Universidade
Estadual de LondRina

GIOVANA BOBATO CORTEZ

AVALIACAO DOS POTENCIAIS EFEITOS DO
TRATAMENTO COM O FLAVONOIDE HESPERIDINA METIL
CHALCONA EM MODELO DE DOR MUSCULAR DE INICIO
TARDIO EM CAMUNDONGOS

Londrina
2024



GIOVANA BOBATO CORTEZ

AVALIACAO DOS POTENCIAIS EFEITOS DO
TRATAMENTO COM O FLAVONOIDE HESPERIDINA METIL
CHALCONA EM MODELO DE DOR MUSCULAR DE INICIO
TARDIO EM CAMUNDONGOS

Dissertagdo de mestrado apresentada ao
Programa de Pds-graduacdo em Ciéncias da
Saude da Universidade Estadual de Londrina -
UEL, como requisito para a obtencao do titulo de
Mestre em Ciéncias da Saude.

Orientador: Prof. Dr. Sergio Marques Borghi.

Londrina
2024



Ficha de identificacdo da obra elaborada pelo autor, através do Programa de Geracéo
Automatica do Sistema de Bibliotecas da UEL

Cortez, Giovana .

Avaliacdo dos potenciais efeitos do tratamento com o flavonoide hesperidina
metil chalcona em modelo de dor muscular de inicio tardio em camundongos /
Giovana Cortez. - Londrina, 2024.

58 1. il

Crientador; Sergio Borghi.

Dissertacdo (Mestrado em Ciéncias da Saude) - Universidade Estadual de
Londrina, Centro de Ciéncias Biologicas, Programa de Pés-Graduacdo em
Ciéncias da Saude, 2024.

Inclui bibliografia.

1. Dor muscular de inicio tardio - Tese. 2. Exercicio fisico - Tese. 3. Inflamacé&o
- Tese. 4. Dor - Tese. |. Borghi, Sergio. Il. Universidade Estadual de Londrina.
Centro de Ciéncias Bioldgicas. Programa de Pés-Graduacdo em Ciéncias da
Salude. llI. Titulo.

CDU &1




GIOVANA BOBATO CORTEZ

AVALIACAO DOS POTENCIAIS EFEITOS DO
TRATAMENTO COM O FLAVONOIDE HESPERIDINA METIL
CHALCONA EM MODELO DE DOR MUSCULAR DE INICIO
TARDIO EM CAMUNDONGOS

Dissertagdo de mestrado apresentada ao
Programa de Pds-graduacdo em Ciéncias da
Saude da Universidade Estadual de Londrina -
UEL, como requisito para a obtencéao do titulo de
Mestre em Ciéncias da Saude.

BANCA EXAMINADORA

Orientador: Prof. Dr. Sergio Marques Borghi
Universidade Estadual de Londrina - UEL

Profa. Dra. Estefania Gastaldello Moreira
Universidade Estadual de Londrina - UEL

Profa. Dra. Camila Rodrigues Ferraz
Universidade de Maryland, College Park -
UMD

Londrina, 08 de margo de 2024.



AGRADECIMENTOS

Primeiramente agradeco a Deus por me capacitar e proporcionar essa
oportunidade.

Agradeco também aos meus familiares, pai, mae, meu marido, por
toda paciéncia, apoio e suporte durante esse tempo.

Agradeco aos meus colegas de laboratdrio, pela companhia nos
estudos e pela contribuicdo que foi essencial para o desenvolvimento deste trabalho.

Ao meu orientador, Prof. Dr. Sergio Marques Borghi, agradeco
imensamente pela oportunidade, ensinamentos e crescimento durante esse periodo,
sem duvidas n&o chegaria ao final dessa etapa sem a brilhante orientacdo que me foi
passada. Estendo meus agradecimentos ao Prof. Dr. Waldiceu Aparecido Verri Junior,
titular do Laboratério de Dor, Inflamagédo, Neuropatia e Cancer (LADINC), por nos
proporcionar um ambiente tdo rico em conhecimento e ao mesmo tempo acolhedor.

Aos membros da banca, Dra. Estefania Gastaldello Moreira e Dra.
Camila Rodrigues Ferraz por terem aceitado o convite de participar da banca
examinadora.

O desafio de sair da graduacao e enfrentar um novo ambiente
académico, agora de pesquisa, foi algo realizador e engrandecedor, ainda mais dentro
de uma instituicdo como a Universidade Estadual de Londrina (UEL). Foi um privilégio
vivenciar esta experiéncia. Por isso, meu muito obrigada também a UEL e em especial
ao Programa de Pds-graduacado em Ciéncias da Saude.

Que os estudos e trabalhos realizados possam ajudar na saude,
crescimento da ciéncia, da educacao e do ambiente académico brasileiro. E que esta
etapa possa representar o fim de um ciclo e o inicio da uma nova caminhada ainda

mais desafiadora e de mais conquistas.



CORTEZ, Giovana Bobato. Avaliagao dos potenciais efeitos do tratamento com o
flavonoide hesperidina metil chalcona em modelo de dor muscular de inicio
tardio em camundongos. 2024. 58 paginas. Dissertacdo (Mestrado em Ciéncias da
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RESUMO

Dor muscular de inicio tardio (DMIT) € um tipo de lesdo muscular causada por
exercicios excéntricos, de alta intensidade ou de longa duragédo. As manifestagcbes
dolorosas desta condicdo podem representar uma barreira consideravel para um estilo
de vida fisicamente ativo na populagao em geral, bem como podem dificultar o alcance
de alto desempenho em atletas profissionais. Investigamos os efeitos protetores da
hesperidina metil chalcona (HMC) contra DMIT. Os camundongos receberam duas
vezes HMC nas doses de 1, 3 ou 10mg/kg (30 min antes e 12h apds) por via i.p. e
foram submetidos a agua por 30 segundos (condigcdo simulada) ou a uma unica
sessdo ininterrupta de natagdo de 120 minutos. O imageamento de calcio dos
neurénios DRG foi usado para avaliar a ativagdo do nociceptor. A hiperalgesia
muscular mecanica foi avaliada 12-48 horas apds a sessao. Parametros oxidativos
(anion superoxido, peroxidacao lipidica e capacidade antioxidante) e recrutamento de
leucdcitos (imunofluorescéncia e atividades mieloperoxidase e N-acetil-beta-D-
Glucosaminidase) foram avaliados 2 e 24 horas apdés a sessdo de natacao,
respectivamente. Neurbnios DRG de camundongos DMIT apresentaram um nivel
basal mais alto de influxo de calcio e foram mais responsivos a capsaicina e AITC do
que camundongos naive. HMC (3 mg/kg) reduziu a hiperalgesia mecanica muscular,
a maior atividade basal e o aumento da responsividade a capsaicina e AITC dos
neurénios DRG e inibiu o estresse oxidativo e o recrutamento de neutréfilos e
macrofagos para o tecido muscular em camundongos DMIT. A HMC preveniu a DMIT
em camundongos apods exercicios nao habituais. Os mecanismos subjacentes podem
estar relacionados ao direcionamento da inflamacdo, o que resulta na reducao da
atividade dos neurdnios nociceptores musculares.

