Photobiology, v 4, 2015.
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ABSTRACT

The aim of this study was to evaluate the effects of a Gallium Arsenide (GaAs) laser,
using a high final energy of 4.8 Joules, during muscle regeneration after cryoinjury.
Thirty Wistar rats were divided into three groups: Control (C, n=10); Injured (I, n=10)
and Injured and laser treated (Injured/LLLT, n=10). The cryoinjury was induced in the
central region of the Tibialis Anterior muscle (TA). The applications of the laser (904
nm, 50mW average power) were initiated 24 hours after injury, at energy density of 69
Jlcm? for 48 seconds, for five days, to two points of the lesion. Twenty-four hours after
the final application, the TA muscle was removed and frozen in liquid nitrogen to assess
the general muscle morphology and the gene expression of TNF-a, TGF-f3, MyoD and
Myogenin. The Injured/LLLT group presented a higher number of regenerating fibers
and fewer degenerating fibers (p<0.05) without changes in the collagen remodeling. In
addition, the Injured/LLLT group presented a significant decrease in the expression of
TNF-a and Myogenin compared to the injured group (p<0.05). The results suggest that
the GaAs laser, using a high final energy after cryoinjury, promotes muscle recovery

without changing the collagen remodeling in the muscle extracellular matrix.
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INTRODUCTION

Skeletal muscle lesions are common in many situations and represent a
challenge for sport scientists since the rate of muscle strain injury recurrence is 30%
among some professional athletes (1). Muscle is a dynamic tissue with an extraordinary
capacity for regeneration; a complex and synchronized process involving the activation
of various cell types (2). Thus, there is great interest in better understanding the
mechanisms involved in muscle regeneration after an injury.

Furthermore, the main objectives in muscle rehabilitation following injury are
improvement in the regenerative capacity and prevention of muscle fibrosis (3).

Muscle regeneration is a highly orchestrated process that involves degeneration,
inflammation, regeneration and fibrosis (4, 5). Additionally, several factors control this
process, among which the myogenic regulatory factors (MRFs) and pro-inflammatory
cytokines such as the Tumor Necrosis Factor Alpha (TNF - o) and Transforming
Growth Factor Beta (TGF - B) are highlighted (6).

TNF-a is a proinflammatory cytokine that promotes the stimulation of other
cytokines and acts as a chemotactic agent for inflammatory cells, activated mainly by
macrophages during the early phase of the tissue healing process (7). TGF-B is a
cytokine produced by the fibroblasts, epithelial cells and macrophages at the site of the
injury, producing extracellular matrix proteins and collagen synthesis. An increased
expression of TGF-B over a prolonged period is detrimental to the process of muscle
regeneration as it contributes to the formation of fibrous tissue and can inhibit the
proliferation, differentiation and fusion of myoblasts (8, 9).

In addition to these inflammatory cytokines, several studies have demonstrated

the importance of satellite cells (SCs) in muscle regeneration. The steps associated with
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the proliferation, differentiation and fusion of SCs (regulated by MRFs) during the
regeneration process are generally well established (10). The MRFs are part of the
family of transcriptional factors that play an important role during myogenesis and
muscle growth. Although the MRFs are markers involved with satellite cell
proliferation and differentiation, MyoD and Myf5, are more related with myogenic
precursor cells towards proliferation and Myogenin and MRF4, are more expressed
during the terminal differentiation and fusion of myoblasts to form myotubes that
mature into new muscle fibers (11). The MRFs are highly expressed during muscle
plasticity and regeneration, since in these situations the events observed during
myogenesis occur (4). Although muscle regeneration after injury is well defined,
depending on the level of injury, the process is very slow and may affect muscle
function, leading to atrophy, contracture, pain and an increased likelihood of re-injury
(12, 13).

