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RESUMO

O veneno da B. moojeni (VBm) contém toxinas, que apresentam efeitos téxicos locais
desencadeando pronunciado processo inflamatério, dor, hemorragia, edema e
mionecrose. A fonoforese € uma técnica que utiliza o ultrassom terapéutico (UST)
associado a um agente com propriedades farmacoldgicas, essa associagao possibilita
a otimizagao de sistemas que veiculam drogas em nanoformulagdes. A Rosmarinus
Officinalis € uma planta que apresenta efeito anti-inflamatério, analgésico e
antioxidante. Sendo assim, este estudo teve por objetivo avaliar o efeito modulador da
aplicacado do nanogel de R. officinalis associado a fonoforese sobre a lesdo muscular
induzida por VBm em ratos wistar. Os resultados quimicos demonstraram
majoritariamente aos compostos Limoneno (5,08 %), 1,8 Cineol (35,28%) e Canfora
(46,92 %). A nanoemulsdo (NAE) apresentou estabilidade com diametro de gota
média entre 213+2.1 (1° dia) a 153.9+2.7 nm (30° dia), com indice de polidisperséo
variando entre 0.10£0.001 e 0.13£0.01. O nanogel foi preparado a partir da NAE em
hidrogel de carbopol. Foi aplicado 0,10 mg/kg de VBm para produzir a inflamagéo no
musculo gastrocnémio. Na evolugao do volume do edema, evidenciou que 0s grupos
tratados com UST (p<0.01), fonoforese com Dexametasona 0,5 mg/kg (p<0.001) e
nanoemulsdo 0,5 mg/kg (p<0.001) apresentaram efeito anti-edematogénico
significativo. Além de que, foram capazes de reduzir os niveis de CK e mioglobina,
recrutamento de células inflamatérias para o local da lesdo. Os achados
histopatolégicos reforcaram o efeito anti-inflamatério com diminuicdo dos danos
musculares e mionecrose. Portanto, sugere-se que foi possivel demonstrar a
efetividade modulatéria sobre o processo inflamatdrio e lesdo muscular induzida pelo
VBm, tanto com tratamento com UST quanto com a fonoforese associada ao nanogel
de R. officinalis, além disso, foi demonstrado a capacidade dos tratamentos em
atenuar os danos teciduais e incrementar o reparo.

Palavras-chave: Rosmarinus officinalis; Veneno de serpente; Fonoforese; anti-

inflamatorio; Lesao muscular; Dano tecidual.



ABSTRACT

The venom of B. moojeni (VBm) contains toxins that induce local toxic effects,
triggering a severe inflammatory process, pain, hemorrhage, edema, and
myonecrosis. Phonophoresis is a technique that uses therapeutic ultrasound (TUS)
associated with an agent with pharmacological properties, optimizing drug delivery
systems in nanoformulations. Rosmarinus officinalis is a plant with anti-inflammatory,
analgesic, and antioxidant effects. Therefore, this study aimed to evaluate the
modulatory effect of the application of R. officinalis nanogel associated with
phonophoresis on VBm-induced muscle injury in Wistar rats. The chemical results
demonstrated predominantly Limonene (5.08%), 1,8 Cineole (35.28%), and Camphor
(46.92%) compounds. The nanoemulsion (NAE) exhibited stability with a mean drop
diameter ranging from 213+2.1 (1st day) to 153.912.7 nm (30th day), with a
polydispersity index ranging from 0.10+0.001 to 0.13+£0.01. The nanogel was prepared
from NAE in a carbopol hydrogel. A dose of 0.10 mg/kg of VBm was applied to induce
inflammation in the gastrocnemius muscle. The evolution of edema volume showed
that the groups treated with TUS (p<0.01), phonophoresis with Dexamethasone 0,5
mg/kg (p<0.001), and nanoemulsion 0,5 mg/kg (p<0.001) presented a significant anti-
edematogenic effect. Moreover, they were able to reduce CK and myoglobin levels
and the recruitment of inflammatory cells to the injury site. Histopathological findings
reinforced the anti-inflammatory effect with decreased muscle damage and
myonecrosis. Therefore, it is suggested that the modulatory effectiveness on the
inflammatory process and muscle injury induced by VBm was demonstrated, both with
TUS treatment and with phonophoresis associated with R. officinalis nanogel.
Furthermore, the treatments were shown to attenuate tissue damage and enhance
repair.

Keywords: Rosmarinus officinalis, snake venom, phonophoresis, anti-inflammatory,

Tissue injury, Muscle damage.



1 INTRODUCAO

Anualmente ocorrem mais de 2,5 milhées de acidentes ofidicos em todo o
mundo, que representam um grave problema de saude publica em varias regides,
particularmente em paises de clima tropical e subtropical da regido amazdnica, como
o Brasil, onde serpentes do genero Bothrops sao responsaveis por 87% do total
destes acidentes (CAPELETTI et al., 2016; FELIZ-SILVA et al., 2017). As vitimas mais
afetadas sdo moradores de localidades endémicas, geralmente sédo trabalhadores de
areas rurais, cacadores e individuos que entram em locais de mata fechada, sitios e
fazendas, carecendo de roupas apropriadas para protecdo (SALVADOR et al., 2020).

As serpentes do género Bothrops pertencem a familia Viperidae e sdo as
espécies mais amplamente distribuidas na América Latina. A Bothrops moojeni € uma
serpente conhecida no Brasil por diversos nomes, tais como "caigaca", "jararacao" ou
"jararaca" e “comboia”, é frequentemente encontrada em regides quentes e secas
(ALCANTARA et al., 2018). O veneno da B. moojeni (VBm) contém uma variedade de
toxinas (enzimas), incluindo fosfolipase A2 (PLA2), metaloproteinases (SVMPs),
serino-proteinases, hialuronidases, entre outras que podem produzir as acgoes
biolégicas (MENALDO et al., 2017; AGUIAR et al., 2019).

O VBm apresenta efeitos toxicos locais que incluem pronunciado processo
inflamatdrio, dor, hemorragia, edema e mionecrose no local da picada, que
dependendo da intensidade, pode levar a necrose de tecidos profundos, danos
sistémicos e letalidade (CARVALHO et al., 2018). A resposta inflamatoria induzida
pelo VBm, é formada primariamente por um intenso edema, produzido por fatores
como a agao direta de componentes do veneno na microvasculatura, aumentando a
permeabilidade dos capilares, recrutamento de células inflamatérias e exacerbagao
da produgédo de mediadores enddégenos como histamina, prostaglandinas, cininas e
outros agentes pro-inflamatoérios (SUNITHA et al., 2015; PICANCO et al., 2016).

Em um acidente ofidico, o mecanismo de resposta inflamatéria ndo é
neutralizado completamente apds administracdo do soro antibotrépico, resultando em
pronunciado dano tecidual no local da inoculagdo do veneno, principalmente quando
administrado tardiamente. Para minimizar os efeitos locais provocados pelo veneno,
€ necessario a complementagdo com medicamentos anti-inflamatoérios e outras
terapias (PICOLO et al., 2002; FONSECA et al., 2004).



O ultrassom terapéutico (UST) é um recurso nao-invasivo usualmente
empregados na rotina fisioterapéutica, apresenta-se como destaque no tratamento
para reparacao de lesbes teciduais (MARTINS et al., 2011). O UST utiliza ondas
ultrassbénicas através de um transdutor promovendo energia sonora longitudinal que
penetra nos tecidos bioldgicos, e é capaz de produzir alteragdes celulares por efeitos
mecanicos e térmicos. Estes efeitos aumentam o metabolismo celular, o fluxo
sanguineo, o suprimento de oxigénio, permeabilidade e temperatura local (OLSSON
et al., 2008).

A fonoforese € uma técnica que utiliza o UST associado a um agente com
propriedades farmacolégicas, essa associagao possibilita a permeagao do farmaco e
favorece sua passagem transcutanea. O uso da fonoforese, em aplicacdes topicas
permite aumento da permeabilidade da membrana celular, diminuindo a resisténcia
cutdnea, aumento do fluxo sanguineo possibilitando maior penetragdo dos agentes
farmacoldégicos facilitando a sua absorgcao (LIMA et al., 2020). Tém sido propostos
avancgos terapéuticos que envolvem a associacdo da fonoforese combinada com
nanoformulagdes com a finalidade de potencializar os efeitos terapéuticos e levar a
melhoria das vias de absor¢do e administragdo de drogas aos tecidos-alvo (DOS
SANTOS HAUPENTHAL et al., 2020).