Palavras-chave: Hesperidina metil chalcona; Dor muscular de inicio tardio; Natagcao
aguda intensa; Estresse oxidativo e leucocitos.



CORTEZ, Giovana Bobato. Evaluation of the potential effects of treatment with
the flavonoid hesperidin methyl chalcone in delayed-onset muscle soreness in
mice. 2024. 58 paginas. Dissertacdo (Mestrado em Ciéncias da Saude) -
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ABSTRACT

Delayed-onset muscle soreness (DOMS) is a type of muscle injury occasioned by
eccentric, high intensity, or long duration exercise. Painful manifestations of this
condition may represent a considerable barrier for a physically active lifestyle in the
general population as well as can hamper to achieve high performance in professional
athletes. We investigate the protective effects of hesperidin methyl chalcone (HMC)
against DOMS. Mice were given two times HMC (12 hours plus 30 minutes before) by
i.p. route at the doses of 1, 3, or 10 mg/kg and were subjected to water for 30 seconds
(sham condition) or to an uninterrupted single swimming session of 120 minutes.
Calcium imaging of DRG neurons was used to assess nociceptor activation. Muscle
mechanical hyperalgesia was assessed 12-48 hours after the session. Oxidative
parameters (superoxide anion, lipid peroxidation, and antioxidant capacity) and
leukocyte recruitment (immunofluorescence and myeloperoxidase and N-acetil-beta-
D-Glucosaminidase activities) were evaluated 2 and 24 hours after the swimming
session, respectively. DRG neurons from DOMS mice presented a higher baseline
level of calcium influx and were more responsiveness to capsaicin and AITC than naive
mice. HMC (3 mg/kg) reduced muscle mechanical hyperalgesia, the higher baseline
activity, and the increased responsiveness to capsaicin and AITC of DRG neurons and
inhibited oxidative stress and the recruitment of neutrophils and macrophages to
muscle tissue in DOMS mice. HMC prevented DOMS in mice after unaccustomed
exercise. The underlying mechanisms may be related to targeting inflammation, which
results in reduced muscle nociceptor neurons activity.

Key-words: Hesperidin methyl chalcone; Delayed-onset muscle soreness; Intense
acute swimming; Oxidative stress and leukocytes.
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1 INTRODUGAO

1.1. EXERCICIO FiSICO E DOR MUSCULAR TARDIA

A expectativa de vida da populagao geral mundial aumentou substancialmente nas
ultimas décadas (KONTIS et al., 2017). Esse aumento reflete o efeito positivo das melhorias
das condigdes sociais e das politicas publicas relacionadas ao saneamento, habitacéo,
educacao, diminuindo satisfatoriamente a mortalidade. Somado a isso, redugdo no uso de
tabaco e mortes cardiovasculares contribuiram ainda mais para o aumento da expectativa de
vida (MATHERS et al., 2015). Como consequéncia, ocorre um aumento na sobrevivéncia de
individuos convivendo com alguma condi¢ao crbnica, resultante da diminuicdo da letalidade
de certas doengas, provocando um aumento na prevaléncia de incapacidades (CAMARGOS;
GONZAGA, 2015).

Uma das principais caracteristicas desse processo de transicdo epidemioldgica é,
portanto, o aumento da prevaléncia de doencgas cronicas nao transmissiveis relacionadas ao
processo de envelhecimento, e consequente, maior morbidade, fragilidade e incapacidade.
(CAMPOLINA et al., 2013; FERRUCCI; FABBRI, 2018).

Atualmente, muitos esforcos estdo sendo feitos para incentivar a pratica habitual de
atividade fisica, visto que esta produz efeitos significativos a saude. Os beneficios do exercicio
sao evidentes, ndo s6 para prevenir, como também para tratar diversas doengas (VINA et al.,
2012). Por exemplo, exercicio fisico possui efeito terapéutico em muitas doencgas inflamatérias
crbénicas, como doenga de Alzheimer, esclerose multipla, obesidade, diabetes, hipertensao,
artrite, cancer, doencas pulmonares obstrutivas crénicas, fibromialgia, dor crbénica
generalizada, dores na coluna e outras (VINA et al., 2012; PEDERSEN; SALTIN, 2015; CHEN;
ZHANG; HUANG, 2016; RICE et al., 2019). De fato, os mecanismos celulares e moleculares
regulados pelo exercicio sdo comparados aos alcangados pelos compostos farmacologicos,
conferindo ao exercicio potencial capacidade terapéutica para ser usado no tratamento de
diversas condi¢des patoldgicas (VINA et al., 2012; PEDERSEN; SALTIN, 2015), no entanto,

sem os efeitos adversos esperados comumente observados apds o uso de drogas sintéticas.

Como ja elucidado, a pratica regular de exercicio € considerada um componente
importante do tratamento efetivo da dor crénica, porém, infelizmente, o aparecimento de dor
tardia relacionada ao periodo de recuperagéo pds-exercicio pode representar grande barreira
para a adesdo dos individuos a programas de exercicio, precipitando um ciclo de inatividade
fisica que pode levar ao agravamento da dor e da incapacidade (LIMA; ABNER; SLUKA, 2017;
RICE et al., 2019; LUQUE et al., 2023);
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A dor muscular de inicio tardio (DMIT) induzida pelo exercicio ocorre principalmente
apos sessodes de longa duragao e/ou alta intensidade, exercicios excéntricos ou incomuns de
forma geral ao individuo, essa dor se desenvolvendo entre 24-48h apds o exercicio, podendo
atingir o seu pico em 72h (LEWIS; RUBY; BUSH-JOSEPH, 2012; BORGHI et al., 2014a;
NAHON et al., 2021; BORGHI; LUQUE, 2022). Os sintomas da DMIT incluem sensibilidade a
palpacéo, principalmente na juncdo musculotendinea, localizagao esta que pode ser atribuida
a uma alta concentracdo de receptores de dor muscular no tecido conjuntivo da regiao
miotendinea. Além disso, outros sintomas incluem edema muscular, perda da amplitude de
movimento, da flexibilidade, e da produgcdo de forca, assim como comprometimento
proprioceptivo (CHEUNG; HUME; MAXWELL, 2003; LUQUE et al., 2023). Considerando que
a capacidade de gerar forga muscular pode ser comprometida, mais unidades motoras podem
ser ativadas para produzir a mesma for¢ga usada em uma atividade, resultando no aumento
dos custos metabolicos (BORGHI; LUQUE, 2022).

