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2. INTRODUGAO E JUSTIFICATIVA

A terapia laser de baixa intensidade (LBI) tem sido utilizada ao longo de
varias décadas no tratamento de diversas condi¢gbes clinicas que requerem
necessidade de reparo tecidual, resposta antiinflamatéria e alivio da dor.
Diversas pesquisas foram desenvolvidas para investigar os mecanismos de
acao do laser e as respostas fisiologicas dos tecidos submetidos a agéo da luz
(Karu, 1995; Wilden e Karthein, et al., 1998; Vladimirov, et al., 2004; Lubart et
al.,, 2005). Nesses estudos, diversos comprimentos de onda, fluéncias e
poténcias foram utilizados para investigar se os tecidos respondem de maneira
diferente.

A luz laser exerce efeitos fotobiomoduladores que acarreta alteragcao do
estado redox celular, ativando mecanismos celulares e moleculares de
expressao génica e sintese protéica relacionados com os eventos de reparo
tecidual. No entanto, uma questao que permanece sem resposta é se os efeitos
fotobiomoduladores do laser de baixa intensidade ocorrem também nos tecidos
sem lesdo. Nesse estudo, nds hipotetizamos que da mesma forma que nos
individuos saudaveis, especificamente atletas, os mecanismos de sintese,
envolvidos nas vias de hipertrofia muscular sdo ativados mediante estimulo do
exercicio fisico, as células dos tecidos saudaveis também s&o ativadas,
aumentando os mecanismos de expressao génica e sinteses sob afeito da luz.
Outra hipotese levantada nesse estudo € que provavelmente exista uma
especificidade na expressado de genes diferentes em relagdo aos comprimentos
de onda da luz laser.

O musculo esquelético € um tecido dinamico, que exibe notavel
capacidade adaptativa as demandas fisioldgicas (crescimento, treinamento com
exercicios intensos) ou a danos severos por meio de um processo regenerativo
que restaura a citoarquitetura muscular em um periodo aproximado de duas
semanas (Dhawan and Rando, 2005; Cossu and Biressi, 2005; Shi and Garry,
2006).

Os processos pelo quais essas respostas adaptativas ocorrem sao
amplamente atribuidos a atividade de uma pequena populacdo de células
localizadas no musculo esquelético adulto, denominada - célula satélite (Hawke

et al., 2001). As células satélites foram descobertas por Mauro em 1961 e



consiste de um pool de células tronco localizadas sob a lamina basal que
envolve cada fibra (Zammit e Beauchamp, 2001; Zammit et al., 2006). No caso
de lesdes especificas dos musculos, o processo de regeneragdo muscular,
além de envolver a ativacdo das células satélites, recruta outros mecanismos
como aumento da angiogénese (Maegawa et al., 2000), gasto energético
mediante a ativagcdo dos processos metabdlicos envolvidos nos mecanismos de
reparo (Dunguez et al., 2002), e a ativagao de diversas respostas moleculares,
entre elas upregulation de fatores de transcricdo, sintese de proteinas
especificas dos musculos (myosin heavy chain e muscle creatine kinase)
(Zammit, et al., 2006; Chargé et al., 2004) e a acao de fatores de crescimento,
tais como VEGF e PDGF (van Weel et al., 2007; Reuveni et al 1990).

Apesar das respostas adaptativas dos musculos esqueléticos em
decorréncia de trauma (Oliveira et al., 1999) e outros mecanismos de lesao
(Amaral et al., 2001; Bibikova et al., 1994), serem bem investigadas, poucos
estudos foram desenvolvidos para investigar as respostas moleculares e
celulares dos tecidos biolégicos “in vivo” sob agado do laser de baixa
intensidade.

Portanto, a meta deste estudo foi investigar as bases moleculares da via
de regeneragcdo do musculo esquelético, por meio da analise de expressao
génica, sob influéncia da agao do laser de baixa intensidade com a finalidade
de proporcionar parametros de dosagem apropriados para aplicagdo na

terapéutica clinica.



3. APRESENTACAO

Esta pesquisa € o resultado de quatro anos dedicados ao doutorado.
Apresenta carater pioneiro em varios aspectos.

Primeiro, este trabalho utilizou a metodologia de Branched de DNA
(bDNA) para analise de expressao génica em tecidos bioldgicos. Inicialmente, a
técnica que era destinada para cultura de células, foi adaptada para
homogenatos de tecido. Primeiramente, validamos a metodologia mediante o
uso do protocolo QuantiGene® Reagent Systems Evaluation Program
(Genospetra). Mediante este protocolo, varios ensaios experimentais foram
realizados, e resultou na adequacédo metodoldgica que a empresa utilizou para
padronizar os procedimentos para analise com homogenatos de tecidos
animais. Atualmente, nosso protocolo faz parte do manual do Sistema de
Reagentes QuantiGene Panomics® que estd sendo utilizado pela prépria
empresa para analise da expressdao génica com homogenatos de tecido
muscular.

Segundo, tendo em vista a existéncia de poucos trabalhos na literatura
que investiga o efeito do laser A=514 nm durante a regeneragdo do musculo
esquelético, decidimos realizar esta investigacado para fins de desenvolvimento
do laser de argdnio de baixa intensidade para fins terapéuticos.

Terceiro, consiste no primeiro trabalho que investiga trés comprimentos
de onda de laser de baixa intensidade sobre a expressdo de genes durante o
processo de regeneragdo muscular in vivo.

Ao final desse estudo obtivemos resultados relevantes que deram origem
a dois manuscritos submetidos em revistas internacionais, em anexo. Para
apresentacgao desta tese, os resultados obtidos foram organizados em capitulos

que correspondem aos dois artigos apresentados a seguir.



4. OBJETIVO GERAL

O objetivo desse estudo foi investigar, por meio de analise de expresséo
génica, usando branched de DNA, os efeitos biomoduladores da LBI sobre o
processo de regeneragao muscular in vivo, com a finalidade de estabelecer

parametros de dosagem apropriados para aplicagao na terapéutica clinica.
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Introdugao e objetivos: Branched DNA foi usado para investigar o perfil de
expressdo génica de MyoD e miogenina in vivo em musculos esqueléticos de
camundongos irradiados com laser de baixa intensidade. O perfil de expressao
génica revelou que MyoD e miogenina foram regulados pelos lasers vermelho,
infravermelho e verde. Estes genes desempenham um papel no aumento dos
fatores de transcricdo basic helix-loop-helix (bHLH) durante a fase de
proliferagdo da regeneragdo muscular. O objetivo do presente estudo foi
investigar a acado de diferentes comprimentos de onda sobre o perfil de
expressao génica de MyoD e miogenina na regeneracdo do musculo
esquelético.

Materiais e Métodos: Quarenta camundongos machos (Mus musculus) foram
usados no estudo. O experimento foi realizado em sete dias. No 1° dia foram
realizadas as cirurgias dos animais. Nos 2°, 3° e 4° dias, os animais foram
submetidos ao protocolo de irradiacdo. No 5° dia, os animais foram
eutanasiados e os musculos foram congelados. Nos 6° e 7° dias, os musculos
foram descongelados e submetidos ao protocolo do Sistema QuantiGene

(Panomics™). Os dados de oito tratamentos foram transformados por meio de



log1o € submetidos ao ANOVA usando o procedimento Generalized Linear
Models (GLM) do pacote estatistico do SAS.

Resultados: A analise de expressdo génica mostrou que MyoD e miogenina
foram expressas na fase proliferativa durante a regeneragdo do musculo
esquelético, usando irradiacdes de diferentes comprimentos de onda.
Conclusoées: O presente estudo sugere que a irradiagao laser foi efetiva sobre
a miogénese in vivo. Isto pode ser devido ao efeito do laser sobre a ativagao da
célula satélite pelo aumento da expressao génica de MyoD e miogenina na fase
proliferativa da regeneragdo do musculo esquelético. Os transcritos
investigados foram expressos em tecidos saudaveis e lesados. A Ciclofilina-B

nao foi um housekeeping apropriado para musculo esquelético.

Palavras Chaves: laser, Branched DNA, expressao génica, MyoD, miogenina,

camundongo.



Introducgao

A regeneracdo do musculo esquelético € um processo altamente
orquestrado que envolve a ativacdo de células satélites de musculos adultos
nas fases de proliferacdo e diferenciacdo. A ativacao das células satélites
requer um controlado aumento na expressao de fatores de transcricdo e de
genes especificos dos musculos.

As lesbes musculares provocam a ativagdo de vias da regeneragao
muscular, incluindo, fatores de transcrigdo miogénicos basicos helix-loop-helix
(bHLH) durante a miogénese esquelética. A familia dos bHLH incluem MyoD,
myf5, miogenina (MyoG) e Myf6 (MRF4) [1,2,3,4]. Estas proteinas formam
complexos heterodimeros ligantes de DNA que incluem outras proteinas bHLH
da familia génica E2 (E12 e E47) e ligantes candnicos na sequéncia de DNA,
CANNTG (E-box), com elementos enhancer de genes que codificam a
diferenciacao terminal da linhagem dos musculos esqueléticos [1,5,6].

Estudos in vitro mostram grande numero de fatores troficos e de
transcricdo na manutencao do equilibrio entre o crescimento e a diferenciacao
das células satélites na restauracdo da arquitetura normal do musculo [1,7].
Alguns estudos mostram que MyoD e miogenina sao fortemente induzidas e
coordenadas durante os trés dias apds a lesdo e ambas sdo rapidamente,
transcricionalmente reprimidas apos 48 h [8]. Por outro lado, estudos tém
mostrado que MyoD é marcadamente mais efetiva na ativagao e diferenciagcéo
[9], enquanto outros estudos sugerem que a miogenina € um importante fator
para diferenciacdo terminal e fusdo de mioblastos em fibras musculares
maduras [10].

Embora o processo de regeneragdo muscular tenha sido bem estudado
[3,11], existem inumeras questdes referentes aos efeitos de diferentes
comprimentos de onda do laser de baixa intensidade sobre a regeneragao
muscular que permanecem sem resposta. O aumento na regeneragéo através
da terapia laser de baixa intensidade (LBI) tem sido estudado em varios tecidos
tais como figado [12,13], pele [14] osso [15], nervo [16] e musculo esquelético
[17,18]. Em musculos esqueléticos de ratos e sapos, a irradiagao laser He-Ne

nas areas danificadas aumentou a regeneragcdo em duas a oito vezes



respectivamente, quando comparados com os controles nao irradiados
[17,18,19].

As interacdes entre a irradiagéo laser de baixa intensidade e os sistemas
bioldégicos para a promogédo da fotobiomodulagdo e bioestimulagdo sdo bem
estabelecidas [20,21,22]. Embora alguns estudos mostrem que laser de baixa
intensidade acelera mitoses [23,24] e afeta a diferenciacdo da célula satélite
[25], Poucos estudos tém investigado as agdes do laser de baixa intensidade
sobre 0os mecanismos celulares durante a regeneragdo muscular usando
métodos quantitativos de biologia molecular. Assim, o objetivo do presente
estudo foi investigar in vivo o efeito dos lasers com comprimentos de onda
A=660nm, A=780nm e A=514nm sobre a expressdo génica de MyoD e
miogenina durante os primeiros cinco dias do processo de reparo muscular
usando branched DNA (bDNA).

Materiais e Métodos

Animais

40 camundongos machos da espécie Mus musculos, com peso corporal
de 40g+1g, adquiridos pelo Biotério da Universidade Federal de Sdo Carlos/SP
Brasil, foram usados para os experimentos. Antes e apds o procedimento
cirargico, os animais foram mantidos sob ciclo natural de luz para adaptagao
ambiental, aquisicdo de agua e alimento e controle de doengas (cinco por
caixa), a uma temperatura ambiental de +37°C. O estudo foi aprovado pelo
Comité de Etica em Experimentacdo Animal da Universidade Federal de Sao
Carlos (Protocol Number 007/2005).

Técnica Cirurgica e Protocolo de Irradiagao

O experimento foi realizado em sete dias:

1° dia — Primeiramente, o peso corporal dos animais foi mensurado. Os
animais foram anestesiados com Cloridrato de Ketamina 0,02 — 0,05mg/kg e
Cloridrato de Xilazina 2% - 0,01 — 0,03mg/kg de acordo com o peso corporal, e
em seguida, o musculo tibial anterior direito (MTA) foi exposto por meio de

procedimento cirurgico. A lesdo tecidual foi feita por congelamento usando



10

nitrogénio liquido (criolesdo). A criolesdo consistiu de dois ciclos de
congelamento no musculo MTA. O congelamento foi realizado pela aplicagao
de uma pequena barra de ferro pré-congelada em nitrogénio liquido e mantida
num sentido transverso em relagdo ao ventre do musculo durante 10s (duas
vezes). Apos pequeno descongelamento, a pele que recobre a lesdo foi
suturada com fio de Nylon poliamida (3-0). Em seguida, os animais foram
mantidos no biotério durante 24h em gaiolas (37°C} para prevenir hipotermia.

2°, 3° e 4° dias — Os animais foram submetidos ao protocolo de
irradiacdo de acordo com a dose e respectivos comprimentos de onda
estabelecidos para cada grupo, durante trés dias consecutivos.

5° dia — Os animais de todos os grupos foram previamente anestesiados
e em seguida foram submetidos a um procedimento cirurgico para remover o
musculo MTA. O musculo de cada animal foi seccionado em cinco amostras
(10mg cada) e em seguida, cada amostra foi colocada em um eppendorf com
300 pl de solugcao de homogeneizacao RNAase free. Em seguida, as amostras
foram congeladas em nitrogénio liquido e mantidas em freezer -80°C. Apos
estes procedimentos, os animais foram submetidos a eutanasia mediante
overdose de anestésico. Todas as incisbes cirurgicas e todas as lesdes
musculares foram feitas pelo mesmo pesquisador.

6° e 7° dias — As amostras de musculos que foram removidas e
previamente congeladas, foram submetidas ao protocolo QuantiGene System

(Panomics).
Fonte de Luz
Trés fontes de luz foram usadas neste experimento:

e Indium-gallium-aluminum arsenide (In-Ga-Al-As) A=660nm diodo
laser (MM Optics); A média de output foi 40mW, fluéncia de 10
Jicm?, area de secgdo transversa do feixe de laser de 0.04cm? e

tempo de exposig¢ao de 10 segundos.

e Gallium-aluminum-arsenide (Ga-Al-As) A=780nm diodo laser (MM

Optics) - A média de output foi 40mW, fluéncia de 10 Jicm?, area
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de seccdo transversa do feixe de laser de 0.04cm? e tempo de

exposicao de 10 segundos.

Argon laser A 514nm (Nereid Light Phototherapy System,
Healthtech, Shanghai, China) — Média de output foi 40mW,

fluéncia de 10J/cm?, area de seccao transversa do feixe de laser

de 0,07cm? e tempo de exposicéo de 5 segundos.

Grupos Experimentais

Os animais foram divididos em oito grupos (n=5).

Group 1 | G1 Animais sem lesao muscular e tratados A=514mWI

Group 2 | G2 | Animais com musculos criolesionados e tratados | A=514nm+l
com laser

Group 3 | G3 Animais sem lesdo muscular e tratados A=660nmWI

Group 4 | G4 | Animais com musculos criolesionados e tratados | A=660nm-+I
com laser

Group 5 | G5 Animais sem lesdo muscular e tratados A=780nmWI

Group 6 | G6 | Animais com musculos criolesionados e tratados | A=780nm+I
com laser

Group 7 | G7 Animais com musculos criolesionados sem

tratamento
Group 8 | G8 Controle -

Protocolo de Irradiagao

Durante o procedimento de irradiagdo, os animais foram previamente

imobilizados pela mao do pesquisador e em seguida foi colocado em uma

posicado apropriada para expor a area da lesao sobre o feixe de laser. Este

procedimento evitou a necessidade de anestesiar os animais durante o

procedimento de irradiagao.

Em seguida, a irradiagao laser foi realizada diretamente sobre a pele que

recobre o musculo MTA. Os animais dos grupos G2, G4, e G6 foram irradiados
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diretamente sobre a incisdo cirurgica enquanto os animais dos grupos G1, G3 e
G5 foram irradiados diretamente sobre a area que corresponde ao local da
lesdo dos grupos que foram lesionados. A aplicagdo do laser foi realizada com
a técnica pontual, diariamente, durante trés dias consecutivos, a cada 24 horas,

comegando a partir do segundo dia.

Procedimento QuantiGene.

Os ensaios QuantiGene foram realizados de acordo com os
procedimentos do Quantigene Reagent System (Panomics®). Para
quantificacdo da expressao génica foi utilizado o Step-by-Step User’s Guide for
Animal Tissue Homogenates of the QuantiGene Reagent Systems Evaluation
Program. As probes foram sintetizadas pela Panomics, baseadas em
sequéncias depositadas GenBank para MyoD1 accession number NM_010866,
myogenin accession number NM_031189 and peptidylprolyl isomerase-B ([Ppib]
— cyclophilin-B) accession number NM_011149.

10mg de tecido de cada amostra foi misturada com 300 ul de solugéo
de homogeneizagdo e 1ul de proteinase K e em seguida cada amostra de
tecido foi mascerada junto com esses reagentes. Em seguida, foi dispensado
dentro de cada pogo da placa de captura, 20yl dos homogenatos, 70ul de
Diluited Lysis Mixture, e 10ul de Working Probe Set (pool) preparado com 3l
de cada Probe Set (CE, LE, BL) (Fig. 1-A) e 291ul de Lysis Mixture. Em
seguida, a placa de captura foi vedada e incubada a 53°C, por 16-20h,
overnight. Os pogos da placa foram entdo lavados 1X com 200 pl/well e 3X com
300 ul/well de wash buffer (Panomics). Em seguida, os residuos de wash buffer
foram removidos da placa de captura por meio de uma centrifuga de placa com
spinning invertido de 240 x g durante 1 min. Os sinais para os alvos mMRNA
foram desenvolvidos por meio de hibridizagdo sequencial com branched DNA
(bDNA) amplificador (Fig.1-B) e fosfatase alcalina-conjugada ao label probe, a
46° C por 1 h cada. Quatro lavagens com wash buffer foram realizadas para
remover os residuos de material apés cada etapa de hibridizagdo. Susbstrate
Working Reagent (Substrate plus Lithium Lauryl Sulfate) (Fig.1-C) foi adicionado

aos pocgos e incubados a 46 °C durante 30 min. O sinal de Luminescéncia de
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cada pocgo foi mensurado usando um fluorimeter Victor 3 (Perkim Elmer). Em
todo experimento, as amostras de RNA foram feitas em duplicada (n=2). As
medidas foram padronizadas por meio da concentragdo de proteina de cada
amostra, usando o método Bradford. Os sinais do background foram
determinados na auséncia de RNA. Os sinais obtidos na presenca de RNA

foram subtraidos do background e divididos pela concentragao de proteinas.
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Fig. 1- A) Molécula de RNA liberadas das células na presenga de Lysis misture e hibridizadas
aos Probe Sets (CE, LE, BL). B) Sinal de Amplificagdo: O amplificador bDNA hibridiza ao LE
para o complexo RNA-Probe Set na placa de captura. C) Detecgdo da Analise: O substrato
quimio-luminescente é adicionado a placa de captura e incubado durante 30 minutos a 43°. O

sinal de luminescéncia gerado é proporcional a quantidade de RNA presente na amostra.

Analise estatistica

As médias das duplicatas do experimento foram usadas para analise
estatistica. Os dados foram transformados pelo log10 (au) e submetidas ao
ANOVA usando o procedimento GLM do pacote estatistico SAS (SAS Institute,
2002/2003). ANOVA consistiu da comparagdao da expressao inter-genes
(expressdao génica versus grupos lesdo e controle) e intra-genes (oito

tratamentos e a expressao génica), empregando o teste Tukey.

Resultados
1. Expressao génica de mRNA miogenina através de bDNA

A ANOVA entre os tratamentos e a expressdao génica de miogenina
MRNA revelou diferenga (p<0,05) entre os grupos G1, G2, G3, G4 quando

comparados com o G7 e G8. Contudo, ndo houve diferenga no grupo G5
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quando comparado com os grupos G7 e G8. Quando comparamos todos os
grupos com o G7, houve diferenga (p<0,05) apenas nos grupos G1, G2, G3 e
G4. Em relagdo a comparacgao intergrupos, ndo houve diferenga entre G1 e G2,
G3 e G4; G5 e G6 na expressdo génica de mRNA miogenina. Nao houve

diferenga também entre os grupos G7 e G8 (Fig. 2).

2. Expressao génica de mRNA MyoD através de bDNA

A analise de variancia entre os tratamentos e a expressdao génica de
MmRNA MyoD revelou diferenga (p<0,05) nos grupos G1, G2, G3, G4 e G6
quando comparados com o G8. Contudo, ndo houve diferenca entre G5 e o G8.
Quando comparamos todos os grupos com o G7, houve diferenga (p<0,05)
apenas nos grupos G1, G2, G3 e G4. A comparagao intergrupos e dos
tratamentos e a expressao génica de MyoD, mostra diferenga (p<0,05) apenas
entre os grupos G5 e G6. Houve também diferenca (p<0,05) entre G7 e G8 (Fig.
3).