Os efeitos terapéuticos podem ser otimizados quando se utiliza sistemas que
veiculam drogas em nanoformulagdes. As nanoformulag¢des séo formas farmacéuticas
que transportam farmacos em escalas nanométricas, geralmente menor que 300 nm,
o uso destas formulag¢des pode melhorar seu indice terapéutico e reduzir propriedades
toxicas, melhorando a farmacocinética, biodistribuicao e eficacia (ASSIS et al., 2012;
PATRA et al., 2018). As nanoemulsdes sao uma classe de nanoformulagdes contendo
sistemas dispersos entre dois liquidos imisciveis, contendo uma fase aquosa e uma
oleosa estabilizadas por um agente tensoativo (OSTERTAG et al., 2012). Apresentam
como vantagens, maior estabilidade, maior poder de penetragdo nas membranas
biolégicas, melhor biodisponibilidade e solubilidade, favorecendo aumento do
potencial terapéutico (IRACHE et al., 2011).

A Rosmarinus officinalis L. € uma planta perene popularmente conhecida como
“alecrim”, € originaria das regides mediterraneas e pertencente a familia Lamiaceae.
A R. Officinalis é cultivada mundialmente por conta de suas propriedades nutricionais
e farmacolégicas (RODRIGUES et al., 2020; COSME et al., 2022). Da R. Officinalis é

extraido o o6leo essencial (OERO), que possui composicdo quimica rica em
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monoterpenos, como o 1,8-cineol, a-pineno, limoneno e canfora (TAKAYAMA et al.,
2016). Estudos prévios vém comprovando o significativo efeito anti-inflamatério,
analgésico e antioxidante relacionado ao OERO e a sua nanoemulsdo em modelos
experimentais (TAKAKI et al., 2008; BORGES et al., 2018; BORGES et al., 2019).
Diante da relevante atividade anti-inflamatério atribuida ao OERO e sua
nanoemulsao, assim como da necessidade de criagdo de abordagens terapéuticas
efetivas que venham minimizar os efeitos inflamatérios e os danos teciduais
provocados por acidentes ofidicos. Este estudo teve por objetivo avaliar o efeito anti-
inflamatdrio da aplicagdo do nanogel de R. officinalis associado a fonoforese em lesao

muscular induzida por veneno da serpente Bothrops moojeni em ratos wistar.
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2 OBJETIVOS
2.1 Objetivo geral

Avaliar o efeito anti-inflamatério da aplicagdo do nanogel de R. officinalis
associado a fonoforese em lesdo muscular induzida por veneno da serpente Bothrops

moojeni em ratos wistar.
2.2 Objetivos Especificos
- Avaliar a composi¢ao quimica do 6leo essencial de R. officinalis;

- Realizar o preparo, caracterizagao e estabilidade da nanoemulsédo do dleo

essencial da R. officinalis;

- Preparar um nanogel para aplicagao associado a fonoforese a partir do 6leo

essencial de R. officinalis;

- Avaliar o efeito do nanogel associado a fonoforese sobre lesdo muscular
induzida por veneno da serpente Bothrops moojeni em musculos de ratos wistar

através de marcadores de lesdo muscular e andlise histopatolégica.
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3 MATERIAL E METODOS

3.1 Obtencao do 6leo essencial de R. Officinalis (OERO)

O OERO (Lote 056757-LC02062016DA.) foi adquirido da Empresa Florien (S&o
Paulo, Brasil). De acordo com o certificado de qualidade da empresa, o OERO foi

extraido das folhas da espécie R. Officinalis.

3.2 Analise quimica do OERO por CG-MS

A analise da composicao quimica do OERO foi realizada por cromatografia em
fase gasosa acoplada a espectrometria de massa (GC-MS), onde 100 uL de OERO
foi solubilizados em 2 ml de Hexano grau CG-MS. As analises foram realizadas em
equipamento Shimadzu / GC-2010, auto-injetor Shimadzu / AOC-5000 e detector de
massa (Shimadzu MS2010 Plus) com impacto eletrénico (70 eV) equipado com uma
coluna de silica fundida de DB-5MS (Agilent Advanced J & W; 30 m x 0,25 mm x 0,25
Mm). Os parametros foram os seguintes: relagao de divisao 1:30; Hélio como gas de
arraste (65 kPa); volume de injecdo de 1,0 ul; Temperatura do injetor em 250 °C;
temperatura do detector, 250 °C; temperatura inicial da coluna, 60 °C durante 1 min;
taxa de aquecimento, 3 °C min-' a 290 ° C. O tempo de analise total foi de 41,30
minutos. A identificacdo dos compostos foi realizada através do padrdo de
fragmentagcado dos compostos comparado com a biblioteca de espectro de massa
contida no equipamento NIST 5.0 (RODRIGUES et al., 2020).

3.3 Obtencao, caracterizacao e estabilidade da nanoelmusao (NAE)

A nanoemulsdo (NAE) foi preparada usando técnica de baixo aporte de
energia, seguindo a metodologia descrita por BORGES et al., (2018). Para uma massa
final de 20 g, foi utilizado 90% de agua, 5% de OERO e 5 % de Tween 20.
Inicialmente, uma fase foi preparada adicionando OERO e Tween 20, a mistura foi
agitada usando um agitador magnético (750 rpm) por 30 min. Em seguida, a fase
aquosa foi adicionada a uma taxa de fluxo de 5,0 mL/min com agitacdo constante por
60 min. A estabilidade da nanoemulsao foi avaliada no 1°, 7°, 14° e 30° dias apos a

preparacao, utilizando analise macroscopica de cor, aspecto visual, separagao de
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fases e sedimentagcdo. O tamanho das particulas e indice de polidispersao foram
avaliados através de aparelho Zetasizer 5000 (Malvern Instruments, Malvern, Reino
Unido). A NAE foi diluida usando agua ultrapura Milli-Q (1:25), e as medidas foram

realizadas em triplicata e os valores expressos como média e desvio padréao.

3.4 Incorporacao da NAE em Gel de Carbémero

O gel de Carbébmero (Carbopol®) foi preparado empregando uma fase A:
Metilparabeno (0,3 %), Propilparabeno (0,2%), Propilenoglicol (4 %); fase B:
Carbopol® (2 %), Agua destilada (93.5 %). Foram aquecidos os componentes das
fases A e B, logo em seguida as fases foram misturadas lentamente com auxilio de
agitador mecanico até obtencdo de aspecto e caracteristica de gel base, a corregcéo
do pH para 6,5 foi realizado utilizando trietanolamina. Foi pesado 10 g (20%) de NAE
e acrescentou-se 40 g (80%) de gel Carbopol® que ficou sob agitagdo magnética (750
rpm) por 120 min, para formar uma formulagao final de 50 g. A determinagao da
proporcao gel/NAE foi verificada previamente pela caracteristica macroscépica do
nanogel formado, separagdo de fases, aspecto, cor, odor, espalhabilidade tépica,
deslizamento e acoplamento do transdutor do ultrassom em temperatura ambiente
(Alves Barros et al., 2017; Lima et al., 2020).

3.5 Consideracoes éticas, animais utilizados e obtencao do veneno de Bothrops
moojeni (VBm)

O presente estudo foi submetido ao Comité de Etica em Uso de Animais da
Universidade Federal do Amapa, CEUA-UNIFAP, e foi aprovado em 03 de novembro
de 2022, sob o Protocolo n° 020/2022.

Neste estudo foram utilizados ratos Wistar machos provenientes do Centro
Multidisciplinar para Investigacdo Bioldgica na Area da Ciéncia em Animais de
Laboratério CEMIB — Universidade de Campinas, UNICAMP, com 21 dias de idade.
Durante o estudo, os animais foram alojados em caixa de polietileno com grades inox,
medindo 60 cm x 50 cm x 22 cm. Foram mantidos em ambiente climatizado, os quais
ficaram por um periodo de ambientag&o, agrupados em grupo de cinco animais por
caixas, mantidos sob condi¢cbes controladas de temperatura (21 + °C), com livre

acesso a alimentacgao e agua potavel, com ciclos claro/escuro de 12 horas e troca de
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maravalha, no Laboratorio de Pesquisa em Farmacos da Universidade Federal do
Amapa.

O VBm utilizado neste estudo foi liofilizado e obtido do Serpentarium da
Universidade de Alfenas, Alfenas, Minas Gerais, Brasil. O veneno foi dissolvido em

solugao veiculo e injetado imediatamente nos animais durante o ensaio.

3.6 Delineamento experimental e lesao muscular induzida por VBm no musculo

gastrocnémio dos ratos

A lesdo no musculo gastrocnemio foi realizado como previamente descrito por
(Carvalho et al., 2021). Em que 0,10 mg/kg do veneno de B. Moojeni (VBm) foi diluido
em 100 pl de solugdo salina estéril e posteriormente administrada no musculo
esquerdo dos ratos. Apdés a aplicacdo do veneno, os animais foram tratados
diariamente durante 6 dias por via tdépica com aplicagdo do ultrassom terapéutico
(UST) ou fonoforese como descrito abaixo.