Inicialmente, acreditava-se que a DMIT acontecia em decorréncia ao acumulo de acido
latico nos musculos esqueléticos e no plasma imediatamente apds o exercicio. No entanto,
esta hipotese encontra resisténcia pelo fato de que um maior metabolismo associado as
contragdes musculares concéntricas falha em produzir DMIT. Além disso, os niveis de acido
latico retornam aos niveis basais pré-exercicio dentro de uma hora apds o exercicio. Sendo
assim, & provavel que o acido latico contribua para a dor aguda associada com a fadiga
durante e imediatamente apds o exercicio intenso, porém, ndo deve ser atribuida a dor
retardada sentida 24-48h apés (CHEUNG; HUME; MAXWELL, 2003; BORGHI; LUQUE,
2022). E importante destacar, que dados da literatura mostraram que o &cido latico per se,
nao é capaz de reduzir o limiar de ativagdo de aferentes musculares, indicando que esta
substancia ndo tem acdo neuronal direta. No entanto, quando associada a ATP e protons,
pode ativar neurdnios nociceptores (GREGORY; WHITLEY; SLUKA, 2015).

Sabe-se que diversos mecanismos estdao envolvidos no desenvolvimento da DMIT.
Desta forma é bem aceito a hipétese de que o mecanismo da DMIT é iniciado no momento
do exercicio, com tensées no sarcomero, resultando em acumulo intracelular de calcio,
inibindo a respiracao celular e consequentemente prejudicando a producao de trifosfato de
adenosina (ATP), causando uma maior degradagao da unidade funcional do musculo (LEWIS;
RUBY; BUSH-JOSEPH, 2012). Com o dano tecidual causado ao musculo, observa-se a
liberacdo de ATP para o meio extracelular, o qual se liga a receptores P2X3 e promovem
ativagao neuronal, que por sua vez aumentam a secregao de neuropeptideos, que modificam
as propriedades da microvasculatura local, causando edema e inflamacgao (BORGHI; LUQUE,

2022). Esse microtrauma inicial € entao seguido por um processo inflamatério, com aumento
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dos niveis de citocinas e estresse oxidativo (LEWIS; RUBY; BUSH-JOSEPH, 2012). Niveis
elevados de oxidantes sdo um aspecto integral do metabolismo celular, sendo varias fontes
potenciais de Espécies Reativas de Oxigénio (ERO’s) evidentes durante e apds o exercicio.
Os ERO’s estimulam a quimiotaxia de células imunes, sendo os leucécitos os principais
contribuintes para respostas inflamatdrias e oxidantes ainda mais amplas (BUSSULO et al.,
2021). Resumidamente, na DMIT, o estresse oxidativo aumentado gerado pelo musculo
sobrecarregado € agravado por células imunes recrutadas, intensificando a ativagédo dos
neurdnios sensoriais nociceptores, contribuindo para dor (LEWIS; RUBY; BUSH-JOSEPH,
2012; BUSSULO et al., 2021) (Figura 1).

[ransmisso da
— para centros
V72 > inervosos superiores|

Exercicio

Trauma

Drogas

Infeccoes

Miopatias autoimunes
Distrofias musculares odificacao da dor no tecido

e transmissao através

' Macoéfagos @ Neurdfilos S Midcitos = Nociceptor

@ Citocinas @ Radicais livres @ATP ®@Neuropeptideos

Figura 1- Mecanismos relacionados a DMIT. A: Condicées que levam a percepcdo da dor
muscular. Neurdnios sensoriais nociceptores no musculo séo ativados por estimulos nocivos e transmitem estas
informagbes para a medula espinal (1), que age como estrutura de integragao entre a periférica e centros nervoso
superiores, como o talamo (2) e o cortex sensorial (3). B: Painel com aumento para demonstragdo dos eventos
que ocorrem durante a condigédo da lesdo. Lesbes no tecido muscular esquelético liberam ATP para o meio
extracelular, o qual se liga aos receptores P2X3 e promovem a ativagdo neuronal, que por sua vez aumenta a
secreg¢do de neuropeptideos que modificam as propriedades da microvasculatura local, causando edema e
inflamacéo; A resposta inflamatéria com aumento dos niveis de citocinas e estresse oxidativo é agravada com o
recrutamento de leucdcitos, intensificando a ativagdo dos neurénios sensoriais nociceptores, contribuindo para a
dor. TA: tibial anterior. GRD: ganglio da raiz dorsal. Fonte: BORGHI; LUQUE, 2022.

A DMIT representa um grande desafio para a medicina do exercicio, tanto em atletas
de alto desempenho e individuos fisicamente ativos, como também em idosos e sedentarios.

Em idosos com dor crénica, individuos fisicamente inativos, ou com doencas crbnicas nao-
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transmissiveis, esse sintoma pode ser ainda mais significativo, representando um importante
obstaculo a adesdo e permanéncia em programas de exercicios regulares, resultando em
retirada e abandono dos programas, com permanéncia em um estilo de vida sedentario, com
consequente manutencgao ou piora da dor e incapacidade funcional (LIMA; ABNER; SLUKA,
2017; RICE et al., 2019). Em atletas de alto nivel, a presenga de dor induzida pelo exercicio
que ocorre em decorréncia de sobrecarga durante os treinamentos ou ritmo intenso de
trabalho, também é um fator complicador para que sejam alcangadas metas de rendimento
durante as mais variadas modalidades esportivas (ALVES; COSTA; SAMULSKI, 2006;
TANSKANEN; ATALAY; UUSITALO, 2010; KREHER; SCHWARTZ, 2012). Além disso, as
alteragbes nos padroes de ativagao das unidades motoras e outros desconfortos associados
a DMIT podem contribuir para um maior risco de lesdo musculoesquelética (BORGHI;
LUQUE, 2022).

