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RESUMO

As lesbes musculares sdo comuns em atividades cotidianas e esportivas. Na fisioterapia,
utiliza-se o ultrassom terapéutico (US) associado a drogas topicas ou substancias
derivadas de plantas (fonoforese) que podem atuar em condi¢fes inflamatorias. A llex
paraguariensis (llex) é uma planta usada em uma bebida popular no sul da América,
conhecida como “chimarrdo”. Ela possui atividades antioxidantes, antiinflamatdrias e
antimutagénicas que poderiam ser associadas aos efeitos do US. Neste trabalho procurou-
se verificar o efeito da fonoforese com gel enriquecido com extrato de llex paraguariensis
na inflamacdo muscular em ratos. Para isso, a inflamacdo muscular foi induzida por
injecdo de carragenina no musculo gastrocnémio da pata direita de ratos Wistar. Grupos
de ratos foram divididos em: salina intramuscular (i.m.); carragenina i.m.; carragenina
I.m. + US; carragenina i.m. + fonoforese - trés grupos com trés doses diferentes do extrato;
carragenina + llex topica. Os animais foram tratados por 10 dias consecutivos, iniciando
0 primeiro tratamento 24 hrs ap6s a injecdo de carragenina. Nesse periodo foram
realizados testes comportamentais (hiperalgesia mecanica e térmica) e avaliacdo do
edema muscular. A dose de Ilex com melhores resultados nesta etapa foi utilizada
posteriormente para analise de substancias oxidativas musculares (substancia reativa do
acido tiobarbitdrico — TBARS) e parametros antioxidantes (potencial antioxidante de
reducdo férrica - FRAP); citocinas pré-inflamatorias (fator de necrose tumoral alfa-TNF-
a e interleucina-6-1L-6) e citocinas anti-inflamatérias (IL-4 e IL-10) no musculo e na
medula espinhal; bem como a histologia muscular. Nesta etapa, observou-se a resposta
comportamental dos ratos 24 horas apds a carragenina e duas horas ap6s o tratamento de
US ou fonoforese. Obteve-se como resultado que o US reduziu a hiperalgesia mecéanica
a partir do terceiro dia de tratamento. Também verificou-se uma diminuicdo da
hiperalgesia mecanica dos ratos no grupo fonoforese com llex, durante os 10 dias de
tratamento. Ambos os tratamentos, reduziram significativamente o edema muscular. Na
segunda etapa, verificou-se que as citocinas pro-inflamatérias (TNF-o e IL-6) foram
reduzidas tanto na fonoforese quanto no grupo com US em comparagdo com 0 grupo
carragenina. Houve uma reducdo da peroxidacdo lipidica em ambos o0s grupos tratados,
mas o grupo de fonoforese apresentou aumento da capacidade antioxidante. Os efeitos
antiinflamatérios do US e da fonoforese foram confirmados por andlise histolégica. Os
resultados demonstraram que o US reduziu a hiperalgesia mecénica e diminuiu o edema.
No entanto, a fonoforese com Ilex mostrou maior efeito anti-hiperalgésico e
antidematogénico, melhor do que apenas o tratamento com US. Além disso, os dados
demonstraram que os efeitos do US e o US associado a llex paraguariensis podem ser,
pelo menos em parte, devido ao fato de que ambos os tratamentos diminuem as citocinas
inflamatdrias, além de reduzir a peroxidacdo lipidica. Além disso, a fonoforese
apresentou um efeito antioxidante que também pode ser responsavel pela resposta de
reducdo inflamatoria.

Palavras-chave: Fonoforese; llex paraguariensis; Inflamacgéo; Citocinas; Estresse
oxidativo.



ABSTRACT

Muscle injuries are common in daily activities and sports. In physical therapy, the
therapeutic ultrasound (US) is used associated with topical drugs or plant derived of
substances (phonophoresis) that could act in inflammatory conditions. llex
paraguariensis (llex) is a plant used in a popular drink in Southern America known as
"chimarrdo”. It has antioxidant, anti-inflammatory and antimutagenic activities that could
be associated with the effects of the US. The aim of this study was to verify the effect of
phonophoresis with enriched gel with llex paraguariensis extract on muscle inflammation
in rats. For this, muscle inflammation was induced by injection of carrageenan into the
gastrocnemius muscle of the right paw of Wistar rats. Groups of rats were divided into:
intramuscular saline (i.m.); carrageenan i.m .; carrageenan i.m. + US; carrageenan i.m. +
phonophoresis - three groups with three different doses of llex; carrageenan + topical
Ilex. The animals were treated for 10 consecutive days, initiating the first treatment 24 h
after the injection of carrageenan. During this period, behavioral tests (mechanical and
thermal hyperalgesia) and evaluation of muscular edema were performed. The dose of
llex with better results at this stage was later used for analysis of muscle oxidative
substances (thiobarbituric acid reactive substance - TBARS and reactive oxygen species
- ROS) and antioxidant parameters (ferric reduction oxidant potential - FRAP);
proinflammatory amount (tumor necrosis factor alpha-TNF-a and interleukin-6-1L-6) and
anti-inflammatory cytokines (IL-4 and IL-10) in muscle and spinal cord; as well as muscle
histology. At this stage, the behavioral response of the rats was observed 24 hours after
carrageenan and two hours after the US treatment or phonophoresis. It was obtained as a
result that the US reduced mechanical hyperalgesia from the third day of treatment. There
was also a decrease in mechanical hyperalgesia of the rats in the llex phonophoresis group
during the 10 days of treatment. Both treatments significantly reduced muscle edema. In
the second step, the proinflammatory cytokines (TNF-a and IL-6) were found to be
reduced both in phonophoresis and in the US group compared to the carrageenan group.
There was a reduction of lipid peroxidation (TBARS) in both treated groups, but the
phonophoresis group presented increased antioxidant capacity (FRAP). The anti-
inflammatory effects of US and phonophoresis were confirmed by histological analysis.
Our results demonstrated that US reduced mechanical hyperalgesia and decreased edema.
However, phonophoresis with Ilex showed a greater anti-hyperalgesic and
antidematogenic effect, better than only US treatment. In addition, our data demonstrated
that the effects of the US and US associated with llex paraguariensis may be, at least in
part, due to the fact that both treatments decrease inflammatory cytokines, in addition to
reducing TBARS. In addition, phonophoresis presented an antioxidant effect that may
also be responsible for the inflammatory reduction response.

Keywords: Phonophoresis; llex paraguariensis; Inflammation; Cytokine; Oxidative
damage.
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INTRODUCAO

As lesBes musculares sdo comuns no cotidiano dos individuos, seja em atividades
de lazer, esportivas, ou nas simples atividades diarias [1]. No processo de regeneracao
tecidual, a inflamacgdo é um importante processo, mas invariavelmente causa edema,
hematoma nas fibras lesadas e infiltrado de células, o que pode induzir uma lesdo
secundaria por hipdxia e, consequentemente até morte celular [1, 2]. A imobilizacéo
muscular prolongada e a inatividade podem causar danos morfofuncionais no tecido
muscular, por isso, a regeneracao do tecido deve ser 0 mais breve possivel [1].

Varios tratamentos sdo utilizados para amenizar o processo inflamatdrio. A
fisioterapia dispde de diversos recursos para este fim, como meio alternativo para
aliviar a dor e reduzir o processo inflamatério, com o uso de equipamentos como o
ultrassom (US), que tem propriedades anti-inflamatdrias conhecidas, além de poder
facilitar a passagem de substancias através da pele.

A fonoforese é a aplicacdo do US associado a farmacos, principios ativos ou
outras substancias com o intuito de reduzir a barreira formada pela pele, evitando
desta forma que o farmaco passe pelo trato gastrointestinal para produzir seu efeito
no local da lesdo [3].

Neste contexto, a llex paraguariensis, que é planta utilizada em uma bebida muito
comum nos paises da América do Sul, conhecida como “chimarrdao”. Ela tem sido
usada como estimulante e como tratamento coadjuvante em doencas inflamatdrias
dolorosas como artrite e reumatismo, por seu potencial anti-inflamatorio [4-6].

Alguns estudos também sugeriram que parte dos seus efeitos € devido a atividade
antioxidante e anti-inflamatéria desta planta, reduzindo os radicais livres e
marcadores inflamatorios, como citocinas, que podem interferir em condigdes
dolorosas e inflamatorias [6].