Os animais foram divididos em cinco grupos experimentais (n=5), sendo o
grupo de animais normais (NOR), o Unico grupo que nao recebeu tratamento e ndo
teve lesdo induzida pelo VBm; Grupo controle ndo-tratado (NTD); Grupo ultrassom
terapéutico (UST); Grupo tratado com fonoforese de dexametasona com dose de 0,5
mg/kg em gel (DEX); Grupo tratado com fonoforese do nanogel da NAE com dose de
0,5 mg/kg (NAE). Os parametros do ultrassom terapéutico (UST) e fonoforese, foram:
frequéncia de 1 MHz, pulsado a 20%, intensidade de 0,6 W/cm? e area de radiagao
efetiva (ERA) de 3 cm? (Dos Santos Haupenthal et al., 2020). A aplicagéo foi
diretamente na regido central do gastrocnémio com movimentos lentos, circulares e
uniformes. Utilizou-se o equipamento Sonopulse Special Ibramed (Imbramed

Company, Brasil).

3.7 Avaliacao dos niveis de CK e mioglobina do sangue coletado dos animais

No 7° dia os animais foram anestesiados e realizado coleta de 1,0 ml de sangue
do plexo retro-orbital, posteriormente o sangue coletado foi centrifugado por 10
minutos a 5.000 rpm, em seguida foi realizado a quantificagdo dos niveis séricos de
creatina quinase total (CK) empregando kit CK-NAC Liquiform (Labtest, Minas Gerais,

Brasil). As amostras foram analisadas em espectrofotdmetro UV-VIS model UVmini-
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1240 (Shimadzu Corporation, Kyoto, Japan). Para a analises dos niveis de mioglobina
foi realizado utilizando as instrugdes dos kits reagentes APOTI™ (Acro Biotech Inc.
California, EUA).

3.8Eutanasia, quantificacao de leucocitos e avaliacao histopatologica da lesao

Induzida por VBm no musculo gastrochémio

Apos a coleta, os animais foram eutanaseados com overdose de tiopental 3
vezes a dose terapéutica (40 mg/kg), em seguida o musculo gastrocnémio foi
removido e pesado em balanga analitica (Bel, Modelo: M214AIH, Sao Paulo, Brasil),
sendo uma parte separada para histopatologia e 400 mg foi triturado com auxilio de
uma lamina de bisturi e homogeneizados em 2 mL de PBS. A suspenséo foi incubada
por 30 min, aposteriormente foi filtrada com gaze. A fragdo da solugao filtrada foi
diluido em liquido de Turk (1:20) para a contagem total de leucécitos em camara de
Neubauer.

As amostras de musculo gastrocnémio para as analises histopatoldgicas
foram preparadas segundo a técnica descrita por CARVALHO et al., (2018), onde as
amostras foram armazenadas em formaldeido a 10% e, posteriormente, foram
desidratadas sucessivamente em alcoois graduados de 70, 80, 90 e 100%, foram
clarificados com xilol e emblocados em parafina a 60 °C. As amostras de tecidos foram
seccionadas com espessura de 5 ym com auxilio de micrétomo rotativo semi-
automatico (modelo CUT 5062 SLEE), posteriormente os cortes foram coradas pelo
método Hematoxilina-Eosina (H/E). As laminas foram analisadas em microscépio
optico Olympus (Modelo: CX31trinocular) em objetiva de 40X, onde foram observados
focos de infiltrado inflamatério no musculo, fibras musculares integras e com
mionecrose (SOUSA et al., 2013).

3.9 Analise estatistica dos resultados

Os valores foram apresentados como média e desvio padrao. Foram realizados
analise de variancia (ANOVA One-way) seguida do teste de Tukey para multiplas
comparagdes. Resultados que apresentaram diferencas de P<0,05 foram

considerados estatisticamente significativos entre os grupos.
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4 RESULTADOS E DISCUSSAO

Com relac&o a analise quimica do OERO por cromatografia gasosa acoplada a
espectrometria de massas (CG-MS), foi possivel realizar a integragao e identificagéo
dos picos comparando os espectros de fragmentagdo com a biblioteca do CG-MS,
sendo possivel identificar 14 compostos terpénicos presentes no OERO
representando 93.82 % dos compostos, correspondendo majoritariamente aos
compostos Limoneno com percentual de 5,08 %, 1,8 Cineol com 35,28% e Canfora
com 46,92 % (Figura 1 e Tabela 1).

Esses resultados quimicos corroboram com os encontrados por outros autores,
que reportam concentracdes elevadas de Canfora e 1,8 Cineol no OERO, com valores
variando entre 15 % a 45 % (FERNANDES et al., 2013; BORGES et al., 2018). Nos
estudos realizados por Duarte et al., (2015) e SATYAL et al., (2017) com o OERO,
destacam-se como principais constituintes os monoterpenos canfora, 1,8-cineol, a-

pineno, limoneno.

Figura 1- Cromatograma obtido por cromatografia gasosa acoplada espectrometria de massas (CG-
MS) da analise de OERO, onde: Pico 3 - Limoneno (5,08%), Pico 4 - 1,8-cineol (35,28%) e Pico 10 -
Canfora (46,92 %).
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Tabela 1 - Constituintes quimicos do dleo essencial de Rosmarinus officinalis L. (OERQO) determinado
por analise GC-MS. Tr (Tempo de retengdo em minutos).

Pico Composto Tr (min) Percentual (%)
1 B-mirceno 6.122 1.67
2 o-cimeno 6.490 0.56

3 Limoneno 8.474 5.08
4 1,8 Cineol 8.708 35.28
5 a-Terpineno 10.549 0.70
6 Terpinoleno 10.728 1.56

7 y -Terpineno 11.188 0.11

8 B-linalol 11.531 0.41

9 * 11.639 0.23
10 Canfora 11.927 46.92
11 Borneol 12.478 0.62
12 a-terpineol 12.791 0.12
13 a-canfolenal 13.171 0.15
14 Verbenona 13.277 0.55
15 B-cariofileno 13.345 0.09

Total identificado 93.82

**Nao identificado.

A partir do OERO, foi obtida a nanoemulséo (NAE) preparada do 6leo essencial
de R. officinalis, em seguida, foi avaliado a sua estabilidade durante 30 dias, no
decorrer do periodo, a NAE n&o apresentou alteragcbes como separagao de fases e
mudancas na coloragao (branca/opaca). Além disso, foi observado que o didmetro da
gota média variou entre 213+2.1 (1° dia) a 153.9+2.7 nm (30° dia), com indice de
polidispersao variando entre 0.10+£0.001 e 0.13+0.01 no mesmo periodo de estudo

(Figura 2).

Figura 2 - Analise da estabilidade da nanoemulsdo de R. officinalis (NAE) ao longo de 30 dias. (A)
média da variagdo do tamanho das particulas, (B) Média da variagéo de polidisperséo.
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Os resultados obtidos neste estudo estdo de acordo com os relatados em
outras trabalhos, onde é descrito que a estabilidade a longo prazo das nanoemulsdes
dependem em parte do tamanho das goticulas formadas, pois nanoemulsées com
goticulas relativamente grande, acima de 590 nm, perdem facilmente a estabilidade.
Por outro lado, nanoemulsdes com goticulas menores permanecem estaveis por
grandes periodos, sem haver separacao de fases, coalescéncia, agregagcdo ou
cremagao (MIKULCOVA et al., 2017; KARTHIK et al., 2017). Em estudos realizado
Fernandes et al (2013) e Duarte et al (2015), corrobora com nossos resultados, ao
obter nanoemulsdes do oleo essencial de R. officinalis estaveis com didmetro médio
das goticulas variando entre 97,12 a 237,8 nm e baixa polidispersao.

ApOs a avaliagdo da estabilidade da NAE, procedeu-se para incorporagao em
gel, como a natureza liquida da NAE dificulta a aplicagdo tépica com a fonoforese,
optou-se por combina-la com hidrogel para aumentar sua viscosidade e possibilitar a
aplicacao topica pela via associada as ondas ultrassonicas. A concentragao final da
formulagéo, resultou em 20% de NAE em gel de Carbopol®, a formulagdo nao
apresentou separagao de fases ou alteragdes que indicassem perda de estabilidade
ao longo dos testes, e facilitou o deslizamento do transdutor do ultrassom no local da
aplicagao.