3. Expressao génica de mRNA Ppib como housekeeping para miogenina mRNA

Em relagdo a expressao génica de Ppib mRNA como housekeeping de
mRNA miogenina houve diferenca (P<0,05) nos grupos G1, G2, G3 e G4
quando comparados com o G7 e o G8 (Fig 1). Nao houve diferenga nos grupos
G5 e G6 quando comparados com o G7 e G8. A comparagéao intergrupos em
relacdo a expressdo génica de mRNA Ppip mostra que nao houve diferenca
entre os grupos G1 e G2; G3 e G4; G5 e G6; e G7 e G8. Nenhuma diferenca foi
encontrada quando comparamos a expressdao de mRNA miogenina com a
expressao dos respectivos mRNA Ppib nos grupos G1, G2, G3, G4, G5, G6 e
G7. Diferengca (p<0,05) foi observada entre a expressdo do G8 de mRNA
miogenina e G8 mRNA Ppib (Fig. 2).

4. Expressao génica de mRNA Ppib como housekeeping para MyoD mRNA

Em relagdo a expressao de mRNA Ppib como housekeeping de mRNA
MyoD houve diferenga (p<0,05) nos grupos G1, G3, G4 e G6 quando

comparados ao grupo G8. Nenhuma diferenga foi observada nos grupos G2 e
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G5 quando comparada com o grupo G8. No entanto, houve diferenga (p<0,05)
nos grupos G1, G3, G4 e G6 quando comparado com o grupo G7.

Nenhuma diferenca foi observada em relacdo a expressdo génica de
Ppib mRNA intergrupos G3 e G4 bem como entre os grupos G7 e G8. Contudo,
houve diferengca (p<0,05) entre os grupos G1 e G2; G5 e G6. Nao houve
diferenca em relacdo a expressdo génica de mRNA MyoD com seus
respectivos mRNA Ppib nos grupos G1, G2, G3 e G4. Contudo, houve diferencga
(p<0,05) em relagéo a expressao de mRNA Ppib entre os grupos G5, G6, G7 e
G8 (Fig. 3).

A transformacgdo de logqo (au) providenciou efetivo melhoramento na
qualidade dos dados. Os valores de Skewness, Kurtosis e coeficiente de
variancia para os (au) observados foram 1.7496, 3.1269 e 112.4302,
respectivamente. Apds a transformacéo logo (au) os valores foram reduzidos
para -0.5353, -0.3765 e 11.5878, respectivamente. A figura 1 exibe os
resultados da andlise da expressao da miogenina e a figura 2 exibe os
resultados de MyoD.
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Fig. 2- Expressédo génica de mRNA miogenina (MyoG) e mRNA ciclofilina (Ppib) analisadas
través de branched DNA em musculos tratados com laser de baixa intensidade. Os dados de
oito tratamentos foram transformados por logi, em unidades arbitrarias (au) e submetidos ao
ANOVA usando o procedimento GLM do SAS pacote estatistico. O nivel de significancia foi
p<0.05. a,b,c,d diferentes quando comparados os tratamentos e a expressao génica.

Letras diferentes no mesmo espaco indicam significancia (P<.05) por teste Tukey.
G1=A514nmWI; G2=A514nm+l; G3=A660nmWI; G4=A660nm+l; G5=A780nmWI; G6=A780nm+lI;
G7= Leséo; G8=Controle.
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Fig. 3- Expressao génica de mRNA MyoD e mRNA ciclofilina (Ppib) analisadas através de
branched DNA em mdusculos tratados com laser de baixa intensidade. Os dados de oito
tratamentos foram transformados por logi, em unidades arbitrarias (au) e submetidos ao
ANOVA usando o procedimento GLM do SAS pacote estatistico. O nivel de significancia foi
p<0.05.

a,b,c,d diferentes quando comparados os tratamentos e a expressao génica.

Letras diferentes no mesmo espago indicam significancia (P<.05) por teste Tukey.
G1=A514nmWI; G2=A514nm+l; G3=A660nmW!I; G4=A660nm+I; G5=A780nmW!I; G6=A780nm+I;
G7= Lesao; G8=Controle.

Discussao

O presente estudo empregou bDNA para aumentar nossa compreensao
sobre as interagdes entre o laser de baixa intensidade e alguns mecanismos
moleculares e celulares envolvidos na regeneracdo do musculo esquelético.
Este é o primeiro estudo que investigou in vivo trés comprimentos de onda do
laser de baixa intensidade sobre a expressdo génica de miogenina e MyoD
durante a regeneragao muscular através de bDNA. Para isso, nés decidimos
analisar os efeitos da irradiacao laser sobre a expressao génica de MyoD e
miogenina reconhecidos por mediar a proliferagdo e diferenciagdo da célula
satélite durante a regeneracdo muscular [1,2,8,9,26]. Nossos resultados
mostram que o tratamento com os lasers A=514nm e A=660nm exerceram maior
influéncia sobre a expressdo génica de mRNA miogenina e mRNA MyoD nos
grupos G1, G2, G3, G4 e G6 quando comparados com o grupo controle. O laser
780 nm nao exerceu influéncia sobre a expressao génica de miogenina nos
grupos tratados. No entanto, influenciou a expressdo génica de myoD nos

grupos sem lesao, tratados com laser 780nm. Estudos mostram que a
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irradiacao laser ativa as células satélites quiescentes e as dirigem para a fase
recente do ciclo celular, mediando seus efeitos sobre a proliferagcao da célula
satélite [21,25].

Estudos mostram que o laser de baixa intensidade promove a
regeneragdo do musculo esquelético in vivo [17,25,27]. A radiacdo laser
estimulou a proliferagdo da célula satélite, evidenciada pelo aumento da
expressao da proteina cyclin A e pela maior incorporagdo de timidina, seguida
por maior média de crescimento em células irradiadas quando comparada com
0s grupos controles nao irradiados [25]. Nossos resultados mostram que o
tratamento com laser nos grupos G1, G2, G3, G4 e G6 (Fig. 2 e 3) exerceu
influéncia sobre a fase proliferativa da regeneragcdo muscular. Assim sendo,
esses lasers influenciaram a expressdo génica de miogenina e MyoD até o
quinto dia da regeneracgao (Fig.4). Nossos resultados estdo de acordo com os
dados encontrados por Zhao and Hoffman [8] que demonstraram que MyoD e
miogenina sao fortemente coordenadas e induzidas no terceiro dia da

regeneragao e a transcricdo de ambas sao rapidamente reprimidas em 48 h.

Muscle Injury

Laser 514 nm, 660 nm
and 780nm treatmen

Activation Satellite Cell
Prolifetive ‘ A/ Satellite Cell\ Proliferation

Activation

Skeletal
Muscle
Regeneration

Figure 4. Satellite cell activation via upregulation of miogenina and MyoD transcription factor

activation during skeletal muscle regeneration.
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Existem varias discordancias na literatura em relagdo ao aumento na
expressdo de MyoD e miogenina na regulagdo miogénica durante a
regeneragdo muscular. Os produtos génicos MyoD e miogenina séo
considerados criticos na determinagdao da célula muscular, diferenciacao e
ativacdo da expressao de genes especificos dos musculos [1,9,10,28]. Um
estudo [29] mostrou que a miogenina é expressa no reparo e regeneragao,
seguidos de dano local das fibras musculares. Outro estudo mostrou que
miogenina €& também importante na diferenciagdo terminal e fusdo de
mioblastos em fibras musculares maduras [10]. Estudos mostram que MyoD e
miogenina sdo fortemente induzidas no terceiro dia da regeneracdo [8]. Na
verdade, a regeneragdo muscular parece recaptular, em alguma extensao, o
processo de desenvolvimento embriénico [3], no qual a miogenina e MyoD s&o
expressas nos miétomos iniciais E 8.5 a 10.0 somitos [30]. De acordo com
nossos resultados podemos afirmar que os lasers A=514nm, A= 660nm e
A=780nm exerceram influéncia sobre a expressdo génica de mRNA miogenina
e mMRNA MyoD na fase proliferativa da regeneragdo muscular. Em relagdo a
expressao génica de mRNA miogenina e mRNA MyoD nos grupos G1 e G3, a
irradiacdo laser provavelmente exerceu influéncia sobre o estado redox
intracelular nas células do grupo sem lesdo. N&do existe consenso na literatura
em relacdo as acgdes do laser sobre tecidos danificados ou saudaveis.

Estudos mostram trés vias de regulagcéo na sinalizagao celular através do
laser. Primeira, € o controle dos fotoaceptores sobre o nivel de ATP intracelular.
Pequenas alteragdes no nivel de ATP podem alterar o metabolismo celular e
influenciar a regulagdo da homeostasia redox. A segunda e terceira vias de
regulacdo sao mediadas através do estado redox celular. Estas vias envolvem
fatores de transcricdo redox-sensitivos nuclear factor kappa B e activator protein
(NF-kB e AP-1) ou cascatas de sinalizagbes celulares homeostaticas do
citoplasma via membrana celular para o nucleo. Acredita-se que o estimulo
extra celular elicita respostas celulares tais como, proliferagao e diferenciagao
através destas vias de sinalizagdo. A modulagao do estado redox celular afeta a
expressao génica via mecanismos de sinalizag&o celular (efetores moleculares
tais como fatores de transcrigao e fosfolipase A;). Existem pelo menos dois

fatores de transcricdo bem definidos NF-kB e AP-1 — que foram identificados
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como reguladores do estado redox celular. A ativagdo do metabolismo pela luz
visivel monocromatica € um fendmeno redox-regulado: a radiagdo € absorvida
pelos componentes da cadeia respiratéria que constitui o inicio da regulagéao
redox [31,32]. De acordo com nossos resultados, estes mecanismos
provavelmente ocorrem em tecidos saudaveis também.

Para interagir com as células, a luz é absorvida por cromoforos
intracelulares. A interagdo depende do espectro de absor¢cdo dos cromoforos,
do comprimento de onda da luz bem como da intensidade e da dose de
energia. Porfirinas, flavinas, citocromos mitocondriais e a membrana plasmatica
com o sistema oxidase NADPH, o qual contém flavoproteinas e citocromo-b,
sdo os principais candidatos para cromoforos endoégenos. Pelo fato dos
cromoforos serem fotosensiveis, eles absorvem luz e a transferem para
espécies de oxigénio molecular, produzindo espécies de oxigénio reativo
(ROS). Os ROS presentes em baixas concentragdes, abaixo do limite requerido
para citotoxicidade, apresentam amplo efeito estimulatério positivo na célula
[33].

Estudos mostram que espécies de oxigénios reativos (ROS) estimulam o
processo de transdugdao do sinal, ativando assim, fatores de transcricdo,
expressao génica, proteinas da contracdo muscular e crescimento celular
[22,34,35]. Estudos utilizando microarray para avaliar o perfil de expresséo
génica de fibroblastos humanos irradiados com laser vermelho mostraram que
entre 111 genes expressos pelo efeito da luz, as enzimas Nicotinamida adenina
dinucleotideo desidrogenase (NADH desidrogenase) e ATP sintase
apresentaram expressdes aumentadas [36]. De acordo com nossos resultados,
€ provavel que os lasers A=514 nm, A=660nm nm foram capazes de interagir
eletivamente com os croméforos intracelulares, agindo no DNA e
consequentemente, aumentando a transcricdo do mRNA miogenina e do mRNA
MyoD.

No presente estudo, o laser A=780nm nao exerceu influéncia sobre a
expressao génica de mRNA MyoD e mRNA miogenina em tecidos musculares
nao danificados. A partir desse resultado, podemos inferir que o laser A=780nm
laser ndo ativou os mecanismos de fotobiomodulagdo nas células musculares
nao danificadas. Varios estudos mostram que a luz visivel pode alterar o estado

redox da célula, aumentando a capacidade de reducgao celular, aumentando a
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sintese de ATP e DNA [20,31,33,37,38]. Esta mudanca no estado redox da
célula ocorre devido interagdes do efeito estimulatério da luz com fotoaceptores
localizados na mitocdndria. Essas interagdes dependem do comprimento de
onda da luz, bem como da intensidade e dose de energia [33]. Este fendmeno
provavelmente ocorre independente de lesao tecidual. De acordo com nossos
resultados, é provavel que este mecanismo nao tenha sido ativado pelo laser
A=780nm nos tecidos ndo danificados.

Estudos prévios sobre o efeito estimulatério da LILT na proliferacédo
celular, realizados em culturas primarias de células [24], indicam que doses de
baixa energia do laser diodo A=780nm acelera as mitoses celulares. Ben-Dov et
al. [25] mostrou que a LILT afeta a proliferacdo e a diferenciagdo da célula
satélite in vitro. Este nivel de energia é capaz de ativar as células satélites
quiescentes e possivelmente mediar seus efeitos sobre a proliferacdo da célula
satélite. De acordo com os nossos resultados & provavel que os lasers
A=514nm, A=660nm e A=780nm ativaram as células satélites na fase
proliferativa da regeneragdo muscular como evidenciado pelo aumento de
expressao génica de mRNA miogenina e mRNA MyoD nos grupos lesionados e
tratados cinco dias apos a lesao.

Um estudo mostrou que a irradiagado laser A=514nm pode promover a
sintese de ATP [40]. Estudos clinicos relatam que a luz verde coerente (argénio
laser) promove cicatrizagdo de feridas [41,42]. A irradiacao laser A=514nm age
sobre a cadeia de transporte de elétrons; aumenta o fluxo de elétrons,
promovendo influxo de préton através da sintese de ATP [40]. E possivel que
pequenas alteragdes na concentragdo de nucleotideos adenina (ATP, ADP, e
AMP) induzam alteracdes consideraveis no metabolismo celular, tais como
nucleotideos que agem como efetores alostéricos (ativadores e inibidores) de
varias enzimas chaves do metabolismo energético [37,43].

Um estudo mostrou que o laser visivel é mais efetivo em promover a
regeneragao de diversos tecidos enquanto o laser infravermelho apresenta
melhor efeito no tratamento da dor e da inflamacao [44]. De acordo com os
nossos resultados, podemos concluir que apenas o laser A=660nm exerceu
influéncia sobre a regeneragdo do musculo esquelético, baseado no aumento
da expressdo da mRNA miogenina e mRNA MyoD na fase proliferativa da

regeneragao muscular.
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Ao comparar os tratamentos e a expressao génica de mRNA miogenina,
nossos resultados revelaram que n&o houve diferenga entre os grupos.
Contudo, comparando os tratamentos em relagdo a expressao génica de mRNA
MyoD, houve diferengca apenas entre os grupos G1 e G2; G5 e G6. Estes
grupos expressaram mRNA MyoD, mas o grupo G6 exibiu maior expressao.
Estudos mostram que o laser A=780nm estimulou as mitocdndrias, gerando
ROS e provocou o aumento da proliferagdo de culturas de queratindcitos
[24,39]. Nossos resultados mostraram que o laser diodo A=780 nm apresenta
efeito bioestimulatério das atividades celulares, aumentando a proliferagao
celular durante a regeneragao muscular conforme determinado pelo aumento
da expresséo génica de mRNA MyoD.

Baseados em dados da literatura, n6s ndo podemos explicar a diferenca
entre a expressao génica do housekeeping Ppib como controle de miogenina e
MyoD. Nés sugerimos que esta diferenga na expressao foi devido a diferenga
na variabilidade da expressdo génica entre os musculos dos animais. NOs
concluimos que cyclophilin-B (Ppib) ndo € um gene housekeeping apropriado
para musculo esquelético, por ser um gene constitutivo que expressa proteinas
da matriz celular e por fazer parte das vias da homeostasia celular. Estudos
com microarray mostram que cyclophilin-B € uma proteina da matriz celular do
musculo esquelético em Duroc and Taoyuan pigs [45]. Mitchell et al. [46]
mostraram que cyclophilin estd envolvida em ambos, manutengdo e
crescimento do musculo normal vias calcineurin (CN) and cyclosporin A (CsA).
CN e CsA estao também envolvidas na manutengao da homeostasia muscular.
CN é um potente regulador da regeneracdo muscular via NFATc1 e GATA-2
[47]. A expresséo de proteinas regulatorias das vias de sinalizagdo CN envolve
a regulagao da expressao de varias isoformas de cyclophilin (A, B e C), que sao
receptores intracelulares para CsA que liga e inibe CN em diferentes extensoes.
Contudo, é provavel que Ppib seja provavelmente mais sensivel a irradiagao

laser durante a regeneragdo muscular.

Conclusoes

O presente estudo sugere que a irradiagdo laser promove efeitos

miogénicos in vivo, que podem ser devidos a seus efeitos sobre a ativagédo da
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célula satélite pela expressao génica de MyoD e miogenina na fase proliferativa
recente da regeneracdo do musculo esquelético. A expressao génica foi
evidenciada em ambos os fatores de transcricdio MyoD e miogenina em
musculos com lesédo tecidual induzida e em tecido muscular normal em
camundongos. Cyclophilin-B nao constitui um gene housekeeping apropriado

para analise de expressao génica em musculos esqueléticos.
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Resumo e Objetivo: A técnica de branched DNA foi usada para investigar o
perfil de expressao génica de fator de crescimento endotelial vascular (Vegfa),
Regulador de Calcineurina (Rcan1) ([Human] DSCR1 ou Adapt78), NADH
dehydrogenase [NADH dhdg]) (Ndufa1) e fator de crescimento derivado das
plaquetas-c (Pdgfc) in vivo em musculos esqueléticos de camundongos
irradiados com laser de baixa intensidade. O perfil de expressao génica revelou
que Vegfa, Rcan1, foi aumentado pelos lasers vermelho, infravermelho e verde.
A expressdao de Ndufal foi aumentada pelos lasers vermelho e verde. A
expressao de Pdgfc nao foi aumentada sob efeito da irradiacado laser durante a
regeneragao do musculo esquelético. Os genes VEGF-A, RCAN1, NADH dhdg,
PDGF-C desempenham papel nas seguintes fungdes: aumento da angiogénese
inibicdo da angiogénese, suprimento de energia para os processos metabdlicos,
mitoses e angiogénese. O objetivo do presente estudo foi investigar in vivo o
efeito de diferentes comprimentos de onda do laser sobre o perfil de expressao
génica de mRNA Vegfa, Rcan1, Ndufal e pdgfc na regeneragdo do musculo
esquelético.

Materiais e Métodos: Quarenta camundongos machos (Mus musculus) foram
usados no estudo. O experimento foi realizado em sete dias. No 1° dia foram

realizadas as cirurgias dos animais. Nos 2°, 3° e 4° dias, os animais foram
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submetidos ao protocolo de irradiacdo. No 5° dia, os animais foram
eutanasiados e os musculos foram congelados. Nos 6° e 7° dias, os musculos
foram descongelados e submetidos ao protocolo do Sistema QuantiGene
(Panomics®™). Os dados de oito tratamentos foram transformados por meio de
log1o € submetidos ao ANOVA usando o procedimento Generalized Linear
Models (GLM) do pacote estatistico do SAS.

Resultados: A analise de expressao génica mostrou que Vegfa, Rcan1, Ndufa1
foram expressas na fase proliferativa durante a regeneragdo do musculo
esquelético, sob efeito de irradiacbes de diferentes comprimentos de onda.
Pdgfc nao foi expresso sob influéncia do tratamento durante a regeneracao do
musculo esquelético.

Conclusées: O presente estudo sugere que a irradiagao laser foi efetiva sobre
a miogénese in vivo. Isto pode ser devido ao efeito do laser sobre a ativagao da
expressdo génica de Vegfa, Rcan1 e Ndufal na fase proliferativa da
regeneragdo do musculo esquelético. Pdgfc nado foi expresso na fase
proliferativa da regeneracdo muscular. Os transcritos investigados foram
expressos em tecidos saudaveis e lesados. A Ciclofilina-B e b-actina nao foram

housekeeping apropriados para musculo esquelético.

Palavras Chaves: laser, branched DNA, expressdo génica, VEGF, RCAN1,
PDGF-C, NADH desidrogenase, camundongo.
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INTRODUGAO

Os musculos  esqueléticos  exibem alta  capacidade
regenerativa/reparo seguido de danos tecidual. Apds sofrer danos, as células
miogénicas sao ativadas para proliferar e em seguida diferenciar os mioblastos
em miotubos (Shi and Garry, 2006; Germani et al., 2003).

A regeneragdo muscular depende de varios eventos de sinalizagao
molecular que podem ser influenciados pela terapia laser de baixa intensidade
(Beckerman et al., 1992; Oliveira et al., 1999; Shefer et al., 2002). Os efeitos da
irradiacao laser de baixa intensidade (LILI) sobre a regeneragcao dos tecidos
biolégicos depende do tempo, dose, comprimento de onda, frequéncia da
irradiagcdo e absorcdo espectral nos cromoforos moleculares (Amaral et al.,
2001).

Existe intima relagdo entre a manutengcédo do suprimento sangliineo e a
regeneragao muscular (Carlson, 1973; Wagatsuma, 2007), indicando que a
revascularizacdo desempenha importante papel na regeneragdo muscular
(Carlson, 1983; Wagatsuma, 2007; Shi e Garry, 2006). Estudos sugerem que os
eventos moleculares implicados na angiogénese ocorrem no estagio recente da
regeneragao muscular (Wagatsuma et al., 2006; Wagatsuma, 2007).