In this context, treatments that could accelerate cell regeneration and prevent
fibrosis are important for avoiding complications and sequelae in the treatment of these
injuries. Low-level Laser Therapy (LLLT) has been shown to be an excellent treatment
option for the recovery of skeletal muscle after injury (14). This therapy effectively
reduces inflammation, accelerates soft tissue healing and stimulates the myogenic
process (15).

The cell biological responses resulting from the laser radiation absorption are the
result of photoexcitation of electrons that promote changes in the cellular redox state,
which in turn increases the transfer of electrons throughout the respiratory chain,
increasing the transference of electrons and protons accelerating the oxidative

metabolism, leading to an increase in adenosine triphosphate (ATP) synthesis (16-19).
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The absorption of the laser light by tissues can also stimulate an increase in RNA
synthesis and the expression of various cell-cycle regulatory proteins, therefore increasing
cell proliferation (20, 21).

The most commonly used lasers in research are the Helium-Neon (HeNe),
Gallium Arsenide (GaAs), Gallium Aluminum Arsenide (GaAlAs) and Indium Gallium
Aluminum Phosphorus (InGaAlIP) (22). Studies using the GaAs laser, wavelength 904
nm, with different parameters (peak power, power density, beam area, irradiation time,
dosage and final energy radiated) in vivo and in vitro have demonstrated that it was able
to reduce oxidative stress and collagen synthesis, promoting increased expression of
collagen type | Alpha 1 (Collal) and vascular endothelial growth factor (VEGF) (23,
24).

The final energy radiated is one of the most important parameters influencing
the results of treatment, and is directly related to the peak power of the equipment and
radiation time (25). A study of equipment from different manufacturers has shown that
using the same energy density in devices with different average or peak power can
provide variable final energy, not only the energy density, but also the final energy and
other parameters such as spot size and, average or peak power should be mentioned, so
that the appropriate dosage can be established and the best therapeutic results achieved
(26).

The World Association for Laser Therapy recommends final energy of 2 to 4
Joules for the treatment of different kinds of human tissues, including skeletal muscle
(27). Research with a Gallium Arsenide laser, early in the process of muscle
regeneration, using different doses and final energy, presented discrepancies in the

results.
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Treatments with a final energy of 3.0 Joules using a 5 mW power equipment
were able to accelerate muscle regeneration in skeletal muscle, However, when treated
with a final energy of 0.19 and 0.72 Joules using a 1.5 mW power equipment non
morphological changes were observed in muscle recovery. Furthermore, the greater the
power of a given therapeutic device, the shorter the necessary treatment time to achieve
a particular target dose (28, 29). Several studies have been conducted to evaluate the
effects of a GaAs laser on skeletal muscle with different parameters; in these studies the
final energy radiated varied between 0.04 to 3.0 Joules, therefore justifying the design
of a new study using high energy (24, 30-34).

The lack of standardization in dose, final energy radiated and discrepancies in
the results of operations using a Gallium Arsenide laser in the muscle regeneration
process indicate the need for a study using high final energy. Therefore, the aim of this
study was to evaluate the effects of a Gallium Arsenide laser, in the early phase of
muscle regeneration after cryoinjury, with final radiated energy of 4.8 Joules.

Our hypothesis was that the use of high final energy would influence muscle
regeneration by changing the expression of factors related to muscle maintenance and

growth.
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MATERIAL AND METHODS

Animal model and muscle injury: Adult male Wistar rats (3 months of age) weighing
210-340 g, provided by the Central Animal House of the Oeste Paulista University,
were maintained with light-dark periods of 12h and food and water “ad libitum”. The
experimental design was conducted in accordance with the policies and international
standards for animal experimentation (35). This experiment was approved by the Oeste
Paulista University Ethics Committee, Presidente Prudente, SP, Brazil (Protocol No.
713/11).

The animals were randomly distributed into three groups: Control group (C,
n=10): animals without injury or treatment; Injured group (I, n=10): injured animals
without any treatment; Injured and laser treated group (Injured/LLLT, n=10): injured
animals treated with low-level laser therapy (LLLT). .