O veneno de serpentes do género Bothrops caracteriza-se por provocar um
processo inflamatério acelerado na area inoculada, resultando inicialmente em edema
intenso. Isso é causado por varios fatores, incluindo a agao direta dos componentes
do veneno na microvasculatura, aumento da permeabilidade e exacerbagao dos
efeitos dos mediadores endogenos, como histamina, prostaglandinas e outras
substancias pro-inflamatéria (SUNITHA et al., 2015).

Neste estudo, a aplicagéo do veneno de B. moojenina dose de 0,10 mg/kg para
produzir a inflamagao no musculo gastrocnémio esquerdo, mostrou-se efetivo, pois foi
possivel observar intenso edema no grupo NTD ao longo do estudo (Figura 3),
apresentando elevada area sobre a curva (12,290+0,617), demonstrando aumento
significativo do volume do musculo. Com relagao aos grupos tratados com UST, DEX
e NAE, foi possivel observar que os tratamentos foram capazes de atuar reduzindo
significativamente a formac&o do edema ao longo do tratamento (p<0.001). Ao final
do tempo de analise, a area sobre a curva (AUC) da evolug¢do do volume do edema,
evidenciou que os grupos tratados com DEX (5,94610,704) e NAE (4,008+0,460)
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apresentaram melhor efeito anti-edematogénico (p<0.001), seguido do grupo tratado
com UST com p<0.01 e AUC de 10,450+0,387.

Figura 3 - Efeito do tratamento com UST e fonoforese de DEX (0,5 mg/kg) e NAE (0,5 mg/kg) sobre
inflamagéo induzida por veneno de Bothrops moojeni administrado intramuscular (0.10 mg/kg) no
musculo gastrocnémio esquerdo de ratos. (A) Expressa a evolugdo do edema no musculo (mm) em
funcdo do tempo (dias). (B) Expressa a area sobre a curva (AUC) obtida da evolugdo do edema no
musculo. Resultados sdo apresentados como a média = D.P (n=5 animais/grupo). As diferengas entre
os grupos foram analisadas por analise de variancia One-way (ANOVA), seguida do teste de Tukey.
***(p<0.001), Resultado estatisticamente significativo versus grupo NTD.
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A atividade anti-edematogénica da NAE pode ser atribuida a agdo dos
terpenos, principalmente os monoterpenos majoritarios como o 1,8 cineol, limoneno e
canfora, sobre a redugdo dos mediadores inflamatérios enddgenos liberados em
decorréncia do veneno e pela otimizagcdo da sua absorcao favorecida pela aplicagao
com o ultrassom.

Estudos mostram que os monoterpenos possuem acao anti-inflamatoéria, ao
reduzir a sintese de derivados do acido araquiddnico, tais como: prostaglandina E2
(PGEZ2), tromboxano A2 (TXAZ2), prostaciclina (PGI2) e leucotrieno B4 (LTB4)
(BORGES et al., 2018; RODRIGUES et al., 2020). No estudo conduzido por Leal et
al., (2016), corrobora com nossos achados, onde realizou e aplicagcao de gel contendo
extrato de Ximenia americana associado ao ultrassom terapéutico, demonstrou que
tanto o ultrassom quando a aplicagao fonoforética do extrato, foram capazes de
apresentar efeito anti-inflamatério em tendinite em ratos, além disso, infere que o
resultado anti-inflamatério é decorrente da somatéria da agao dos efeitos do ultrassom

e da acao otimizada do medicamento.
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Em parte, esses mecanismos podem ser sugestivos do efeito pelo qual a NAE
esteja modulando a atividade anti-inflamatéria. Por outro lado, a DEX por ser um
farmaco corticosteroide, exerce efeito anti-inflamatério por diversos fatores,
principalmente pela inibigdo da PLA2 e consequentemente a redugéo da produgao de
mediadores inflamatorios (MARCHIONNI et al., 2006). Além disso, Maia-Filho et al.
(2010), relata que a aplicagao de anti-inflamatérios corticosteroides apresenta agao
otimizada quando associado ao ultrassom. Segundo outros estudos, substancias com
propriedades anti-inflamatérias e antioxidantes podem diminuir significativamente os
efeitos edematogénicos produzidos pelo veneno botropico. (SUNITHA et al., 2015;
FELIX-SILVA et al., 2017).

Neste estudo também foi avaliado os niveis séricos da enzima creatino quinase
(CK), mioglobina, contagem de células inflamatdrias e realizado a histopatologia do
tecido muscular, ambos com a finalidade de mensurar a dimensao da inflamagao e do
dano tecidual ocasionado pela aplicagao do VBM no musculo.

Quando avaliado os niveis de CK (Figura 4.A), foi observado que o grupo NTD
apresentou valores elevados, com niveis séricos de 499,3+18,6 U/L, estatisticamente
significativo (p<0.001) quando comparado ao grupo NOR (280,6+21.04 U/L). Por outro
lado, foi possivel observar que o grupo tratado com UST apresentou diminuigao
significativa (p<0.001) nos niveis de CK (381,2+33,1 U/L) quando comparado ao NTD.
Os grupos tratados com fonoforese de DEX e NAE também demonstraram redugdes
significativas nas concentragbes de CK em relagdo ao grupo NTD, apresentando os
menores valores observados, com 332,6+15,7 e 323,3+12,4 U/L, respectivamente.

Os niveis de mioglobina (Figura 4.B) apresentaram perfil de alteragbes
similares aos observados em CK, sendo o grupo NTD expressando significativa
elevagao (25,3+7,5 ng/ml, p<0.001) em relagdo ao grupo NOR. Os grupos tratados
com UST, fonoforese de DEX e NAE, apresentaram diminui¢ao significativa (p<0.01)
dos niveis de mioglobina quando comparados ao grupo NTD.

A CK é uma enzima citoplasmatica encontrada no musculo esquelético, quando
ha o desenvolvimento de lesdo muscular, € possivel observar sua concentragao
elevada, alteracbes exacerbadas refletem necrose muscular avangcada (ELY et al.,
2000; ALVES et al., 2019). Os niveis de CK e mioglobina elevados no grupo NTD,
reforgcam o expressivo dano tecidual, pois esse aumento concomitante é forte indicio

de danos musculares seguido de necrose (MONIZ et al., 2017).
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Figura 4 - Efeito do tratamento com UST e fonoforese de DEX (0,5 mg/kg) e NAE (0,5 mg/kg) sobre os
niveis de (A) creatino quinase (CK) e (B) mioglobina sérica dos ratos com infiltrado inflamatério
muscular induzido por aplicagdo (i.m) de 0.10 mg/kg de veneno de Bothrops moojeni no musculo
gastrocnémio. Resultados sdo apresentados como a média + D.P (n=5 animais). As diferengas entre
os grupos foram analisadas por analise de variancia one-way (ANOVA), seguida do teste de Tukey.
***(p<0.001), Resultado estatisticamente significativo versus grupo NTD.
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A mioglobina é uma proteina globular, com baixo peso molecular, encontrada
nos musculos esqueléticos e cardiaco. Seu baixo peso molecular permite que ela seja
liberada rapidamente na corrente sanguinea apds dano muscular (SILVA; MORESCO,
2011). A diminuigao dos niveis de mioglobina presente nos grupos UST, DEX e NAE
indicam a efetividade destes tratamentos na lesdo muscular induzida pelo VBm.

No estudo de Sharp et al. (2020), reporta que os danos musculares levam ao
aumento significativo dos niveis de CK e mioglobina. Em trabalho de Lima et al.,
(2020), avaliando agao anti-inflamatéria do nanogel de Copaifera reticulata associado
a fonoforese em lesdo muscular por dano mecanico, reporta em seus resultados que
0 uso combinado de ultrassom e do nanogel, foram capazes de reduzir
significativamente os niveis de CK e contribuiu para a reparagao tecidual muscular.
Além disso, reforga que agentes anti-inflamatérios pode ser uma alternativa viavel e
eficaz no tratamento de lesbes musculares, em especial associado a principios ativos
anti-inflamatérios nanoestruturados em gel, tal como o que esta sendo abordado neste
estudo.

No estudo de Carvalho et al., (2020), avaliando o efeito anti-inflamatério da
nanoemulsao do dleo de Cannabis sativa demonstrou que o tratamento foi capaz de
reduzir os niveis CK, além disso, evidenciou diminuigdo significativa do numero
células inflamatorias e regeneragao muscular.

Estes resultados estdo de acordo com os observados neste estudo, pois

quando se relaciona os niveis de CK com a contagem de células inflamatérias e com
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a histopatologia do musculo, € observado no grupo NTD intenso infiltrado leucocitario
com 2.12x10 Células/mm? (Figura 5), apresentando valor significativamente elevado
(p<0.001) quando comparado ao grupo NOR (0.15x10#). Ja nos grupos tratados com
UST, DEX e NAE foram observadas reducdes extremamente significativas (p<0.001)
do infiltrado leucocitario, com valores da contagem de células de 1.27x104, 0.75x10

e 0.87x10* Células/mm?3, respectivamente.