1.2 EPIDEMIOLOGIA, DIAGNOSTICO E TRATAMENTO DA DOR MUSCULAR DE INICIO
TARDIO

Faltam dados epidemioldgicos precisos sobre DMIT, devido ao elevado numero de
casos nao avaliados e pela falta de definigao clara para o diagnéstico da DMIT. Em geral, uma
anamnese € um exame clinico composto por inspec¢ao, palpagéo e testes funcionais dos
grupos musculares afetados podem fornecer informagdes importantes sobre a extensao e a
gravidade de uma lesdo muscular, inclusive em casos de DMIT. Além disso, diversos
biomarcadores podem ser avaliados, como creatina quinase (CK), proteina C reativa (PCR),
interleucina 6 (IL-6), pentraxin-3 (PTX-3) e lactato desidrogenase (LDH), entretanto, todos
estes, considerados inespecificos para o diagnéstico, por serem marcadores envolvidos em
varios processos fisiologicos. No diagnostico por imagem da DMIT, diversas modalidades de
imagem s&o descritas, mas até o momento, a ressonancia magnética (RM) tem sido relatada
como a modalidade preferida, fornecendo analise detalhada das imagens e caracterizacao
desse tipo de lesdo muscular (HOTFIEL et al., 2018).

Os mecanismos de tratamentos para DMIT s&do abundantes, porém, segundo a
literatura, os resultados s&o muito variados e o sucesso do tratamento ainda € muito limitado
(CHEUNG; HUME; MAXWELL, 2003; HUME et al., 2004). Estes tratamentos incluem
crioterapia, eletroterapia, exercicios terapéuticos, homeopatia, massagens, intervencgbes
nutricionais, farmacoterapia, incluindo anti-inflamatérios nao-esteroidais (AINE’s), entre
outros. O exercicio por si s6 é umas das estratégias mais eficazes para aliviar a DMIT, no
entanto, o alivio da dor & temporario, e retomado rapidamente apds a interrupgéo do exercicio.

Esse alivio temporario da dor pode ser explicado devido ao rompimento de aderéncias nos
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musculos doloridos, um aumento da remocéo de residuos nocivos através do aumento do
fluxo sanguineo e um aumento na liberagao de endorfina durante a atividade, a qual resulta
em um efeito analgésico que minimiza a sensagao da DMIT (CHEUNG; HUME; MAXWELL,
2003). Em revisao sistematica com meta-analise recente, foram avaliados os impactos de
diversas intervengbes ndo-farmacoldgicas para o tratamento da dor. Observou-se que a
massagem foi a intervengdo mais eficaz que induziu beneficios significativos na DMIT e na
fadiga percebida (DUPUY et al., 2018).

Na nutrigdo, o uso de suplementos incluindo, proteinas, aminoacidos de cadeia
ramificada, creatina monohidratada, 6mega 3 e vitamina D, sdo comumente usados em dietas
atléticas para melhorar a recuperagcdo dos danos musculares pos exercicio. Além disso,
compostos bioativos como os flavonoides surgiram como potencial opgéo para melhorar tanto
o desempenho esportivo como a recuperagdo pos exercicio. Por exemplo, uma revisao
sistematica com meta-analise fornece evidéncias suficientemente forte para recomendar a
inclusdo de alimentos ricos em flavonoides na dieta diaria de atletas e individuos ativos
durante um minimo de 7 dias antes da competigdo, visto que a ingestdo de polifendis
flavonoides pode melhorar a recuperagéo da forga muscular e reduzir a dor muscular (CAREY;
LUCEY; DOYLE, 2021).

Dentre as opcdes, o uso de AINE’s esta entre as principais modalidades de escolha
para aliviar os sintomas da DMIT. Apesar da consistente base tedrica da eficacia dos AINE's
para induzir respostas anti-inflamatdrias e analgésicas, o seu real resultado no tratamento da
DMIT permanece incerto na maioria dos estudos, sendo inclusive reportado auséncia de
efeitos significativos (CONNOLLY; SAYERS; MCHUGH, 2003; NAHON et al., 2021). Estas
inconsisténcias nos resultados apresentados sobre o uso de anti-inflamatérios no tratamento
da DMIT podem ser atribuidas a diversos fatores, como, tipo do AINE, tempo de administragao
da droga, dose utilizada, e tipo de protocolo utilizado para induzir DMIT (NAHON et al., 2021).
Além disso, a utilizacdo excessiva de AINE’s esta relacionada com a presenca de efeitos
colaterais indesejaveis, incluindo, ulceragdes gastrointestinais, insuficiéncia renal e danos
hepaticos (CHEUNG; HUME; MAXWELL, 2003; BUSSMANN et al., 2022). Entre os principais
AINEs utilizados por esportistas para evitar dor e fadiga esta o diclofenaco oral, que além dos
efeitos indesejaveis mencionados acima, pode adicionalmente afetar o desempenho e a
adaptacéo dos tecidos em resposta as lesdes (BARCELOS et al., 2021). Por estas razdes,
seu uso tépico (1%) por periodos curtos foi recentemente recomendado para o tratamento da
DMIT (SINGLA et al., 2015), visando obtencao de efeito analgésico, mas também, perfil de
seguranga mais favoravel (ROTH; FULLER, 2011).
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1.3 MODELOS DE DOR MUSCULAR DE INiCIO TARDIO EM ROEDORES DESCRITOS NA
LITERATURA

A DMIT ja estda bem descrita na literatura, porém, ainda existem questbes sobre
mecanismos moleculares e celulares associados a dor para serem mais bem elucidadas. Por
isso, modelos animais de dor induzida por exercicio sdo desenvolvidos. Borghi e
colaboradores padronizaram estudos sobre DMIT em camundongos apos sessao de exercicio
fisico por natagdo aguda com duragao de 120 minutos, que resulta em hiperalgesia mecénica
entre 6-48h ap6s a sessdo de natacdo, sendo o pico de dor observado na 24°h apds o
exercicio (BORGHI et al., 2014a). Munehiro e colaboradores realizam estudos sobre DMIT
apos corrida em declive como exercicio excéntrico em ratos (MUNEHIRO et al., 2012).
Urakawa e colaboradores desenvolvem estudos sobre DMIT utilizando modelo de contragao
excéntrica passiva com estimulagdo elétrica em ratos anestesiados. Em tal modelo, a
contragdo excéntrica é provocada no musculo gastrocnémio por estimulagao elétrica do nervo
tibial, através de um par de eletrodos de agulha inseridas préoximos ao nervo. A articulagao da
pata e do tornozelo do rato é fixada com uma placa, sendo esta tracionada mecanicamente
para mover a articulagdo do tornozelo da flexao plantar (25°) para dorsi-flexao (20°), atingindo
uma amplitude de movimento total de 45° para alongar o musculo gastrocnémio sincronizando
com a estimulagéo elétrica, resultando em contragdo excéntrica (URAKAWA et al., 2015). A
idealizagado de diferentes modelos utilizando roedores para o estudo da DMIT é de extrema
importancia, tanto para o avanco do entendimento dos mecanismos fisiopatoldgicos desta
condicdo, como para a triagem de farmacos capazes de preveni-la e/ou reverté-la. Por isso,
desenhos experimentais que tragam condi¢bes ambientais semelhantes as condi¢des

experimentadas pelo humano s&o desejadas.