The rats were subjected to anesthesia with Ketamin/Xilazin (40mg/kg and
20mg/kg, intraperitoneally). The right and left hind limbs of each animal were shaved
and a longitudinal cut (1 cm) was made to expose the Tibialis Anterior muscle (TA) to
cryolesion. Cryolesion is a well-known and highly reproducible model, which
reproduces the natural response of muscle to damaging lesions, as well as its
regeneration capacity (36). A rectangular iron bar (0.8 x 0.8 mm?2), previously frozen in
liquid nitrogen for 30 seconds, was held in contact (transversal), with the central region
of the TA muscle for 10 seconds, without pressing the iron bar on the muscle. The
procedure was repeated twice in both limbs, with a 30 second interval between
applications, following which the skin was sutured. The model is characterized by the

development of a homogeneous and well-defined lesion area, which can be
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macroscopically observed by the white color that develops once it is established (Fig. 1)

(37).

Figure 1. Freezing Tibialis anterior muscle injury (cryolesion) model.

Laser treatment protocol: A Gallium Arsenide (GaAs) diode laser (Endofhoton - KLD
Biossistemas®, Amparo, Brazil) with pulsed emission, wavelength of 904 nm, mean
output power of 50 mW and spot size of 0.035 cm? was used in the experiment. The
irradiation time and final energy was automatically controlled by the previously
calibrated laser equipment.

The animals were manually restrained with the left hind limb positioned in
extension. Treatment was initiated 24 hours after cryoinjury and performed for 5
consecutive days, every 24 hours. The laser pen was positioned at a 90° angle and
placed directly on the skin (direct contact), on the surface of the middle region of the
TA muscle in both hind limbs. The energy density used was 69 J/cm?, applied to two
spots of the lesion area, for 48 seconds per point (2.4 J per dot), at a distance of 1 cm

per point, as described by (38), to reach the entire area of the lesion, promoting a final
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energy of 4.8 Joules. This dose and final energy were chosen based on a previous study
using a Gallium Arsenide laser in the early phase of the muscle regeneration process
(28). Seven days after the injury, the animals were euthanized with an overdose of
anesthetic (Ketamine Intraperitoneally) and muscle samples from the lesion area were
collected for analysis.

Histopathological analysis: The TA muscles were removed and the middle portion was
frozen using isopentane at -156°C, pre-cooled in liquid nitrogen, for histopathological
analysis of the muscle fibers in the area of the injury. Histological sections (8um thick)
were maintained in a cryostat (JUNG CM1800, Leica Germany) at -24°C and stained
with hematoxylin and eosin (HE). The frequency (percentage) of muscle fibers in the
degeneration and regeneration process was examined using four computer image
samples for each animal. Histological sections (8um thick) were also stained with
PicroSirius red (39) for collagen analysis. Three computer image samples were used for
each animal. The quantification of histopathological data was carried out using a light
microscope attached to a computerized imaging analysis system (Leica Qwin, Wetzlar,
Germany). The frequency of muscle fibers (degeneration and regeneration process) and
collagen analysis were determined using Image Analysis System Software (Leica,
Germany). These parameters were calculated using a 20x objective.

Real-time polymerase chain reaction (RT-gPCR) analysis: Total RNA was extracted
from the TA muscles using TRIzol Reagent (Invitrogen, USA). The muscles (100 mg)
were mechanically homogenized in 1 ml ice-cold TRIzol reagent in accordance with the
manufacturer’s instructions. The 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
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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 the GelRed staining of the agarose gels.

For each sample, cDNA was synthesized from 2 pg of total RNA using
components from the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, USA). The reaction contained 10 pl 10x Reverse Transcription Buffer, 4 pl
25x dNTPs, 10 pl 10x random primers, 100 units of RNase inhibitor (Applied
Biosystems, USA), 250 units of MultiScribe™ Reverse Transcriptase, and the final
volume was adjusted to 100 pl with nuclease-free H20. The cDNA samples were
aliquoted and stored at -20 °C and submitted to Real-Time PCR amplification. The
reactions were run in duplicate using 0.4 uM of each primer and 2X Power SYBR
Green PCR master mix (Applied Biosystems, USA).