Figura 5 - Efeito do tratamento com UST e fonoforese de DEX (0,5 mg/kg) e NAE (0,5 mg/kg) sobre
infiltrado inflamatério muscular induzido por aplicagéo (i.m) de 0.10 mg/kg de veneno de Bothrops
moojeni no musculo gastrocnémio esquerdo de ratos. Quantificagdo de leucdcitos totais no musculo
apos o periodo de tratamento. Resultados sao apresentados como a média + D.P (n=5 animais). As
diferencgas entre os grupos foram analisadas por analise de varidncia one-way (ANOVA), seguida do
teste de Tukey. ***(p<0.001), Resultado estatisticamente significativo versus grupo NTD.
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Na histopatologia do musculo gastrocnémio (Figura 6), observa-se que o grupo
NTD, evidenciou intensa mionecrose com predominio de destruicdo das fibras
musculares, além de acentuado infiltrado leucocitario que justificam os altos valores
observados de CK. Nos grupos que apresentaram valores reduzidos de CK, como
UST, DEX e NAE, observa-se predominio de fibras musculares normais ou com pouca
necrose, sugestivas de regeneracdo tecidual e discreto infiltrado leucocitario,
reforcando o efeito anti-inflamatoério nestes tratamentos.

O conjunto de resultados observados para os grupos UST, DEX e NAE,
reforcam o efeito anti-inflamatério destes grupos, uma vez que a diminuigao de células
inflamatdrias no local da inoculagdo do VBm, sio fortes indicios de efeito anti-
inflamatorio. No estudo de David et al., (2022), avaliando a fotobiomodulagao apés

injecado de veneno de Bothrops alternatus em musculos de camundongos, relatou que
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o efeito anti-inflamatério estava acompanhado de redugao de edema, infiltrado celular

€ mionecrose.

Figura 6 - Analise histopatologica do efeito do tratamento com UST, DEX (0,5 mg/kg) e NAE (0,5 mg/kg)
sobre infiltrado inflamatério muscular induzido por aplicagao (i.m) de 0.10 mg/kg de veneno de Bothrops
moojeni no musculo gastrocnémio esquerdo de ratos wistar. Asteriscos: Infiltrado leucocitario; Setas
pretas: Mionecrose e destruigdo da fibra muscular. Cabecas de setas: Fibras musculares com pouca

necrose.

Camundongos que tiveram veneno de Bothrops atrox injetado
intramuscularmente, apresentaram diminui¢do do dano tecidual quando tratados com
substancia que inibem a PLA2, em partes, o dano tecidual provocado pelo VBm é
provocado pela agdo da PLA2 presente no veneno (SILVA et al., 2007; STRAUT et
al.,, 2013). Farmacos anti-inflamatérios que atuam diminuindo a formagédo de
mediadores pré-inflamatérios, sdo eficazes na redugdo de edema e recrutamento
quimiotaxico de células inflamatdrias, contribuindo para que haja diminuicdo dos
danos causados pelo VBm (PICANCO et al., 2016; CARVALHO et al., 2018).

O processo de reparacgao tecidual muscular consiste em eventos moleculares
e celulares que podem ser acelerados por terapias especificas, como o ultrassom

terapéutico e a fonoforese. Em estudo que avaliou os efeitos da fonoforese associado
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a nanoparticulas de ibuprofeno em lesdo muscular de ratos, demonstrou que o
tratamento foi capaz de reduzir significativamente os danos teciduais, apresentando
regeneragao da estrutura muscular e estes resultados estdo diretamente ligados a
diminuicdo do estresse oxidativo e redugao nos niveis de TNF-a e IL-1, com aumento

concomitante dos niveis de citocinas anti-inflamatorias (HAUPENTHAL et al., 2020).

5 CONCLUSAO

A partir dos resultados obtidos foi possivel demonstrar a efetividade
moduladora sobre o processo infamatorio da lesdo muscular induzida pelo VBm, tanto
do tratamento com UST quanto com a fonoforese associada ao nanogel de R.
officinalis, e foi demonstrado a capacidade dos tratamentos em atenuar os danos
teciduais e incrementar o seu reparo. As lesdes teciduais provocadas pelo veneno
sao pouco neutralizadas por soros antiofidicos, desse modo, terapias que auxiliam na
reducao do processo inflamatério, sdo importantes recursos que minimizam os efeitos
locais danosos provenientes dos componentes do veneno botropico.

A fonoforese desempenha um papel importante quando empregado em
combinagdes terapéuticas com agentes anti-inflamatoérios, melhorando a permeacao,
absorcado e aumentando significativamente os efeitos terapéuticos com otimizagao do
tempo de tratamento. Com base no que foi demonstrado, o modelo terapéutico
empregado neste estudo pode ser uma alternativa eficaz para tratamentos

decorrentes de acidentes ofidicos.
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Abstract

The venom of B. moojeni (VBm) contains toxins that induce local toxic effects, triggering a
severe inflammatory process, pain, hemorrhage, edema, and myonecrosis. Phonophoresis is a
technique that uses therapeutic ultrasound (TUS) associated with an agent with
pharmacological properties, optimizing drug delivery systems in
nanoformulations. Rosmarinus officinalis is a plant with anti-inflammatory, analgesic, and
antioxidant effects. Therefore, this study aimed to evaluate the modulatory effect of the
application of R. officinalis nanogel associated with phonophoresis on VBm-induced muscle
injury in Wistar rats. The chemical results demonstrated predominantly Limonene (5.08%), 1,8
Cineole (35.28%), and Camphor (46.92%) compounds. The nanoemulsion (NAE) exhibited
stability with a mean drop diameter ranging from 213+2.1 (1st day) to 153.9+£2.7 nm (30th day),
with a polydispersity index ranging from 0.10+0.001 to 0.13+£0.01. The nanogel was prepared
from NAE in a carbopol hydrogel. A dose of 0.10 mg/kg of VBm was applied to induce
inflammation in the gastrocnemius muscle. The evolution of edema volume showed that the
groups treated with TUS (p<0.01), phonophoresis with Dexamethasone (p<0.001), and
nanoemulsion (p<0.001) presented a significant anti-edematogenic effect. Moreover, they were
able to reduce CK and myoglobin levels and the recruitment of inflammatory cells to the injury
site. Histopathological findings reinforced the anti-inflammatory effect with decreased muscle
damage and myonecrosis. Therefore, it is suggested that the modulatory effectiveness on the
inflammatory process and muscle injury induced by VBm was demonstrated, both with TUS
treatment and with phonophoresis associated with R. officinalis nanogel. Furthermore, the
treatments were shown to attenuate tissue damage and enhance repair.

Keywords: Rosmarinus officinalis, snake venom, phonophoresis, anti-inflammatory.
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Introduction

Annually, over 2.5 million ophidian accidents occur worldwide, which represents a
serious public health issue in various regions, particularly in tropical and subtropical countries
in the Amazonian region, such as Brazil, where snakes of the genus Bothrops are responsible
for 87% of these accidents (Capeletti et al., 2016; Feliz-silva et al., 2017). The most affected
victims are residents of endemic areas, usually rural workers, hunters, and individuals who enter
closed forest areas and farms without appropriate protective clothing (Salvador et al., 2020).

The snakes of the genus Bothrops belong to the family Viperidae and are the most
widely distributed species in Latin America. Bothrops moojeni is a snake known in Brazil by
several names, such as "caicaca", "jararacdo", "jararaca" and "comboia", and is often found in
regions with hot and dry climates (Alcantara et al., 2018). The venom of B. moojeni (VBm)
contains a variety of toxins (enzymes), including phospholipase A2 (PLA2), metalloproteinases
(SVMPs), serine-proteinases, hyaluronidases, among others that can produce biological actions
(Menaldo et al., 2017; Aguiar et al., 2019).

The VBm presents local toxic effects that include a pronounced inflammatory response,
pain, hemorrhage, edema, and myonecrosis at the sting site, which depending on the intensity,
can lead to necrosis of deep tissues, systemic damage, and lethality (Carvalho et al., 2018). The
inflammatory response induced by the VBm is primarily characterized by intense edema,
produced by factors such as the direct action of venom components on the microvasculature,
increasing the permeability of capillaries, recruitment of inflammatory cells, and exacerbation
of the production of endogenous mediators such as histamine, prostaglandins, kinins, and other
pro-inflammatory agents (Sunitha et al., 2015; Picanco et al., 2016).