O fator de crescimento endotelial vascular (VEGF) & um fator
angiogénico que desempenha um importante papel no desenvolvimento
vascular bem como na angiogénese fisioldgica e patolégica (Germani et al.,
2003). Contudo, evidéncias sugerem que VEGF e seus receptores participam
na regeneracdo muscular (Wagatsuma et al.,, 2006). VEGF se liga a dois
receptors tipo tyrosine kinase, Flt-1 and FIk-1/KDR (Minami et al., 2004;
Wagatsuma, 2006; Wagatsuma, 2007).

VEGF pode regular a formacao das fibras musculares através de um
efeito direto sobre as células satélites porque a administracdo exdgena de
VEGF estimula a migragdo de mioblastos (Germani et al., 2003).

A expressido de VEGFA ¢é aumentada em musculos esqueléticos
isquémicos e desempenha papel importante na angiogénese em resposta a
isquemia (Rissanen et al., 2002; Germani et al., 2003; Milkiewicz et al., 2004).

VEGF e seus receptores estdo alterados em resposta a dano muscular,
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sugerindo que seu aumento pode desempenhar um importante papel na
angiogénese durante a regeneragao muscular (Wagatsuma, 2007).

O gene RCAN1, localizado no cromossomo 21, na regidao 21q22.12
(Hattori et al., 2000; Harris et al., 2005) é altamente expresso em musculos
esqueléticos (Harris et al., 2005).

Existem varias discordancias na literatura sobre as fungdes do RCAN1.
Alguns estudos sugerem que RCAN1 estimula a angiogénese (Lizuka et al.,
2004); outros estudos mostram que RCAN1 age inibindo a angiogénese
(Minami et al., 2004). Existem alguns estudos que estabelecem relagéo entre o
aumento na expressao de RCAN1 e a hipertrofia muscular esquelética (Musaro
et al., 1999; Harris et al., 2005).

As células precursoras miogénicas em adultos, as quais sao
frequentemente referidas como células satélites, podem reiniciar atividade
proliferativa apés dano muscular, e sua progenia se funde em fibras
multinucleadas (Mauro, 1979; Reuveni et al., 1990). Estudos com mioblastos
derivados de adultos identificaram varios fatores de crescimento fisioldgicos que
podem regular os estados quiescente e proliferativo das células satélites,
incluindo platelet-derived growth factor (PDGF) (Reuveni et al.,, 1990; Tidball
and Spencer, 1993; Jarvinen et al., 2005).

PDGF tem sido identificado como um importante mediador de
cicatrizagdo de feridas e reparo tecidual (Ross et al., 1986; Reuveni et al.,
1990), mas seu papel durante a regeneragdo muscular ndo foi completamente
investigado. E um potente fator mitogénico para varias células mesenquimais,
incluindo fibroblastos e células musculares lisas (Heldin and Westermark, 1989;
Reuveni et al., 1990). PDGF pode também elicitar processos bioldgicos,
incluindo aumento da media metabdlica e quimiotaxia (Heldin and Westernack,
1989; Reuveni et al., 1990) bem como ser expresso apds estimulos fisioldgicos
resultantes de danos musculares (micro traumas) tais como alongamento
externo ou carga mecanica (Burkin and Kaufman, 1999; Jarvinen et al., 2005).

NADH dhdg é um dos mais importantes doadores de elétrons do sistema
de transferéncia de energia mitochondrial que produzem ATP mediante
fosforilagcado oxidativa (Wilden and Karthein, 1998). A recapitulagdo do programa

miogénico requer producdo de energia para execugado de varios eventos
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regulatorios e biossintéticos. A diferenciagdo da célula muscular parece
depender da fungao mitocondrial (Duguez et al., 2002).

O objetivo desse estudo foi investigar in vivo a influéncia da terapia laser
de baixa intensidade sobre a expressdo génica de Vegfa, Rcan1, pdgfc e
Ndufa1l durante a regeneragcdo do musculo esquelético para investigar
parametros seguros de dosagem que possam ser utilizados em condi¢des

clinicas em humanos.

MATERIAIS E METODOS

Animais

40 camundongos machos da espécie Mus musculos, com peso corporal
de 40g+1g, adquiridos pelo Biotério da Universidade Federal de Sdo Carlos/SP
Brasil, foram usados para os experimentos. Antes e apds o procedimento
cirargico, os animais foram mantidos sob ciclo natural de luz para adaptagao
ambiental, aquisicdo de agua e alimento e controle de doengas (cinco por
caixa), a uma temperatura ambiental de £37°C. O estudo foi aprovado pelo
Comité de Etica em Experimentacdo Animal da Universidade Federal de Sao
Carlos (Protocol Number 007/2005).

Técnica Cirurgica e Protocolo de Irradiagao

O experimento foi realizado em sete dias:

1° dia — Primeiramente, o peso corporal dos animais foi mensurado. Os
animais foram anestesiados com Cloridrato de Ketamina 0,02 — 0,05mg/kg e
Cloridrato de Xilazina 2% - 0,01 — 0,03mg/kg de acordo com o peso corporal, e
em seguida, o musculo tibial anterior direito (MTA) foi exposto por meio de
procedimento cirurgico. A lesdo tecidual foi feita por congelamento usando
nitrogénio liquido (criolesédo). A criolesdo consistiu de dois ciclos de
congelamento no musculo MTA. O congelamento foi realizado pela aplicagao
de uma pequena barra de ferro pré-congelada em nitrogénio liquido e mantida
num sentido transverso em relagdo ao ventre do musculo durante 10s (duas

vezes). ApOs pequeno descongelamento, a pele que recobre a lesédo foi
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suturada com fio de Nylon poliamida (3-0). Em seguida, os animais foram
mantidos no biotério durante 24h em gaiolas (37°C} para prevenir hipotermia.

2°, 3° e 4° dias — Os animais foram submetidos ao protocolo de
irradiacdo de acordo com a dose e respectivos comprimentos de onda
estabelecidos para cada grupo, durante trés dias consecutivos.

5° dia — Os animais de todos os grupos foram previamente anestesiados
e em seguida foram submetidos a um procedimento cirurgico para remover o
musculo MTA. O musculo de cada animal foi seccionado em cinco amostras
(10mg cada) e em seguida, cada amostra foi colocada em um eppendorf com
300ul de solugao de homogeneizagcdo RNAase free. Em seguida, as amostras
foram congeladas em nitrogénio liquido e mantidas em freezer -80°C. Apos
estes procedimentos, os animais foram submetidos a eutanasia mediante
overdose de anestésico. Todas as incisbes cirurgicas e todas as lesdes
musculares foram feitas pelo mesmo pesquisador.

6° e 7° dias — As amostras de musculos que foram removidas e
previamente congeladas, foram submetidas ao protocolo QuantiGene System

(Panomics).
Fonte de Luz
Trés fontes de luz foram usadas neste experimento:

e Indium-gallium-aluminum arsenide (In-Ga-Al-As) A=660nm diodo
laser (MM Optics); A média de output foi 40mW, fluéncia de 10
Jicm?, area de secgdo transversa do feixe de laser de 0.04cm? e

tempo de exposig¢ao de 10 segundos.

e Gallium-aluminum-arsenide (Ga-Al-As) A=780nm diodo laser (MM
Optics) - A média de output foi 40mW, fluéncia de 10 J/cm?, area
de seccdo transversa do feixe de laser de 0.04cm? e tempo de

exposi¢ao de 10 segundos.

e Argon laser A=514nm (Nereid Light Phototherapy System,
Healthtech, Shanghai, China) — Média de output foi 40mW,
fluéncia de 10J/cm?, area de seccdo transversa do feixe de laser

de 0,07cm? e tempo de exposicéo de 5 segundos.



Grupos Experimentais

Os animais foram divididos em oito grupos (n=5).
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Group 1 | G1 Animais sem lesao muscular e tratados A=514mWI

Group 2 | G2 | Animais com musculos criolesionados e tratados | A=514nm+l
com laser

Group 3 | G3 Animais sem lesao muscular e tratados A=660nmWI

Group 4 | G4 | Animais com musculos criolesionados e tratados | A=660nm-+I
com laser

Group 5 | G5 Animais sem lesdo muscular e tratados A=780nmWI

Group 6 | G6 | Animais com musculos criolesionados e tratados | A=780nm+l
com laser

Group 7 | G7 Animais com musculos criolesionados sem

tratamento
Group 8 | G8 Controle -

Protocolo de Irradiagao

Durante o procedimento de irradiagdo, os animais foram previamente

imobilizados pela mao do pesquisador e em seguida foi colocado em uma

posicao apropriada para expor a area da lesdo sobre o feixe de laser. Este

procedimento evitou a necessidade de anestesiar os animais durante o

procedimento de irradiagao.

Em seguida, a irradiagao laser foi realizada diretamente sobre a pele que

recobre o musculo MTA. Os animais dos grupos G2, G4, e G6 foram irradiados

diretamente sobre a incisdo cirurgica enquanto os animais dos grupos G1, G3 e

G5 foram irradiados diretamente sobre a area que corresponde ao local da

lesdo dos grupos que foram lesionados. A aplicagdo do laser foi realizada com

a técnica pontual, diariamente, durante trés dias consecutivos, a cada 24 horas,

comegando a partir do segundo dia.
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Procedimento QuantiGene.

Os ensaios QuantiGene foram realizados de acordo com os
procedimentos do Quantigene Reagent System (Panomics®). Para
quantificacdo da expressao génica foi utilizado o Step-by-Step User's Guide for
Animal Tissue Homogenates of the QuantiGene Reagent Systems Evaluation
Program. As probes foram sintetizadas pela Panomics, baseadas em
sequéncias depositadas no GenBank para Vegfa (VEGF) numero de acesso
NM_009505, Rcan1 numero de acesso NM_ 162305, Ndufb2 (NADH dhdg)
numero de acesso NM_026612, Pdgfc (PDGF) numero de acesso NM_019971,
peptidylprolyl isomerase-B ([Ppib] — cyclophilin-B) numero de acesso
NM_011149 e Actb (actin beta) numero de acesso NM_007393.

10mg de tecido de cada amostra foi misturada com 300 ul de solugéo
de homogeneizagdo e 1ul de proteinase K e em seguida cada amostra de
tecido foi mascerada junto com esses reagentes. Em seguida, foi dispensado
dentro de cada pogo da placa de captura, 20yl dos homogenatos, 70ul de
Diluited Lysis Mixture, e 10ul de Working Probe Set (pool) preparado com 3l
de cada Probe Set (CE, LE, BL) (Fig.1-A) e 291ul de Lysis Mixture. Em seguida,
a placa de captura foi vedada e incubada a 53°C, por 16-20h, overnight. Os
pocos da placa foram entido lavados 1X com 200 pl/well e 3X com 300 ul/well de
wash buffer. Em seguida, os residuos de wash buffer foram removidos da placa
de captura por meio de uma centrifuga de placa com spinning invertido de 240 x
g durante 1 min. Os sinais para os alvos mRNA foram desenvolvidos por meio
de hibridizagdo sequencial com branched DNA (bDNA) amplificador (Fig. 1-B) e
fosfatase alcalina-conjugada ao label probe, a 46° C por 1 h cada. Quatro
lavagens com wash buffer foram realizadas para remover os residuos de
material apés cada etapa de hibridizacdo. Susbstrate Working Reagent
(Substrate plus Lithium Lauryl Sulfate (Fig.1-C)) foi adicionado aos pogos e
incubados a 46 °C durante 30 min. O sinal de Luminescéncia de cada poco foi
mensurado usando um fluorimeter Victor 3 (Perkim Elmer). Em todo
experimento, as amostras de RNA foram feitas em duplicada (n=2). As medidas
foram padronizadas por meio da concentragdo de proteina de cada amostra,

usando o método Bradford. Os sinais do background foram determinados na
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auséncia de RNA. Os sinais obtidos na presenca de RNA foram subtraidos do

background e divididos pela concentragao de proteinas.

(e Target RNA ) :
] -y | = T
s .
' \ I _— =] bDNA Amplifier oo
LE- d . I | “11 H 14 1" Substrate
King F 8P) | LE ;
|

1

!feli i e;'»] % Label Probe E Bpg

| Capture Probe (CF)

Fig. 1- A) Molécula de RNA liberadas das células na presenca de Lysis misture e hibridizadas
aos Probe Sets (CE, LE, BL). B) Sinal de Amplificacdo: O amplificador bDNA hibridiza ao LE
para o complexo RNA-Probe Set na placa de captura. C) Detecgdo da Anadlise: O substrato
quimio-luminescente é adicionado a placa de captura e incubado durante 30 minutos a 43°. O

sinal de luminescéncia gerado é proporcional a quantidade de RNA presente na amostra.

Analise estatistica

As médias das duplicatas do experimento foram usadas para analise
estatistica. Os dados foram transformados pelo logi (au) e submetidas ao
ANOVA usando o procedimento GLM do pacote estatistico SAS (SAS Institute,
2002/2003). ANOVA consistiu da comparagao da expressao inter-genes
(expressao génica versus grupos lesdo e controle) e intra-genes (oito

tratamentos e a expresséo génica), empregando o teste Tukey.

RESULTADOS

1. Expressao génica de mRNA Vegfa através de bDNA

O ANOVA entre os tratamentos e a expressao génica de mRNA Vegfa
mostrou diferenca (p<0.05) entre os respectivos grupos tratados: G1; G2; G3;
G4; G5; G6 e G7 quando comparados ao G8. Quando comparamos todos 0s
grupos com G7 nao houve diferenca.

Comparando os tratamentos entre os grupos G1 e G2; G3 e G4; G5 e G6

para mRNA Vegfa nossos resultados mostraram que nao houve diferenca entre
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eles em relagédo a expressdao de mRNA Vegfa. Por outro lado, houve diferenga
entre G7 e G8 (Fig. 2).

2. Expressao génica de mRNA Rcan1 através de bDNA

A analise de variancia entre os tratamentos e a expressdo génica de
MRNA Rcan1 mostrou diferenga (p<0.05) entre os respectivos grupos tratados:
G1, G2, G3 e G4 quando comparados com G8. Contudo, ndo houve diferenca
entre G5 e G6 e o G8. No entanto, os valores de expressao do G8 foram
maiores do que os grupos G1, G2, G3 e G4 (tabela 1). Em relacdo ao G7 e G8
nao houve diferenca.

Quando comparamos todos os grupos com o G7 houve diferenga
(p<0.05) entre G1, G2, G3; G5 e G6.

Comparando os tratamentos intergrupos, para a expressao génica de
Rcan1, houve diferenca (p<0.05) apenas entre os grupos G3 e G4. Nao houve
diferenca entre G7 e G8 (Fig.3).

3. Expressao génica de mRNA Ndufa1 através de bDNA

A ANOVA entre os tratamentos e a expressao génica de mRNA Ndufa1
mostrou diferenca (p<0.05) apenas entre G1 e G4 quando comparados com o
G8. Portanto, ndo houve diferengca para os grupos G2, G3; G5; G6 e G7
comparados ao G8. Quando comparamos todos os grupos com o G7 houve
diferenca (p<0.05) entre G1, G2, G3; G4.

Comparando os tratamentos intergrupos para a expressao de Ndufa1,
houve diferenga (p<0.05) apenas entre os grupos G3 e G4. Nao houve
diferenca entre G7 e G8 (Fig.4).

4. Expressao génica de mRNA Pdgfc através de bDNA

A anadlise de variancia entre os tratamentos e a expressdo génica de
MRNA Pdgfc mostrou que ndo houve diferenca entre todos os grupos tratados.

Comparando os tratamentos intergrupos para a expressdo de Pdgfc,
houve diferencga (p<0.05) apenas entre os grupos G7 e G8 (Fig. 5).
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5. Expressao génica de mRNA Ppib como housekeeping para Vegfa mRNA

Em relagdo a expressao génica de mRNA Ppib como housekeeping de
mRNA Vegfa houve diferenga (p<0.05) entre G1 e G5 comparados ao G8.
Houve diferenca (p<0.05) entre G7 e G8 também, mas de acordo com a tabela
1, 0 grupo controle expressou mais do que todos os grupos tratados. Assim
sendo, esta diferenca nao é significativa.

Comparando os tratamentos entre os grupos houve diferenga (p<0.05)
entre G1 e G2; e entre G7 e G8 para a expressao génica de mRNA Ppib.

Comparando os grupos G1, G2, G3, G4, G5, G6 e G7 para mRNA Vegfa
com a expressao de seus respectivos mRNA Ppib houve diferenga (p<0.05)
entre G1 mMRNA Vegfa e G1 mRNA Ppib; G2 mRNA Vegfa e G2 mRNA Ppib;
G3 mRNA Vegfa e G3 mRNA Ppib; G8 mRNA Vegfa e G8 mRNA Ppib (Fig. 2).

6. Expressao génica de mRNA Ppib como housekeeping para Rcan1 mRNA

Em relacdo a expressao génica de mRNA Ppib como housekeeping para
mRNA Rcan1 houve diferenga (p<0.05) entre G1, G2, G3 e G4 comparados
com o G8. Mas, de acordo com a tabela 1 apenas os grupos G5, G6 tiveram
maior expressao que o grupo G8.

Comparando os tratamentos entre os grupos, houve diferenga (p<0.05)
entre G3 e G4; G7 e G8 para a expressdo de mRNA Ppib.

Comparando a expressdo de mRNA Rcan1 nos grupos G1, G2, G3, G4,
G5, G6 e G7 com a expressao dos seus respectivos mRNA Ppib, houve
diferenga (p<0.05) entre G2 mRNA Rcan1 e G2 mRNA Ppib; G3 mRNA Rcan1
e G3 mRNA Ppib; G4 mRNA Rcan1 e G4 mRNA Ppib (Fig.3).

7. Expressao génica de mRNA Ppib como housekeeping para Ndufal mRNA

Em relagdo a expressao de mRNA Ppib como housekeeping para mRNA
Ndufa1 houve diferenca (p<0.05) entre G2; G3; G6 e G7 comparados ao G8.
Contudo, a expressao do G8 foi maior do que a expressao dos G2 e G3 (tabela

1).
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Comparando os tratamentos entre os grupos houve diferenga (p<0.05)
na expressao entre os grupos G1 e G2; G3 e G4; G5 e G6 e entre G7 e G8
para a expressao génica de mRNA Ppib.

Comparando a expressao génica nos grupos G1, G2, G3, G4, G5, G6 e
G7 de mRNA Ndufal com a respectiva expressdo de mRNA Ppib houve
diferenga (p<0.05) entre a expressao de G1 mRNA Ndufal e G1 mRNA Ppib;
G2 mRNA Ndufal e G2 mRNA Ppib; G4 mRNA Ndufal e G4 mRNA Ppib
(Fig.4).

8. Expressao génica de mRNA b-actina como housekeeping para Pdgfc mRNA

Em relagdo a expressao génica de mRNA b-actina como housekeeping
para mRNA Pdgfc ndo houve diferencga significativa entre os grupos tratados
comparados com o G8.

Comparando todos os grupos com o G7, o unico grupo diferente foi o G5.

Comparando os grupos G1, G2, G3, G4, G5, G6 e G7 mRNA Pdgfc com
as respectivas expressdes génicas de mRNA b-actina houve diferenga (p<0.05)
entre G1 mRNA Pdgfc e G1 mRNA b-actina (Fig. 5).

A transformagdo logip (au) mostrou um efetivo melhoramento na
qualidade dos dados; os valores de skewness, kurtosis e coeficiente de
variagdo para os (au) observados foram, respectivamente, 1.7496, 3.1269 e
112.4302, e apods a transformacéo log1o (au), foram reduzidos, respectivamente,
para —0.5353, -0.3765 e 11.5878. Os resultados das analises sao apresentados
na figura 1 para Vegfa, na figura 2 para Rcan1, na figura 3 para Ndufal e na

figura 4 para Pdgfc.
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Tabela 1. Analise da expressao génica de Vascular endothelial growth factor-a
(Vegfa), Regulator of calcineurin 1(Rcant), [Human] DSCR1 or Adapt78], NADH
dehydrogenase [NADH dhdg] (Ndufat1) and Platelet derived growth factor-c
(Pdgfc) com luminescéncia. Dados foram transformados por logi (au) e

submetidos a fototerapia com diferentes comprimentos de onda de laser.

Treatments

G514WI

G514+ 1|

G660WI,

G660+

G780WI

G780+

Injury

Control

Vegda

5.25ab

496 b

5.05b

5.26 ab

5.31 ab

542a

5.11 ab

451c

Ppib

3.99¢

475 a

473 a

474 a

4.18 bc

4.50 ab

4.19 bc

477 a

RCAN1

4.88 de

475e€

461e

5.14 cd

5.77 a

5.74 a

5.69 ab

5.40 bc

Ppib

4.53d

4.51d

4.46d

4.96¢c

6.03 a

5.88 a

5.96 a

5.50b

Pdgfc

4.42 ab

4.57 ab

4.50 ab

447 ab

470 a

4.66 a

4.18b

487 a

Actb

430c

4.73 abc

4.73 abc

4.64 abc

493 a

4.92 ab

4.40 bc

4.76 abc

Ndufa1

522 cd

5.49 bc

5.44 bc

4.97d

5.67 ab

5.69 ab

591a

5.70 ab

Ppib

5.03b

4.29d

463¢c

495b

4.96 b

5.68 a

551a

5.12b

Letters different in the same row indicates significance (P < .05) by Tukey test

®7 ab ab ab a ab B Vegfa

bc be O Ppib

Expressdao Génica de mRNA Vegfa
através de branched DNA (au)
w
L

G1 G2 G3 G4 G5 G6 G7 G8

Tratamentos com laser de baixa intensidade

Fig. 2. Expressao génica de mRNA Vegfa e mRNA ciclofilina (Ppib) analisados por branched
DNA em musculos tratados com laser de baixa intensidade. Os dados de oito grupos tratados
foram transformados por log:, em unidades arbitrarias (au) e submetidos ao ANOVA por
procedimento GLM do SAS. O nivel de significancia foi (p<0.05).

a,b,c diferentes quando comparados os tratamentos e a expressao génica.