Estratégias farmacoldgicas para o controle da dor e do processo inflamatorio
incrementam 0s gastos em salde publica e os gastos individuais com a saude.
Farmacos para o controle da dor e da inflamagdo sdo administrados diariamente,
provocando efeitos adversos que, em muitos casos, sdo graves, gerando doencas

gastrointestinais importantes, como gastrites, Ulceras e constipacdo. Ademais,



12

apresentam reacdes adversas que limitam seu uso e ainda podem levar ao
desenvolvimento de toleréncia e alergias medicamentosas. Em vista disso, formas de
administracdo de farmacos e bioativos naturais como a llex Paraguariensis, apenas
no local da lesdo, como ocorre na fonoforese, podem ser uma estratégia interessante
para 0s gestores, para os profissionais da salde e principalmente para os individuos

que sofrem de dor inflamatoria.
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2. REVISAO BIBLIOGRAFICA

2.1. Reacao inflamatoria

A reacdo inflamatoria é desencadeada por varios fatores, como protecdo do
organismo contra qualquer agressdo. Ela é a primeira defesa do organismo contra uma
agressdo, um processo de regulacdo com a finalidade de manter o equilibrio de diversas
funcBes e composic¢des quimicas do corpo, ou seja, a reacdo inflamatdria € um mecanismo
fisiopatologico [1]. Além disso, a inflamagdo tem como objetivo eliminar o agente
agressor e remover tecidos degenerados e metabdlitos, preparando a regido afetada para
0 reparo [2].

O dano tecidual leva a liberacdo de mediadores inflamatdrios por neurdnios
aferentes primarios ou por células ndo-neuronais que residem no local ou infiltram-se na
area lesada. No processo inflamatério agudo ocorre ativacdo de mastécitos, basofilos,
plaquetas, macréfagos, neutrofilos, células endoteliais, queratindcitos e fibroblastos e o
acumulo de algumas delas no espaco perivascular. Os principais mediadores liberados
séo o glutamato, as prostaglandinas, a histamina e a serotonina, entre outros, que originam
a chamada "sopa inflamatéria" [3].

Os mediadores inflamatérios encontrados em uma lesdo podem ainda causar
alodinia, que é uma resposta dolorosa a um estimulo ndo nocivo e também ao aumento
da sensibilidade a um estimulo nocivo, chamado de hiperalgesia [4]. Isso porque eles
podem sensibilizar os terminais nervosos e alterar a atividade de neur6énios da medula
espinal e/ou encéfalo [5]. Ainda, a presenca de mediadores quimicos no processo
inflamatdrio faz com que a inflamagdo mantenha caracteristicas uniformes mesmo sendo
produzida por diferentes irritantes sendo que o aumento da permeabilidade vascular, e
consequente formacdo do edema, pode ser originado de mecanismos diretos, em que 0
proprio agente agressor atua sobre a parede vascular ou indiretos em que ha acdo de
mediadores quimicos [1].

No aumento de permeabilidade vascular percebe-se um aumento de proteinas
plasmaticas no local e influxo de granuldcitos (leucocitos, principalmente neutrofilos),
seguido rapidamente por mondcitos que se diferenciam em macrofagos ou células
dendriticas no local da lesdo. As proteinas plasmaticas e os leucdcitos sdo normalmente

restritos aos vasos sanguineos, mas neste caso elas atravessam as vénulas pos capilares
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para os tecidos extravasculares no local da lesdo. A vasodilatacdo € um fenémeno
associado a inflamacdo, que facilita a disponibilidade de mediadores e células
inflamatorias [6, 7].

O processo de recuperacdo muscular é dividido em trés fases: a fase
inflamatdria, de regeneracdo e de remodelacdo. Na primeira fase, os neutrofilos os
macrdfagos ativados e os linfocitos T infiltram no sistema sanguineo através dos vasos
rompidos. Os macrofagos estdo envolvidos na fagocitose e na remogdo de detritos
celulares e produzem as citocinas [8], como demostrado na Fig.1.

A expressdo da Cicloxigenase-2 (COX-2) é aumentada por estimulos
inflamatorios. As vias da COX-2 estdo envolvidas na regulagdo da dor, fluxo sanguineo,
ativacdo plaquetéria, adesdo de leucdcitos e filtracdo de tecido. A COX-2 induz
prostaglandinas e esta envolvida na proliferacdo de mioblastos, na sua diferenciacéo e
fusdo [8].

A inflamacdo no tecido muscular parece bem caracteristica, sabe-se que apds
uma lesdo muscular as miofibras passam por necrose e células satélites, células-tronco
musculares, sdo ativadas apos lesdo e participam da miogénese (formacdo de tecido
muscular). Ao mesmo tempo, células imunes, incluindo macrofagos e neutrofilos,
invadem a area lesada. Na fase inflamatoria (primeira fase) de regeneracdo muscular ha
expansdo de progenitores juntamente com células fibroblasticas, aumento do nimero de
células imunes e a fagocitose das miofibras necréticas. Poucos dias mais tarde, os
neutrofilos vado desaparecendo enquanto os macrofagos sdo mais numerosos.

A segunda fase de reparacdo da lesdo inflamat6éria muscular inicia com
pequenas novas miofibras, que s&o o resultado da diferenciacdo e fusdo dos progenitores
miogénicos. O numero de células fibroblasticas cai, acontece angiogénese, e finalmente,
as novas miofibras crescem em tamanho,e o tecido muscular retorna a sua homeostase
anterior [9].

O uso de agentes quimicos para induzir um processo inflamatorio é largamente
utilizado para avaliar a nocicepgéo - termo fisiologico usado para descrever 0s processos
neurais de codificagdo e processamento do estimulo nocivo, bem como pardmetros
inflamatdrios em modelos animais de pesquisa [4, 10].

Dentre os agentes inflamatorios utilizados na pesquisa, a carragenina é um dos
mais estudados. Essa substancia faz parte de uma familia de polissacarideos lineares

sulfatados, obtidos a partir de extratos de algas marinhas vermelhas. A injecdo de
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carragenina pode induzir edema, com migracao de células inflamatérias como neutrofilos
[11] e nocicepgédo quando injetada em locais como o musculo [3].

As alteracbes que ocorrem ap06s o insultos locais usando carragenina sdo
provavelmente responsaveis pela sensibilizacdo dos nociceptores periféricos (regido
sensorial no terminal da fibra aferente nociceptiva) e das proprias fibras aferentes
primarias, que contribuem para o desenvolvimento de hiperalgesia secundaria, em

conjunto com alteracgdes centrais [3].

Extravasamento
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Figura 1. Processo inflamatorio apds uma lesdo tecidual. Neutrofilos migram para o
tecido e devido a liberagdo das quimiocinas e produtos residuais do agente agressor. Os
macrofagos e os neutrofilos liberam citocinas pro-inflamatorias (TNF- a e IL-6) que
participam da geracdo e manutencao da resposta inflamatéria. Adaptado de Parish, 2005.

2.1.1. Citocinas e dano oxidativo

A lesdo tecidual promove a liberacdo de numerosas citocinas inflamatérias
(proteinas de baixo peso molecular produzidas por diferentes tipos celulares do sistema
imune). As citocinas pré-inflamatorias mais estudadas sdo: interleucina (IL)-1p, IL-6 e
fator de necrose tumoral-o. (TNF-a), que podem desempenhar um papel importante na

geragdo e manutencdo da dor evocada pela inflamacéo, pelo menos em parte, através dos
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efeitos diretos sobre seus receptores localizados em fibras aferentes primarias. Além
disso, elas potencializam a resposta inflamatdria e 0 aumento da producéo de agentes pro-
algésicos (como as prostaglandinas, o fator de crescimento do nervo (NGF), a bradicinina
e prétons extracelulares) [12-14]

Essas citocinas inflamatdrias sdo produzidas por varios tipos de celulas,
especialmente por neutrofilos, macréfagos e mastdcitos. Elas tém varios papéis
importantes na resposta inflamatoria, incluindo a ativagdo do endotélio e de leucdcitos e
inducdo da resposta inflamatdria durante a fase aguda. O endotélio dos vasos ativados
permite o extravasamento seletivo de neutrofilos, evitando a saida de eritrécitos [6].

Apo6s uma lesdo muscular, os neutrofilos invadem rapidamente o local da leséo e
podem aumentar ainda mais a libertacdo de citocinas, aumentando a resposta
inflamatdria, promovendo a degeneracdo ou postergando a regeneracdo do masculo [15].
As interleucinas e 0 TNF-a sdo capazes de iniciar uma cascata de sinalizacdo de outras
citocinas e fatores tréficos. Essas citocinas podem autorregular a expressdo do NGF, da
COX-2 e do 6xido nitrico sintase (NOS) que vao estimular ainda mais a formacdo de
espécies reativas de oxigénio (EROs) e o processo inflamatério [8, 16].