The primers used to detect the target genes MyoD, Myogenin, TGF-p, TNF-a
and the reference genes Ppla, Pplb and B2M are shown in Tablel. Cycling conditions
were as follows: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15
s and 60°C for 1 min in QuantStudio (Applied Biosystems, USA). Melting dissociation
curves and agarose gel electrophoresis were performed to confirm that only a single
product was amplified. Control reactions were run lacking a cDNA template to check
for reagent contamination. Relative gene expression was calculated using the
Comparative CT Method (40) and the control group was used as a reference. The choice
of reference genes was experimentally determined according to Vandesompele et al.,
2002 (41). The gPCR data were imported into Real-Time StatMiner Software
(Integromics, Spain), which calculates normalizing genes based on geNorm

calculations. The normalization factor was obtained as the geometric mean of
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expression data of the three most stable reference genes (Ppla, Pplb and B2M). The
normalization factor, generated by geNorm, using the most stable genes (Ppla and Pplb)
was used to normalize the RT-qPCR data.

Table 1. Primer set

Table 1. Primer sets. MyoD; Myogenin; TNF-a: Tumor necrosis factor alpha; TGF-f:
Transforming growth factor beta; Ppla: peptidylprolyl isomerase A (cyclophilin A); Pplb:

peptidylprolyl isomerase B (cyclophilin B); B2M: beta-2-microglobulin.

Gene Forward primer Reverse primer
MyoD TTTTTCATGCGACTCACAGC GAAGGCAGGGCTTAAGTGTG
Myogenin GTCTTTTCCGACCTGATG ATAGAAGTGGGGCTCCTGGT
TGF-B GGACTCTCCACCTGCAAGAC GACTGGCGAGCCTTAGTTTG
TNF-a TGATCGGTCCCAACAAGGA GGGCCATGGAACTGATGAGA
Ppla TCAACCCCACCGTGTTCTTC ACTTTGTCTGCAAACAGCTCG
Pplb CAAGACCTCCTGGCTAGACG CCGTACCACATCCATGCCTT
B2M CGAGACCGATGTATATGCTTGC GTCCAGATGATTCAGAGCTCCA

Statistical analysis: The RT-qPCR data (TNF-a, Myogenin, MyoD and TGF-B) were
statistically evaluated by analysis of variance (ANOVA), followed by the Tukey-—
Kramer post test. The numbers of fibers in regeneration and in degeneration were
subjected to the Mann-Whitney test and data concerning the percentage of collagen
were evaluated using the Kruskal-Wallis test followed by Dunn's post test. Data were
expressed as mean () standard deviation (SD). Values with P < 0.05 were considered

statistically significant.
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RESULTS

At the end of the experiment, morphological analysis of the TA muscle from
animals of the injured group presented muscle fibers with several degrees of damage.
Interstitial edema, inflammatory cell infiltrate, myofibrillar disorganization and
degeneration were observed, characterizing muscle cell necrosis. Some small basophilic
muscle fibers with a central nucleus were observed in the lesion area. In the
injured/LLLT group there was decreased edema, less intense inflammation and muscle
cell necrosis and small basophilic muscle fibers with a central nucleus were more
frequent in comparison to the cryoinjured group which did not receive treatment with
the laser (Fig. 2 A and B). In the control group, morphological sections showed muscle
fibers with a normal aspect, polygonal in shape and acidophilic cytoplasm. The nuclei

were in the periphery of muscle fibers and these were well organized and distributed in

fascicles by connective tissue of endomysium and perimysium (Fig. 2C).