Letras diferentes no mesmo espago indica significancia (P < .05) por teste Tukey.
G1=A514nmWI; G2=A514nm+|; G3=A660nmWI; G4=A660nm+]; G5=A780nmWI; G6=A780nm+l;
G7= Leséao; G8=Controle.
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Tratamentos com laser de baixa intensidade

Fig. 3. Expressao génica de mRNA Rcan1 e mRNA ciclofilina (Ppib) analisados por branched
DNA em musculos tratados com laser de baixa intensidade. Os dados de oito grupos tratados
foram transformados por logs, em unidades arbitrarias (au) e submetidos ao ANOVA por
procedimento GLM do SAS. O nivel de significancia foi (p<0.05).

a,b,c diferentes quando comparados os tratamentos e a expresséo génica.

Letras diferentes no mesmo espago indica significancia (P < .05) por teste Tukey.
G1=A514nmWI; G2=A514nm+l; G3=A660nmWI; G4=A660nm+l; G5=A780nmWI; G6=A780nm+I;
G7= Leséao; G8=Controle.
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Fig. 4. Expressao génica de mRNA Ndufal e mRNA ciclofilina (Ppib) analisados por branched
DNA em musculos tratados com laser de baixa intensidade. Os dados de oito grupos tratados
foram transformados por logs, em unidades arbitrarias (au) e submetidos ao ANOVA por
procedimento GLM do SAS. O nivel de significancia foi (p<0.05).

a,b,c diferentes quando comparados os tratamentos e a expressao génica.

Letras diferentes no mesmo espagco indica significancia (P < .05) por teste Tukey.
G1=A514nmWI; G2=A514nm+]; G3=A660nmWI; G4=A660nm+1; G5=A780nmWI; G6=A780nm+1I;
G7= Leséo; G8=Controle.
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Fig. 5. Expressado génica de mRNA Pdgfc e mRNA b-actina analisados por branched DNA em
musculos tratados com laser de baixa intensidade. Os dados de oito grupos tratados foram
transformados por logig em unidades arbitrarias (au) e submetidos ao ANOVA por procedimento
GLM do SAS. O nivel de significancia foi (p<0.05).

a,b,c diferentes quando comparados os tratamentos e a expressao génica.

Letras diferentes no mesmo espago indica significancia (P < .05) por teste Tukey.
G1=A514nmWI; G2=A514nm+l; G3=A660nmW!I; G4=A660nm+I; G5=A780nmW!I; G6=A780nm+I;
G7= Lesao; G8=Controle

DISCUSSAO

O presente estudo foi designado para investigar o tempo do curso de
alteragdes do perfil de expressao génica de mRNA de Vegfa, Rcan1, Pdgfc e
Ndufa1 durante a regeneracdo muscular. Nossos resultados mostram que a
regeneragao das fibras musculares expressa mRNA Vegfa, Rcan1 e Ndufa1,
sugerindo que estas vias moleculares estdo associadas com o processo de

regeneragao muscular in vivo.

Expressao génica de mRNA Vegfa

Estudos mostram que a expressido de mRNA VEGF e proteinas é
aumentada em musculos isquémicos (Rissanen et al., 2002; Milkiewicz et al.,
2004; Tuomisto et al.,, 2004). As proteinas VEGF estdo aumentadas em

musculos esqueléticos isquémicos 11 dias apds a ligagdo da artéria femoral



43

(Milkiewicz et al., 2004). Terapia génica, utilizando VEGF-A age em musculos
esqueléticos isquémicos mediante aumento da expressao de mioglobina em
modelos de isquemia aguda em patas traseiras de camundongos (van Weel et
al., 2007). Estudos sobre angiogénese encontraram over expressdo de VEGF
em midécitos esqueléticos durante a regeneragao muscular esquelética (Arsic et
al., 2004; Kim, et al., 2006).

A producdo de VEGF esta aumentada pela hipoxia em ambos in vitro
(Shweiki et al., 1992) e in vivo (Banai et al., 1994). Além disso, tem sido
mostrado que em membros isquémicos, VEGF e seus receptores estdo
aumentados varias horas apos a indugao de inquemia (Rissanem et al., 2002;
Milkiewicz et al., 2001; Germani et al., 2003).

O efeito do laser de baixa intensidade (He-Ne) sobre a neoformagéo de
capilares sanguineos durante a regeneragdo do musculo gastrocnémio em
sapos (Bufo viridis) foi investigado e foi concluido que a irradiagédo laser He-Ne
promove neoformagao de vasos sanglineos na area lesada (Bibikova and
Oron, 1994). Outros estudos mostram que a irradiagdo laser de baixa
intensidade promove aumento da microcirculagédo (Maegawa et al., 2000)

De acordo com nossos resultados podemos observar que a expressao
de mRNA Vegfa foi aumentada nos musculos tratados quando comparados ao
G8. Baseados nesses resultados ndés podemos inferir que a terapia laser pode
ter exercido influéncia sobre a expressdo de mMRNA Vegfa durante a
regeneragao muscular e provavelmente participou da angiogénese e processo
de regeneragdo durante os 5 dias a partir da indugdo da lesao por
congelamento, mas quando comparamos todos os grupos com o grupo G7,
concluimos que VEGF também foi expresso sem a influéncia do laser.

De acordo com Wagatsuma et al. (2006), os transcritos mRNA VEGF
transitoriamente aumentaram apos 12 h apds a lesdo muscular e entao
retornaram aos niveis basais observados em musculos normais. O pico de
expressao dos transcritos mRNA de FIt-1 e KDR/FIk-1 foi atingido no terceiro
dia e apds esse periodo, retornou aos niveis basais observados nos musculos
normais em 10 dias. De acordo com Milkiewicz et al., (2004), as proteinas
VEGF estdo aumentadas no musculo esquelético durante 11 dias apos a
ligadura da artéria femoral. Wagatsuma et al. (2007) mostrou que mRNA VEGF

comecgou aumentar a partir do 3° dia e atingiu o pico no 5° dia apds a lesao
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muscular. De acordo com nossos resultados os transcritos mRNA Vegfa foram

aumentados durante os cinco dias da regeneragcao do musculo esquelético.

Expresséo génica de mRNA Rcan1

O gene RCAN1 humano esta localizado no cromossomo 21 na regiao
21922.12 (Hattori et al., 2000); é altamente expresso no musculo esquelético
(Harris et al., 2005) e codifica uma proteina que interage fisicamente e
funcionalmente com calcineurina A, uma subunidade catalitica de
Ca?*/calmodulin-dependente da proteina fosfatase (PP2B) (Klee et al., 1998;
Wang et al., 2002).

Estudos mostram que RCAN1 desempenha um papel na angiogénese
pela regulacdo da adesao e migragao de células endoteliais (ECs) via interagéo
com integrinas avB3 (Lizuka et al., 2004). Outros estudos mostram que RCAN1
age como um “circuito inibidor’ na sinalizacao de VEGF e trombina, servindo
como um circuito de feedback negativo para inibir a ativagao e proliferagao de
células endoteliais e a angiogénese (Minami et al., 2004). RCAN1 pode estar
envolvido nas vias de sinalizacdo de remodelamento do musculo esquelético
(Bassel-Duby and Olson, 2006; Schiaffino et al., 2007). Nao existem dados na
literatura em relacéo a influéncia do LBI sobre a expressao génica de RCAN1
durante a regeneracdo do musculo esquelético. Nossos resultados mostram
que os lasers 514 nm e 660 nm exerceram influéncia nas vias de sinalizacdo da
regeneragao muscular e provavelmente influenciaram a angiogénese, revelada
pelo aumento dos transcritos mMRNA Rcan1 nos grupos tratados com estes
comprimentos de onda. No entanto, nés consideramos diferenca em relagéo ao
efeito da luz sobre a expressao génica de Rcan1 mRNA apenas para o
tratamento com o laser A=780 nm devido a expressdao dos transcritos mRNA
Rcan1 nos grupos tratados com A=514 nm e A=660 nm ter sido menor do que
nos grupos tratados com laser A=780 nm (tabela 1) e também porque os grupos
780 nm, tanto o grupo 780 nm lesado como o grupo 780 nm lesado e tratado,
foram diferentes do grupo apenas lesao.

A transdugdo de sinais mediante VEGF e trombina ocorre através da
translocacao nuclear do fator de transcricdo NF-AT calcineurin-dependente (Fig.

6) (Minami et al., 2004). Calcineurina esta envolvida na hipertrofia de
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mioblastos. RCAN1 pode evitar a translocagédo nuclear de NFAT para ligar-se
aos promotores GATA4 e MEF-2 (Vega et al., 2002), prevenindo, assim, a
hipertrofia (Harris et al. 2005). De acordo com 0s nossos resultados, o aumento
da expressdao de mRNA Rcan1 sugere que o laser A=780 nm preveniu a
regeneragdo do musculo esquelético pelas inibicao de VEGF ou thrombin-
calcineurin-NF-ATc (figura 6). Da mesma forma, é provavel que o laser A=780
nm exerceu um efeito inibidor sobre a angiogénese. Assim, podemos sugerir
que VEGF pode participar da via de regeneragcdo muscular. De fato,
constituintes vasculares tais como progenitores associados a vasos
(mesoangioblasts) isolados da aorta dorsal apresentam potencial miogénico e
sdo capazes de participar na regeneracdo muscular (Sampaolesi, 2003; Shi e
Garry, 2006).
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Figure 6 Modelo Esquematico, mostrando a sinalizacdo de VEGF ou thombin-calcineurin-NF-

ATc e DSCR-1-mediando sistema de auto inibigdo em endotélio. Fonte: Minami et al. (2004).

Expressao génica de mRNA Ndufa1

Em relacdo de mRNA Ndufa1, nossos resultados mostram que apenas

os grupos G1 e G4 expressaram aumento nos transcritos. No entanto,
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comparando todos os grupos com o grupo lesdo, nossos resultados mostram
que houve aumento nos transcritos nos grupos G1, G2, G3 e G4. Existe uma
natural fotosensibilidade de varias células eucariontes a luz monocromatica de
baixa intensidade, sugerindo que mecanismos moleculares, tais como a
estimulacao de fotoaceptores, estdo envolvidos na fotosensibilidade celular.
Mitocdndrias isoladas possuem fotosensibilidade; a cadeia respiratéria funciona
como cadeia redox e NADH dhdg faz parte do aparelho de citocromos. Os
diferentes componentes da cadeia respiratoria absorvem diferentes
comprimentos de onda de acordo com seus respectivos espectros de absorgao.
A absorcdo nas bandas de muitos componentes da cadeia respiratoria tais
como flovoproteinas e hemoproteinas s&o na regido do espectro do azul (400-
450nm). Os citocromos absorvem na regido do verde; na regido do vermelho
(630 nm) séo absorvidas por formas semiquinonas de flavoproteinas bem como
oxidase-cyt d terminais (Karu, 1988).

Estudos com culturas de levedura mostraram relacdo entre intensidade
da respiragdo mitocondrial, aumento na atividade da NADH dhdg, aumento no
acumulo da biomassa e a agdo do laser A=632,8 nm (Karu, 1988; Karu et al.,
1995); outros estudos mostraram aumento na atividade da NADH dhdg e
aumento da sintese de ATP (Passarela et al., 1984; Weiss and Oron, 1992) e a
acao da irradiagao laser A=633 nm (Karu et al., 1995).

A produgdo de ATP pelas mitocondrias pode regular a execugédo de
varios eventos regulatorios e biossintéticos envolvidos na miogénese (Dunguez
et al., 2002) com provavel aumento na atividade da NADH dhdg. A inibicao da
sintese de proteinas mitochondriais evita a diferenciacdo de mioblastos em
miotubos (Hamai et al., 1997; Dunguez et al., 2002).

A média de sintese de DNA e RNA aumentou apds bioestimulacdo com
laser (Karu, 1988; Karu, 1987; Vacca et al., 1993). Por outro lado, em doses
elevadas, os fotoaceptores sdo danificados e os efeitos do laser diminuem.
Além disso, aumento na energia causa destruicdo dos fotoaceptores,
acompanhada por inibicao celular e letalidade. A irradiacdo das células com luz
visivel e/ou infravermelha resultando em absor¢gao pelas mesmas moléculas
pode promover efeito positivo (aceleragao da divisdo celular e metabolismo), ou
causar danos fotodindmicos com altas doses (Karu, 1988). Portanto, os

processos biolégicos podem responder de modo diferente ao laser de baixa
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intensidade de acordo com diferentes comprimentos de onda, energia, e
freqUéncia que sao utilizados (Belkin et al., 1988; Bibikova and Oron, 1994).

De acordo com esses dados e nossos resultados podemos sugerir que
os lasers A=514 nm e A=660 nm estimularam, mediante vias especificas, os
citocromos Ndufa1 e alteraram o estado redox celular com esta dose especifica
e comprimentos de onda. Em relacédo ao laser A=780 nm, este comprimento de
onda nao foi especifico para estimular os citocromos Ndufal da cadeia
respiratdria. Estes dados estdo de acordo com a literatura que afirma que os
citocromos possuem um espectro de absorcdo muito similar ao das porfirinas,
mas, os citocromos oxidase possuem absor¢ao muito fraca na banda do A=780
nm (Lubart et al., 1992). Por exemplo, Grossman et al. (1998) encontrou que
antioxidantes enzimaticos e nao-enzimaticos sao suprimidos por laser A=780
nm e o laser He-Ne estimulou a proliferagao.

Em relacdo ao laser A=514 nm, este comprimento de onda
provavelmente alterou o estado redox em tecidos saudaveis e lesados,
aumentando os transcritos mRNA Ndufal. O processo de regeneragao
muscular demanda gasto energia na fase de proliferacéo e para iniciar a fase
de diferenciagdo. (Dunguez et al., 2002). De acordo com este pesquisador, a
regeneragao do musculo esquelético recapitula a miogénese embridnica e pode
estimular a biogénese mitocondrial, indicando que a regeneragdo do musculo &
acompanhada por dramatica estimulagdo da cadeia respiratoria, concomitante
com o inicio da diferenciagdo muscular. A progressdao da miogénese foi
associada com o inicio da expressdo de proteinas especificas dos musculos
que também demanda gasto energético. Assim, podemos concluir que os lasers
A=660 nm e A=514 nm foram eficientes para estimular a fase proliferativa da
regeneragao muscular devido aos seus efeitos sobre a expressdo de mRNA
Ndufa1.

Expressao génica de mRNA Pdgfc

Em relagado a Pdgfc, a familia PDGF consiste de quatro membros: PDGF-
AA, PDGF-BB, PDGF-CC and PDGF-DD (Li et al. 2000; LaRochelle, et al.,
2001; LI et al., 2005). Considerando que estes fatores de transcricdo sao

potentes ativadores mitogénicos em diferentes células, podemos supor que eles
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provavelmente estejam envolvidos na ativacdo da regeneragdo de células
musculares lesadas (Best et al., 2001; Chargé et al.,, 2004; Jarvinen et al.,
2005). In vivo, PDGF-AA e PDGF-BB estimularam o crescimento de
microvasos. PDGF-CC tem sido estudado em ampla extens&o na angiogénese
(Li et al., 2005). Estudos mostram que PDGF-CC induziu a liberagao de VEGF
(Li et al., 2003; Li et al., 2005) e angiogénese Li et al., 2005). O tratamento com
PDGF-CC incrementa a formagado e maturacdo de novos vasos sanguineos e
aumenta a regeneragdo de musculos esqueléticos e, como resultado, também
reduz a extensdo da necrose muscular isquémica, sugerindo que pode existir
uma ligagcdo entre a regeneragao muscular e a angiogénese (Li et al., 2005).
Contudo, permanece desconhecido se PDGF-CC é capaz de afetar diretamente
a regeneracgao do musculo esquelético.

PDGF é reconhecido como um importante mediador na cicatrizacdo de
feridas e reparo tecidual (Ross et al., 1986; Reuveni et al., 1990), mas seu
papel durante a regeneragdo do musculo esquelético ndo foi completamente
investigado. Um estudo com células C2 da linhagem miogénica, derivada de
musculos esqueléticos de camundongos adultos, demonstrou que estes
mioblastos expressam receptores para PDGF e que PDGF exerceu efeito
mitogénico sobre essas células. Entre os trés conhecidos dimeros de PDGF, a
isoforma BB tem o maior numero de sitios ligantes em mioblastos C2; é
reconhecido como 0 mais potente em promover a incorporagcao de H-TdR e em
reduzir a frequéncia da diferenciagao terminal em mioblastos. Apesar de PDGF-
AA poder ligar-se as células, o numero de sitios ligantes € muito inferior quando
comparados aqueles do PDGF-BB e, em decorréncia disso, nenhum efeito
mitogénico pode ser demonstrado. PDGF-AB liga-se as células C2 em nivel
similar aquele do PDGF-AA e exerce um ligeiro efeito mitogénico sobre as
células (Reuveni et al., 1990). De acordo com Bischoff (1986), PDGF néao ativa
a proliferacao das células satélites quiescentes.

Uma questdo persistente na biologia muscular refere-se ao mecanismo
pelo qual ocorre a adigao e a delegao de sarcomeros. (Epstein and Fischman,
1991; Tidball and Spencer, 1993). Estudos prévios mostram que estes
processos ocorrem primariamente na terminacdo das miofibrilas, onde as
juncdes miotendineas (MTJs) séo localizadas (Goldspink, 1980). Tidball e

Spencer, (1993) mostraram alta concentragao de receptors de PDGF nas MTJs
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de fibras musculares completamente diferenciadas, sugerindo que PDGF
participa da adicdo de sarcoOmeros durante a diferenciagdo muscular. Outro
estudo, usando linhagem miogénica C2 mostrou que PDGF pode regular a
proliferacdo e a diferenciagdo de mioblastos in vitro, exercendo um papel no
aumento do numero de mioblastos durante a regeneracdo do musculo
esquelético pela estimulagdo da proliferagdo e/ou inibicdo da diferenciagao,
mas este estudo foi feito usando PDGF-AA PDGF-BB.

De acordo com nossos resultados ndo houve expressao dos transcritos
de mRNA de Pdgf-c durante a fase proliferativa da regeneracdo do musculo
esquelético. Apesar de PDGF-CC estimular a angiogénese por meio de estrita
cooperagao com VEGF (Li et al., 2005) nés ndo podemos explicar as razdes
porque em nosso estudo VEGF expressou seus transcritos de mRNA e Pdgf-c

nao expressou durante a regeneragdo do musculo esquelético.

Expressao génica de Ppib mRNA

Em relacédo a ciclofilina-B como housekeeping dos genes investigados,
podemos observar que houve ampla diferenga nos transcritos de mRNA, entre
os genes analisados. Ndo houve uniformidade de expressdo em todos os
ensaios, na expressao génica dos transcritos para ciclofilina-B. Nés supomos
que a diferenca entre a expressao do housekeeping como gene controle de
Vegfa, Rcan1, pdgfc e Ndufal foi devido a diferenca na variabilidade de
expressao génica entre os musculos dos animais. Concluimos que cyclophilin-B
(Ppib) ndo é um housekeeping apropriado como gene controle para analise de
expressao génica de musculo esquelético porque € uma proteina da matrix
extracelular (Lin and Hsu, 2005) e faz parte da via de homeostase muscular
(Mitchell et al., 2002; Sakuma et al., 2003).

Expressao génica de b-actina mRNA

Em relacdo a mRNA b-actina nés evidenciamos mais alta expressao do
que mRNA Pdgfc, apesar de nao haver diferenga significativa quando
comparada ao grupo controle. Portanto, podemos concluir, baseados nos

valores expressos na tabela 1, que b-actina foi altamente sensivel aos
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tratamentos com laser. Portanto, b-actina néo representa um housekeeping

apropriado para analise de expressao génica de musculos esqueléticos.

CONCLUSOES

O presente estudo sugere que a irradiagao laser influencia a expressao
génica de Vegfa, Rcan1, e Ndufal durante a regeneracdo do musculo
esquelético in vivo.

A terapia laser pode exercer influéncia sobre a expressdo de Vegfa e
consequentemente sobre a angiogénese durante a regeneragdo do musculo
esquelético.

O laser A=780nm pode prevenir a regeneragdo do musculo esquelético
pelo aumento da expressao génica Rcan1 e consequente inibicdo de VEGF ou
thrombin-calcineurin-NF-ATc.

O laser A=660nm estimula especificamente citocromo NADH dhdg
(Ndufa1 in mouse), alterando o estado redox celular. O laser A=780 nm n&o foi
especifico para estimular citocromo Ndufa1. O laser A=514nm altera o estado
redox celular nos tecidos saudaveis. O laser A=514 nm provavelmente exerce
seus efeitos na fase de diferenciagcao da regeneracdo do musculo esquelético.

Pdgfc ndo expressou durante a fase proliferativa da regeneragado do
musculo esquelético provavelmente por ser um gene estrito da via de
angiogénese em cooperagao com VEGF.