Embora essas citocinas aumentem a inflamacao, alguns autores relatam seu papel
regulador nesse processo, por exemplo a IL-6 € uma citocina com potencial anti e pro-
inflamatorio, sugerindo que ela pode mediar o reparo muscular, tendo papel em manter
um sistema imunolégico saudavel. No entanto, a IL-6 parece ser uma substancia classica
e de trans-sinalizacdo de crucial importancia para integrar as func6es de diferentes células
no local da inflamac&o e este € um processo altamente regulamentado. Por isso, sob certas
condicdes, o equilibrio de células imunes pro e anti-inflamatério podem ser desreguladas
e a IL-6 apresenta caracteristicas mais inflamatorias do que o contrario [17, 18].

As células presentes no local da inflamac¢éo, como os neutréfilos, tentam liquidar
0s agentes invasores, fagocitando e liberando contetdo toxico dos seus granulos, que
incluem citocinas, EROs e espécies reativas de nitrogénio. Alguns estudos sugerem que
a infiltracdo maxima de neutrofilos no masculo danificado ocorre dentro de 24 h pos-
lesdo e esta associado tanto a lesdo méxima da fibra muscular quanto liberacdo de
substancias inflamatorias e a produgdo méxima de oxidantes [19, 20]. Estudos atuais nos
elucidam sobre a relagéo entre as EROs e 0 estresse oxidativo ou dano oxidativo e 0 dano
muscular induzido por trauma ou exercicio fisico intenso. Ambos estdo diretamente
relacionados, j& que a lesdo no tecido muscular estimula a geracdo de ROS em Vvarios

locais celulares, devido ao mecanismo primario de defesa que é a inflamacgéo [21]
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Nesse processo, a formacdo de EROs é consequéncia do proprio metabolismo, em
uma tentativa de reparacdo tecidual e manter seu equilibrio [22]. A velocidade e extensdo
da resposta inflamatdria pode determinar a eficiéncia do reparo muscular, assim como o
nivel de estresse oxidativo. Portanto, é possivel que intervengdes prévias e/ou conjuntas
ao processo de inflamacdo, tanto crbnica como aguda, possam atenuar os efeitos
deletérios induzidos por lesdo muscular [21]

Fisiologicamente, as EROs tem uma funcgéo de marcadores bioldgicos, atuando
como mensageiro, ja que a producdo de EROs devido a lesdo muscular, desempenha papel
importante na iniciacdo e na progressao desta lesdo [22, 23]. Entretanto, quando ha uma
descompensacdo do organismo ou mesmo um aumento na concentracdo fisioldgica de
EROs, que devido a sua reatividade, pode fazer com que surjam seus efeitos nocivos
como, por exemplo, a deficiéncia de proteina, lipidos e de oxidacdo do 4&cido
desoxirribonucleico (ADN) e a homeostase celular [22, 24].

A geracdo de EROs durante a lesdo muscular tem sido atribuida a xantina e
producdo de NADPH-oxidase, reperfusdo isquémica, explosdes respiratdrias fagociticas
e a acumulacdo excessiva de calcio. Estes ROS principalmente anion superdxido e de
perdéxido de hidrogénio sdo responsaveis por danificar a estrutura das células e provocar
uma fuga de enzimas essenciais, tais como a creatina quinase e lactato desidrogenase para
0 meio extracelular. Na lesdo muscular aguda, as EROs séo encontrados em grandes
quantidade, induzindo, assim, um grande aumento das concentracdes séricas destas

enzimas no citoplasma, indicando uma ruptura na membrana da célula [23].

2.1.2. Principais EROs formadas pelo processo inflamatorio e protecéo

antioxidante autogena.

As EROs séo formadas atraves do metabolismo celular na cadeia de transporte
de elétrons nas mitocéndrias, como também no citocromo P450. As oxidases Fosfato de
Dinucledétido de Nicotinamida e adenina (NADPH), presentes em inimeras células, como
nos fagdcitos profissionais e células endoteliais, sdo essenciais para a resposta
inflamatéria [25].

Os principais EROs decorrentes do metabolismo frente a inflamagdo séo:
superoxido (O2), peréxido de hidrogénio (H202), anion hidroxilo (OH"), radicais

hidroxilo (OH) e &cido hipocloroso (HOCI). O superdxido é formado atraves da redugao
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do oxigénio molecular, nitrogénio endotelial desacoplado (eNOS) derivada de NADPH
oxidase ou da cadeia de transporte de elétrons mitocondriais [25].

O superoxido é rapidamente dismutado a H20> pela superdxido dismutase. No
entanto, na presenca de NO, o Oz reage rapidamente, formando peroxinitrito altamente
reativo (ONOQ), sendo mais rapido do que a dismutacdo de Oz a H20.. Este ultimo pode
mudar para HOCI altamente reativo nos locais inflamatdrios pela enzima
mieloperoxidase, que expressa em neutréfilos. H.O> também pode mudar para o OH
fortemente tdxico na presenca de Fe2™ pela reagdo de Fenton. O H20- é eliminado para

H>0O e O por catalase ou até mesmo atraves da glutationa peroxidase [25].

2.2. Tratamentos que reduzem a inflamagéo

A abordagem mais comum para reduzir a inflamacéo na clinica envolve a inibicédo da
sintese ou do acimulo dos componentes da sopa inflamatdria [12]. Para acelerar o
processo de reacdo do organismo, utiliza-se drogas anti-inflamatorias que promovem a
inibicdo reversivel dos processos bioquimicos de defesa celular e, além do mais, reduzem
a formacéo de precursores de prostaglandina [26].

O uso de anti-inflamatérios por via oral provoca efeitos secundarios gastrointestinais
tais como dor abdominal, ulceracdo e irritacdo da mucosa gastrica [26, 27], além de ter
sua metabolizacao no figado que pode acarretar alteracdes quando em uso exacerbado ou
mesmo, sem indica¢es médicas [27].

Anti-inflamatérios inibem a COX-2 que convertem o &cido araquidénico em
prostaglandinas [27], mas ao serem administrados via oral, perdem sua biodisponibilidade
devido sua metabolizacéo realizada no figado [28].

Devido a esse fator, os tratamentos acabam se tornando mais dispendiosos e sua
duracdo para controle do processo inflamatorio se torna longo, prolongando, dessa forma,
também seus efeitos adversos. Por este motivo, tratamentos que possuam efeitos
comprovados e menos/ou nenhum efeito adverso aos usuarios torna-se de extrema

relevancia.

2.2.1. Tratamento com Ultrassom e Fonoforese

Como tratamentos alternativos ao uso oral de medicamentos, a fisioterapia utiliza

equipamentos que geram correntes elétricas ou mecanicas, como o ultrassom terapéutico
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(US). O US é um recurso amplamente utilizado para o tratamento de lesbes de tecidos
moles, inclusive lesdes musculares, pois pode acelerar o processo de reparacgdo tecidual
[29].

O ultrassom terapéutico € uma forma de energia mecanica que € transmitido
através de vibragdes sonoras para os tecidos. Essas ondas mecénicas sao transmitidas ao
tecido com auxilio de algum agente acoplador, com propriedades similares as da agua.
Na clinica 0 método mais utilizado é o de aplicacdo direta do transdutor que emite as
ondas de US associado a um gel acoplante, como visto na Fig. 2. Os efeitos mecanicos
produzidos por estas ondas nos tecidos biolégicos podem desencadear eventos
bioguimicos que aceleram a reparacdo dos tecidos [23, 30].

Durante as primeiras horas ap0s a lesdo, o US tem acédo antiinflamatoria e, na
fase de proliferacdo, ou seja, durante o reparo de lesdes musculares, este equipamento
estimula os fibroblastos a produzirem mais coldgeno pelo aumento na permeabilidade da
membrana celular, estimulando também o crescimento de novos capilares no tecido
isquémico [30]

O US possui propriedades anti-inflamatorias sobre mediadores liberados no local
da inflamac&o, como a histamina, e consequentemente atua sobre o estresse oxidativo no
musculo esquelético [22]. Ao nivel celular, as ondas do ultrassom podem alterar as taxas
de difusdo e a permeabilidade da membrana celular devido a vibracdo acuUstica e cavitacdo
estavel [23]. Por este motivo, o US pode ser eficaz ao introduzir farmacos, tais como
corticosteroides, anestésicos, agentes imunossupressores, horménios e agentes anti-
inflamatorios para dentro das células [26].

A técnica pela qual o ultrassom terapéutico é utilizado para introduzir agentes
farmacoldgicos atraves de pele intacta nos tecidos subcutaneos e células é conhecida
como fonoforese [22, 23].

A fonoforese aumenta a distribuicdo da droga através de varios mecanismos,
incluindo a inducgéo de hipertermia no tecido e pela capacidade de produzir cavitagéo, que
é a formacédo de microbolhas nos tecidos as quais auxiliam na transferéncia de farmacos
para o interior do tecido [31].