Figure 2. Cross-sections of the Tibialis anterior muscle stained with H&E. A: Injured
group (1); B: Injured and laser treated group (Injured/LLLT). Intersticial edema (Ed),
inflammatory cell infiltrate (*) and fiber degeneration (arrow) more intense in the
injured group. Note the small basophilic muscle fibers, with more frequent central
nucleus (arrow head) in the injured and laser treated group; connective tissue of
endomysium (En) and perimysium (Pe). C: Control Group with muscle presenting
normal morphological pattern: polygonal muscle fibers (Fi) with nuclei in the periphery
(Nu), connective tissue of endomysium (En) and perimysium (Pe).
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The percentage of muscle fibers in the degeneration process was low in the
injured/LLLT group compared to the injured group. However, the percentage of muscle

fibers in the regeneration process was high in the injured/LLLT group compared to the

injured group (Fig.3).
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Figure 3. The percentage of muscle fibers in the process of regeneration and
degeneration were determined using Image Analysis System Software (Leica, Germany)
in the Injured (1) and Injured laser treated (Injured/LLLT) groups.

The control group exhibited normal distribution of the collagenin the
endomysium and perimysium regions (Fig. 4C). In both the injured and injured/LLLT

groups, the collagen in the lesion area had increased and was disorganized in bundles

arranged in a compact form (Fig. 4A and B).
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Figure 4. Cross-sections of the Tibialis anterior muscle stained by Picrosirius Red.
Figures illustrating images used to quantify the percentage of the collagen area of the
extracellular matrix using Image Analysis System Software (Leica, Germany). Collagen
Fibers (Cf); muscle fibers (Fi). A: Injured Group (I); B: Injured and laser treated group
(Injured/LLLT); C: Control Group.

The collagen percentage in the lesion area in both the injured and
injured/LLLT groups increased, by 57.3% and 63.6%, respectively, compared with the
control group (P<0.05). However, the percentage of collagen in the injured/LLLT group

decreased 17.4% compared with the injured group. (Fig.5).
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Figure 5. The percentage areas of interstitial collagen were determined using Image
Analysis System Software (Leica, Germany) in the control (C), injured (1) and injured
laser-treated (Injured/LLLT) groups. ns — not significant.
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The expression of TGF-B increased in both the injured and injured/LLLT
groups, 36% and 57%, respectively, when compared to the control group (p<0.05).
Furthermore, there was no significant difference between the injured treated group and
the injured untreated group (Fig. 6). Regarding the expression of TNF-a, a decrease
(51.4%) was observed in the injured/LLLT group compared to the injured group
(p<0.05). The injured group showed an increase of 37.5% in the expression of TNF-a

compared to the control group, but there was no significant difference between groups.

(Fig.7).

Figure 6. Expression levels of TGF-b mRNA estimated by RT-gPCR in rat tibialis
anterior muscle from the control(C), injured (I), and injured laser-treated
(injured/LLLT) groups normalized to peptidylprolyl isomerase A (Ppla) and
peptidylprolyl isomerase B (Pplb) expression. Data are expressed as fold change (mean
+ SD, n = 10) relative to control group expression level. ns - not significant.
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Figure 7. Expression levels of TNF-a mRNA estimated by RT-gPCR in rat tibialis
anterior muscle from the control(C), injured (I), and injured laser-treated
(injured/LLLT) groups normalized to peptidylprolyl isomerase A (Ppla) and
peptidylprolyl isomerase B (Pplb) expression. Data are expressed as the fold change
(mean + SD, n = 10) relative to the control group expression level. ns — not significant.
The mRNA expression of MyoD was lower in both the injured and
injured/LLLT groups, 67% and 57%, respectively compared to the control group
(p<0.05); however, there was no significant difference between the injured groups
(treated and untreated) (Fig.8). The mRNA expression of Myogenin was higher in both
the injured and injured/LLLT groups, 40.8 % and 53.3 %, respectively, compared to the

control group (p<0.05). In addition, the expression of Myogenin in the injured group

was higher (24.2%) compared to the injured/LLLT group (p<0.05) (Fig.9).
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Figure 8. Expression levels of MyoD mRNA estimated by RT-gPCR in rat tibialis
anterior muscle from the control(C), injured (I), and injured laser-treated
(injured/LLLT) groups normalized to peptidylprolyl isomerase A (Ppla) and
peptidylprolyl isomeras+ B (Pplb) expression. Data are expressed as fold change (mean
+ SD, n = 10) relative to control group expression level. ns - not significant.