1.4 HESPERIDINA METIL CHALCONA

Os flavonoides sdo compostos polifendlicos presentes em diversos alimentos e plantas
do reino vegetal. Esses compostos naturais sdo bem conhecidos por suas propriedades
antioxidantes, anti-inflamatdrias, antialérgicas e analgésicas (MARTINEZ et al., 2015; PINHO-
RIBEIRO et al., 2015; FERRAZ et al., 2020). A hesperidina, é um flavonoide da classe das
flavanonas encontrado em frutas citricas que apresenta baixa solubilidade em agua, o que
compromete sua absor¢do no intestino delgado, assim como muitos outros flavonoides
(FATHIAZAD; AFSHAR, 2004; MARTINEZ et al., 2015). Ja a hesperidina metil chalcona

(HMC), representa um flavonoide sintetizado a partir da metilacdo da hesperidina em
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condicbes alcalinas. A reacdo de metilagdo de flavonoides melhora sua disponibilidade,
estabilidade metabdlica e distribuicado tecidual (BORGHI; CASAGRANDE; VERRI, 2023).

Hesperidin HO — 00~ ] 1 1| —
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Figura 2- Metilag&o da Hesperidina. Fonte: Pinho-Ribeiro et al., 2015.

A HMC é amplamente utilizada em formulagdes farmacéuticas devido sua atividade
vasoprotetora (FATHIAZAD; AFSHAR, 2004). Em associagdo com outras duas substancias
(extrato de Ruscus Aculeatus e vitamina C), a HMC compde o medicamento Cyclo 3® Fort,
utilizado no tratamento de insuficiéncia venosa crénica (BORGHI; CASAGRANDE; VERRI,
2023). No entanto, ainda ndo existem formaulagcdes sendo comercializadas que utilizem
exclusivamente a HMC para uso farmacoterapico. Em estudo controlado e aleatorizado
desenvolvido recentemente pelo nosso grupo, foi demonstrado que a HMC (em regime de
tratamento oral profilatico) reduz a dor muscular a palpagdo (mas ndo a dor durante a
movimentagao ativa) e o dano ao tecido muscular esquelético (redug¢ao dos niveis séricos de
creatina fosfoquinase), assim como promove a recuperagao da forca muscular e do deficit
proprioceptivo provocado por exercicio resistido dinamico intenso na DMIT em humanos
sedentarios (LUQUE et al., 2023). Estudos pré-clinicos provenientes da pesquisa basica que
mimetizam condigbes clinicas em humanos s&0 essenciais para investigacdo dos
mecanismos celulares e moleculares envolvidos nos efeitos bioldgicos proporcionados pelos
compostos farmacolégicos estudados. Nosso grupo de pesquisa também tem sido pioneiro
em estudos investigando as propiedades biolégicas da HMC em modelos experimentais de

dor e doencas inflamatérias. Estes sdo discutidos abaixo.

Por exemplo, o tratamento com HMC inibe a dor inflamatéria (por exemplo, dor

manifesta e hiperalgesia mecanica) induzida por diversos estimulos inflamatérios (incluindo
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acido acético, carragenina, adjuvante completo de Freeund, entre outros), assim como inibe
a producgao de citocinas pro-inflamatérias, o estresse oxidativo e a ativacdo do fator de
transcricado nuclear kB (NF-kB) (PINHO-RIBEIRO et al., 2015). Ainda, o tratamento com HMC
sistémico e topico protegeu a pele de camundongos dos efeitos deletérios da irradiagéo por
raios ultra-violeta, por reduzir a producdo de radicais livres, melhorar a capacidade
antioxidante e inibir a produgédo de moléculas inflamatérias (MARTINEZ et al., 2015, 2016). O
tratamento com HMC também foi capaz de reduzir a hiperalgesia mecanica e o edema
articular do joelho em um modelo de artrite induzida por zimozan em camundongos, além de
reduzir o recrutamento de leucécitos, niveis de citocinas pro-inflamatérias e estresse oxidativo
(RASQUEL-OLIVEIRA et al.,, 2020). Em modelo de colite induzida por acético acético, o
tratamento com HMC demonstrou efeitos anti-inflamatérios e antioxidantes(GUAZELLI et al.,
2021). Em um modelo de lesdo renal aguda induzida por diclofenaco em camundongos, o
tratamento com HMC reduziu o dano no tecido renal por proporcionar melhora da condigao
antioxidante, inibicado da producéao de citocinas proé-inflamatérias e aumento da producgao da
citocina anti-inflamatéria interleucina 10 (IL-10) (BUSSMANN et al., 2022). Por fim, a HMC
também apresenta efeitos analgésicos, anti-inflamatérios e antioxidantes em modelos de
artrite gotosa induzida por injecao intra-articular de cristais de urato monossddico (RUIZ-
MIYAZAWA et al., 2018) e de artrite induzida por injecao intra-articular do pigmento branco
inorganico diéxido de titanio (TiO2) comumente utilizados para a confecgcao de préteses
articulares (ARTERO et al., 2023). No entanto, embora ja tenhamos demonstrado seu efeito
analgésico e de melhora de performance em humanos, ainda nao foram investigados em
maiores detalhes os efeitos mecanicisticos pelos quais a HMC pode ser efetiva para prevenir
a DMIT.

Sendo assim, sabendo dos promissores efeitos anti-inflamatérios, antioxidantes e
analgésicos da HMC, e de sua possivel aplicabilidade para tratar diversas disfuncdes,
compreende-se ser essa, uma substancia potencial para pesquisa e investigagdo adicionais,

inclusive em modelos experimentais de DMIT.
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2 OBJETIVOS
2.1 OBJETIVO PRINCIPAL

Analisar os potenciais efeitos analgésicos, anti-inflamatdérios e antioxidantes do

tratamento com o flavonoide HMC em modelo de DMIT em camundongos.