Dentre as muitas vantagens dessa técnica, estdo: (1) acdo localizada da droga,
(2) auséncia e/ou diminuicdo de efeitos adversos decorrentes de acOes sistémicas do
farmaco; (3) e a prevencao do efeito de primeira passagem pelo figado. Outra vantagem
desta técnica é a somatoria dos efeitos do US associada aos efeitos da droga (como

corticoides e anti-inflamatérios) no tratamento das lesdes.
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Acredita-se que o US facilite a passagem do medicamento pelo seu efeito de
aquecimento, pelo mecanismo de cavitacdo e também pelo aumento da permeabilidade

das camadas intercelulares [29].

L Fonte
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Figura 2. Aplicacédo e desempenho da fonoforese. As ondas do ultrassom, criadas através
de um cristal piezoelétrico, sdo emitidas atraves do transdutor do equipamento. As
moléculas das substancias usadas na fonoforese (formulacéo aplicada) se movem para a
pele por uma combinacdo de pressdo da onda fisica e aumento da permeabilizacdo das
camadas intercelulares. Fonte: Adaptado de Rao e Nanda, 2009.

Os efeitos bioldgicos do ultrassom terapéutico como a transmissdo de energia
em ondas, pode melhorar a circulacdo sanguinea, e, assim, as biomoléculas sdo inseridas
no meio intracelular causando alteracbes em processos inflamatérios. No entanto, a
fonoforese ou sonoforese é aplicavel, por vezes, quando as drogas anti-inflamatérias sao
misturados no gel de acoplamento durante a aplicacdo do equipamento, potencializando
seu efeito anti-inflamatorio. Neste caso, a aplicacdo de US com medicamentos anti-

inflamatdrios pode reduzir a dor ou a inflamacdo [32].

2.3. Plantas medicinais

A Organizacdo Mundial de Saude (OMS) tem politicas publicas para resgatar a

medicina popular, em que as plantas medicinais tem seu emprego de forma muito comum.
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Muitas ervas tém uso milenar e sdo base dos medicamentos desenvolvidos pela industria
farmacéutica com a utilizagdo de muitas tecnologias [1].

Hoje, pode-se encontrar varias formas de aplicacdo de plantas e ervas medicinais, em
formas de cha, emplastro, compressas e varios outros. Seu uso € muito difundido na
cultura popular, porém, é importante obter respaldo cientifico, com conhecimento de suas
reacOes adversa, doses e formas de administracdo para 0 uso mais apropriado dessa

terapéutica [1].

2.3.1. llex paraguariensis

A llex paraguariensis, mais conhecida como erva-mate, é amplamente consumida
no sul do Brasil, assim como na Argentina, Paraguai e Uruguai [33-36]. Embora muito
utilizada socialmente para fazer uma bebida, conhecida como “chimarrdo”, somente nos
ultimos anos que o seu potencial terapéutico, principalmente por suas propriedades
antioxidante, vasodilatador, hipolipemiante e de controle de peso, vem sendo estudados
[37].

A fitoquimica da erva-mate é caracterizada pela presenca de xantinas (cafeina e
teobromina) e polifendis (&cido galocatequina, 4,5-dicafeoil acido quinico, &cido
clorogénico e catequinas) [37]. Ela possui componentes bioativos interessantes como as
saponinas triterpénicos. Porém, a maioria dos efeitos benéficos a satde atribuidos a erva-
mate estdo relacionados com a presenca de compostos fendlicos ou polifendis, com acéo
antioxidante, anti-inflamatorio e anti-cancerigeno, como visualizado nos exemplos da
Fig. 3. [2, 36, 38].

O extrato bruto da llex paraguariensis no tratamento da ativacdo de macrofagos
humanos por lipopolissacarideos foi capaz de inibir as respostas pro-inflamatorias
medidas pelo blogueio da COX-2. A combinagdo da quercetina e as saponinas presentes
na erva-mate implicou na inibic&o tanto do 6xido nitrico como de prostaglandinas, além
de suprimir as respostas das citocinas pro-inflamatérias: 1L-1 e IL-6 [2].

A llex paraguariensis também atua no metabolismo, pois € um agente com
potencial terapéutico para a obesidade, pois pode estar associada a diminui¢do de
absorcéo de lipideos, inibindo a atividade da lipase pancreéatica e também na modulagéo
da expressao de genes associados a obesidade [37, 38]. Alem disso, ela pode aumentar a

protecdo antioxidante no plasma do sangue de pacientes com dislipidemia. Ainda, ja



22

houve comprovacdo cientifica de que a llex paraguariensis melhora o perfil lipidico de
individuos saudaveis [37].

Em estudo anterior, foi realizada analise fitoquimica de 3 ervas-mate brasileiras
provenientes do noroeste e centro do estado do Rio Grande do Sul, em 5 doses diferentes
(18, 28 5% 10* e 157 infusdo de chimarrdo), ao qual, encontrou-se na 10% infusdo
concentragOes baixas de acido clorogénico, acido cafeico, cafeina e teobromina, com
compostos fendlicos totais em torno de 0,338 mg de acido galico equivalente/ ml de
extrato aquoso [34]. Nesta mesma pesquisa, observou-se uma reducao do Oxido nitrico
em 40% da amostra de erva-mate brasileira, bem como uma capacidade quelante de ferro
em torno de 80% [34].

INFLAMACAO
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Figura 3. Efeitos anti-inflamatorios da Ilex paraguariensis de acordo com varios estudos.
ADN - &cido desoxirribonucleico; COX-2 - cicloxigenase-2; iNOS — oxido nitrico sintase
induzida. Fonte: Adaptado de Brascesco et al., 2011.
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Os niveis plasmaticos de antioxidantes totais de individuos que usaram a llex
paraguariensis aumentaram, assim como enzimas antioxidantes. Desta forma, sugere-se
que o consumo regular de cha de erva-mate pode melhorar as defesas antioxidantes por
multiplos mecanismos, ndo apenas pelo aumento dos compostos ativos circulantes, mas
por regulamentacdo da maquinaria enzimatica celular para inibir o estresse oxidativos
[37].

O consumo de extratos de erva-mate pode proteger contra a reatividade dos
radicais livres. Esta atividade antioxidante estd associada principalmente aos polifenois
presentes na planta, que deslocam elétrons e formam ligacGes de hidrogénio
intracelulares. Da mesma forma, inibe as reac6es em cadeia e apuram o reparo da lesdo
devido a esta reatividade da EROs [34].

O equilibrio entre oxidacao e antioxidacdo ocorre para manutencao de sistemas
bioldgicos saudaveis. Sob condicbes fisiologicas, o sistema de defesa antioxidante
humano, incluindo, por exemplo, superdxido dismutase, catalase, glutationa peroxidase,
glutationa e outros, que permite a eliminag&o de EROs, incluindo outros O2", OH, radicais
alcoxilo (RO) e peroxidradiais (ROO) [39].

Os nossos sistemas de defesa antioxidante enddgenos ndo funcionam
perfeitamente sem compostos de redugdo de compostos exdgenos, como vitamina C,
vitamina E, carotenoides e polifendis, essenciais em muitos mecanismos antioxidantes
[39].

Portanto, ha necessidade de antioxidantes exdgenos para evitar o desequilibrio
oxidativo, representando um estado redox desigual e a favor da oxidagdo. No entanto,
varias pesquisas apontam que doses elevadas de compostos isolados podem ser tdxicas,
devido a efeitos pro-oxidativos em altas concentracfes. Esses antioxidantes exdgenos
tem potencial para reagir com concentrac@es benéficas de EROs normalmente presentes
em condicdes fisioldgicas que sdo necessarias para o funcionamento celular [39].

Desta forma, este trabalho se justifica pela importancia da busca de estratégias
farmacoldgicas para o controle da dor e do processo inflamatorio, pois formas de
administracdo de farmacos e bioativos naturais como a llex Paraguariensis, apenas na
periferia, como utilizada na fonoforese, podem ser um artificio interessante para 0s
gestores, para os profissionais da salde e principalmente para os individuos que sofrem

com dor.
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OBJETIVOS

3.1. Objetivo geral

»  Verificar o efeito da fonoforese utilizando Ilex paraguariensis sobre a inflamacao

muscular induzida por carragenina em ratos.