51

p<0.05

p<0.05 p<0.05

Relative expression levels Myogenin mRNA
(Fold change)

Control Injured Injured/LLLT

Figure 9. Expression levels of myogenin mRNA estimated by RT-qPCR in rat tibialis
anterior muscle from the control(C), injured (1), and injured laser-treated injured/LLLT)
groups normalized to peptidylprolyl isomerase A (Ppla) and peptidylprolyl isomerase B
(Pplb) expression. Data are expressed as fold change (mean + SD, n = 10) relative to
control group expression level. ns - not significant.
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DISCUSSION

The present experiment showed that treatment with a GaAS laser (904
nanometers, 50mW), at a high final energy of 4.8 Joules, applied for 5 consecutive days
to the TA muscle after cryoinjury, promoted an increase in the number of regenerating
fibers (20.3%), a decrease in the number of degenerating fibers (55.5%) and a decrease
in the gene expression of TNF-o and Myogenin, but did not change the collagen
percentage and TGF- [ gene expression, compared with the TA injured that was not
treated with the laser.

The World Association of Laser Therapy for humans recommends final energy
use of 2-4 J. The study of Silva et al., 2012 was considered as high energy (3.0 Joules).
Other studies using the same type laser (GaAs) final energy varied between 0.04 to 3.0
Joules (24, 30-34). Therefore, it is appropriate to use the term high end power compared
to previous studies.

Several experimental studies have demonstrated the effectiveness of different
types of lasers on the process of muscle regeneration, and the majority of these studies
assessed their effect on the expression of inflammatory markers, growth factors,
collagen synthesis and angiogenesis (37, 42-45). Moreover, a laser has also been used in
the treatment of articular inflammatory processes (46); preventing the progression of
muscle changes in Duchenne Muscular Dystrophy (30) and the expression of
inflammatory mediators in tendonitis (47).

Although research has shown that laser therapy is an excellent therapeutic
option for the treatment of different types of tissues, the results are dependent on the
irradiation parameters, periods of treatment and analysis (15). Considering the types of

lasers, different parameters (wavelength, power, beam diameter, irradiation time, energy
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density and treatment protocols) have been used to analyze the benefits. The final
energy radiated in the majority of these studies, with different laser types, varied from
0.4 to 9 Joules, although the more common energy used was between 1.4 and 2.0 Joules
(48). In a study using a GaAs laser which compared the effects of two final energies
(2.5 and 3.0 Joules), applied for 5 consecutive days, with the first application 3 days
after TA injury induced by myotoxin showed that treatment at a final energy of 3.0
Joules, was an effective method for improving muscle regeneration (28). In the present
study the GaAs laser (904 nanometers, 50mW), was also shown to be effective in the
muscle regeneration process using a higher final energy (4.8 Joules). This result
denotes the fact that although the effects of laser therapy on tissue is dose-dependent,
for the GaAs laser, a higher final energy (4.8 Joules) can be positive in accelerating
muscle recovery without changing the collagen of the extracellular matrix.