Ciclofilina-B e b-actina ndo sao um housekeeping apropriado para

analise de expressao génica de musculos esqueléticos.
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CONCLUSOES GERAIS

O Laser de baixa intensidade exerce influéncia sobre a expressido de
genes das vias de regeneragao muscular, incluindo fatores de transcrigdo que
ativam a célula tronca muscular, bem como genes relacionados com processos
metabdlicos genes relacionados com a ativagao e inibicdo da angiogénese.

O gene Pdgfc sofre expressdo na angiogénese em estrita cooperagéao
com VEGFa, mas nao influencia diretamente na regeneragdo do musculo
esquelético mediante a fluéncia e os comprimentos de onda investigados.

O laser de argbnio apresenta efeitos biomoduladores do processo de
regeneragao do musculo esquelético.

A biotecnologia bDNA ¢é eficaz para andlise de expressdo génica com
homogenatos de tecidos bioldgicos in vivo.

Pesquisas devem ser desenvolvidas para investigar a acao do laser de
baixa intensidade, outros comprimentos de onda e fluéncia, envolvendo a

analise de expressao de outros genes da via de regeneragdo muscular,
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CONSIDERAGOES FINAIS

Esta pesquisa demonstra a importancia da investigagdo dos mecanismos
de acéo do laser de baixa intensidade em tecidos bioldgicos, através de biologia
molecular, usando métodos de biotecnologia avangada. Além disso, este estudo
amplia os horizontes para diversas pesquisas de genes envolvidos nas vias de
regeneragdo muscular, permitindo investigagdes relevantes das respostas
adaptativas do musculo esquelético a nivel molecular.

Investigacdo pertinente seria realizar uma analise comparativa dos
mecanismos envolvidos no processo de regeneragao muscular; a agéo do laser
de baixa intensidade entre animais idosos e jovens, utilizando essa
biotecnologia para analise de expressao génica.

Dentre os genes que podem ser investigados, sugerimos a analise da
expressao dos fatores de transcricao par box gene 3 (Pax3), par box gene 7
(Pax7); fatores de crescimento tais como, fator de crescimento fibroblastico
(FGF do inglés: fibroblast growth factor), fator de crescimento hepatdcito (HGF-
do inglés: hepatocit Growth factor), fator de crescimento insulinico-l (IGF-I do
inglés: insulin-like growth factor-1), fator de crescimento insulinico-Il (IGF-Il do
inglés: insulin-like growth factor-Il, fator de crescimento transformante R (TGF-R3
do inglés: transforming growth factor, bem como as demais fatores regulatorios
miogénicos (MRFs do inglés: myogenic regulatory factors): Myf5 (Myf6) MRF4.

Da mesma forma como foi observado com o laser de baixa poténcia, &
provavel, que outros recursos fisioterapéuticos tais como, termoterapia,
eletroestimulagdo cinesioterapia em geral e técnicas proprioceptivas entre
outros recursos, modifiquem a resposta celular, ativando a expressao génica
durante os processos terapéuticos.

Os resultados desse estudo abrem caminhos em direcdo a aplicagdes

clinicas do laser de baixa intensidade com maior confiabilidade.



61

REFERENCIAS BIBLIOGRAFICAS

1. Amaral, A. C.; Parizotto, N. A.; Salvini, T. F. Dose-dependency of low-energy
He-Ne laser effect in regeneration of skeletal muscle in mice. Lasers in Medical
Science. 16:44-51, 2001.

2. Bibikova, A.; Oron, U. Attenuation of the process of muscle regeneration in
the toad gastrocnemius muscle by low energy laser irradiation, Lasers in
Surgery and Medicine 14:355-361, 1994.

3. Chargé, S. B. P.; Rudnicki, M. A. Cellular and molecular regulation of muscle

regeneration. American Physiological Society. 84:209-238, 2004.

4. Cossu, G. Biressi, S. Satellite Cells, myoblasts and other occasional
myogenic progenitors: possible origin, phenotypic features and role in muscle

regeneration. Cellular Development & Biology.16: 623-631, 2005.

5. Dhawan, J.; Rando, T. A. Stem cell in postnatal myogenesis: molecular
mechanisms of satellite cell quiescence, activation and replenishment. Trends in
Cell Biology. 15: 666-673, 2005.

6. Duguez, S.; Féasson, L.; Denis, C.; Freyssenet, D. Mitochondrial biogenesis
during skeletal muscle regeneration. AJP- Endocrinology and Metabolism. 282:
802-809, 2002.

7. Hauke, T.J.; Garry, D.J. Myogenic satellite cells: Physiology to molecular
biology. Journal of Appllied Physiology. 91:534-551, 2001.

8. Karu, T.; Mechanism of interaction of monochromatic visible light with cells.
SPIE. 2630:1-9, 1995.

9. Lubart, R.; Eichler, M.; Lavi, R.; Friedman, H.; Shainberg, A. Low-energy laser
irradiation promotes cellular redox activity. Photomedicine and Laser Surgery.
23:3-9, 2005.



62

10. Maegawa, Y; Itoh, T.; Hosokawa, T.; Yasgashi, K.; Nishi, M. Effects of near-
infrared low-level laser irradiation on microcirculation. Lasers in Surgery and
Medicine. 27:427-437 2000.

11. Oliveira, N. M. L.; Parizotto, N. A.; Salvini, T. F. S. GaAs (904-Nm) laser
radiation does not affect muscle regeneration in mouse skeletal muscle. Lasers
in Surgery and Medicine. 25: 13-21, 1999.

12. Reuveni, Z. Y.; Balestreri, T. M. Bowen-Pope, D. F. Regulation of
proliferation and differentiation of myoblasts derived from adult mouse skeletal
muscle by isoforms of PDGF. The Journal of Cell Biology. 111: 1623-1629,
1990.

13. Shi, X.; Garry, D. J. Muscle stem cells in development, regeneration, and
disease. Genes & Development. 20:1692-1708, 2006.

14. Vega, R. B. Yang, J.; Rothermel, B. A.; Bassel-Duby, R.; Wiliams R. S.
Multiple domains of MCIPI contribute to inhibition of calcineurin activity. Journal
of Biological Chemistry. 277: 30401-30407, 2002.

15. Vladimirov, Y. A.; Osipov, A. N.; Klebanov, G. |. Photobiological principles of
therapeutic applications of laser radiation. Biochemistry. 69 (1):81-90, 2004.

16. Wilden, L.; Karthein, R. Import of radiation phenomena of electron and
therapeutic low-level laser in regard to the mitochondrial energy. Journal of
Clinical Laser Medicine & Surgery. 159-165, 1998.

17. Zammit, P.; Beauchamp, J. The skeletal muscle satellite Cell: Stem cell or
son stem cell? Differentiattion. 68: 193-204, 2001.

18. Zammit, P. S.; Relaix, F.; Negata, Y.; Ruiz, A. P.; Collins, C. A.; Partridge, T.
A.; Beauchamp, J. R. Pax7 and myogenic progression in skeletal muscle
satellite cells. Journal of Cell Science. 119:1824-1832, 2006.



ANEXOS

1. Manuscrito - 1 (em inglés)
2. Manuscrito - 2 (em inglés)

3. Figuras

63



64

MANUSCRITO - |

Low-Intensity Laser Alters the Expression of MyoD
and Myogenin Genes in vivo Mouse Skeletal Muscle
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Background and Objective: A branched DNA assay was used to investigate gene
expression profiles of MyoD and myogenin in vivo in mouse skeletal muscle irradiated
with low-intensity laser. The profiles revealed that MyoD and myogenin are regulated
by the red, infrared and green laser irradiation. These genes play a role in the
enhancement of basic helix-loop-helix (bHLH) transcription factor during the
proliferation phase of muscle regeneration. The objective of the present study was to
investigate the dependence of different wavelengths on MyoD and myogenin gene
expression profiles in skeletal muscle regeneration.

Materials and Methods: Forty male mice (Mus musculus) were used. The experiment
was carried out in seven days. On the 1% day, surgery was performed. On the 2", 3 and
4™ days, the animals were submitted to the irradiation protocol. On the 5™ day, the
animals were sacrificed and the muscles were frozen. On the 6™ and 7" days, the
muscles were defrosted and submitted to the QuantiGene System protocol (Panomics™).
Data from the eight treatments groups were transformed by log.;p and submitted to
ANOVA using the generalized linear models (GLM) procedure of the SAS statistical
package.

Results: Gene expression assays showed that MyoD and myogenin were expressed in
the proliferation phase during skeletal muscle regeneration using irradiation at different
wavelengths.

Conclusions: The present study suggests that the laser irradiation was effective on
myogenesis in vivo. This may be due to its effect on satellite cell activation by MyoD
and myogenin gene expression in the early proliferation phase of skeletal muscle
regeneration. The transcripts investigated were expressed in both injured and healthy
tissue. Cyclophilin-B is not an appropriate housekeeping gene for skeletal muscle.

Key words: Laser, branched DNA, gene expression, MyoD, myogenin, mouse
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INTRODUCTION

Skeletal muscle regeneration is a highly orchestrated process that involves the
activation of adult muscle satellite cell proliferation and differentiation. Activation of
satellite cells requires the controlled up-regulation of muscle transcription factors and
muscle specific genes.

Muscle injuries have been shown to activate the muscle regeneration pathway,
including myogenic basic helix-loop-helix (bHLH) transcription factors in skeletal
myogenesis. A subset of the bHLH family includes MyoD, myf5, myogenin (MyoQG)
and Myf6 (MRF4) [1,2,3,4]. These proteins form heterodimeric DNA binding
complexes that include other bHLH proteins from the E2 gene family (E12 and E47) and
bind a canonical DNA sequence, CANNTG (E-box), within enhancer elements of genes
that encode terminal differentiation markers of the skeletal muscle lineage [1,5,6].

In vitro studies have implicated an extensive number of both trophic and
transcription factors in maintaining a balance between the growth and differentiation of
satellite cells for restoring normal muscle architecture [1,7]. Some studies have shown
that MyoD and myogenin are strongly coordinately induced three days following an
injury and both are then rapidly transcriptionally repressed after 48 h [8]. On the other
hand, studies have shown that MyoD is markedly more effective in activation and
differentiation [9], while other studies have suggested myogenin is an important factor
for terminal differentiation and fusion myoblasts in mature muscle fiber [10].

Although the muscle regeneration process has been well studied [3,11], questions
remain concerning the effect of different wavelengths of low-intensity laser irradiation
in muscle regeneration. An increase in regeneration through low-intensity laser therapy
(LILT) has been studied in various tissues, such as the liver [12,13], skin [14], bone [15],
nerve [16] and skeletal muscle [17,18]. In the skeletal muscle of rats and toads, He-Ne
laser irradiation of the injuried site enhances regeneration by two- and eightfold,
respectively, when compared to non-irradiated controls [17,18,19].

The interaction between low-level laser irradiation and biological systems for the
promotion of photobiomodulation and biostimulation is well established [20,21,22].
Although some studies have shown that low-level laser accelerates mitosis [23,24] and
affects satellite cell differentiation [25], few studies have investigated the action of low-
intensity laser on cell mechanisms during muscle regeneration using quantitative
methods of molecular biology. Thus, the aim of the present study was to investigate in
vivo the effect of the A=660nm, A=780nm and A=514nm laser irradiation on the gene
expression of the MyoD and myogenin during the first five days of the muscle repair
process using branched DNA (bDNA).

MATERIALS AND METHODS
Animals

Forty male mice (Mus musculus) with a body mass of 40g+1g were purchased
from Bioterium of the Universidade Federal de Sao Carlos/SP, Brazil. Prior to the
experimental surgery procedure, the animals were kept (five per cage) under a 12-hour
light/dark cycle for environmental adaptation and illness control. Water and feed were
offered ad libitum. The study was approved by Ethics Committee for Animal Studies of
the Universidade Federal de Sao Carlos (Number 007/2005).
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Surgery Technique and Irradiation Protocol

The experiment was carried out in seven days:

1 day — The body mass of the animals was measured. The animals were
anaesthetized and the tibialis anterior muscle (TAM) was surgically exposed. Muscle
freezing was performed by applying the flat end of a piece of iron pre-cooled in liquid
nitrogen to the surface of part of the TAM and maintaining it in a transversal position in
relation the muscle for 10 s (twice). The cold injury consisted of two freeze-thaw cycles
of the muscle in situ. When the muscle had thawed, the wounds were closed with
polyamide suture (3-0). The animals were then kept for 24 hours in a warm cage (37°C)
to prevent hypothermia.

2" 3 and 4™ days — Animals were submitted to the irradiation protocol over
three consecutive days in accordance with the dose and respective wavelength
established for each group.

5™ day — Animals from all groups were anesthetized and submitted to surgery for
the removal of the TAM. The TAM of each animal was cut into five samples (10mg)
and weighed. Approximately 10 mg of each muscle was placed in an Eppendorf tube
with 300 pl of homogenizing solution containing an RNAase-free solution. The muscles
were frozen in liquid nitrogen and placed in a freezer at -80°C. The animals were then
sacrificed with an overdose of anesthesia. All surgery incisions and muscle lesions were
performed by the same researcher.

6" and 7" days — The muscles were submitted to the QuantiGene System
protocol (Panomics™).

Light Sources
Three light sources were used in the experiment:

¢ Indium-gallium-aluminum arsenide (InGaAlAs) A=660nm diode laser
(MM Optics): 40mW output, 10J/cm? fluency, 0.04cm” transverse section
area of the laser beam and 10-second exposure time.

¢ (QGallium-aluminum-arsenide (GaAlAs) A=780nm diode laser (MM
Optics): 40mW output, 10J/cm” fluency, 0.04cm” transverse section area
of the laser beam and 10-second exposure time.

e Laser argon A=514nm (Nereid Light Phototherapy System, Healthtech,
Shanghai, China): 40mW output, 10J/cm” fluency, 0.07cm’ transverse
section area of the laser beam and 5-second exposure time.
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Experimental Groups

The animals were separated into eight groups (n=5)

Group 1 | Gl Animals without cold injury and treated A=514nmWI

Group 2 | G2 | Animals with muscles cold injury and treated with laser | A=514nm+I

Group 3 | G3 Animals without cold injury and treated A=660nmWI

Group 4 | G4 | Animals with muscles cold injury and treated with laser | A=660nm-+I

Group5 | G5 Animals without cold injury and treated A=780nmWI

Group 6 | G6 | Animals with muscles cold injury and treated with laser | A=780nm+I

Group 7 | G7 Animals with muscles cold injury no treated

Group 8 | G8 Control -

Irradiation Protocol

The animals were immobilized by researcher’s hand and placed in an appropriate
position to expose the injured area and administer the laser beam. This was done to
prevent anaesthetizing the animals during irradiation. Laser irradiation was performed
directly on the skin covering the TAM. The animals from the G2, G4 and G6 groups
were irradiated directly on the surgery incision, whereas the animals from G1, G3 and
G5 groups were irradiated directly on the site corresponding to the injury. Laser
irradiation was carried out in point mode at 24-hour intervals for three consecutive days
beginning on the second day (24h after injury).

QuantiGene Assay Procedure

QuantiGene assays were performed in accordance with the Quantigene
Reagent System procedure (Panomics®). For gene expression quantification, we used
the Step-by-Step User’s Guide for Animal Tissue Homogenates of the QuantiGene
Reagent Systems Evaluation Program. Probes were synthesized using Panomics® based
on the sequences deposited in GenBank for MyoD1 accession number NM 010866,
myogenin accession number NM 031189 and peptidylprolyl isomerase-B ([Ppib] —
cyclophilin-B) accession number NM_011149.

10 png of tissue from each sample was mixed with 300ul of homogenizing
solution and 1pul of proteinase K. Each tissue sample was ground in an Eppendorf tube
using a pestle. 20ul of tissue homogenate, 70ul of diluted lysis mixture and 10ul of
working probe set (pool prepared with 3ul each CE, LE, BL (Fig. 1-A) and 291ul of
lysis mixture) were then added in each well of capture plate. The capture plate was
sealed and incubated at 53°C for 16 to 20 h. The wells were then washed once with
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200ul/well wash buffer and three times with 300ul/well wash buffer. Residual wash
buffer was removed through centrifugation of the plate (inverted) at 240x g for 1 min.
Signals for the bound target mRNA were developed through sequential hybridization
with branched DNA (bDNA) amplifier ( Fig. 1-B) and alkaline phosphatase-conjugated
label probe at 46° C for 1 h each. Four washes with wash buffer were used to remove
unbound material after each hybridization step. Substrate working reagent (substrate
plus lithium lauryl sulfate) (Fig. 1-C) was added to the wells and incubated at 46°C for
30min. Luminescence from each well was measured in a Victor 3 fluorimeter (Perkin
Elmer). RNA sample assays were performed in duplicate (n=2) for all experiments.
Measures were standardized, with the protein concentration of each sample tested using
the Bradford method. Background signals were determined in the absence of RNA. The
signals obtained in the presence of RNA were subtracted from background and divided
by the protein concentration.

[~s) Target RNA
L

2 bDNA Amplifier

(7 substrate

* Label Probe

| Capture Probe (CP)

Fig. 1- RNA molecule released from the cells in the presence of Lysis mixture and hybridized to
the Probe Sets (CE, LE, BL). B- Amplification signal: The bDNA amplifier hybridizes to LE for the
RNA—Probe Set complex in the catch plate. C- Analysis Detection: The chemo-luminescent
substrate is added to the catch plate and incubated for 30minutes at 43°. The luminescence
signal is proportional to the amount of RNA in the sample.

Statistical Analysis

Means of the duplicate experiments were used for the statistical analysis. Data
were transformed by log10 (au) and submitted to ANOVA using the GLM procedure of
SAS statistical package (SAS Institute, 2002/2003). ANOVA consisted of both inter-
gene expression comparisons (gene expression versus control) and intra-gene
comparisons (eight treatments within gene expression), employing the Tukey test.

RESULTS

1.Gene expression of myogenin mRNA through bDNA

ANOVA of the treatments and myogenin mRNA gene expression revealed
differences (p<0.05) between the G1, G2, G3, G4 and G6 groups when compared to GS.
However, there was no difference in the G5 and G7 groups when compared to the GS.
When we compared all groups with the G7, there were only differences (p<0.05) in the
G1 and G4 groups. There were no differences between the G1 e G2; G3 e G4; G5 and
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G6 groups regarding myogenin mRNA gene expression. There was also no difference
between the G7 and G8 (Fig. 4).

2. Gene expression of MyoD mRNA through bDNA

The analysis of variances between treatments and MyoD mRNA gene expression
revealed differences (p<0.05) in the G1, G2, G3, G4 and G6 groups when compared to
the G8. However, there was no difference between G5 and the G8. When we compared
all groups with G7, there were only differences (p<0.05) in the G1, G3, G4 and G5
groups. Comparing treatments between groups for MyoD gene expression, there were
only differences (p<0.05) between the G5 and G6 groups. There was also a difference
(p<0.05) between the G7 and G8 (Fig. 5).

3. Ppib mRNA gene expression as housekeeping for myogenin mRNA

Regarding Ppib mRNA gene expression as housekeeping for myogenin mRNA
(Fig. 4), there were differences (P<0.05) in the Gl, G2, G3 and G4 groups when
compared to the G7 and G8 (Fig 1). There was no difference in the G5 and G6 groups
when compared to the G7 and G8. Comparing treatments between the G1 and G2; G3
and G4; G5 and G6; G7 e G8 groups for Ppib mRNA gene expression, there were no
differences in the groups. No difference were found when comparing myogenin mRNA
with the respective Ppib mRNA expression in the G1, G2, G3, G4, G5, G6 and G7
groups. A difference was observed between G8 myogenin mRNA and Ppib mRNA gene
expression (p<0.05).

4. Ppib mRNA gene expression as housekeeping for MyoD mRNA

Regarding Ppib mRNA gene expression as housekeeping for MyoD mRNA (Fig.
5), there were differences (p<0.05) in the G1, G3, G4 and G6 groups when compared to
the G8. No differences were observed in the G5 and G2 groups when compared to the
G8. There were differences in the G1 and G4 groups (p<0.05) when compared to the G7
group (Fig.2).

No differences were observed regarding Ppib mRNA gene expression between
the G1 and G2, G3 and G4 groups as well as between the G7 and G8. However, there
were a difference (p<0.05) between the G5 and G6 groups. There were no differences
regarding MyoD mRNA with his respectively Ppib mRNA gene expression in the G1,
G2, G3 and G4 groups. However, there were differences (p<0.05) regarding Ppib
mRNA gene expression between the G5, G6, G7 and G8.

The transformation log;o (au) proved effective in improving the quality of the
data. Skewness, kurtosis and coefficient of variation values for the observed au were
1.7496, 3.1269 and 112.4302, respectively. After the transformation log;y (au) was
reduced, values were -0.5353, -0.3765 and 11.5878, respectively. Figure 1 displays the
results of the analysis for myogenin and Figure 2 displays the results for MyoD.
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Fig. 4- Gene expression of myogenin (MyoG) mRNA and cyclophilin (Ppib) mRNA analyzed by
branched DNA in muscles treated with low-intensity laser. The data from the eight treatment groups were
transformed by log;, in arbitrary units (au) and submitted to ANOVA using the GLM procedure of SAS
statistical package. The significance level was set at p<0.05.

a,b,c,d differences when compared with respective laser treatment and gene expression.