3.2. Objetivos especificos

* Analisar o efeito do US e da fonoforese com llex paraguariensis sobre a

hiperalgesia mecanica e téermica (ao frio) em ratos com inflamacéo muscular;

» Verificar o efeito do US e da fonoforese com llex paraguariensis sobre o edema

de ratos com inflamacéo muscular;

» Determinar o contetdo de citocinas inflamatérias (IL-6 e TNF-a) e anti-

inflamatdrias (IL-4 e IL-10) no musculo de animais com inflamacao muscular;

» Avaliar os marcadores de dano oxidativo e capacidade antioxidativa (TBARS e

FRAP) presentes no musculo de ratos;

» Verificar as alteracOes histologicas no masculo gastrocnémio (presenca de células
inflamatorias e extensdo da lesdo) de ratos.
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4. METODOLOGIA, RESULTADOS E DISCUSSAO

A descricdo metodoldgica, os resultados da dissertacdo, bem como a discussao deles
estdo apresentados em forma de um artigo cientifico. Pretende-se submeter esse artigo
para a revista cientifica “Inflammation” -

http://www.springer.com/medicine/internal/journal/10753- com fator de impacto de

2.955 e Qualis B1 na area de Ciéncias Biologicas I, requisito requerido pelo Programa

de Pos-graduacdo em Bioquimica da Unipampa.


http://www.springer.com/medicine/internal/journal/10753
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Abstract

Background: The therapeutic ultrasound (US) associated with drugs or substances derived from plants
(phonophoresis) could act in inflammation. Ilex paraguariensis (llex) is popular in South of America with
antioxidant and anti-inflammatory activities which could be associated with US.

Obijectives: Verify the effect of phonophoresis with extract of llex in muscle inflammation induced by
carrageenan in the gastrocnemius muscle of rats.

Methodology: Muscular inflammation was induced by carrageenan injection in rats. Groups of animals
were treated with US or phonophoresis with Ilex, performed daily for 10 days. Behavioral tests such as
mechanical and thermal hyperalgesia and edema were performed. We analyzed muscle oxidative
(Thiobarbituric acid reactive substance - TBARS) and antioxidants parameters (Ferric reducing antioxidant
potential — FRAP); amount of proinflammatory (Tumor necrosis factor alpha - TNF-o and Interleukin-6 —
IL-6) and anti-inflammatory cytokines (IL-4 and IL-10) in muscle and spinal cord; as well as muscle
histology.

Results: We observe reduction of the painful response and edema of the rats 24 hours after carrageenan
and two hours after treatment (p<0,01), that allowed during the 10 days in phonophoresis group (p<0,01).
The proinflammatory cytokines (p<0,05) and lipid peroxidation (p<0,05) were reduced both in
phonophoresis and US groups. However, the phonophoresis group presented increased antioxidant capacity
(FRAP) (p<0,05). Anti-inflammatory effects of US and phonophoresis were confirmed by histological
analysis.

Conclusion: Phonophoresis reduced pain and edema more intensely than US. Both treatments reduced
proinflammatory cytokines and TBARS. In addition, the phonophoresis with llex presented an antioxidant
effect.

Keywords: Phonophoresis; llex paraguariensis; Inflammation; Cytokine; Oxidative damage.
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1. Introduction

The use of therapeutic ultrasound (US) is an alternative to reduce behavioral and tissue problems
found in patients with many problems including muscular inflammation. The US is a commonly applied
feature in accelerating tissue repair of muscle injuries, resulting in increased protein synthesis and mast cell
secretion, changes in fibroblast mobility, among others. This technique needs a conductive medium that
enables a tight bond between the skin and the US transducer, usually a gel with or without associated
substances [40] . Phonophoresis is the application of topical drugs to the external layer of the skin with the
aid of US. The use of US increases the concentration of the drug in the tissue being treated by increasing
the permeability of the skin to molecules with low or high molecular weights [29].

Substances derived from plants may be associated with use of the US and appear successfully used
with plant extracts in animal models of inflammation [41, 42]. llex paraguariensis (llex), popularly known
as mate-grass, is a species native to South America and its use is common within Brazil, Argentina, Uruguay
and Paraguay [43]. In its phytochemical profile, yerba mate is composed of xanthines and polyphenols,
which are phenolic compounds with effects on metabolism [37] Authors describe Ilex with antioxidant,
anti-inflammatory and antimutagenic activities [34, 35].

Muscle pain is one of the most frequent symptoms encountered by primary care providers and
could be treated by several health professionals [44]. Muscle injury is characterized by increased production
of inflammatory and biochemical mediators. The inflammation could be expressed by a set of indirect
markers of muscle damage, such as muscle pain. Local cells of muscle inflammation release several
substances among them are described inflammatory cytokines, growth factors and prostaglandins.
Additionally, factors such as reactive oxygen species (ROS) and consequent oxidative stress are directly
involved in the inflammatory process in the muscle [21].

Inflammatory processes are usually treated with drugs, but they may have important adverse
effects, especially in gastrointestinal tract. In view of this, forms of administration of drugs and natural
agents such as llex - just at the site of the injury, as in phonophoresis - may be an interesting strategy for
the government, for health professionals and especially for patients with inflammatory pain, since both have
anti-inflammatory potential. Thus, the aim of this study was to investigate the anti-inflammatory effect of
phonophoresis with llex paraguariensis (phonophoresis) on carrageenan-induced muscle inflammation in
rats.

2. Materials and methods

2.1. Animals and Ethic Committee

A total of 66 male Wistar rats were used in these studies (200 - 300g). All of the procedures used
in the present study were approved by the Institutional Ethics Committee of the Federal University of
Pampa (CEUA/UNIPAMPA, protocol number 022/2016) and were carried out in accordance with the
“Principles of Laboratory Animal Care” from the National Institutes of Health publication N°. 85-23.
Animals were housed in the Animal Care Facility with a 12-h light-dark cycle (lights on at 07:00 am), they
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kept in a room with controlled temperature (22+1 °C) and humidity (50 to 80 %). The animals were
acclimatized to the laboratory settings for at least 1 h before testing and were used only once throughout
the experiments. In addition, the experimental procedures were in agreement with the current guidelines
for the care and protection of animals used for scientific purposes (Directive 2010/63/EU revising Directive
86/609/EEC) and the National Institutes of Health Guidelines. Moreover, the experimental procedures were
in agreement with the ethical guidelines for investigations of experimental pain in conscious animals as

previously specified [45].

2.2. Experimental Design

In Figure 1, we could observe the experimental design. Initially the animals were divided into
seven experimental groups: (1) saline intra muscular (i.m.); (2) carrageenan i.m.; (3) carrageenan i.m. plus
US; (4) carrageenan i.m. plus US associated with llex - infusion 1 (llex 1); (5) carrageenan i.m. plus US
associated with llex - infusion 5 (llex 2); (6) carrageenan i.m. plus US associated with llex - infusion 10
(llex 3); (7) carrageenan i.m. plus llex - infusion 10 passed topically on the gastrocnemius muscle of rat
with the US turned off (Topic). These animals were evaluated for mechanical and thermal sensitivity and
edema. After the behavioral analyses of these animals, we chose the best dose of llex to proceed with more
experimental procedures. In the second phase, the animals were divided into four experimental groups: (1)
saline i.m.; (2) carrageenan i.m.; (3) carrageenan i.m. plus US; (4) carrageenan i.m. plus US associated with
llex - infusion 10 (llex). In this group of animals, we evaluated the amount of cytokines in muscle and

spinal cord, oxidative parameters and histology (Fig. 1).

Figure 1

2.3. Inflammatory Muscle Pain Model

The rats received 100 uL of 3 % carrageenan dissolved in sterile isotonic saline, which has a
slightly acidic pH (6.0), was injected intramuscularly in the gastrocnemius muscle (right). In another group

of animals, saline was injected intramuscularly (pH=6.0). [3]
2.4. Phonophoresis Treatment

Before the first treatment, all animals had the skin on the right gastrocnemius muscle depilated
with a blade. Four days before the first treatment, all rats were exposed to the researcher's touch. The
experimenter sustained the animal for one minute.
2.4.1. Extraction Method

The process of obtaining the aqueous extract was carried out in a similar to the preparation of the

"chimarrdo" by adding in a medium-sized gourd a sufficient amount of commercial sample mate

(Madrugada®, Venancio Aires/RS) to occupy a third of the volume of the bowl (85 g), and the free volume
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was quenched with water (70 mL) at 80 °C. The water in the bowl remained in contact with the weed for 1
minute and soon after the water was sucked through a syringe. Extracts from infusions 1, 5 and 10 (mate)
were filtered (5 mL) and added to the water-based carbopol gel (25 mL) and added to the gel for subsequent
treatments [2, 33-35]. From the first extraction the first dose was withdrawn. In the same way, the fifth
extraction was used as dose 2 and the tenth extraction as dose 3 . The others (2,3,4,6,7,8,9) were removed

and discarded. This process was done every day of treatment and the gel maintained the consistency.

2.4.2 Ultrasound Parameters

The ultrasound generator used was the Sonopulse, Ibramed® (Amparo, S&o Paulo, Brazil) with a
transduction area of 1 cm?. The treatment with US was performed by 1 min. Ultrasound was employed in
the continuous mode at a frequency of 3 MHz and 0.8 W/cm2, directly on the skin [26, 37]. To perform the
US or phonophoresis, the animals were held by the researcher. Thus, the right paw was positioned and the

posterior part was exposed to the contact with the US transducer.