2.2 OBJETIVOS ESPECIFICOS

o Verificar se o protocolo experimental de exercicio por natagcao aguda induz ativagao
de neurdnios nociceptivos musculares, e se o tratamento com HMC é capaz de
modular a fungao de neurbnios nociceptivos musculares apods a sessao de exercicio
por natagao aguda,;

e Avaliar se o tratamento com HMC reduz a hiperalgesia mecéanica, modula os niveis de
estresse oxidativo (capacidade antioxidante e producao de radicais livres) e inibe o
recrutamento de leucdcitos (neutrédfilos e macréfagos) para o tecido muscular,

induzidos por exercicio de natagdo aguda.
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3 MATERIAIS E METODOS

3.1 ANIMAIS

Foram utilizados camundongos Swiss (machos, pesando 20-30g) para todos os
experimentos, exceto para o ensaio de imunofluorescéncia em microscopio confocal para
avaliagcdo do recrutamento de leucécitos para o tecido muscular, no qual foram utilizados
camundongos Lysm-eGFP e CCR2-RFP (machos, pesando entre 20-30g), ambos criados no
Biotério Central da Universidade Estadual de Londrina. Os animais foram mantidos no Biotério
do Departamento de Ciéncias Patoldgicas da Universidade Estadual de Londrina pelo menos
dois dias antes dos experimentos. Nos biotérios, os animais foram mantidos em caixas de
polipropileno padrdo que medem 41 x 34 x 16 cm (maximo de 12 animais por caixa), com livre
acesso a agua e ragao, ciclo de claro/escuro (12/12 h) e ambiente climatizado, com exaustao
do ar. Os animais foram divididos em gaiolas no biotério de acordo com os grupos
experimentais (4 grupos de n=6; grupo naive, grupo sham, grupo natagdo aguda + salina e
grupo natagéo aguda + HMC) e foram adaptados aos ambientes e condi¢cdes experimentais
com pelo menos 1 hora de antecedéncia em relacdo aos experimentos. Durante o processo
de eutanasia para coleta de amostras, os animais foram expostos ao isoflurano 3%, seguido
de luxac&o cervical e posterior decapitacéo. Este projeto foi aprovado pela Comiss&o de Etica
no Uso de Animais da Universidade Estadual de Londrina (CEUA n° 085/2022) e os
procedimentos de cuidado e manuseio de animais seguiram as diretrizes da Associacao

Internacional de Estudo da Dor (IASP, International Association for Study of Pain).

3.2 TRATAMENTO

Os animais do grupo natagdo aguda + HMC foram tratados com 200uL de HMC
3mg/kg (dose determinada no experimento dose-resposta) e do grupo natagéo aguda + salina
com 200 uL solugdo salina 0,9%, por via intraperitoneal (i.p.), 30 minutos antes e 12 horas
apos a sessao de natagdo aguda. Nos experimentos para avaliagdo do estresse oxidativo, o

tratamento foi feito com apenas uma dose, 30 minutos antes da sessao de natagéo aguda.

3.3 MODELO DE DOR MUSCULAR DE INiCIO TARDIO INDUZIDA POR NATAGCAO AGUDA

Os animais foram posicionados individualmente em caixas de vidro divididas em 6

compartimentos (45x28x25 cm), com aproximadamente 30 litros de agua a 31 + 1 °C. E
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importante ressaltar que esta temperatura da agua € considerada intermediaria, pois nao é
baixa suficiente para induzir estresse, nem alta demais para induzir hipoalgesia. Uma gota de
detergente liquido foi adicionada para reduzir a tensao superficial da agua e prevenir que os
animais boiem durante o exercicio. No inicio da sesséo de exercicio fisico por natacao, os
animais passam por periodo de estresse, por estarem em ambiente inescapavel, no entanto,
este estresse inicial € minimo e dissipado conforme ocorre a habituagao do animal durante a
sessao de natagéo. A sessao de natagao aguda teve duragéo de 120 minutos, tempo definido
em experimento de tempo-resposta ja realizado em outro estudo do grupo (BORGHI et al.,
2014a). O grupo natagédo aguda + salina e natagao aguda + HMC realizaram a sesséo de
natacdo, ja os animais do grupo sham (controle negativo) foram expostos por apenas 30
segundos a agua e imediatamente retirados apoés este periodo, e os animais do grupo naive
nao foram expostos a agua. Apos a sessao, os animais foram gentilmente secos com toalha
e posicionados em gaiolas junto com seu respectivo grupo. Entendemos que desenhos
experimentais com exercicio aerdbio de longa duragao e alta intensidade possam refletir com
maior proximidade a real condicdo observada em humanos durante a pratica de atividades

fisicas recreativas dindmicas.

3.4 AVALIACAO DA HIPERALGESIA MECANICA MUSCULAR

Foi utilizado o teste de pressdo crescente na pata do camundongo ja relatado
anteriormente (CUNHA et al., 2004; GUERRERO et al., 2006) para se avaliar dor muscular
(BORGHI et al., 2014a). Este método pode ser descrito como uma versao eletrénica do
método de filamentos de Von Frey (1896). Os animais s&o posicionados em compartimentos
de acrilico individuais com o piso de grade metalica, no minimo 1 hora antes do experimento,
visando habituacdo as condi¢cdes experimentais. O teste consiste na aplicagdo de uma
presséo crescente na superficie plantar com um transdutor de forga manual (anestesiémetro
eletrébnico Von Frey, Insight, Ribeirdo Preto, SP, Brasil) equipado com uma ponteira de
polipropileno com didmetro de 0,5mm?, provocando movimento de flexdo na articulagéo do
tornozelo, o que gera estiramento no tendao de aquiles, com consequente movimentagao dos
musculos, que resulta em resposta ou ndo do animal, dependendo o grupo experimental. O
ponto final é caracterizado pela retirada da pata, e a pressao necessaria para evocar o
movimento de retirada da pata pelo animal é registrada automaticamente em gramas (g). O
teste foi realizado antes da sessao de natagao para avaliagdo do limiar mecanico basal dos
animais e 12, 24, 36 e 48 horas apds a sessao de exercicio fisico agudo para avaliacdo da
hiperalgesia muscular. Para cada tempo avaliado, foram consideradas a média de trés

medigdes e os resultados obtidos foram apresentados em delta (A), calculado pela subtragcéo
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dos valores obtidos dos tempos apo6s a sessio de exercicio, do valor basal.

3.5 ENSAIO DE IMAGEAMENTO DE CA2* INTRACELULAR

Realizada em dois momentos, primeiramente grupo naive vs natagdo aguda + salina,
em seguida grupo naive, grupo natagao aguda + salina e natagdo aguda + HMC. Os animais
do grupo natagao aguda + salina e natagao aguda + HMC realizaram o exercicio com duragéo
de 2h, e suas amostras foram coletadas 24h apds o nado. Amostras de DRGs (L4-L6 bilateral)
foram dissecados em MNB, dissociados em 1 mg/ml de colagenase A e 2,4 U/ml de dispase
Il em HEPES por 20 minutos a 37°C. Apds trituragdo com pipetas Pasteur de vidro de tamanho
decrescente, as células DRG foram centrifugadas em um gradiente de BSA de 10%,
plagueadas em placas de cultura celular revestidas com laminina. Os DRGs foram entao
carregados com 1,2 yM de Fluo-4AM em MNB, incubados por 30 min 37°C, lavado com HBSS
e fotografado em um microscoépio confocal (TCS SP8, Leica Microsystems). Para avaliar a
ativagdo neuronal, as placas de DRG foram registradas por 10 minutos, divididos em 2
minutos de leitura inicial (0 — 120s, valores basais), 3 minutos apds estimulagdo com
capsaicina 1uM (120 — 350s, TRPV1 agonista), 3 minutos apds estimulagao com AITC (350 —
480s, TRPA1 agonista) e 2 minutos finais apds estimulagdo com KCL 40mM (480 — 600s,
ativa todos os neurénios). O fluxo de célcio dos neurdnios foi analisado a partir da
fluorescéncia mensurada com o software LAS X (Leica Microsystems) (FATTORI et al., 2019;
BERTOZZI et al., 2022).