G1=A514nmWI; G2=A514nm+I; G3=A660nmWI; G4=L660nm+I; G5=A780nmWI; G6=A780nm+I; G7=
Injury; G8=Control
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Fig. 5- Gene expression of MyoD mRNA and cyclophilin (Ppib) mRNA analyzed by branched DNA in
muscles treated with low-intensity laser. The data from the eight treatment groups were transformed by
log)o in arbitrary units (au) and submitted to ANOVA using the GLM procedure of SAS statistical
package. The significance level was set at p<0.05.

a,b,c,d differences when compared with respective laser treatment and gene expression.

G1=A514nmWI; G2=A514nm+I; G3=A660nmWI; G4=L660nm+I; G5=A780nmWI; G6=A780nm+I; G7=
Injury; G8=Control
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DISCUSSION

In the present study, bDNA was employed to improve our understanding of the
interactions between low-intensity laser therapy and molecular and cellular mechanisms
in skeletal muscle regeneration. This is the first study to investigate in vivo three
wavelengths of the low-intensity laser on myogenin and MyoD gene expression during
muscle regeneration through bDNA. For such, we decided to analyze the effects laser
irradiation on MyoD and myogenin gene expression known to mediate the proliferation
and differentiation pathway of satellite cell during muscle regeneration [1,2,8,9,26]. Our
results demonstrate that treatment with A=514nm and A=660nm lasers exerted a greater
influence over the gene expression of myogenin mRNA and MyoD mRNA in the Gl1,
G2, G3, G4 and G6 groups when compared to the control group. The 780 nm laser
exerted no influence on myogenin gene expression in the treated groups. However, this
laser influenced the gene expression of myoD in the groups without injury. 780 nm laser
no exerted influence on myogenin gene expression in treated groups. However, this laser
influenced the gene expression of myoD in the groups without injury, treated with
780nm laser. Studies have shown that laser irradiation activates quiescent satellite cells;
it then directs them toward an earlier cell cycle and mediates the effects on satellite cell
proliferation [21,25].

Studies have also shown that low-energy laser irradiation promotes skeletal
muscle regeneration in vivo [17,25,27]. Laser irradiation was found to enhance satellite
cell proliferation, as indicated by the increase of cyclin A protein expression and greater
thymidine incorporation, which was followed by a higher growth rate in irradiated cells
when compared to non-irradiated controls [25]. In our results, the laser treatment in the
G1, G2, G3, G4 and G6 (Fig. 4) groups exerted an influence over the proliferation phase
of muscle regeneration, as the lasers have exerted an influence over the gene expression
of myogenin and MyoD on Day 5 of regeneration. Our results are in agreement with
those found by Zhao and Hoffman [8], who demonstrated that MyoD and myogenin are
strongly coordinately induced on day 3 of regeneration and both are rapidly
transcriptionally repressed within 48 h.
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Figure 4. Satellite cell activation via upregulation of myogenin and MyoD transcription factor
activation during skeletal muscle regeneration.

There are a number of disagreements in the literature regarding the up-regulation
of MyoD and myogenin in myogenic regulation during muscle regeneration. MyoD and
myogenin gene products have been demonstrated to be critical for muscle cell
determination, differentiation and activation of muscle-specific gene expression
[1,9,10,28]. One study [29] shows that myogenin is expressed in repair and regeneration
following the local injury of muscle fibers. Other studies have shown that myogenin is
also important to the terminal differentiation and fusion myoblasts in mature muscle
fibers [10]. Studies have shown that MyoD and myogenin are strongly coordinately
induced on day 3 of regeneration [8]. Indeed, muscle regeneration appears to
recapitulate, to some extent, the embryonic developmental process [3], in which
myogenin and MyoD are expressed in the myotome beginning at E 8.5 at 10.0 somites
[30]. From our results, we may state that the A=514nm, A=660nm and A=780nm lasers
exerted an influence over myogenin mRNA and MyoD mRNA gene expression in the
proliferation phase of muscle regeneration. Regarding myogenin mRNA and MyoD
mRNA gene expression in the G1 and G3 groups, the laser irradiation likely exerted an
influence over the intracellular redox state of the cells in the group without injury. There
is no consensus in literature regarding the occurrence of laser actions on injured or
healthy tissue.

Studies have shown three regulation pathways in cellular signalization through
lasers. The first is the control of the photoacceptor over the level of intracellular ATP.
Small changes in the ATP level can alter cell metabolism and influence the regulation of
redox homeostasis. The second and third regulation pathways are mediated through the
cellular redox state. These pathways involve redox-sensitive transcription factors (NF-
kB and AP-1) or cellular signaling homeostatic cascades from cytoplasm via cell
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membrane to the nucleus. It is believed that extra-cellular stimuli elicit cellular
responses such as proliferation and differentiation through the cellular signaling
pathways. Modulation of the cellular redox state affects gene expression via mechanisms
of cellular signaling (via effectors molecules such as transcription factor and
phospholipase A,). There are at least two well-defined transcription factors — nuclear
factor kappa B (NF-kP) and activator protein (AP)-1 — that have been identified as being
regulated by the intracellular redox state. The activation of cell metabolism by
monochromatic visible light is a redox-regulated phenomenon: the radiation is absorbed
by the components of the respiratory chain, which is the start of redox regulation
[31,32]. According to our results, these mechanisms likely occur in healthy tissue as
well.

In order to interact with the cell, light has to be absorbed by intracellular
chromophores. The interaction depends on the absorption spectrum of the chromophore,
the wavelength of the light source as well as its intensity and energy dose. Porphyrins,
flavins, mitochondrial cytochromes and the plasma membrane NADPH oxidase system,
which contains flavoproteins and cytochrome-b, are the main candidates for endogenous
chromophores. These chromophores are photosensitizers. They absorb visible light and
transfer it to nearby oxygen molecules, thus producing reactive oxygen species (ROS). It
is well known that if present in low concentrations below that required for cytotoxicity,
ROS have a wide range of positive stimulatory effects on the cell [33].

Studies have shown that ROS stimulate signal transduction processes for
transcription factor activation, gene expression, muscle contraction and cell growth
[22,34,35]. Micro-array studies to assess gene expression profiles in human fibroblasts
cells irradiated with red laser have shown that among 111 genes expressed by light
effect, NADH dehydrogenase and ATP synthase were up-regulated [36]. According to
our results, it is likely that the A=514nm and A=660nm lasers were capable of interacting
electively with the intracellular chromophore, acting in the DNA and consequently
increasing the transcription of myogenin mRNA and MyoD mRNA.

In the present study, the A=780nm laser exerted no influence over MyoD mRNA
and myogenin mRNA gene expression in uninjured muscle tissue. From this, we can
infer that the A=780nm laser does not activate photobiostimulation mechanisms in
muscle cells. A number of studies have shown that visible light can change the redox
state of the cell, increasing the cellular reduction capability and enhancing ATP and
DNA synthesis [20,31,33,37,38]. This change in the redox state of cells likely occurs
due to interactions of light stimulation in photoaceptors located in the mitochondria. The
interaction depends on the wavelength of the light source as well as its intensity and
energy dose [33]. This phenomenon likely occurs regardless of whether or not there is
tissue injury. In our study, it is likely that this mechanism was not activated by the
A=780nm laser in no damaged tissue.

Previous demonstrations of the stimulatory effect of LILT on cell proliferation
have been reported in primary cell cultures [24], indicating that low energy doses of
A=780nm diode laser accelerate cell mitosis. Ben-Dov et al. [25] showed that LILT
affects satellite cell proliferation and differentiation in vitro. This energy level was found
to activate quiescent satellite cells and possibly mediates its effect on satellite cell
proliferation. From our results, it is likely that the A=514nm, A=660nm and A=780nm
lasers activated satellite cells in the proliferation phase of muscle regeneration, as
evidenced by the enhancement of myogenin mRNA and MyoD mRNA gene expression
in injury-treated groups by day 5 following injury.

One study has shown that A=514nm laser irradiation may promote ATP synthesis
[40]. Clinical studies have reported that coherent green light (argon laser) promotes the
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healing of wounds [41,42]. The A=514nm laser irradiation acts on the electron-transport
chain and increases electron flow, promoting proton influx through ATP synthesis [40].
It is possible that small changes in concentration of adenine nucleotides (ATP, ADP, and
AMP) induce considerable changes in cell metabolism, as the nucleotides act as
allosteric effectors (activators and inhibitors) of the several key enzymes of energy
metabolism [37,43].

One study has shown that visible laser is more effective in promoting
regeneration in diverse tissues, whereas infrared laser has a better effect on the treatment
of pain and inflammation [44]. In agreement with these results, we can conclude that
only the A=660nm laser exerted an influence over skeletal muscle regeneration, based on
the increase in myogenin and MyoD expression in the proliferation phase of muscle
regeneration

In comparing the treatments with regard to myogenin mRNA gene expression,
our results revealed that there were no differences between groups. Moreover, in
comparing the treatments with regard to MyoD mRNA gene expression, there were only
differences between the G1 and G2; G5 and G6 groups. These groups expressed MyoD
mRNA, but the G6 group exhibited greater expression. Studies have shown that the
A=780nm laser stimulates the mitochondria, generating ROS and enhanced proliferation
of keratinocyte cultures [24,39]. Our results demonstrate that the A=780nm diode laser
had an effect on the biostimulation of cell activities, increasing cell proliferation during
muscle regeneration, as determined by the enhancement of MyoD mRNA gene
expression.

Based on the literature, we cannot explain the difference between the Ppib
housekeeping gene expression as a control of myogenin and MyoD. We suggest that this
difference in expression was due to a difference in the variability of gene expression
between animal muscles. We conclude that cyclophilin-B (Ppib) is not an appropriate
housekeeping gene for skeletal muscle, as it is a cell matrix protein and makes up part of
the muscle homeostasis pathway. Studies using micro-array analysis have shown that
cyclophilin-B is a cell matrix protein of skeletal muscle in Duroc and Taoyuan pigs [45].
Mitchell et al. [46] have shown that cyclophilin is involved in both normal muscle
maintenance and growth via calcineurin (CN) and cyclosporin A (CsA). CN and CsA are
also involved in the maintenance of muscle homeostasis. CN is a potent regulator of
skeletal muscle regeneration via NFATcl and GATA-2 [47]. The expression of
regulatory proteins involved in the CN signaling pathway involves the regulation of
expression of the various isoforms of cyclophilin (A, B and C), the intracellular
receptors for CsA that bind and inhibit CN to different extents. Nevertheless, it is likely
that Ppib is more sensitive to laser irradiation during muscle regeneration.

CONCLUSIONS

The present study suggests that laser irradiation promotes effects on myogenesis
in vivo, which may be due to its effect on satellite cell activation by MyoD and
myogenin gene expression in the early proliferation phase of skeletal muscle
regeneration. Gene expression was evidenced for both transcriptional factors for MyoD
and myogenin in both injury-induced muscle tissue and normal muscle tissue in mice.
Cyclophilin-B is not an appropriate housekeeping gene for analyzing the gene
expression of skeletal muscle.
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Background and Objective: The branched DNA method was used to investigate the
gene expression profiles of Vascular endothelial growth factor-a (Vegfa), Regulator of
calcineurin 1(Rcanl) [Human] DSCR1 or Adapt78], Ndufal ([NADH dehidrogenase]
NADH dhdg ) and Platelet derived growth factor-c (Pdgfc) in mouse skeletal muscle
irradiated in vivo with low-intensity laser. The gene expression profiles revealed that
Vegfa, Rcanl, were upregulated by the red, infrared and green laser irradiation. Ndufal
was upregulated by the red and green laser. Pdgfc was not upregulated by laser
irradiation during skeletal muscle regeneration. The VEGF-A, RCANI1, NADH dhdg,
PDGF-C genes respectively play roles in the enhancement of angiogenesis, inhibition of
angiogenesis, supplying energy for metabolic mechanisms, and mitogen factor and
angiogenesis. The objective of the present study is to investigate in vivo the dependence
of different laser wavelengths on mRNA Vegfa, Rcanl, Ndufal and Pdgfc gene
expression profiles in skeletal muscle regeneration.

Materials and Methods: Forty male mice (Mus musculus) were used in this study. The
experiment was carried out over seven days. Surgery was performed on the 1 day; the
animals were submitted to the irradiation protocol on the 2™ 3™ and 4™ days; the
animals were sacrificed on the 5™ day and the muscles were frozen; the muscles were
defrosted and submitted to the QuantiGene System (Panomics™) protocol on the 6™ and
7™ days. The data from the eight treated groups were transformed by log; and submitted
to ANOVA using the Generalized Linear Models (GLM) procedure of SAS.

Results: Gene expression assays revealed that Vegfa, Rcanl, Ndufal were expressed in
proliferative phase during skeletal muscle regeneration using different irradiation
wavelengths. Pdgfc was not expressed by the influence of the treatments during skeletal
muscle regeneration.

Conclusions: The present study suggests that laser irradiation is effective on skeletal
muscle regeneration in vivo, which may be due to its effect on activation by Vegfa,
Rcanl and Ndufal gene expression in the early proliferation phase of skeletal muscle
regeneration. Pdgfc is not expressed during the proliferation phase of the skeletal muscle
regeneration. The transcripts investigated were expressed in both injured and healthy
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tissue. Cyclophilin-B and B-actin are not appropriate housekeeping for the investigation
of skeletal muscle regeneration.

Key words: Laser, branched DNA, gene expression, Vegfa, Rcanl, Ndufal, Pdgfc,
mouse

INTRODUCTION

Skeletal muscle exhibits a high capacity to regenerate/repair damaged tissue
following injury. After injury, myogenic cells are activated to proliferate and then
differentiate myoblasts into myotubes (Shi and Garry, 2006; Germani et al., 2003).
Muscle regeneration depends on several signalization molecular events, which can be
influenced by low-intensity laser therapy (Beckerman et al., 1992; Oliveira et al., 1999;
Shefer et al., 2002). The effects of low-intensity laser irradiation (LILI) on biological
tissue regeneration depend on timing, dosage, wavelength, frequency of irradiation and
spectral absorption in the molecular chromophores (Amaral et al., 2001).

There is a close relationship between maintaining blood supply and muscle
regeneration (Carlson, 1973; Wagatsuma, 2007), indicating that revascularization plays
an important role in the success of muscle regeneration (Carlson, 1983; Wagatsuma,
2007; Shi & Garry, 2006). Studies suggest that the molecular events during angiogenesis
occur at an early stage of muscle regeneration (Wagatsuma et al., 2006; Wagatsuma,
2007). Vascular endothelial growth factor (VEGF) is an angiogenic growth factor that
plays an important role in vascular development as well as in physiological and
pathological angiogenesis (Germani et al., 2003). However, evidence suggests that
VEGF and its receptors participate in muscle regeneration (Wagatsuma et al., 2006).
VEGF binds to two receptor—type tyrosine kinases, Flt-1 and Flk-1/KDR (Minami et al.,
2004; Wagatsuma, 2006; Wagatsuma, 2007). VEGF may regulate muscle fiber
formation through a direct effect on satellite cells because the exogenous administration
of VEGF stimulates myoblast migration (Germani et al., 2003). Vegfa expression is
enhanced in ischemic skeletal muscle and is thought to play a key role in the
angiogenesis response to ischemia (Rissanen et al. 2002; Germani et al., 2003;
Milkiewicz et al., 2004). VEGF and its receptors are altered in response to muscle
injury, suggesting their increase could play an important role in angiogenesis during
muscle regeneration (Wagatsuma, 2007).

The human RCANI1 gene is located on chromosome 21 in the region 21q22.12
(Hattori et al., 2000; Harris et al., 2005) and is highly expressed in skeletal muscle
(Harris et al., 2005). There is disagreement in the literature regarding the functions of
RCANI1. Some studies suggest that RCANI1 stimulates angiogenesis (Lizuka et al.,
2004), whereas others have shown that RCANI1 acts to inhibit angiogenesis (Minami et
al., 2004). There are studies that establish a relationship between the upregulation of
RCANI and skeletal muscle hypertrophy (Musaro et al., 1999; Harris et al., 2005).

Myogenic precursor cells in adults, which are often referred to as satellite cells,
can reinitiate proliferation activity after muscle injury and their progeny fuses into
multinucleated fibers (Mauro, 1979; Reuveni et al., 1990). Studies on adult-derived
myoblasts have identified several physiological growth factors that could regulate the
quiescent and proliferation states of satellite cells, including platelet-derived growth
factor (PDGF) (Reuveni et al., 1990; Tidball and Spencer, 1993; Jarvinen et al., 2005).
PDGF has been indicated as an important mediator of injury healing and tissue repair
(Ross et al., 1986; Reuveni et al., 1990), but its role in skeletal muscle regeneration has
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not been fully investigated. It is a potent mitogen for many mesenchymal cells, including
fibroblasts and smooth muscle cells (Heldin and Westermark, 1989; Reuveni et al.,
1990). PDGF can also elicit other biological responses, including increased metabolic
rates and chemotaxis (Heldin and Westernack, 1989; Reuveni et al., 1990). Furthermore,
it is expressed in the injured muscle by physiological stimuli (micro traumas) such as
external stretching or mechanical loading (Burkin and Kaufman, 1999; Jarvinen et al.,
2005).

NADH dhdg is one the most important electron donators of the mitochondrial
energy transfer system, which produces ATP through oxidative phosphorylation (Wilden
and Karthein, 1998). Recapitulation of the myogenic program requires energy
production for the execution of a number of regulatory and biosynthesis events. Muscle
cell differentiation appears to depend on mitochondrial function (Duguez et al., 2002).

The aim of the present study was to investigate in vivo the influence of low-
intensity laser therapy on Vegfa, Rcanl, Pdgfc and Ndufal gene expression during
skeletal muscle regeneration.

MATERIALS AND METHODS
Animals

Forty male mice (Mus musculus) with a body mass of 40g+1g were purchased
from the Bioterium of the Federal University of Sdo Carlos/SP, Brazil. Prior to and after
the experimental surgery procedure, the animals were maintained five per cage under 12
h light/dark cycles for environmental adaptation, water and chow ad /ibitum and illness
control. The study was approved by Ethics Committee for Animal Experiments of the
Federal University of Sao Carlos (Number 007/2005).

Surgery Technique and Irradiation Protocol

The experiment was carried out in seven days:

1" day — The body mass of the animals was determined. The animals were
anaesthetized and the tibialis anterior muscle (TAM) was surgically exposed. Muscle
freezing was performed by applying the flat end of a piece of iron pre-cooled in liquid
nitrogen to the surface of part of the TAM and maintaining it in transversal position in
relation the muscle for 10s (twice). The cold injury consisted of two freeze-thaw cycles
of the muscle in situ. Once, the muscle had thawed and the wounds were closed with
polyamide sutures (3-0). The animals were then kept for 24 hours in a warm cage (37°C)
to prevent hypothermia.

2" 3" and 4™ days — The animals were submitted to the irradiation protocol in
accordance to the dose and respective wavelength established for each group for three
consecutive days.

5™ day — The animals from all groups were anesthetized and submitted to surgery
to remove the TAM. The TAM of each animal was cut into five samples (10mg) and
weighed. Approximately 10mg of each muscle was placed in an Eppendorf tube with
300ul of homogenizing solution that had an RNAase free solution. The muscles of the
animals were then frozen in nitrogen and placed in a freezer at -80°C. The animals were
then sacrificed with an overdose of anesthetic. All surgery-incisions and all muscle
lesions were performed by the same researcher.
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6™ and 7™ days — The muscles that were removed and previously frozen were
submitted to the QuantiGene System (Panomics™) protocol.

Light sources

Three light sources were used in this experiment:

Indium-gallium-aluminum arsenide (InGaAlAs) A=660nm diode laser
(MM Optics) — output of 40mW, fluency of 10J/cm’, transverse section
area of laser beam of 0.04cm? and exposure time of 10 seconds.

Gallium-aluminum-arsenide (GaAlAs) A=780nm diode laser (MM
Optics) - output of 40mW, fluency of 10J/cm? transverse section area of
laser beam of 0.04cm” and exposure time of 10 seconds.

Argon laser A=514nm (Nereid Light Phototherapy System, Healthtech,
Shanghai, China) — output of 40mW, fluency of 10J/cm’ transverse
section area of laser beam of 0.07cm” and exposure time of 5 seconds.

Experimental Groups

The animals were divided into eight groups (n=5)

Group 1 | Gl Animals without cold injury and treated A=514nmWI
Group 2 | G2 | Animals with muscles cold injury and treated with laser | A=514nm+I
Group3 | G3 Animals without cold injury and treated A=660nmWI
Group 4 | G4 | Animals with muscles cold injury and treated with laser | A=660nm+I
Group 5 | G5 Animals without cold injury and treated A=780nmWI
Group 6 | G6 | Animals with muscles cold injury and treated with laser | A=780nm+I
Group 7 | G7 Animals with muscles cold injury no treated
Group 8 | G8 Control -

Irradiation Protocol

The animals were immobilized by researcher’s hand and placed in an appropriate
position to expose the injured area and administer the laser beam. This was done to
prevent anaesthetizing the animals during irradiation.

Laser irradiation was performed directly on the skin covering the TAM. The
animals from groups G2, G4 and G6 were irradiated directly on surgery incision,
whereas those from groups G1, G3 and G5 were irradiated directly on the site
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corresponding to the injury. Laser irradiation was performed daily in point mode for
three consecutive days every 24 hours beginning on the second day (24 h after injury).