2.5. Behavioral Testing

Animals were acclimated to the behavioral tests for 2 days prior to assessment. For cutaneous
mechanical hyperalgesia, they were acclimated to the wire mesh platform for 5 min per session, twice per

day. Prior to testing, animals were acclimated to the behavioral testing room for 1 h.

2.5.1. Cutaneous Mechanical Hyperalgesia

Mechanical hyperalgesia of the paw was assessed with von Frey filaments (Stoelting, Chicago,
USA) using bending forces from 0.02 to 4 g. Fifty percent mechanical paw withdrawal threshold (the force
of the von Frey hair in grams to which an animal reacts in 50 % of the presentations) was determined
according to the Dixon up-and-down method [46]. On each testing day, the rats were habituated in
individual Plexiglas boxes (9 cmx7 cmx11 cm) on an elevated wire mesh platform for 1 h. Testing was
initiated with the 0.4-g filament. The filaments were applied and held for a period of approximately 3 s
from underneath the grid floor perpendicular to the plantar surface. A positive response was recorded if the
paw was withdrawn, in which case the next weaker filament was applied and the next measurement
recorded. In the absence of a response, the next stronger filament was presented. This procedure continued
until six responses in the immediate vicinity of the 50 % threshold were obtained. The resulting sequence
of positive and negative response was used to interpolate the threshold. Mechanical nociceptive thresholds
were evaluated before the carrageenan injection to characterize the baseline response as well as 24 h after

(time course) and after in the 1%, 2nd, 3t 5t 7t 8t and 9™ days after first phonophoresis treatment.

2.5.2. Thermal Sensitivity to Cold
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Cold hypersensitivity was evaluated with the animals were placed in observation chambers on top
of an elevated wire mesh platform to allow access to the plantar surface. After that, 0.05 mL of acetone was
sprayed against the ventral side of their hind paw. The animals were evaluated for 20 s and, in case of
response, for an additional 20 s. Responses were graded to the following four-point scale: 0, no response;
1, quick withdrawal, flick or stamp of the paw; 2, prolonged withdrawal or repeated flicking of the paw; 3,
repeated flicking of the paw with licking directed at the ventral side of the paw. Acetone was applied
alternately, three times to each paw and the responses were scored.

Cumulative scores were then generated by adding the six scores together for each rat — the
minimum score being 0 and the maximum 18. Cold hypersensitivity was evaluated before and 24h after
saline or carrageenan treatments as described above, being assessed 1%, 2", 3t 5t 7t 8t and 9™ days after

the first phonophoresis treatment [47].

2.5.3. Edema

To evaluate the edema, a digital pachymeter was used to measure the muscular diameter (in
millimeters). A line was drawn between the origin and insertion of the gastrocnemius muscle and the
pachymeter was positioned transversely to the muscle, in the midline of it. At this local, the muscle diameter
was measure. This evaluation was also performed on the unaffected limb of the animal for comparison to
the affected muscle. The evaluation was performed three times in each muscle (both sides) and the
difference between the measures was used as the final result. Edema response was assessed before and after

carrageenan injection on 1%, 2", 4% 6t 8" and 9™ days after the treatments.

2.6. Removal of tissues for analysis

One day after carrageenan injection rats were killed by decapitation and gastrocnemius muscle
injected with carrageenan and the whole lumbar spinal cord were removed. In treated animals, the muscle
and spinal cord were removed 2h after phonophoresis or US. The muscle was divided transversely into
three equal parts, the upper part was separated for evaluations of oxidative stress, the middle for the

cytokines, and the lower for histology (Fig. 1).

2.7. Measurement of Cytokines in Muscle and Spinal Cord

All tissue samples for cytokines evaluations were weighed, frozen in liquid nitrogen, and stored
at -70 °C until Enzyme Linked Immuno Sorbent Assay (ELISA). For cytokine assay, samples were
homogenized in phosphate-buffered saline (PBS, pH 7.4) with Tween 20 (0.05 %), 0.1 mM
phenylmethylsulfonyl fluoride (PMSF), 10 mM EDTA, 2 ng/mL aprotinin, and 0.1 mM benzemethonium
chloride. After homogenization samples were centrifuged at 3,000xg for 10 min at 4 °C, and the supernatant
was obtained and used for further analysis. The levels of TNF-a, IL-1p, IL-6 and IL-10 were measured
using sample aliquots of 100 pL and rat cytokine ELISA kits from R&D Systems (Minneapolis, MN, USA),

according to the manufacturer’s. The level of cytokine was estimated by interpolation from a standard curve
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by colorimetric measurements at 450 nm (correction wavelength 540 nm) on an ELISA plate reader
(Berthold Technologies—Apollo 8—LB 912, KG, Germany). The total protein content of the supernatant
was measured using the Bradford method and all results were expressed as picograms per milligram of

protein.

2.8. Measurement of Oxidative Parameters in Muscle

2.7.1 Muscle Tissue Preparation

Rats of all groups were euthanized 2h after the treatment. Their muscles were removed and
homogenized in 50 mM TrisHCI, pH 7.4, (1/10, w/v). Afterwards, samples were centrifuged at 2400rpm

for 10 min and supernatants were used for assay.

2.8.2. Detection of TBARS Level

Lipoperoxidation was assessed through the Thiobarbituric Acid Reactive Substance (TBARS) test
[48]. Each sample aliquot was incubated with a solution of 0.8% thiobarbituric acid, acetic acid buffer (pH
3.2) and sodium dodecylsulfate solution (8%) at 95 °C for 2 h. The color reaction was measured at 532 nm

and the results were expressed as nmol of Malondialdehyde (MDA) per mg of protein.

2.8.3. Ferric Reducing Antioxidant Potential (FRAP)

The sample was prepared by mixing 25 mL of buffer acetate, 2.5 mL of 2,4,6-Tri(2-piridil)-s-
triazina (TPTZ) solution and 2.5 mL of FeCls - 6H20 solution. 10 uL of homogenized sample was added
to a microplate along with 300uL of working reagent [49]. A standard curve with 10 pL trolox
(concentrations of 15, 30, 60, 120 and 240 mM) and 300 pL of working reagent. The microplate was
incubated at 37 °C for 15 minutes before reading on the SpectraMax M5 Reader at 593 nm. Each sample

was analyzed in triplicate.

2.9. Muscle Histology

Histological samples were fixed in formaldehyde buffered with 4% formaldehyde (0.1 M, pH 7.4)
for a minimum of 48 hours. Samples were placed in tap water for 2 hours to remove excess fixative. After
dehydration in increasing ethanolic series and xylol bath, the samples were included in paraffin maintained
at 60 °C. Samples were cut into a Leica RM 2025 microtome with a thickness of 5 um. The histological
sections were dewaxed, hydrated according to routine methods and stained using the Giemsa technique.
The staining of Giemsa was used in preference to other stains since it is specific to blood cells and
infiltrated. The histological slides were photographed using a light microscope (Opticam system, mod.
O500R, USA) 10x magnification and using digital image capture (Opticam, mod. Lopt 14003, USA).



33

2.10. Statistical Analysis

Data are presented as mean = standard error of the mean (SEM). Behavioral experiments were
statistically evaluated by repeated measures ANOVA followed by the post hoc Student-Newman-Keuls
test. For ELISA and immunohistochemistry experiments, data were examined with a one-way ANOVA
followed by the post hoc Student-Newman-Keuls test. Statistical analysis was performed with GraphPad

Software (San Diego, CA, USA). The significance level in all cases was set at p<0.05.

3. Results

3.1. Reduction of mechanical hyperalgesia and edema by ultrasound and phonophoresis using llex

paraguariensis.

To test if ultrasound and phonophoresis reduces pain behaviors, we tested a series of pain
behaviors in animals with muscle inflammation. Initially, we test withdrawal threshold of the paw in rats
and we verified the animals that received carrageenan in the gastrocnemius muscle showed an increase in
the paw withdrawal threshold compared to rats with saline in the muscle. We observed that the carrageenan
group of animals maintained the hyperalgesic response compared to the saline group in those 24 hours (Fig.
2A) and during the evaluation protocol for 10 days (Fig. 2B).

After the first treatment with US or US with llex-associated (phonophoresis), we obtained a
reduction of the painful response of the rats in the second hour after treatment (Fig. 2A). llex 2 (withdrawn
from the fifth “chimarrdao”) and Ilex 3 (withdrawn from the tenth “chimarrao”) were those that had a
statistically significant response (p<0.05; p<0.01; Reverse inhibition [RI] = 220.61%).