3.6 ENSAIO PARA AVALIAGAO DA PRODUGAO DOS NiVEIS DE ANION SUPEROXIDO
PELO METODO DE REDUGAO DO NITROAZUL DE TETRAZOLIO

A producao do anion superéxido foi determinada pela reducéo do Nitroblue tetrazélio
(NBT) (BORGHI et al., 2018; BORGHI et al., 2022). Em 200ul de EDTA, os musculos séleos
foram coletados 2h apds a sesséo aguda intensa de natagéo, tempo ja padronizado em estudo
anterior (BORGHI et al., 2014a; BORGHI et al., 2016). A amostra foi homogeneizada usando
um ultra-turrax (Tissue-Tearor 985370, BioSpec Products, Bartlesville, OK, EUA). Entdo, 50
Ml do homogeneizado foi colocado em uma placa de 96 pocgos, seguido da adi¢do de 100ul de
solugao de azul de nitro tetrazolio (1mg/mL) (NBT, Sigma-Aldrich, St. Louis, MO,EUA), e
mantida incubada em temperatura ambiente por 60 minutos. Toda a mistura aquosa foi
retirada da placa, e o precipitado foi solubilizado com a adigdo de 120ul de KOH 2M e 120ul

de DMSO. A densidade o6ptica foi medida usando um leitor de espectrofotdmetro de
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microplacas (Espectrofotémetro de microplacas Multikan GO; Thermo Fischer Scientific,
Vantaa, Finlandia) a 600nm. Os niveis de redugdo foram corrigidos de acordo com a
concentracao de proteinas, e os resultados apresentados como reducao de NBT (DO/ mg de

proteina).

3.7 ENSAIO PARA AVALIAGAO DOS NiVEIS DE PEROXIDAGAO LIPIDICA

A peroxidacéo lipidica foi determinada através da avaliagao dos niveis de substancias
reativas ao acido tiobarbiturico (TBARS) utilizando metodologia adaptada descrita
anteriormente (BORGHI et al., 2018; BORGHI et al., 2022). Para este método, amostras do
musculo séleo foram coletadas 2h apés o exercicio intenso de natagdo em 200ul de KCL. As
amostras foram trituradas, apds, 50ul do homogeneizado foi colocado na placa e adicionado
5ul de FeCI3 1mM, 5ul de acido ascérbico 1mm, 50ul de acido tricloroacético (TCA; 2,8%)
e 50ul de acido tiobarbiturico (TBA; 1,0%), seguido de incubagao de aproximadamente 15 min
em banho-maria fervente (95 °C) para posterior transferéncia para banho de gelo. Um produto
intermediario da peroxidacao lipidica, denominado malondialdeido (MDA), foi entédo
quantificado em amostras de musculo, pela diferenca entre a absorbancia obtida
espectrofotometricamente a 535 e 572 nm (Multiskan GO Microplate Spectrophotometer,
Thermo Scientific, Vantaa, Finlandia). Os niveis de proteinas nas amostras foram utilizados

para corrigir os resultados, os quais sao apresentados como nmol de MDA por mg de proteina.

3.8 ENSAIO PARA AVALIACAO DE CAPACIDADE ANTIOXIDANTE PELO METODO DE
REDUCAO FERRICA

A capacidade antioxidante endégena de se opor a condigdes de estresse oxidativo foi
verificada espectrofotometricamente pelo teste de quantificacdo de redugao férrica (FRAP)
(PINHO-RIBEIRO et al., 2015; BORGHI et al., 2018). O musculo séleo foi coletado 2 h apos
a sessao aguda intensa de natagdo em 200ul de KCL, a amostra foi triturada e centrifugada
(200g 10 min, 4 °C). Apos essa etapa, 20 yL de sobrenadante foi misturado com 30 pL de
agua ultrapura e 150 pyL de reagente FRAP (Sigma Chemical Co., St. Louis, MO, EUA). Os
resultados foram assimilados usando uma curva padréo Trolox (0,02- 20nmol) (Sigma
Chemical Co., St. Louis, MO, EUA). Os niveis de proteinas nas amostras foram utilizados para
corrigir o resultado. As leituras foram realizadas a 595 nm, e os resultados apresentados como

nmol de equivalente de Trolox por mg de proteina.


https://www.sciencedirect.com/topics/medicine-and-dentistry/trichloroacetic-acid
https://www.sciencedirect.com/topics/medicine-and-dentistry/thiobarbituric-acid
https://www.sciencedirect.com/topics/medicine-and-dentistry/malonaldehyde
https://www.sciencedirect.com/topics/medicine-and-dentistry/antioxidant-capacity
https://www.sciencedirect.com/topics/medicine-and-dentistry/trolox
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3.9 ENSAIO PARA DETERMINAGCAO DA ATIVIDADE DA MIELOPEROXIDASE

A migracao leucocitaria para o musculo séleo induzida pelo nado agudo intenso foi
avaliada utilizando-se o ensaio cinético-colorimétrico da MPO (BORGHI et al., 2014b;
BORGHI et al., 2016). Resumidamente, amostras de musculos esqueléticos foram coletadas
24h apds o nado em tampao KoHPO4 (200uL, 50mM, pH 6,0) contendo HTAB a 0,5% e
mantido a -86°C até o uso. As amostras foram homogeneizadas com Polytron (PT3100;
Kinematica AG, Luzern, Suica) e centrifugadas a 16.100 g a 4°C por 2 min. Em seguida, 15
Ml do sobrenadante foram misturados com 200 ul de tampéo fosfato (50 mM pH 6,0), contendo
0,167 mg/ml de dicloridrato de O-dianisidina e perdéxido de hidrogénio a 0,0005%. A
absorbéncia foi determinada apdés 20 min a 450nm (Multiskan GO Microplate
Spectrophotometer, Thermo Fischer Scientific, Vantaa, Finlandia). A atividade da MPO das
amostras foi comparada com uma curva padrao de neutrofilos. Os niveis de proteina utilizados
para corrigir os resultados, os quais foram apresentados como atividade da MPO (numero de

neutrofilos totais x 105/mg de proteina).