In ophidian accidents, the inflammatory response mechanism is not entirely neutralized
after antibothropic serum administration, resulting in significant tissue damage at the site of
venom inoculation, especially when the serum is administered late. Therefore, supplementation
with anti-inflammatory drugs and other therapies is required to reduce the venom's local effects
(Picolo et al., 2002; Fonseca et al., 2004).

Therapeutic ultrasound (TUS) is a non-invasive resource commonly employed in
physiotherapeutic routines and stands out as a valuable treatment option for tissue repair
(Martins et al., 2011). TUS employs ultrasonic waves via a transducer to generate longitudinal
sound energy that can penetrate biological tissues and induce cellular changes through
mechanical and thermal effects. These effects increase cellular metabolism, blood flow, oxygen

supply, permeability, and local temperature (Olsson et al., 2008).
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Phonophoresis is a technique that uses TUS in association with a pharmacologically
active agent, which enables drug permeation and facilitates transcutaneous passage. The use of
phonophoresis in topical applications increases cell membrane permeability, resulting in
decreased cutaneous resistance, and increases blood flow, allowing for greater penetration and
absorption of pharmacological agents (Lima et al., 2020). Therapeutic advances have been
proposed that involve combining phonophoresis with nanoformulations to enhance therapeutic
effects and improve drug absorption and administration to target tissues (Dos Santos
Haupenthal et al., 2020).

Therapeutic effects can be optimized when using drug delivery systems in
nanoformulations. Nanoformulations are pharmaceutical forms that transport drugs at
nanometric scales, usually less than 300 nm. The use of these formulations can improve their
therapeutic index and reduce toxic properties, enhancing pharmacokinetics, biodistribution, and
efficacy (Assis et al., 2012; Patra et al., 2018). Nanoemulsions are a class of nanoformulations
containing dispersed systems between two immiscible liquids, containing an aqueous and an
oily phase stabilized by a surfactant (Ostertag et al., 2012). They have advantages such as
increased stability, greater penetration power through biological membranes, and improved
bioavailability and solubility, which increases therapeutic potential (Irache et al., 2011).

Rosmarinus officinalis L. is a perennial plant popularly known as "rosemary",
originating from Mediterranean regions and belonging to the Lamiaceae family. R.
officinalis is cultivated worldwide due to its nutritional and pharmacological properties
(Rodrigues et al., 2020; Cosme et al., 2022). Essential oil is extracted from R.
officinalis (EORO), which has a chemical composition rich in monoterpenes such as 1,8-
cineole, a-pinene, limonene, and camphor (Takayama et al., 2016). Previous studies have
demonstrated the significant anti-inflammatory, analgesic, and antioxidant effects of EORO
and its nanoemulsion in experimental models (Takaki et al., 2008; Borges et al., 2017; Borges
et al., 2019).

Due to the significant anti-inflammatory activity attributed to EORO and its
nanoemulsion, as well as the need for effective therapeutic approaches that minimize the
inflammatory effects and tissue damage caused by ophidian accidents, this study aimed to
evaluate the anti-inflammatory effect of R. officinalis nanogel application associated with
phonophoresis on muscle injury induced by venom from the snake Bothrops moojeni in Wistar

rats.
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Material and Methods
Obtaining the essential oil of R. officinalis (EORO)

The EORO (Lot 056757-LC02062016DA) was acquired from the company Florien (Sao
Paulo, Brazil). According to the company's quality certificate, the EORO was extracted from

the leaves of the R. officinalis species.

Chemical analysis of the EORO by GC-MS

The analysis of the chemical composition of the EORO was performed using gas
chromatography-mass spectrometry (GC-MS), where 100 pL. of EORO was dissolved in 2 mL
of CG-MS grade Hexane. The analysis was carried out using a Shimadzu/GC-2010 instrument,
Shimadzu/AOC-5000 auto-injector, and mass detector (Shimadzu MS2010 Plus) with
electronic impact (70 eV), equipped with a DB-5MS fused silica column (Agilent Advanced
J&W; 30 m x 0.25 mm X% 0.25 um). The following parameters were used: split ratio 1:30;
Helium as the carrier gas (65 kPa); injection volume of 1.0 pL; injector temperature at 250 °C;
detector temperature at 250 °C; initial column temperature at 60 °C for 1 min; heating rate of 3
°C min-1 to 290 °C. The total analysis time was 41.30 minutes. Compound identification was
performed by comparing the fragmentation pattern of the compounds with the mass spectrum

library contained in the NIST 5.0 equipment (Rodrigues et al., 2020).

Obtaining, characterizing and stability of the nanoemulsion (NAE)

The nanoemulsion (NAE) was prepared using a low-energy technique, following the
methodology described by Borges et al., (2017). For a final mass of 20 g, 90% water, 5%
EORO, and 5% Tween 20 were used. Initially, a phase was prepared by adding EORO and
Tween 20, and the mixture was stirred using a magnetic stirrer (750 rpm) for 30 min. Then, the
aqueous phase was added at a flow rate of 5.0 mL/min with constant stirring for 60 min. The
stability of the nanoemulsion was evaluated on the 1st, 7th, 14th, and 30th days after
preparation, using macroscopic analysis of color, visual appearance, phase separation, and
sedimentation. The particle size and polydispersity index were evaluated using a Zetasizer 5000
instrument (Malvern Instruments, Malvern, UK). The NAE was diluted using ultrapure Milli-
Q water (1:25), and the measurements were performed in triplicate, with values expressed as

mean and standard deviation.

Incorporation of NAE in Carbomer Gel
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Carbomer gel (Carbopol®) was prepared using phase A: Methylparaben (0.3%),
Propylparaben (0.2%), Propylene Glycol (4%); phase B: Carbopol® (2%), Distilled Water
(93.5%). Components of phases A and B were heated and then slowly mixed with a mechanical
stirrer until a gel-like appearance and characteristic was obtained. The pH was adjusted to 6.5
using triethanolamine. 10 g (20%) of NAE was weighed and added to 40 g (80%) of Carbopol®
gel, which was then stirred on a magnetic stirrer (750 rpm) for 120 minutes, resulting in a final
formulation of 50 g. The gel/NAE ratio was determined by macroscopic characteristics of the
nanogel formed, phase separation, appearance, color, odor, topical spreadability, sliding and
coupling of the ultrasound transducer at room temperature (Alves Barros et al., 2017; Lima et
al., 2020).

Ethical considerations, animals used, and obtaining Bothrops moojeni venom (VBm)

The present study was submitted to the Ethics Committee for Animal Use of the
Federal University of Amapa, CEUA-UNIFAP, and was approved on November 3, 2022, under
Protocol No. 020/2022.

In this study, male Wistar rats aged 21 days from the Multidisciplinary Center for
Biological Investigation in Laboratory Animal Science (CEMIB) at the University of Campinas
(UNICAMP) were used. During the study, the animals were housed in polyethylene boxes with
stainless steel bars measuring 60 cm x 50 cm x 22 cm. They were kept in a climate-controlled
environment for a period of acclimatization, grouped in groups of five animals per box,
maintained under controlled temperature conditions (21 + °C), with free access to food and
drinking water, with a 12-hour light/dark cycle and bedding changes, in the Drug Research
Laboratory of the Federal University of Amapa.

The VBm used in this study was lyophilized and obtained from the Serpentarium of
the University of Alfenas, Alfenas, Minas Gerais, Brazil. The venom was dissolved in a vehicle

solution and immediately injected into the animals during the assay.

Experimental design and VBm-induced muscle injury in the gastrocnemius muscle of
rats

The gastrocnemius muscle injury was performed as previously described by (Carvalho
et al., 2021). 0.10 mg/kg of the B. Moojeni venom (VBm) was diluted in 100 pl of sterile
saline solution and then administered into the left muscle of the rats. After the venom
application, the animals were treated daily for 6 days with therapeutic ultrasound (TUS) or

phonophoresis, as described below.



37

The animals were divided into five experimental groups (n=5), with the group of
normal animals (NOR) being the only group that did not receive treatment and had no injury
induced by VBm; Untreated control group (UTD); Therapeutic ultrasound group (TUS);
Group treated with dexamethasone phonophoresis at a dose of 0.5 mg/kg in gel (DEX); Group
treated with NAE nanogel phonophoresis at a dose of 0.5 mg/kg (NAE). The therapeutic
ultrasound and phonophoresis parameters were as follows: frequency of 1 MHz, pulsed at
20%, intensity of 0.6 W/cm?2, and effective radiation area (ERA) of 3 cm? (Dos Santos
Haupenthal et al., 2020). The application was directly on the central region of the
gastrocnemius muscle with slow, circular, and uniform movements, using the Sonopulse

Special Ibramed equipment (Imbramed Company, Brazil).