During the 10-day treatment protocol, the US or the phonophoresis treatments decreased animal
hyperalgesia response (Fig. 2B). Dose 2 of llex (llex 2) influenced hyperalgesia only from the fifth day of
treatment, and llex 1 (withdrawal of the first "chimarrdo") showed response from the seventh day. The
treatment with US presented results from the third day of treatment, however, phonophoresis with llex 3
obtained positive effects in decreased mechanical hyperalgesia of these rats from the first treatment day
until the last day evaluated (p<0.05 in first day; p<0.001 and RI=311.46% in nine day).

Figure 2

On thermal sensitivity to cold tests, the animals did not present any response after treatment, only
the carrageenan group maintained a painful cold response until the third day evaluated (Fig. 2C).
As for the analysis of edema, the treatments of US and phonophoresis with Ilex 2 obtained anti-
edematogenic effect from the first day after treatment and was maintained throughout the protocol.
Phonophoresis treatment with dose 1 responded only on days 3, 7 and 9, and phonophoresis with dose 3
had a decrease in paw edema after the third day of treatment, but remained until the end of the evaluated
days (Fig. 2D) (p<0.05; p<0.01; maxima inhibition [M1]=425+44).
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3.2. Inhibition of proinflammatory cytokines TNF-a and IL-6 in the muscle of animals treated with

ultrasound and phonophoresis using llex paraguariensis.

The TNF-o and IL-6 levels were higher in the inflamed muscle (Fig. 3A and B), but anti-
inflammatory cytokines - IL-4 and IL-10 - did not differ significantly when compared with muscle of
animals with saline i.m. (Fig. 3). Among US and phonophoresis treatments of rats, we observed difference
in the amount of the pro-inflammatory cytokines in the gastrocnemius muscle. There was evidence in both
TNF-a (Fig. 3A) and IL-6 (Fig. 3B) because we observe significantly reduced their levels in the animals
treated with US and in the group treated with phonophoresis and yerba mate (llex group) (p<0.05 and MI=
63+9; 776 respectively).

It is important to note that we did not observe statistical difference in cytokine levels (anti or pro-
inflammatory) in the spinal cord of animals after 24 h of carrageenan injection. That is, there was no
difference even between the groups of animals that received saline i.m. with the carrageenan rats, which

received carrageenan i.m. (data not shown).

Figure 3

3.3 Reduction of markers of oxidative damage in muscle of rats treated with ultrasound and phonophoresis

associated with llex paraguariensis.

Muscle oxidative damage was assessed by production of reactive species of to thiobarbithuric acid
(TBARS) levels, which was increased in animals receiving carrageenan injection (Fig. 4A). There was
significant reduction of oxidative stress in both the groups that received treatment - with US and

phonophoresis - compared to the carrageenan group (Fig. 4A) (p<0.05 and MI=46+7).

3.4 Increased antioxidant capacity in muscle of rats treated with phonophoresis with Ilex paraguariensis.
In the evaluation of the iron-reducing antioxidant capacity (FRAP), the carrageenan group caused

a reduction of FRAP compared to the saline group (Fig. 4B). The treatment with US associated with Ilex

showed to be able to prevent this decrease (p<0.05 and M1=36%6).

Figure 4

3.5 Reduction of leukocyte infiltrate in muscle of rats treated with ultrasound and phonophoresis associated

with llex paraguariensis.

Figure 5A shows the absence of leukocyte infiltrate in the endomysium and perimysium of the
muscles that received saline (NaCl 0.9%) compared to the animal’s muscle with carrageenan (Fig. 5B). In

rats that received carrageenan (Fig. 5B), there was a conspicuous migration of polymorphonuclear cells
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(leukocyte infiltrate). In the treatments with US and phonophoresis with llex, there was reduction of the

inflammatory process, whose cellular indicator is the amount of polymorphonuclear infiltrate.

Figure 5

4. Discussion

The processes of muscle damage and inflammation have been reviewed for many authors.
Inflammation encompasses clinical, physiological, cellular and molecular changes within injured tissue
[50-52]. In our study, we demonstrated for the first time the anti-inflammatory action of phonophoresis,
using llex in vivo, on an inflammatory muscle injury induced by carrageenan and part of its mechanism of
action. Prior to this work, phytochemical evaluation of |. paraguariensis had revealed the presence of
chlorogenic acid, caffeic acid, caffeine and theobrominein the extracts [33-35].

In the present study, the effectiveness of treatment with phonophoresis using llex was comparable
to that of treatment with US. The action of US on biologic tissue is based on thermal and nonthermal effects
of the US waves. The US has been used to treat various musculoskeletal disorders with evidence of
significant therapeutic effects, for example, favoring tissue regeneration, i.e. improving membrane
permeability and cell diffusion, intracellular calcium levels and causing changes in electrical activity of
peripheral nerves [42]. It is known that, when applied in the first hours after an injury, the US has anti-
inflammatory action. US waves interacting with biologic tissue promotes reduction of stiffness, pain and
muscle spasm, and produces a mild inflammatory reaction [53, 54].

In addition to accelerating the regenerative process, the US allows the entry or prior margination
of macrophages in the damaged area. These cells in damage local accelerate the inflammatory process, in
which it stimulates the release of growth factors that initiate the regenerative process. This procedure may
be followed by changes in damage markers, such as muscle mass, protein concentration and number of
mionuclears [23]. Our results show that the US was able to reduce inflammation of the gastrocnemius
muscle of rats by reducing edema and hyperalgesia. However, when US was associated with the yerba mate
extract, these effects were potentiated.

The skin has evolved to resist the penetration of foreign substances and particles. Effective topical
drug delivery into and/or through the skin is hindered by these epidermal barriers. A range of physical
enhancement methods has been developed to selectively overcome this barrier [55]. Acoustic targeted drug
delivery (ATDD) has been explored as a promising method to enhance the delivery of therapeutic agents
to the target tissues. The underlying mechanism for ATDD is the use of ultrasound energy mediated
transport of molecules into the target tissues [31].

Authors report that phonophoresis could be administered to improve the penetration of drugs and
other chemically active principles, for example, when given diclofenac diethylammonium, gold nano
particles and a combination of them using US in a mouse model with tendinopathy. The results revealed a
reduction of IL-1p in the three treated groups when compared to the external control. However, the best

results were present in the group that received all associated techniques [16, 26]. .
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Phonophoresis has some advantages, among them: localized action of the drug, absence and/or
decrease of side effects of drugs resulting from systemic actions and prevention of gastrointestinal effects,
as well as first pass effect in the liver. Another positive point of this technique is the addiction of the effects
of ultrasound associated with the effects of the drug in the treatment of the injuries, which can accelerate
the process of reappearance of muscular injuries [1, 56]. In our work, we could observe that the anti-
inflammatory effect of phonophoresis treatment in reducing edema and mechanical and thermal
hyperalgesia was more prominent than treatment with US.

We also observed that the third dose of llex was better compared to the other two llex doses. In a
comparative study of herbs from Brazil, Argentina and Uruguay, it was found that Brazilian herbs have a
lower bioactive concentration than the others substances derived from plants, and the sequence of
extractions performed simulating the habit of the mate interferes with the concentration of the extracted
compounds [34, 35].

Following a higher concentration of chlorogenic acid, caffeic acid, caffeine and theobromine.
Caffeic acid is an important biosynthetic precursor and has the ability to eliminate free radicals, which
contributes to the high antioxidant capacity of the extracts of Ilex. However, a lower concentration of caffeic
acid could inhibit more than 95% of the advanced end products of glycation [33, 34] .

In the present study, we showed that US was able to decreased pro inflammatory cytokines present
in the injured muscle, as well demonstrated by other works [8, 15]. In addition to reducing inflammation,
US decreased oxidative stress as demonstrated by levels of TBARS in muscle. Other studies also
demonstrate the effects of US alone, with gel enriched with active products (eg, US plus gel-diosmin) [22]
or with other associated treatments (eg cryotherapy) [57], in inflammation and TBARS levels.

Cellular infiltration of injured skeletal muscle progresses though several stages, generally
characterized by early neutrophil invasion, followed by sequential increases in macrophages follows a
sequential invasion of the damaged tissue by these cell types [58]. Neutrophils and M1 macrophages are
major sources for Type 1 T (Th1) cytokines, as TNF-o and IL-6, and chemokines that promote satellite cell
proliferation and migration. Although Th1l cytokines could further drive the activation of neutrophils and
M1 macrophages to produce more Th1l cytokines. This positive feedback would tend to retain satellite cells
in the proliferative stage if the Th1l inflammatory response were perpetuated.

Thus, attenuation of the Thl inflammatory response and its role in driving the proliferative stage
of myogenesis would require a negative regulator to deactivate neutrophils and M1 macrophages and
thereby facilitate the transition of satellite cells to terminal differentiation [59]. Therefore, treatments such
as US and phonophoresis can be greatly beneficial in this situation. The M1 macrophages can then be
deactivated and switch to a M2 phenotype that promotes differentiation, regeneration, and growth of the
injured muscle [59]. However, our treatments were unable to perform this function, at least in the timeline
proposed in this work.