In our study, the histological analysis of the cryoinjured tibialis anterior
muscle after five consecutive applications of the Gallium Arsenide laser, showed more
regenerating fibers, with central nuclei, less degenerating fibers (quantitative analysis)
and decreased edema and inflammatory infiltrate (qualitative analysis), in the injured
laser treated group compared with the injured untreated group. Brunelli et al (49) using
a Gallium Aluminum Arsenide laser (780 nanometers, 20mW and 40mW), at doses of
10 J/ecm? and 50 J/cm? (0.4 Joules to 2.0 Joules, respectively) for 7 days from the injury
of the TA muscle, showed a decrease in the inflammatory infiltrate and organization of
muscle tissue in both treatment groups compared to the injured control group. Alves et
al (48) also showed a reduction in edema and myonecrosis in the tibialis anterior muscle
of an injured group treated with a Gallium Aluminum Arsenide laser (780 nanometers,

40mW), with a dose of 10 J/cm? (0.4 Joules applied to 8 points of the injured area,
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totaling 3.2 Joules), after 6 consecutive applications. Muscle fibers presented a higher
degree of maturity, being polygonal with peripheral nuclei. Based on these studies we can
infer that, in general, laser treatment using low final energy doses is not as efficient in
promoting muscle regeneration. Our results corroborate this idea since the high final
energy dose improved TA muscle regeneration.

Muscle regeneration is a complex event and involves the activation,
proliferation and differentiation of satellite cells (SCs), and, depending on the degree of
muscle damage, the SCs will either form new muscle fibers or fuse to the damaged
fibers so that muscle repair occurs (50). This process is mediated by the myogenic
regulatory factors (MRFs), including MyoD and Myogenin which are related to the
proliferation and differentiation of SCs, respectively (51).

After five consecutive applications of the GaAs laser (904 nm, 50mW), with a
final energy of 4.8 Joules, for 7 days after cryoinjury of the TA muscle, in our
experiment, the expression of MyoD decreased significantly in both the injured and
injured/LLLT groups compared to the control group. However, there was no significant
difference between the injured groups. The Myogenin expression was also higher in
both injured and injured/LLLT groups, compared to the control group. However, the
Myogenin expression in the injured/LLLT was significantly lower compared to the
injured groups.

Rodrigues et al (52) using an Indium Gallium Aluminum Phosphorus laser
(660 nm, 20mW and 40mW), at doses of 10 and 50 J/cm? (0.4 Joules and 2.0 Joules,
respectively) showed that at 7 days from cryoinjury of the TA muscle, the treatment
with the dose of 50 J/cm? promoted an increase in the MyoD gene expression compared

to the control group and the injured group treated with the dose of 10 J/cm? The
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expression of Myogenin was lower in both the treated groups compared to the control
group. The authors suggest that the laser had a positive effect on muscle lesion
predominantly with the dose of 50 J/cm? (2.0 Joules). Silva et al (28) also compared the
effect of two doses (1.5 Joules and 3.0 Joules; 904 nm, 5mW) of a Gallium Arsenide
laser, applied for 5 consecutive days after 3 days of myotoxin injury to the TA muscle
but did not observe changes in the MyoD gene expression in either treated group
compared to the injured untreated group. However, the Myogenin gene expression
decreased in the injured group treated with a dose of 3.0 Joules compared to the injured
group treated with 1.5 Joules. Using morphological evaluation, the authors also
observed an improvement in the muscle recovery in the injured group treated with a
dose of 3.0 Joules, demonstrating a better effect of laser treatment with a high final
energy level in accelerating the muscle recovery process.

MyoD is expressed rapidly 12 hours after injury and the peak expression is on
the 3rd day after injury, while the expression of Myogenin tends to decrease starting
from the 7th day after injury (53). In the present study, the low expression of MyoD in
both the injured and injured/LLLT groups may be related to the evaluation period being
7 days after injury, as the peak expression of MyoD probably occurred before this.
However, in this period, a low level of Myogenin expression in the injured/LLLT group
compared to the injured group could indicate that the laser treatment may have
accelerated the cellular differentiation process during muscle regeneration. These data
are consistent with the histological findings in this study, suggesting that laser treatment
(final energy 4.8 Joules) presented a better effect on the muscle regeneration process.