Evaluation of CK and myoglobin levels in blood collected from the animals

The animals were anesthetized, and 1.0 ml of blood was collected from the retro-
orbital plexus. The collected blood was centrifuged for 10 minutes at 5,000 rpm, and the serum
levels of total creatine kinase (CK) were quantified using the CK-NAC Liquiform kit (Labtest,
Minas Gerais, Brazil). The samples were analyzed using a UV-VIS spectrophotometer model
UVmini-1240 (Shimadzu Corporation, Kyoto, Japan). The analysis of myoglobin levels was
™

performed using the instructions for the APOT

USA).

reagent kits (Acro Biotech Inc. California,

Euthanasia, leukocyte quantification, and histopathological evaluation of VBm-induced
injury in the gastrocnemius muscle

The animals were euthanized with thiopental overdose, and the gastrocnemius muscle
was removed and weighed on an analytical balance (Bel, Model: M214AIH, Sao Paulo, Brazil).
A portion of the muscle was separated for histopathology, and 400 mg was ground with a
scalpel blade and homogenized in 2 mL of PBS. The suspension was incubated for 30 min and
then filtered with gauze. A fraction of the filtered solution was diluted in Turk's solution (1:20)
for total leukocyte counting in a Neubauer chamber.

Samples of the gastrocnemius muscle for histopathological analysis were prepared
according to the technique described by Carvalho et al., (2018). The samples were dehydrated
successively in graded alcohols of 70%, 80%, 90%, and 100%, clarified with xylene, and
embedded in paraffin at 60 °C. Tissue samples were sectioned with a thickness of 5 pm using
a semi-automatic rotary microtome (CUT 5062 SLEE model), and the sections were stained by
the Hematoxylin-Eosin (H/E) method. The slides were analyzed using an Olympus optical

microscope (Model: CX31trinocular) with a 40X objective, where inflammatory infiltrate foci
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in the muscle, intact muscle fibers, and those with myonecrosis were observed (Sousa et al.,

2013).

Statistical analysis of the results
Values are presented as mean and standard deviation. One-way analysis of variance
(ANOVA) followed by Tukey's multiple comparisons test was performed. Results that showed

differences of P<0.05 were considered statistically significant between groups.

Results and discussion

Regarding the chemical analysis of EORO by gas chromatography-mass spectrometry
(GC-MS), it was possible to perform peak integration and identification by comparing the
fragmentation spectra with the GC-MS library, which allowed the identification of 14 terpenic
compounds present in EORO representing 93.82% of the compounds, predominantly
Limonene, with a percentage of 5.08%, 1,8-Cineole with 35.28%, and Camphor with 46.92%
(Fig. 1; Table 1).

These chemical results corroborate those found by other authors, who report high
concentrations of Camphor and 1,8-Cineole in EORO, with values ranging from 15% to 45%
(Fernandes et al., 2013; Borges et al., 2017). Studies conducted by Duarte et al., (2015) and
Satyal et al., (2017) on EORO highlighted the main constituents as the monoterpenes camphor,
1,8-cineole, a-pinene, and limonene.

From EORO, a nanoemulsion (NAE) was obtained from the essential oil of R.
officinalis, and its stability was evaluated for 30 days. During the period, the NAE did not show
any changes, such as phase separation or color changes (white/opaque). In addition, it was
observed that the average droplet diameter varied from 213+2.1 (1st day) to 153.9+£2.7 nm (30th
day), with a polydispersity index ranging from 0.10+£0.001 to 0.13+£0.01 during the same study
period (Fig. 2).

The results obtained in this study are similar to what has been found in other works,
where it is described that the long-term stability of nanoemulsions depends, in part, on the
size of the formed droplets, as nanoemulsions with relatively large droplets (above 590 nm)
easily lose stability. On the other hand, nanoemulsions with smaller droplets remain stable for
long periods without phase separation, coalescence, aggregation, or creaming (Mikulcova et
al., 2017; Karthik et al., 2017). Studies conducted by Fernandes et al (2013) and Duarte et al

(2015) corroborate our results, as they obtained stable nanoemulsions of R.
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officinalis essential oil with a mean droplet diameter ranging from 97.12 to 237.8 nm and low
polydispersity.

After evaluating the stability of the nanoemulsion (NAE), it was incorporated into a gel.
Due to the liquid nature of the NAE, which makes it difficult to apply topically with
phonophoresis, it was combined with a hydrogel to increase its viscosity and enable topical
application via the pathway associated with ultrasonic waves. The final concentration of the
formulation resulted in 20% NAE in Carbopol® gel. The formulation did not show phase
separation or any changes indicating loss of stability during the tests and facilitated the sliding
of the ultrasound transducer at the application site.

The venom of snakes from the genus Bothrops is characterized by causing an
accelerated inflammatory process in the inoculation site, resulting initially in intense edema.
This inflammatory response is caused by various factors, including the direct action of venom
components on the microvasculature, increased permeability, and exacerbation of the effects of
endogenous mediators such as histamine, prostaglandins, and other pro-inflammatory
substances (Sunitha et al., 2015).

In this study, the application of B. moojeni venom at a dose of 0.10 mg/kg to induce
inflammation in the left gastrocnemius muscle was found to be effective, as intense edema was
observed in the UTD group throughout the study (Fig. 3), with a high area under the curve
(12.290+0.617), indicating a significant increase in muscle volume. Regarding the groups
treated with TUS, DEX, and NAE, it was possible to observe that the treatments significantly
reduced edema formation throughout the treatment (p<0.001). At the end of the analysis time,
the area under the curve (AUC) of the edema volume evolution showed that the groups treated
with DEX (5.946+0.704) and NAE (4.008+0.460) had a better anti-edematogenic effect
(p<0.001), followed by the TUS-treated group with p<0.01 and an AUC of 10.450+0.387.

The anti-edematogenic activity of NAE can be attributed to the action of terpenes,
mainly the predominant monoterpenes such as 1,8 cineole, limonene, and camphor, on reducing
the venom-mediated release of endogenous inflammatory mediators and by optimizing their
absorption facilitated by ultrasound application.

Studies have shown that monoterpenes have anti-inflammatory action by reducing the
synthesis of arachidonic acid derivatives, such as prostaglandin E2 (PGE2), thromboxane A2
(TXA2), prostacyclin (PGI2), and leukotriene B4 (LTB4) (Borges et al., 2017; Rodrigues et al.,
2020). A study conducted by Leal et al. (2016) corroborates our findings. In the study, a gel
containing Ximenia americana extract associated with therapeutic ultrasound was applied, and

both ultrasound and phonophoresis application of the extract were able to present an anti-
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inflammatory effect in rat tendinitis. Moreover, it infers that the anti-inflammatory result is due
to the sum of the effects of ultrasound and optimized drug action.

These mechanisms provide insight into how NAE modulates anti-inflammatory activity.
DEX, a corticosteroid drug, on the other hand, has anti-inflammatory effects through a variety
of mechanisms, most notably by inhibiting PLA2 and thus reducing the production of
inflammatory mediators (Marchionni et al., 2006). In addition, Maia-Filho et al. (2010) reported
that the application of corticosteroid anti-inflammatory drugs has an optimized action when
associated with ultrasound. According to other studies, substances with anti-inflammatory and
antioxidant properties can significantly reduce the edematogenic effects of the VBm (Sunitha
et al., 2015; Félix-Silva et al., 2017).

In this study, serum levels of the enzyme creatine kinase (CK), myoglobin,
inflammatory cell count, and histopathology of the muscle tissue were also evaluated to
measure the extent of inflammation and tissue damage caused by VBm application in the
muscle.

When CK levels were evaluated (Fig. 4.A), it was observed that the UTD group showed
elevated values, with serum levels of 499.3+18.6 U/L, which was statistically significant
(p<0.001) when compared to the NOR group (280.6£21.04 U/L). On the other hand, it was
possible to observe that the group treated with TUS showed a significant decrease (p<0.001) in
CK levels (381.2+33.1 U/L) when compared to UTD. The groups treated with DEX and NAE
phonophoresis also demonstrated significant reductions in CK concentrations compared to the
UTD group, presenting the lowest values observed, with 332.6+15.7 and 323.3+12.4 U/L,
respectively.

The levels of myoglobin (Fig. 4.B) showed a profile of alterations similar to those
observed in CK, with the UTD group expressing a significant elevation (25.3+7.5 ng/ml,
p<0.001) compared to the NOR group. The groups treated with TUS, DEX phonophoresis, and
NAE also showed a significant decrease (p<0.01) in myoglobin levels compared to the UTD
group.