QuantiGene Assay Procedure

QuantiGene assays were performed according to the procedure of Quantigene
Reagent System (Panomics®). To quantify of gene expression, we used the Step-by-
Step User’s Guide for Animal Tissue Homogenates of the QuantiGene Reagent System
Evaluation Program.

Probes were synthesized by Panomics® upon request based on the sequences
deposited in the GenBank for Vegfa (VEGF) acession number NM_ 009505, Rcanl
(DSCR1) accession number NM 162305, Ndufb2 (NADH dhdg) acession number
NM 026612, Pdgfc (PDGF) acession number NM_ 019971, peptidylprolyl isomerase-B
([Ppib] — Cyclophilin-B) acession_ number NM_ 011149 and Actb (actin beta) acession
number NM_007393.

Ten pg of tissue from each sample was mixed with 300ul of homogenizing
solution and 1pl of proteinase K. Each tissue sample was grinded in an Eppendorf tube
using a pestle. Next, 20ul of tissue homogenate, 70ul of diluted lysis mixture and 10ul
of a working probe set (pool prepared with 3ul each CE, LE, BL (Fig. 1) and 291ul of
lysis mixture) were added into each well of the capture plate. The capture plate was
sealed and incubated at 53°C for 16-20h. The wells were then washed once with
200ul/well wash buffer and three times with 300ul/well wash buffer. Residual wash
buffer was removed by centrifugation of the plate (inverted) at 240x g for Imin. Signals
for the bound target mRNA were developed by sequential hybridization with branched
DNA (bDNA) amplifier (Fig. 2) and alkaline phosphatase-conjugated label probe at
46°C for 1h each. Four washes with wash buffer were used to remove unbound material
after each hybridization step. Substrate working reagent (substrate plus lithium lauryl
sulfate) (Fig. 3) was added to the wells and incubated at 46°C for 30min. Luminescence
from each well was measured in a Victor 3 fluorimeter (Perkin Elmer). RNA samples
were assayed directly in duplicate (n=2) for all experiments. Measures were standardized
with the protein concentration of each sample attested by the Bradford method.
Background signals were determined in the absence of RNA. Signals obtained in the
presence of RNA were subtracted from the background and divided by the protein
concentration.

[~s) Target RNA
L

bDNA Amplifier Rates
! 17 Substrate

* Label Probe

| Capture Probe (CP)

Fig. 1- RNA molecule released from the cells in the presence of Lysis mixture and hybridized to
the Probe Sets (CE, LE, BL). B- Amplification signal: The bDNA amplifier hybridizes to LE for the
RNA-Probe Set complex in the catch plate. C- Analysis Detection: The chemo-luminescent
substrate is added to the catch plate and incubated for 30minutes at 43°. The luminescence
signal is proportional to the amount of RNA in the sample.

Statistical analysis
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The mean of the duplicate assays was used for the analysis. Observed data were
transformed by log10 (au) and submitted to ANOVA by the SAS GLM procedure (SAS
Institute, 2002/2003). The ANOVA consisted of inter-gene expression comparisons
(gene expression versus control) and intra-gene comparisons (eight treatments within
gene expression), considering the Tukey test.

RESULTS
1.Gene expression of Vegfa mRNA through bDNA

ANOVA regarding Vegfa mRNA gene expression revealed differences (p<0.05)
between the CG and groups G1, G2, G3, G4, G5, G6 and G7. There were no differences
when we compared the groups to G7. Comparing treatments between groups G1 and G2;
G3 and G4; G5 and G6 our results revealed no differences in relation to Vegfa mRNA
gene expression. There was a difference, however, between G7 and G8 (Fig. 2).

2. Gene expression of Rcanl mRNA through bDNA

ANOVA regarding Rcanl mRNA gene expression revealed differences (p<0.05)
between the G8 and groups G1, G2, G3 and G4. There was no difference between G5
and G6 and the G8. However, the G8 expressed more than groups G1, G2, G3 and G4
(Table 1). There was no difference between the G7 and G8. There were differences
(p<0.05) between the G7 and groups G1, G2, G3, G5 and G6. Comparing treatments
between groups for Rcanl gene expression, there were only differences (p<0.05)
between groups G3 and G4. There was no difference between G7 and G8 (Fig. 3).

3. Gene expression of Ndufal mRNA through bDNA

ANOVA regarding Ndufal mRNA gene expression revealed differences
(p<0.05) between the G8 and groups G1 and G4. There were no difference between the
G8 and groups G2, G3, G5, G6 and G7. There were differences (p<0.05) between the
G7 and groups G1, G2, G3 and G4. Comparing treatments between groups regarding
Ndufal gene expression, there were only differences (p<0.05) G3 and G4. There was no
difference between G7 and G8 (Fig 4).

4. Gene expression of Pdgfc mRNA through bDNA

ANOVA regarding Pdgfc mRNA gene expression revealed no differences
between all treated groups. Comparing treatments between groups there was only a
difference (p<0.05) between the G7 and G8 (Fig.5).

5. Ppib mRNA gene expression as housekeeping for Vegfa mRNA

In relation to Ppib mRNA gene expression as housekeeping for Vegfa mRNA,
there were differences (p<0.05) between the G8 and groups G1 and GS5. There was a
difference (p<0.05) between the G7 and G8 as well. However, the G8 expressed more
than all treated groups (Table 1). Comparing treatments between groups, there were
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differences (p<0.05) between G1 and G2; G7 and G8 regarding Ppib mRNA gene
expression.

Comparing the groups G1, G2, G3, G4, G5, G6 and G7 Vegfa mRNA with their
respective Ppib mRNA expression, there were differences (p<0.05) between G1 mRNA
Vegfa and G1 mRNA Ppib; G2 mRNA Vegfa and G2 mRNA Ppib; G3 mRNA Vegfa
and G3 mRNA Ppib; G8 mRNA Vegfa and G&8 mRNA Ppib (Fig. 2).

6. Ppib mRNA gene expression as housekeeping for Rcanl mRNA

In relation to Ppib mRNA gene expression as housekeeping for Rcanl mRNA,
there were differences (p<0.05) between the G8 and groups G1, G2, G3, and G4.
However, only G5 and G6 expressed more than G8 (Table 1).

Comparing treatments between groups, there were differences (p<0.05) between
G3 and G4; G7 and G8 to expression of mRNA Ppib. Comparing the groups G1, G2,
G3, G4, G5, G6 and G7 Rcanl mRNA with their respective Ppib mRNA gene
expression, there were differences (p<0.05) between G2 Rcanl mRNA and G2 Ppib
mRNA; G3 Rcanl mRNA and G3 Ppib mRNA; G4 mRNA Rcanl and G4 mRNA Ppib
(Fig. 3).

7. Ppib mRNA gene expression as housekeeping for Ndufal mRNA

In relation to Ppib mRNA gene expression as housekeeping for Ndufal mRNA,
there were differences (p<0.05) between the G8 and groups G2, G3, G6 and G7.
However, the G8 expressed more than G2 and G3 (Table 1). Comparing treatments
between groups, there were differences (p<0.05) between G1 and G2; G3 and G4; G5
and G6; G7 and G8 regarding Ppib mRNA gene expression.

Comparing the groups G1, G2, G3, G4, G5, G6 and G7 Ndufal mRNA with their
respective Ppib mRNA expression, there were differences (p<0.05) between G1 Ndufal
and G1 Ppib mRNA; G2 Ndufal and G2 Ppib mRNA; G4 Ndufal and G4 Ppib mRNA

(Fig. 4).
8. b-actin mRNA gene expression as housekeeping for Pdgfc mRNA

In relation to b-actin mRNA gene expression as housekeeping for Pdgfc mRNA,
there was no difference (p<0.05) between the G8 and treated groups. Comparing the
groups G1, G2, G3, G4, G4, G5 and G7 Pdgfc mRNA with their respective b-actin
mRNA gene expression, there was a difference (p<0.05) between G1 Pdgfc and G1 b-
actin.

The transformation log; (au) proved effective in improving the quality of the
data; the values of skewness, kurtosis and coefficient of variation for the observed au
were 1.7496, 3.1269 and 112.4302, respectively. After the transformation log;o (au),
these were reduced to —0.5353, -0.3765 and 11.5878, respectively. The results of the
analysis are presented in Figure 1 for the Vegfa, Figure 2 for Rcanl, Figure 3 for Ndufal
and Figure 4 for Pdgfc.

Table 1. Analysis of gene expression of Vegfa, Rcanl, Ndufal and Pdgfc with
the luminescence data transformed into logjp (au) submitted to phototherapy with
different laser wavelengths.

| Treatments
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Genes G514WI1 G514+1 G660WI G660+1 G780WI G780+1 Injury Control
Vegfa 5.25 ab 496 b 5.05b 5.26 ab 5.31ab 542 a 511 ab 451¢c
Ppib 3.99¢ 475 a 473 a 474 a 4.18 bc 4.50 ab 4.19 bc 477 a
Rcan1 4.88 de 475e 461e 5.14 cd 577 a 574 a 5.69 ab 5.40 bc
Ppib 453d 451d 4.46d 496 ¢c 6.03 a 5.88 a 5.96 a 5.50b
Pdgfc 442 ab 4.57 ab 4.50 ab 447 ab 4.70 a 4.66 a 418b 4.87 a
Actb 430c 4.73abc | 4.73abc | 4.64 abc 493 a 4.92 ab 4.40 bc 4.76 abc
Ndufa 5.22 cd 5.49 bc 5.44 bc 497d 5.67 ab 5.69 ab 591a 5.70 ab
Ppib 5.03b 4.29d 463c 495b 496 b 5.68 a 5.51a 5.12b
Different letters in the same row indicate significance (P <.05) using the Tukey test
) 67 ab ab a
; 2b b a b a a ab 2b a m Vegfa
% £ 51 c bc bc © oPpib
§xe
=
% 3-
551
o
& 0+ -
G1 G2 G3 G4 G5 G6 G7 G8

Treatment with low-intensity laser

Fig. 2. Gene expression of Vegfa mRNA and cyclophilin (Ppib) mRNA analyzed by branched DNA in
muscles treated with low-intensity laser. The data of the eight treatments groups were transformed by log;o
in arbitrary units (au) and submitted to ANOVA by GLM procedure of SAS. The significance level was

(p<0.05).
a,b,c diferences when compared with respective laser treatment and gene expression.

Letters different in the same row indicates significance (P <.05) by Tukey test.
G1=A514nmWI; G2=A514nm+I; G3=A660nmWI; G4=A660nm+I; G5=A780nmWI; G6=A780nm+I; G7=

Injury; G8=Control




87

a bc b
ab a B Rcan1

cd i
s/ %4 ed ed e O Peib
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Treatment with low-intensity laser

Fig. 3. Gene expression of Rcanl mRNA and cyclophilin (Ppib) mRNA analyzed by branched DNA in
muscles treated with low-intensity laser. The data of the eight treatments groups were transformed by log;o
in arbitrary units (au) and submitted to ANOVA by GLM procedure of SAS. The significance level was
(p<0.05).

a,b,c,d diferences when compared with respective laser treatment and gene expression.

Letters different in the same row indicates significance (P <.05) by Tukey test.

G1=A514nmWI; G2=A514nm+]; G3=A660nmWI; G4=1660nm+I; G5=A780nmWI; G6=A780nm+I; G7=
Injury; G8=Control

ab ab a a ab m Ndufa1

61 cdb be be db b b O Ppib

Gene expression of NADH dhdg
mRNA by branched of DNA (au)

G1 G2 G3 G4 G5 G6 G7 G8

Treatment with low-intensity laser

Fig. 4. Gene expression of Ndufal mRNA and cyclophilin (Ppib) mRNA analyzedby branched DNA in
muscles treated with low-intensity laser. The data of the eight treatments groups were transformed by log;o
in arbitrary units (au) and submitted to ANOVA by GLM procedure of SAS. The significance level was
(p<0.05).

a,b,c,d diferences when compared with respective laser treatment and gene expression.

Letters different in the same row indicates significance (P <.05) by Tukey test.

G1=A514nmWI; G2=A514nm+I; G3=A660nmWI; G4=1660nm+I; G5=A780nmWI; G6=A780nm+I; G7=
Injury; G8=Control
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Fig. 5. Gene expression of Pdgfc mRNA and b-actin (Actb) mRNA analyzed by branched DNA in
muscles treated with low-intensity laser. The data of the eight treatments groups were transformed by logo
in arbitrary units (au) and submitted to ANOVA by GLM procedure of SAS. The significance level was
(p<0.05).

a,b,c,d diferences when compared with respective laser treatment and gene expression.

Letters different in the same row indicates significance (P <.05) by Tukey test.

G1=A514nmWI; G2=A514nm+]; G3=A660nmWI; G4=1660nm+I; G5=A780nmWI; G6=A780nm+I; G7=
Injury; G8=Control

DISCUSSION

The present study was designed to investigate time course changes in mRNA
expression profiles of Vegfa, Rcanl, Pdgfc and Ndufal during muscle regeneration. Our
results show that regeneration muscle fibers express Vegfa, Rcanl and Ndufal mRNA,
suggesting that these molecular pathways are associated to the process of muscle
regeneration in vivo.

1. Gene expression of Vegfa mRNA

Studies have shown that VEGF mRNA and protein expression are upregulated in
ischemic muscle (Rissanen et al., 2002; Milkiewicz et al., 2004; Tuomisto et al., 2004).
VEGF protein was shown to increase in ischemic skeletal muscle 11 days after a femoral
artery ligation (Milkiewicz et al., 2004). VEGF-A gene-therapy acts on ischemic skeletal
muscle by upregulating myoglobin expression in a mouse model with acute hind limb
ischemia (van Weel et al., 2007). A study on angiogenesis found an overexpression of
VEGTF in skeletal myocytes during skeletal muscle regeneration (Kim, et al., 2006; Arsic
et al., 2004).

VEGTF production is enhanced by hypoxia in both in vitro (Shweiki et al., 1992)
and in vivo assays (Banai et al., 1994). Moreover, it has been shown that VEGF and its
receptors in an ischemic limb are upregulated several hours after the induction of
ischemia (Rissanem et al., 2002; Milkiewicz et al., 2001; Germani et al., 2003).

The effect of low-energy laser (He-Ne) on the neoformation process of blood
capillaries during regeneration in the toad (Bufo viridis) gastrocnemius muscle was
investigated and it was concluded that laser He-Ne irradiation during skeletal muscle
regeneration markedly promotes the neoformation process of blood vessels in the injured
region (Bibikova and Oron, 1994). Another study found that low-intensity laser
irradiation promotes an increase in microcirculation (Maegawa et al., 2000)
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According to our results, Vegfa mRNA was upregulated in treated muscles when
compared to the CG. These results suggest that laser therapy may have exerted an
influence over Vegfa expression during muscle regeneration and likely participated in
the angiogenesis and regeneration process 5 days following the induction of freeze
injury, but when we compared all groups with G7, we concluded that VEGF was also
expressed without the influence of the laser.

According to Wagatsuma et al. (2006), the VEGF mRNA transcript transiently
increases after 12 h of muscle injury and then returns to baseline levels observed in
normal muscle on Day 1. The expression of Flt-1 and KDR/Flk-1 mRNA transcripts
peaked on Day 3 and then returned to the baseline levels observed in normal muscle on
Day 10. According to Milkiewicz et al. (2004), VEGF protein is increased in skeletal
muscle 11 days after femoral artery ligation. Wagatsuma et al. (2007) found that VEGF
mRNA began to increase from Day 3 and peaked on Day 5 following muscle injury. Our
results revealed that the VEGF mRNA transcript was upregulated for 5 days during
skeletal muscle regeneration.

2. Gene expression of Rcanl mRNA

The human RCAN1 gene is located on chromosome 21 in the region 21q22.12
(Hattori et al., 2000). This gene is highly expressed in skeletal muscle (Harris et al.,
2005) and encodes a protein that interacts physically and functionally with calcineurin
A, a catalytic subunit of Ca*"/calmodulin-dependent protein phosphatase (PP2B) (Klee
et al., 1998; Wang et al., 2002). One study has shown that RCANI plays a role in
angiogenesis by regulating adhesion and migration of endothelial cells (ECs) through the
interaction with integrin avB3 (Lizuka et al., 2004). Another study found that RCAN1
acts as a “circuit breaker” in VEGF and thrombin signaling, serving as a negative
feedback loop to inhibit endothelial cell proliferation and activation as well as
angiogenesis (Minami et al., 2004). RCAN1 may be involved in signaling pathways in
skeletal muscle remodeling (Bassel-Duby and Olson, 2006; Schiaffino et al., 2007).
There are no data in the literature investigating the influence of LILI on RCANI1 gene
expression during skeletal muscle regeneration. Our results reveal that the 514 nm and
660 nm laser exerted an influence over the signaling pathway during muscle
regeneration or angiogenesis, revealed by an increase in Rcanl mRNA transcripts in
groups treated with this wavelength. Therefore, we believe that differences in light
effects on the gene expression of Rcanl mRNA only occur in the A=780 nm treatment,
as the expression of mRNA in groups treated with A=514 nm and A=660 nm was less
than groups treated with A=780 nm laser (table 1) and because the 780 nm groups (both
injured 780 nm group and the injured and treated 780 nm group) were different from the
group with injury alone.

VEGF and thrombin signals are transduced through calcineurin-dependent
nuclear translocation of NF-AT transcription factors (Fig 5) (Minami et al., 2004).
Calcineurin has been shown to be involved in skeletal myoblast hypertrophy. RCANI
can prevent NFAT from translocating to the nucleus and binding to the GATA4 and
MEF-2 promoters (Vega et al., 2002), thus preventing hypertrophy (Harris et al. 2005).
According to our results, the increase of Rcanl mRNA expression suggests that the
A=780 nm laser prevented skeletal muscle regeneration through the inhibition of Vegfa
or thrombin-calcineurin-NF-ATc. Similarly, it is likely that the A=780 nm laser exerted
an inhibitor effect on angiogenesis as well. We therefore suggest that Vegfa may
participate in the muscle regeneration process. In fact, vascular components, such as
vessel-associated progenitors (mesoangioblasts) isolated from the dorsal aorta, have
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been shown to have a myogenic potential and are capable of participating in muscle
regeneration (Sampaolesi, 2003; Shi & Garry, 2006).
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I-mediated auto-inhibition system in endothelium. The action of low-intensity laser therapy in this model
was included. Modified from Minami et al. (2004).

3. Gene expression of Ndufal mRNA

With regard to Ndufal mRNA expression, our results reveal that only the G1 and
G4 groups exhibited an increase in the transcripts. However, comparing all the groups
with the injury group, our results show that there was an increase in the transcripts in
G1, G2, G3 e G4. There is a natural photosensitivity of various eukaryotes cells to low-
intensity monochromatic light, suggesting that molecular mechanisms, such as the
stimulation of photoaceptors, are involved in cell photosensitivity. Isolated mitochondria
have photosensitivity; the respiratory chain serve as the redox chain and NADH dhdg is
part of a set of cytochromes. The different components of the respiratory chain absorb
different wavelengths according to their respective spectrum absorption. Absorption
bands of most components of the respiratory chain, such as flavoproteins and
hemoproteins, are in the blue (400-450nm) part of spectrum. Cytochromes absorb in the
green region; in the red region (about 630 nm), they are absorbed by semiquinone forms
of flavo-proteins as well as terminal -cytochrome d oxidase (Karu, 1988).

Studies with yeast culture have shown a correlation between respiration intensity,
an increase in NADH dhdg activity, increase in biomass accumulation and the action of
A=632.8nm laser (Karu, 1988; Karu et al., 1995); as well as an increase in NADH dhdg
activity and increase in ATP synthesis (Passarela et al., 1984; Weiss and Oron, 1992).
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ATP production by mitochondria could regulate the execution of a number of
regulatory and biosynthetic events involved in myogenesis (Dunguez et al., 2002) with a
likely increase in NADH dhdg activity. Respiration-deficient myoblasts devoid of
mitochondrial DNA fail to differentiate (Herzberg et al., 1993; Dunguez et al., 2002).
Inhibition of mitochondrial protein synthesis prevents the differentiation of myoblasts
into myotubes (Hamai et al., 1997; Dunguez et al., 2002).

The rate of DNA and RNA synthesis increases after laser biostimulation (Karu,
1988; Karu, 1987; Vacca et al., 1993). On the other hand, when the dose is increased, the
photoreceptors are damaged and this effect decreases. A further increase in energy
causes destruction of the photoreceptors, which occurs through cell inhibition and death.
The irradiation of cells with visible and/or near infrared light leading to absorption by
these same molecules can promote a positive effect (acceleration of cell division
metabolism), and, at high doses, there occurs photodynamic damage (Karu, 1988).
Nevertheless, the biological process could respond differently to low-energy laser if
different wavelengths, power, and frequencies are used (Belkin et al., 1988; Bibikova
and Oron, 1994).

Based on these data and our results, we suggest that the 514 nm and A=660 nm
laser stimulated the cytochrome Ndufal in a specific way and altered the cell redox state
with this specific dose and wavelength. The A=780nm infrared laser was not specific
enough to stimulate cytochrome Ndufal in the respiratory chain. These data are in
agreement with the literature affirming that the cytochromes have an absorption
spectrum very similar to that of porphyrins, but one of the cytochrome oxidases has very
weak absorption bands at A=780 nm (Lubart et al., 1992). For example, Grossman et al.
(1998) found that enzymatic and non-enzymatic antioxidants suppressed by A=780 nm
and He-Ne laser stimulates proliferation.