The TNF-a gene expression in the present study significantly decreased in the

injured/LLLT group compared with the injured group. After muscle injury, an
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inflammatory process occurs, characterized by muscle fiber degeneration, proliferation
of inflammatory cells (neutrophils and macrophages) and the release of inflammatory
cytokines, among them TNF-a (54). Although the results involving cytokine levels
during muscle recovery using laser treatment present variation depending on the
irradiation parameters, periods of treatment and analysis (15), in general, laser treatment
promotes a decrease in TNF- a (37, 55, 42, 30). This cytokine plays an important role
during muscle regeneration contributing to satellite cells (SC) proliferation,
differentiation and fusion to form myotubes to repair the muscle fibers (53), and, in this
study, probably contributed to effectively reducing the inflammatory process,
benefiting muscle regeneration in the injured muscle treated with the GaAs laser (final
energy 4.8 Joules).

Collagen content increased significantly in the lesion area of both the injured
and injured/LLLT groups (57.3%) compared to the control group (63.6%) in the present
experiment. In addition, in the injured/LLLT, the collagen percentage was 17.4% lower
than that of the injured group, although this data was not statistically significantly. It is
well known that laser therapy treatment can accelerate tissue healing by improving
collagen organization or synthesis (56, 48, 57, 24, 45). Silveira et al (24) using a GaAs
laser (904 nanometers, 40mW), at a dose of 5 J/cm? (0.5 Joules), observed that in the
injured group treated with the laser there was a significant reduction in collagen
synthesis, by measuring the amino acid hydroxyproline.

Collagen constitutes an important component of the muscle extracellular matrix
and plays an important role in the maintenance of muscle contractile function (54, 58
59). During muscle regeneration, collagen remodeling occurs through the increase of

collagen synthesis (60-62). In addition, MMPs play an important role in the homeostasis
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and maintenance of myofiber functional integrity by breaking down the extracellular
matrix and regulating skeletal muscle regeneration (61). Alves et al (48) using a
GaAlAs laser (780 nanometers, 40mW), at a dose of 10 J/cm? (0.4 Joule), totaling 3.2
Joules, observed that this laser had a positive effect on the MMP2 activity and collagen
organization and distribution in the repair process of rat skeletal muscle.

In the current study, the increase in collagen content in both injured and
injured/LLLT groups compared to the control group was accompanied by an increase in
the TGF- B gene expression. TGF- 3 is believed to play an important role in modulating
the synthesis and remodeling of the extracellular matrix through the activation of
collagenases and gelatinases (54, 63, 64, 3).

Several studies involving tissue regeneration using low-level laser therapy
(LLLT) (final energy of 1.4 and 1.6 Joules) have shown that the laser was effective in
decreasing the expression of TGF-B in muscles (37, 44) and tendons (47). In view of
this data, and based on our results, we can infer that the GaAs laser at a high final
energy (4.8 Joules) was not effective at inducing a decrease in gene expression of TGF-
B in the injured muscle, fact that may have contributed to the non-collagen remodeling.

However, although the study design described here has proven useful to better
understand the effect of laser therapy on muscle fiber and extracellular matrix recovery
after injury, some limitations must be considered. First, the biological implications of
the mRNA expression profiles and their impact on signaling pathways cannot be
determined with confidence using only RT-gPCR analysis. In addition, while the
functionality of individual MRNAs is measurable, this measure is intricately linked to
the protein expression and activity. Thus, whether the laser treatment used reflects a

direct or indirect effect on the mRNA changes, or whether this is related to the
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modulation of transcriptional and posttranslational factors that amplify systemic
changes caused by laser treatment, cannot be distinguished. In view of this future
studies need to be conducted to better understand the molecular mechanisms involved
with the effects of laser therapy on muscle fiber and extracellular matrix recovery.
Although some research suggests that laser treatment can promote better
collagen organization in the muscle extracellular matrix, influencing muscle fiber
regeneration by promoting the degradation of the basement membrane collagen IV and
other components of the extracellular matrix, (48, 61), based on our results, we can
conclude that laser therapy using a GaAs laser, using high final energy (4.8 Joules)
promoted muscle recovery without changing the collagen remodeling in the muscle

extracellular matrix.
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