CK is a cytoplasmic enzyme found in skeletal muscle. Muscle injury increases
concentration, and excessive changes reflect advanced muscle necrosis (Ely et al., 2000; Alves
et al.,, 2019). The elevated levels of CK and myoglobin in the UTD group reinforce the
significant tissue damage, as this concurrent increase strongly indicates muscle damage
followed by necrosis (Moniz et al., 2017).

Myoglobin is a globular protein with low molecular weight found in skeletal and cardiac

muscles. Its low molecular weight allows it to be rapidly released into the bloodstream after
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muscle damage (Silva; Moresco, 2011). The decrease in myoglobin levels observed in the TUS,
DEX, and NAE groups indicates the effectiveness of these treatments in VBm-induced muscle
njury.

In the study by Sharp et al (2020), it was reported that muscular damage leads to a
significant increase in CK and myoglobin levels. Lima et al., (2020) evaluated the anti-
inflammatory action of Copaifera reticulata nanogel associated with phonophoresis in muscle
injury caused by mechanical damage. Their findings revealed that the combined use of
ultrasound and nanogel was able to significantly reduce CK levels and contribute to muscle
tissue repair. Additionally, it reinforces that anti-inflammatory agents may be a viable and
effective alternative in the treatment of muscle injuries, especially when associated with
nanostructured anti-inflammatory active principles in gel form, as is being addressed in this
study.

In the study by Carvalho et al., (2020), which evaluated the anti-inflammatory effect of
Cannabis sativa oil nanoemulsion, it was demonstrated that the treatment reduced CK levels
and showed a significant decrease in the number of inflammatory cells and muscle regeneration.

These results are consistent with those observed in this study, as when the levels of CK
are related to the count of inflammatory cells and the histopathology of the muscle, a significant
leukocyte infiltration is observed in the UTD group, with 2.12x10-4 Cells/mm3 (Fig. 5),
presenting a significantly higher value (p<0.001) when compared to the NOR group (0.15x10-
4). In the groups treated with TUS, DEX, and NAE, extremely significant reductions (p<0.001)
of the leukocyte infiltration were observed, with cell count values of 1.27x10-4, 0.75x10-4, and
0.87x10-4 Cells/mm3, respectively.

In the histopathology of the gastrocnemius muscle (Fig. 6), it is observed that the UTD
group showed intense myonecrosis with a predominance of muscle fiber destruction, in addition
to a marked leukocyte infiltration that justifies the high CK values observed. In the groups that
showed reduced CK values, such as TUS, DEX, and NAE, normal muscle fibers or with little
necrosis are predominant, suggestive of tissue regeneration and slight leukocyte infiltration,
reinforcing the anti-inflammatory effect of these treatments.

The set of results observed for the TUS, DEX, and NAE groups reinforces the anti-
inflammatory effect of these groups, as the decrease in inflammatory cells at the site of VBm
inoculation strongly indicates an anti-inflammatory effect. In the study by David et al., (2022),
which evaluated photobiomodulation after injection of Bothrops alternatus venom into mouse
muscles, it was reported that the anti-inflammatory effect was accompanied by a reduction in

edema, cellular infiltration, and myonecrosis.
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Mice that received an intramuscular injection of Bothrops atrox venom showed
decreased tissue damage when treated with substances that inhibit PLA2. In part, the tissue
damage caused by the VBm is due to the action of PLA2 present in the venom (Silva et al.,
2007; Straut et al., 2013). Anti-inflammatory drugs that inhibit the formation of pro-
inflammatory mediators effectively reduce edema and chemotactic recruitment of inflammatory
cells, thereby contributing to the reduction of VBm damage (Picanco et al., 2016; Carvalho et
al., 2018).

The muscle tissue repair process consists of molecular and cellular events that can be
accelerated by specific therapies such as therapeutic ultrasound and phonophoresis. In a study
that evaluated the effects of phonophoresis associated with ibuprofen nanoparticles on muscle
injury in rats, the treatment significantly reduced tissue damage, presenting regeneration of the
muscle structure. These results are directly linked to the reduction of oxidative stress and the
reduction in TNF-a and IL-1 levels, with a concomitant increase in anti-inflammatory cytokines

levels (Haupenthal et al., 2020).

Conclusion

Based on the obtained results, it was possible to demonstrate the modulatory
effectiveness on the inflammatory process and muscle injury induced by VBm, both from TUS
treatment and phonophoresis associated with R. oficinalis nanogel, demonstrating the ability of
the treatments to attenuate tissue damage and increase repair. Snake antivenoms poorly
neutralize tissue lesions caused by the venom. Therefore, therapies that assist in reducing the
inflammatory process are important resources that minimize the local harmful effects caused
by the components of B. moojeni venom.

Phonophoresis plays an important role when employed in therapeutic combinations with
anti-inflammatory agents, improving permeation and absorption and significantly increasing
therapeutic effects with optimization of treatment time. Based on the obtained results, the
therapeutic model employed in this study may be an effective treatment option for ophidian

accidents.
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Fig. 1. Chromatogram obtained by gas chromatography-mass spectrometry (GC-MS) from the EORO
analysis, where: Peak 3 - Limonene (5.08%), Peak 4 - 1.8-cineole (35.28%) and Peak 10 - Camphor
(46.92%).

2 143,457

10

Ill + lL'

bl bk o JLik
e M i

CHa
3

HiC” SCH,

HaC

CHy 0

10 ch C-Ha

HC

e
20.0

mmn

Table 1. Chemical constituents of Rosmarinus officinalis L. essential oil (EORO) determined by GC-
MS analysis. Rt (Retention time in minutes).

Peak Compound Rt (min) Percentage (%)
1 B-myrcene 6.122 1.67
2 o-cymen 6.490 0.56
3 Limonene 8.474 5.08
4 1,8-cineole 8.708 35.28
5 a-Terpinene 10.549 0.70
6 Terpinolene 10.728 1.56
7 v -Terpinene 11.188 0.11
8 [B-linalool 11.531 0.41
9 ok 11.639 0.23
10 Camphor 11.927 46.92
11 Borneol 12.478 0.62
12 a-terpineol 12.791 0.12
13 a-campholenal 13.171 0.15
14 Verbenone 13.277 0.55
15 [-caryophyllene 13.345 0.09
Total identified 93.82

**Not identified.
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Fig. 2. Analysis of the R. officinalis nanoemulsion (NAE) stability over 30 days. (A) Average variation

in particle size, (B) Average variation in polydispersion.
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Fig. 3. Effect of TUS treatment and DEX (0.5 mg/kg) and NAE (0.5 mg/kg) phonophoresis on
inflammation induced by intramuscularly administered Bothrops moojeni venom (0.10 mg/kg) in the
left gastrocnemius muscle of rats. (A) Expresses the evolution of edema in the muscle (mm) as a function
of time (days). (B) Expresses the area under the curve (AUC) obtained from the evolution of edema in
the muscle. Results are presented as mean + SD (n=5 animals/group). Differences between groups were
analyzed by one-way analysis of variance (ANOVA), followed by Tukey's test. ***(p<0.001),

Statistically significant result versus UTD group.
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Fig. 4. Effect of treatment with TUS and DEX (0.5 mg/kg) and NAE (0.5 mg/kg) phonophoresis on
levels of (A) creatine kinase (CK) and (B) serum myoglobin in rats with muscular inflammatory
infiltrate induced by application (i.m) of 0.10 mg/kg of Bothrops moojeni venom in the gastrocnemius

muscle. Results are presented as mean + SD (n=5 animals). Differences between groups were analyzed
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by one-way analysis of variance (ANOVA), followed by Tukey's test. ***(p<0.001), Statistically

significant result versus UTD group.
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Fig. 5. Effect of treatment with TUS and phonophoresis of DEX (0.5 mg/kg) and NAE (0.5 mg/kg) on
muscular inflammatory infiltrate induced by application (i.m) of 0.10 mg/kg of Bothrops moojeni venom
in the left gastrocnemius muscle of rats. Quantification of total leukocytes in the muscle after the
treatment period. Results are presented as mean = SD (n=5 animals). Differences between groups were
analyzed by one-way analysis of variance (ANOVA), followed by Tukey's test. ***(p<0.001),

Statistically significant result versus UTD group.
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Fig. 6. Histopathological analysis of the effect of treatment with DEX (0,5 mg/kg) and NAE (0,5 mg/kg)
on muscular inflammatory infiltrate induced by application (i.m) of 0.10 mg/kg of Bothrops

moojeni venom in the left gastrocnemius muscle of mice. Asterisks: Leukocyte infiltrate; Black

arrows: Myonecrosis and muscle fiber destruction, Arrowheads: Muscle fibers with little necrosis.
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