The A=514 nm laser wavelength likely altered the redox state in both healthy and
injured tissues, thereby increasing the mRNA Ndufal transcripts. The muscle
regeneration process requires energy expenditure in the proliferation phase and in order
to initiate the differentiation phase (Dunguez et al., 2002). Skeletal muscle regeneration,
which recapitulates embryonic myogenesis, can stimulate mitochondrial biogenesis and
this indicates that skeletal muscle regeneration is accompanied by a dramatic stimulation
of the respiratory chain concomitant with the onset of muscle differentiation. The
progression of myogenesis is also associated with the onset of muscle-specific protein
expression, which demands energy expenditures as well. Thus, we may conclude that the
A=660 nm and A=514 nm lasers were efficient in stimulating the proliferation phase of
muscle regenerations due to their effects on the expression of mRNA Ndufal

We can therefore conclude that the A=660 nm laser was efficient in establishing
stimulation in proliferation phase of muscle regeneration, where as the A=514 nm laser
may be important to exerting its effect in the differentiation phase of muscle
regeneration because of its effect on Ndufal mRNA expression present in healthy
muscle, but absent in the proliferation phase of muscle regeneration. In this case, the
effect of this laser was likely interrupted because of the interruption of the treatment on
Day 5.

4. Gene expression of Pdgfc mRNA
With regard to Pdgfc, the PDGF family consists of 4 members: PDGF-AA, PDGF-

BB, PDGF-CC and PDGF-DD (Li et al. 2000; LaRochelle, et al., 2001; LI et al., 2005).
As these growth factors are potent mitogenic activators for a large number of different
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cells, we supposed that they were also likely to be involved in the activation of the
regeneration of the injured muscle cells (Best et al., 2001; Chargé et al., 2004; Jarvinen
et al., 2005). In vivo, both PDGF-AA and BB stimulated microvessel growth. PDGF-CC
has been studied only to a limited extent (Li et al., 2005). One study found that PDGF-
CC induced the release of VEGF (Li et al., 2003; Li et al., 2005) and induced
angiogenesis (Li et al., 2005). Treatment with PDGF-CC was found to increase both the
formation and maturation of new blood vessels and enhance skeletal 1 muscle
regeneration; as a result, also reduced the extent of ischemic muscle necrosis, which
suggests that muscle regeneration and angiogenesis may be linked (Li et al., 2005).
However, it remains unknown whether PDGF-CC is capable of affecting skeletal muscle
regeneration directly.

PDGF has been indicated as an important mediator of injury healing and tissue
repair (Ross et al.,, 1986; Reuveni et al., 1990), but its role in skeletal muscle
regeneration has not been fully investigated. One study with the C2 myogenic line
derived from adult mouse skeletal muscle demonstrated that these myoblasts express
receptors for PDGF and that PDGF exert a mitogenic effect on these cells. Of the three
known PDGF dimmers, the BB isoform has the greatest number of binding sites on the
C2 myoblasts and is the most potent in promoting H-TdR incorporation and reducing the
frequency of terminally differentiated myoblasts. Although PDGF-AA can bind to the
cells, the number of binding sites is much lower than that of PDGF-BB and no mitogenic
effect has been demonstrated. PDGF-AB binds to the C2 cells at a level similar to that of
PDGF-AA and exerts a very slight mitogenic effect on the cells (Reuveni et al., 1990).
Bischoff (1986) found that PDGF did not activate the proliferation of quiescent satellite
cells.

A persistent question in muscle biology concerns the mechanism by which
sarcomere addition and deletion occurs (Epstein and Fischman, 1991; Tidball and
Spencer, 1993). Previous studies have shown that these processes occur primarily at the
ends of myofibrils, where myotendinous junctions (MTJs) are located (Goldspink,
1980). Tidball and Spencer (1993) found a high concentration of PDGF-receptors at the
MTIJs of fully differentiated muscle fibers, suggesting that PDGF participates in the
addition of sarcomere during muscle differentiation. Another study using the C2
myogenic line found that PDGF can regulate myoblast proliferation and differentiation
in vitro, exerting a role in increasing the number of myoblasts during skeletal muscle
regeneration by stimulating proliferation and/or inhibiting differentiation, but this study
was conducted using the PDGF-AA and PDGF-BB family.

According to our results, Pdgf-c did not express its mRNA transcripts during the
proliferation phase of skeletal muscle regeneration. Although PDGF-CC stimulates
angiogenesis by the strict cooperation with VEGF (Li et al., 2005), we cannot explain
why Vegfa expressed its mRNA transcript during skeletal muscle regeneration and Pdgf-
¢ did not in our study.

5. Gene expression of Ppib mRNA

With regard to Ppib as housekeeping control for the genes investigated in this
study, there was a large difference in the mRNA transcripts between the genes analyzed.
There was no uniformity in gene expression of the transcripts for cyclophilin-B in all
tests. We can suppose that the difference between the Ppib housekeeping gene
expression as a control of Vegfa, Rcanl, pdgfc and Ndufal was due the difference in the
variability of gene expression between animal muscles. We conclude that cyclophilin-B
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(Ppib) is not an appropriate housekeeping gene for skeletal muscle, as it is a cell matrix
protein (Lin and Hsu, 2005) and makes up part of the muscle homeostasis pathway
(Mitchell et al., 2002; Sakuma et al., 2003).

6. Gene expression of b- actin mRNA

In regard to b-actin mRNA, we evidenced higher expression than Pdgfc mRNA,
although there was no significant difference when compared the control group. Based on
the values expressed in Table 1, we can conclude that b-actin was highly sensitive to
laser treatment. Therefore, b-actin does not represent an appropriate housekeeping gene
for analyzing the gene expression of skeletal muscle.

CONCLUSIONS

The present study suggests that laser irradiation influences Vegfa, Rcanl, Pdgfc
and Ndufal gene expression during skeletal muscle regeneration in vivo.

Laser therapy can exert an influence over Vegfa expression and, consequently,
angiogenesis during skeletal muscle regeneration.

A=780nm laser therapy can prevent skeletal muscle regeneration by increasing
the RCANI1 gene expression and, consequently, inhibiting Vegfa or thrombin-
calcineurin-NF-ATc.

A=660nm laser therapy specifically stimulated the cytochrome Ndufal in mouse)
and altered the state redox cell. A=780nm laser was not specific enough to stimulate
cytochrome Ndufal. The A=514nm laser altered the cellular redox state in healthy tissue.
It is likely that the A=514nm laser exerts its effect in the differentiation phase of skeletal
muscle regeneration.

Pdgfc did not express during the proliferation phase of skeletal muscle
regeneration, probably for being be a strict gene of the angiogenesis pathway in
cooperation with Vegfa.

Cyclophilin-B and b-actin are not appropriate housekeeping genes for analyzing
the gene expression of skeletal muscle.

ACKNOWLEDGMENTS

This work was supported by the Brazilian financing agencies CNPq and Fapesp.

REFERENCES

1. Arsic, N.; Zacchigna, S.; Zentilin, L.; Ramirez-Correa, G.; Pattarini, L.; Salvi,
A.; Sinagra, G.; Giacca, M. vascular endothelial factor stimulates skeletal

muscle regeneration in vivo. Molecular Therapy. 10(5):844-854, 2004.



94

2. Banai, S.; Shweiki, D.;Pinson, A.; Chandra, M. Lazarovici, G.; Keshet, E. Up-
regulation of vascular endothelial growth factor expression induced by
myocardial ischaemia: implications for coronary angiogenesis. Cardiovascular
Research. 28: 1176-1179, 1994.

3. Bassel-Duby, R.; Olson, R. N. Signaling Pathways in Skeletal Muscle
Remodeling. Annual Review of Biochemistry. 75: 19-37, 2006.

4. Beckerman, H.; de Bie, R. A.; Bouter, L. M.; De Cuyper, H. J.; Oostendorp, R.
A. B. The efficacy of laser therapy for musculoskeletal and skin disorders: a
criteria-based meta-analysis of randomized clinical trials. Physical Therapy.
72:483-491, 1992.

5. Belkin, M.; Zaturunsky, B.; Schwartz, M. A critical review of low energy laser
bioeffects. Lasers and Light in Opthalmology. 2: 63-71, 1988.

6. Best, T. M.; Shehadeh, S. E. Leverson, G.; Michel, J. T. Corr, D. T
Aeschlimann, D. Analysis of changes in RNA levels of myoblasts and fibroblast-
derived gene products in healing skeletal muscle using quantitative reverse
transcription-polymerase chain reaction. J. Orthop Res. 19: 565-572, 2001.

7. Bibikova, A.; Oron, U. Attenuation of the process of muscle regeneration in
the toad gastrocnemius muscle by low energy laser irradiation, Lasers in
Surgery and Medicine 14:355-361, 1994.

8. Bischoff, R. Proliferation of muscle satellite cells on intact myofibers in culture.
Developmental Biology. 115:129-139, 1986.

9. Burkin, D. J.; Kaufman, S. J. The a7R1 integrin in muscle development and
desease. Cell and Tissue Research. 296:183-190, 1999.

10. Carlson, B. M. The regeneration of skeletal muscle. American Journal of
Anatomy. 137: 119-149, 1973.

11. Carlson, B. M; Faulkner, J. A. The regeneration of skeletal muscle fibers
following injury: review. Medicine & Science in Sports & Exercice. 15: 187-198,
1983.



95

12. Chargé, S. B. P.; Rudnicki, M. A. Cellular and molecular regulation of muscle

regeneration. American Physiological Society. 84:209-238, 2004.

13. Duguez, S.; Féasson, L.; Denis, C.; Freyssenet, D. Mitochondrial biogenesis
during skeletal muscle regeneration. AJP- Endocrinology and Metabolism. 282:
802-809, 2002.

14. Epstein, H. F.; Fischman, D. A. Molecular analysis of protein assembly in
muscle development. Science. 251:1039-1044, 1991.

15. Germani, A; Di Carlo, A.; Mangoni, A.; Straino, S.; Giacinti, C.; Turrini, P;
Biblioli, P.; Capogrossi, M.C. Vascular endothelial growth factor modulates
skeletal muscle regeneation function. American Journal of
Pathology.(163):1417-1428, 2003.

16. Goldspink, D. Physiological factors influencing protein turnover and muscle
growth in mammals. In Development and Specialization of muscle. D.
Goldspink, editor. Cambridge University Press. Cambrige. 65-89, 1980.

17. Grossman, N.; Schneid, N.; Reuveni, H. Enhanced proliferation of
keratinocyte cultures following 780nm low-power diode laser irradiation.
Involvement of reactive oxygen species. Lasers in Surgery and Medicine.
22:212-218, 1998.

18. Hamai, N.; Nakumura, M.; Asano, A. Inhibition of mitochondrial protein
synthesis impaired C, C12, myoblast differentiation. Cell Struct Funct. 22: 421-
431, 1997.

19. Harris, C. D.; Ermak, G.; Davis, J. A. Multiple roles of the DSCR1 (Adapt78
or RCAN1) gene and its protein product calcipressin 1 (or RCAN1) in disease.
Cellular and Molecular. Life Sciences. 62: 2477-2486, 2005.

20. Hattori, M.; Fujiyama, A.; Taylor, T. D.; Watanabe, H.; Yada, T.; Park, H. S.
et al. The DNA sequence of human chromosome 21. 405: 311-319, 2000.



96

21. Heldin, C.;-H.; Westermark, B. Platelet-derived growth factor: a family of
isoforms that bind to two distinct receptors. British Medical Bulletim 45: 453-464,
1989.

22. Jarvinen, T. A. H.; Jarvinen, T. L. N.; Kaariainen, M.; Kalimo, H.; Jarvinen,
M. Muscle injuries — Biology and Treatment. The American Journal of Sports
Medicine. 33(5):745-764, 2005.

23. Karu, T.; Pyatibrat, L.; Kalendo, G. Irradiation with He-Ne laser increases
ATP level in cells cultivated in vitro. Journal of Photochemistry and Photobiology
B: Biology. 27:219-223, 1995.

Karu, T. I. Photobiological fundamentals of low-power laser therapy. Journal of
Quantum Eletronics. 23:1703-1717, 1987.

24. Karu, T. Molecular mechanism of the therapeutic effect of low-intensity laser
radiation. Lasers and Life Science. 2(1): 53-74, 1988.

25. Kim, K. I|. et al. B-Catenin overexpression augments angiogenesis and
skeletal muscle regeneration through dual mechanism of vascular endothelial
growth factor-mediated endothelial cell proliferation and progenitor cell

mobilization. Arteriosclerosis, Thrombosis and Vascular Biology. 26: 1-8, 2006.

26. Klee, C. B.; Ren, H.; Wang, X. Regulation of the calmodulin stimulated
protein phosphatase, calcineurin. Journal of Biological Chemistry. 273: 133367-
133370, 1998.

27. LaRochelle, W.J. et al. PDGF-D, a new protease-activated growth factor
Nature Cell Biology. 3:517-521, 2001.

28. Li, X. et al. PDGF-C is a new protease—activated ligand for PDGF alfa-
receptor. Nature Cell Biology. 2:302-309, 2000.

29. Li, H.; Fredriksson, L.; Li, X.; Eriksson, U. PDGF-D is a potent transforming
and angiogenic growth factor. Oncogene. 22: 1501-1510, 2003.



97

30. Li, X. et al. Revascularization of ischemic tissues by PDGF-CC via Effects
on endothelial cells and their progenitors. The Journal of Clinical Investigation.
115(1): 118-127, 2005.

31. Lin, C. S.; Hsu, C. W. Differentially transcribed genes in skeletal muscle of
Duroc and Taoyuan pigs. Journal of Animal Science. 83:2075-2086, 2005.

32. Lizuka, M.; Abe, M.; Shiiba, K.; Sasaki, Y. S. Down syndrome candidate
region 1, a downstream target of VEGF, participates in endothelial cell migration

and angiogenesis. Journal of Vascular Research. 41:334-344, 2004.

33. Lubart, R.; Wollman, Y.; Friedmann, H.; Rochkind, S.; Laulicht, |. Effects of
visible and near-infrared lasers on cell cultures. Journal of Photochemistry and
Photobiology B: Biology. 12:305-310, 1992.

34. Maegawa, Y.; Itoh, T.; Hosokawa, T.; Yasgashi, K.; Nishi, M. Effects of near-
infrared low-level laser irradiation on microcirculation. Lasers in Surgery and
Medicine. 27:427-437 2000.

35. Mauro, A. Muscle regeneration. Raven Press, New York. 560 pp. 1979.

36. Milkiewicz, M.; Brown, M. D.; Egginton, S.; Hudlicka, O. Association between
shear stress, angiogenesis, and VEGF in skeletal muscle in vivo.
Microcirculation. 8:229-241, 2001.

37. Milkiewicz, M.; Pugh, C. W.; Egginton, S. Inhibition of endogenous HIF
inactivation induces angiogenesis in ischaemic skeletal muscles of mice. The
Journal of Physiology. 560: 21-26, 2004.

38. Minami, T. et al. Vascular endothelial growth factor- and thrombin-induced
termination factor, down syndrome critical region-1, attenuates endothelial cell
proliferation and angiogenesis. The American Society for biochemistry and
Molecular Biology. 50537-50554, 2004.

39. Mitchell, P. O.; Mills, S. T.; Pavlath, G. K. Calcineurin differentially regulates
maintenance and growth of phenotypically distinct muscle. AJP—Cell
Physiololgy. 282:984-992, 2002.



98

40. Musaro, A.; McCullagh, K. J.; Naya, F. J.; Olson, E. N. Rosenthal, N. IGF-1
induces skeletal myocytes hypertrophy through calcineurin in association with
GATA-2 and NF-ATcl. Nature. 400:581-585, 1999.

41. Oliveira, N. M. L.; Parizotto, N. A.; Salvini, T. F. S. GaAs (904-Nm) laser
radiation does not affect muscle regeneration in mouse skeletal muscle. Lasers
in Surgery and Medicine. 25: 13-21, 1999.

42. Passarella, S.; Casamassima, E.; Molinari, S.; Pastore, D.; Quagliariello, E.;
Catalano, I. M.; Cingolani, A. Increase of proton electrochemical potential and
ATP synthesis in rat liver mitochondria irradiated in vitro by Helion-Neon laser.
FEBS Letters. 175:95-99, 1984.

43. Reuveni, Z. Y.; Balestreri, T. M. Bowen-Pope, D. F. Regulation of
proliferation and differentiation of myoblasts derived from adult mouse skeletal
muscle by isoforms of PDGF. The Journal of Cell Biology. 111: 1623-1629,
1990.

44. Rissanem, T. T. et al. Expression of vascular endothelial growth factor ans
vascular endothelial growth factor receptor-2 (KDR/Flk-1) in ischemic skeletal
muscle and its regeneration. American Journal of Pathology. 160: 1393-1403,
2002.

45. Ross, R.; Raines, E. W.; Bowen-Pope, D. F. The biology of platelet-derived
growth factor. Cell. 46: 155-169. 1986.

46. Sakuma, K.; Nishikawa, J.; Nakao, R.; Watanabe, K.; Totsuka, T.; Nakano,
H.; Sano, M.; Yasuhara, M. Calcineurin is a potent regulator for skeletal muscle
regeneration by association with NFATc1 and GATA-2. Acta Neuropathologica.
105:271-280, 2003.

47. Sampaolesi, M. et al. Cell therapy of a-sarcoglycan null dystrophic mice

through intra-arterial delivery of mesoangioblasts. Science 301: 487-492, 2003.

48. Shefer, G.; Partridge, T. A.; Heslop, L.; Gross, J. G.; Oron, U.; Halevy, O.
Low-energy laser irradiation promotes the survival and cell cycle entry of
skeletal muscle satellite cells. Journal of Cell Science. 115:1461-1469, 2002.



99

49. Shi, X.; Garry, D. J. Muscle stem cells in development, regeneration, and
disease. Genes & Development. 20:1692-1708, 2006.

50. Shweiki, D.; Ltin, A.; Soffer, D.; Kesher, E. Vascular endothelial growth
factor induced by hypoxia may mediate hypoxia initiated angiogenesis. Nature,
359:843-845, 1992.

51. Stefano S.; Sandri,M.; Murgia, M. Activity-Dependent Signaling Pathways
Controlling Muscle Diversity and Plasticity. Physiology. 22: 269-278, 2007.

52. Tidball, J. G.; Spencer, M. J. PDGF stimulation induces phosphorylation of
talin and cytoskeletal reorganization in skeletal muscle. The Journal of Cell
Biology. 123:(3)27-635, 1993.

53. Tuomisto, T. T.; Rissanem, T. T.; Vajanto, |.; Korkeela, A.; Rutanen, J.; Yla-
Herttuala, S. HIF-VEGF-VEGD-2, TNF-alpha and IGF pathways are upregulated
in critical human skeletal muscle ischaemia as studied with DNA array.
Atherosclerosis. 174: 111-120, 2004.

54. Vacca, R. A.; Marra, E.; Quagliariello, E.; Grego, M. Activation of
mitochondrial DNA replication by He-Ne laser Irradiation. Biochemical and
Biophysical Research Communications. 195 (2):704-109, 1993.

55. Vega, R. B. Yang, J.; Rothermel, B. A.; Bassel-Duby, R.; Williams R. S.
Multiple domains of MCIPI contribute to inhibition of calcineurin activity. Journal
of Biological Chemistry. 277: 30401-30407, 2002.

56. Wagatsuma, A.; Tamaki, H.; Ogitta, F. Sequential expression of vascular
endothelial growth factor, Flt-1 and KDR/FIk-1 in regenerating mouse skeletal
muscle. Physiological Research. 55: 633-640, 2006.

57. Wagatsuma, A. Endogenous expression of angiogenesis-related factors in
response to muscle injury. Molecullar and Cellular Biochemistry- Biochemistry.
298: 151-159, 2007.

58. Wang, Y.; De Keulenaer, G. W.; Weinberg, E. O.; Muangman, S.; Gualberto,
A.; Landschulz, K. T.; Turi, T. G.; Thompson, J. F.; Lee, R. T. Direct



100

biomechanical induction of endogenous calcineurin inhibitor Down syndrome
critical Region-1 in cardiac myocytes. AJP-Heart and Circulatory Physiology.
283:533-539, 2002.

59. Weiss, N.; Oron, U. Enhancement of muscle regeneration in the rat
gastrocnemius muscle by low energy laser irradiation. Anatomy and Embriology.
186:497-503, 1992.

60. Wilden, L.; Karthein, R. Import of radiation phenomena of electron and
therapeutic low-level laser in regard to the mitochondrial energy. Journal of
Clinical Laser Medicine & Surgery. 159-165, 1998.



101

FIGURAS

1. Modelo de animal utilizado durante o procedimento experimental:

Camundongo Mus musculo

2. Area correspondente ao local da lesdo muscular no TAD
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3. Laser A=660 nm e A=780 nm, TWIN - MM OPTICS
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4. Laser de Argbnio A=514nm (Nereid Light Phototherapy System, Healthtech,
Shanghai, China

5. Procedimento adotado para irradiagdo dos animais com o laser de

argonio.
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6. Procedimento de Criolesao