In addition, little is known of the complex interactions that may occur in injured muscle in vivo
between the oxidative stress that commonly accompanies intense muscle use or muscle injury. Increased
oxidative stress may be the most important among the many nonphysiological stresses applied to satellite
cells in vitro that may have differential effects on dystrophic and wild-type satellite cells [59]. Some studies

suggest that peak neutrophil infiltration of the damaged muscle occurs within 24 h post-injury and is
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associated with both maximum fiber tearing and maximum oxidant production [19, 20], same time studied
in our work. During the maximal activation of inflammatory cells such as neutrophils, monocytes and
macrophages, superoxide radicals are produced. Reactive oxygen species include a large number of
chemically reactive oxygen-derived molecules, including superoxide radical (O>), hydroxyl radical (OH-)
and hydrogen peroxide (H202) [60]. Both the US and phonophoresis treatments reduced lipid peroxidation
and the amount of inflammatory cytokines, factors that seem to be related.

However, we demonstrated for the first time that, in addition to reducing inflammatory cytokines
and oxidative stress, phonophoresis with Illex was able to increase the antioxidant activity in the inflamed
muscle. In the aerobic systems, it is essential the balance between oxide-reducing agents and the antioxidant
defense system. Cellular defense systems can be detoxifying or repairing the injury [60]. Oxidative stress
could increase cytokine production via several different mechanisms. Oxygen derivatives, acting as second
messengers, activate the transcription factors nuclear factor kappa B (NFxB) and activator protein-1 (AP-
1) leading to the transcription of genes encoding cytokines and growth factors [24, 61]. There are not many
works in the literature on yerba mate, however, it is suggested that the anti-inflammatory capacity may be
due to the predominant compound of extracts which is chlorogenic acid (CGA, 3-O-caffeine acid). Recent
evidence suggests that this compound may produce beneficial effects related to antioxidant activity, such
as neuroprotective effects [33]. Natural antioxidants prevent the ROS generation, oxidation of proteins, and
lipid peroxidation, thus acting as upstream therapeutic barriers to oxidative stress [30]. In fact, the
pharmacological activity of Ilex beverage involves a potential antioxidant in vitro and in vivo, anti-
inflammatory, anti-mutagenic properties, anti-obesity, among others [2, 36].

In this way, our suggestion is that phonophoresis with llex may be a potent ally in the treatment
of inflammatory conditions, especially in muscle damage. We also believe that its potent reduction in
hyperalgesia over the course of treatment days, more prominent than the effect observed only with treatment
with the US, is due to the fact that Ilex increases the antioxidant activity of the muscle and possibly a further
reduction of inflammatory cells as well as factors released by them (such as inflammatory cytokines). Our
next studies aim to analyze the muscular response during the treatment with phonophoresis associated with
yerba mate and to discover its mechanisms in models of chronic inflammation.

In a subsequent study, it was shown that the extract of Ilex was able to reduce carrageenin-induced
inflammation and edema in rats and the ability to discontinue inducible nitric oxide-synthase (iNOS) and
cyclooxygenase-2 expression (COX-2). The main agents involved in the formation of edema are bioactive
amines, histamines and serotonin, as well as bradykinin. After, they follow the prostaglandins, which are
involved in the increase of vascular permeability, together with nitric oxid (NO), formed by leukocytes,
endothelial and sensory cells, nerve cells at the site of inflammation [37].

In vitro NO production by lymphatic endothelial cells in direct response to the cytokines TNF-a,
IL-6, and IL-1p suggests that any cytokine-associated lymphatic vessel dilation may result from NO
production by LECs only with cooperation from other cells, by cell types other than LECs, from complex

cytokine/NO feedback interactions, or from mechanisms not directly connected to NO [62].

5. Conclusion
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Our data demonstrate that carrageenan was able to generate behavior of mechanical pain and
edema and that the US reduced mechanical hyperalgesia and decreased edema. Additionally, we have also
demonstrated the enrichment US gel with I. Paraguariensis showed a greater antinociceptive and
antidematogenic effect bigger than US alone. Furthermore, our data demonstrated that the US and the US
plus llex effects may be, at least in part, due to the fact that both treatments decrease inflammatory cytokines
(IL-6 and TNF-a), as well as reduce the lipid peroxidation of the cell. In addition, the US associated to llex
presented an antioxidant effect that may also be responsible for the inflammatory reduction response found
in rats. Thus, phonophoresis associated to Ilex paraguariensis may be an alternative to medications to
stimulate anti oxidative and anti-inflammatory pathways to promote inflammation healing and reduce

muscular pain.
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Figure legends

Fig 1. Experimental design: first phase - mechanical and thermal sensitivity and edema evaluations over 10
days of treatment with US or US + llex paraguariensis or topic llex after muscle inflammation induced by
carrageenan; second phase - amount of cytokines in muscle and spinal cord, oxidative parameters and
histology evaluations at 2h after treatment with US or US + Ilex paraguariensis (phonophoresis).

Fig 2. Behavioral tests in animals submitted to injection of carrageenan and treated with phonophoresis and
llex paraguariensis. [A] Evaluation of hyperalgesia (von Frey) at 24 hours after the first treatment with US
and phonophoresis associated with llex. [B] Evaluation of hyperalgesia (von Frey) during a 10-day
treatment protocol. [C] Thermal sensitivity to cold test. [D] Evaluation of edema during 10-day treatment
protocol with US and phonophoresis associated with llex. # Carrageenan group compared to the saline; +
US group compared to the carrageenan group; % llex 1 group compared to the carrageenan group; & llex
2 group compared to the carrageenan group; * Ilex 3 group compared to the carrageenan group. *p<0.05;
**p<0.01; ***p<0.001 was considered to indicate a statistically significant difference based in one-way
analysis of variance followed by Newmann-Keuls post hoc test.

Fig 3. Effects of phonophoresis with Ilex paraguariensis in pro-inflammatory and anti-inflammatory
interleukins in animals exposed to an experimental model of muscle inflammation. Cytokines evaluated
were tumor necrosis factor a [TNFa] [A], interleukin-6 [IL-6] [B], ilterleukin-4 [IL-4] [C] and interleukin-
10 [IL-10]) [D]. # means the difference between carrageenan group and saline (p<0.05 was considered to
indicate a statistically significant difference). * means the difference when compared to the carrageenan
group (p<0.05 was considered to indicate a statistically significant difference based in one-way analysis of
variance followed by Newmann-Keuls post hoc test.).

Fig 4. Effect of US and phonophoresis with llex paraguariensis on oxidative damage (thiobarbituric acid
reactive substance [TBARS] [A] and in the antioxidant capacity (Ferric Reducing Antioxidant Potential
(FRAP) [B]. # means the difference between carragenaan group and saline (p<0.05 was considered to
indicate a statistically significant difference). * means the difference when compared to the carrageenan
group (p<0.05 was considered to indicate a statistically significant difference based in one-way analysis of
variance followed by Newmann-Keuls post hoc test.).

Fig 5. Representative images of the gastrocnemius muscle of rats receiving i.m. (A) or carrageenan i.m. (B,
C and D). C represents the muscle of the ultrasound (US) treated animal and D represents the muscle of an
animal treated with phonophoresis using llex paraguariensis. Black arrows indicates migration of
polymorphonuclear cells (leukocyte infiltrate). Stain: Giemsa. Bar: 50 um
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5. CONCLUSAO

O presente estudo mostra claramente que a Carragenina foi capaz de gerar
hiperalgesia mecanica e edema em ratos submetidos a uma lesdo inflamatéria muscular
induzida por carragenina. Além disso, também demonstrou que o gel de US enriquecido
com o extrato da planta llex paraguariensis, tratamento conhecido como fonoforese,
possuiu maior efeito antihiperalgésico e antiedematogénico, comparado ao tratamento
somente com US e gel sem principio ativo.

Ademais, os dados demonstraram que os efeitos do US e do US associado a llex
podem ser, devido ao fato de que ambos os tratamentos diminuem as citocinas
inflamatorias (IL-6 e TNF-a) e reduzem a peroxidacdo lipidica da célula. Ainda, o US
associado a llex paraguariensis apresentou um efeito antioxidante que também pode ser
responsavel pela reducdo da inflamacgédo encontrada em ratos tratados com a fonoforese.

Assim, a fonoforese associada a llex paraguariensis pode ser uma alternativa
terapéutica aos medicamentos para estimular caminhos antioxidativos e anti-

inflamatdrios que promovem o reparo tecidual e reduzem a dor muscular.
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