3.10 ENSAIO PARA DETERMINAGAO DA ATIVIDADE DA N-
ACETILGLUCOSAMINIDASE

A atividade da NAG foi determinada por método colorimétrico adaptado previamente
descrito (PINHO-RIBEIRO et al., 2015; BORGHI et al., 2016). Resumidamente, amostras de
musculos esqueléticos foram coletadas 24h apds o nado em tampao KoHPO4 (200uL, 50mM,
pH 6,0) contendo HTAB a 0,5% e mantido a -86°C até o uso. As amostras foram
homogeneizadas com Polytron (PT3100; Kinematica AG, Luzern, Suica) e centrifugadas a
16.100 g a 4°C por 2 min. Apds, 10 pL do sobrenadante foram adicionados em uma placa de
96 pocos seguidos pela adicdo de tampao citrato fosfato (40uL, 50 mM), pH 6,0). A reacéo foi
iniciada pela adicdo de 50uL de p-nitrofenil-N-acetil-B-D-glucosaminida 2,24mM. A placa foi
incubada a 37°C por 10min, e tampéo glicina (100uL, 0,2 M, pH 10,6) foi adicionado. A
atividade enzimatica da NAG foi determinada espestrofotometricamente a 400 nm (Multiskan
GO Microplate Spectrophotometer, Thermo Fischer Scientific, Vantaa, Finlandia). A atividade
NAG das amostras foi comparada com uma curva padrdo de macréfago. Os niveis de proteina
utilizados para corrigir os resultados, os quais foram apresentados como atividade da NAG

(macréfagos x 105/mg de proteina).

3.11  ENSAIO DE IMUNOFLUORESCENCIA EM MICROSCOPIO CONFOCAL
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A coleta para imunofluorescéncia muscular foi realizada 24h apds o exercicio intenso
agudo por natagdo. Para isso os camundongos Lysm-eGFP e CCR2-RFP foram perfundidos
através da aorta ascendente com solugao salina tamponada com fosfato (PBS) seguida de
4% de paraformaldeido (PFA) e o musculo séleo foi coletado. Em seguida, as amostras foram
pos-fixadas em paraformaldeido (PFA 4%) durante 24h, depois lavadas com PBS e colocadas
em solugéo sacarose a 30% por mais 24h. Apds esse periodo as amostras foram colocadas
em solugcado metade sacarose 30% e metade optimal cutting temperature (OCT). Por fim, as
amostras foram entdo incluidas em OCT usando o reagente Tissue-Tek® (Sakura® Finetek
USA, Torrance, CA) e congeladas. Cortes de 15 micrémetros (um) foram cortados em
criostato (CM1520, Leica Biosystem, Richmond, IL, EUA) e armazenados em ultra-freezer
para posterior analise por imunofluorescéncia (quatro laminas por grupo/ quatro animais por
grupo/ dois musculos por animal). As laminas foram lavadas com PBSt, e bloqueadas com
DAPI durante 1 hora a temperatura ambiente, em seguida novamente realizado a lavagem
com PBSt. A montagem das laminas foi realizada utilizando o dispositivo ProLong™ Gold
Antifade Mountant com meio de montagem. As imagens foram realizadas em microscopio

confocal (SP8, Leica, Wetzlar, Alemanha) e examinadas utilizando o Software Leica LAS X.

3.12 ANALISE ESTATISTICA

Todos os dados foram analisados com o programa estatistico GraphPad Prism 9.2
(Graphpad software, Inc.). A normalidade dos dados foi verificada pelo teste de Shapiro-Wilk.
Para os dados que apresentaram distribuicdo normal, utilizou-se os testes de One-way
ANOVA ou Two-way ANOVA, seguido pelo pés-teste de Tukey ou Sidak. Para os dados sem
distribuicdo normal, foi utilizado o teste Kruskal-Wallis seguido do teste de comparagodes
multiplas de Dunn. Foram realizados 2 experimentos de forma independente para confirmagéao
dos dados, e os dados foram apresentados pela média +- EPM (erro padrdo da média) de
medidas feitas em 6 animais por grupo, representativas do primeiro experimento. S&o

consideradas significativas as diferencas para p < 0.05.
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4 RESULTADOS E DISCUSSAO

4.1 ARTIGO PARA PUBLICAGCAO

O presente trabalho foi realizado no Laboratério de Dor, Inflamacgéo, Neuropatia e Cancer da
Universidade Estadual de Londrina e segue as normas da revista Physiology & Behavior. Os
resultados estédo descritos no artigo intitulado: “Analgesic effect of hesperidin methyl chalcone
in delayed onset muscle soreness in mice: inhibition of oxidative stress, inflammatory cells

recruitment, and TRPV1+ and TRPA1+ nociceptor neurons”



0 N o o0~ WOWN -

N P QP QR G G |
0o N OO o0~ W N~ O ©

28

Analgesic effect of hesperidin methyl chalcone in delayed onset muscle
soreness in mice: inhibition of oxidative stress, inflammatory cells recruitment,
and TRPV1+ and TRPA1+ nociceptor neurons

Giovana B. Cortez2?, Mariana M. Bertozzi®, Amanda M. Dionisio®P, Maiara Piva®,

Nayara R. Morelli?, Rubia Casagrande?, Waldiceu A. Verri Jr2®", Sergio M. Borghi®¢"

aPostgraduate Program in Health Sciences, Center of Health Science, Londrina State
University, Londrina 86038-350, PR, Brazil.

bDepartment of General Pathology, Center for Biological Sciences, State University of
Londrina, Londrina, Parana, Brazil.

°Center for Research in Health Sciences, University of Northern Parana, Londrina,
Parana 86041-140, Brazil.

"Author for correspondence: Prof. Sergio M. Borghi and Prof. Waldiceu A. Verri Jr,
Department of General Pathology, Biological Sciences Center, State University of
Londrina. Rod. Celso Garcia Cid Pr 445, KM 380, Londrina, Parana, Brazil. P.O. box:
10.011, zip code 86057-970. Fax: + 55 43 3371 4387, Phone: + 55 43 3371 4979, e-

mail addresses: waverri@uel.br and sborghi@uel.br.



o N o o0~ WOWN -

N N DN DN N DN DN ) e =
o a0 A WN ~ O ©W 00N OO o0 B O N ~ O ©

29

Abstract

Delayed-onset muscle soreness (DOMS) is a type of muscle injury occasioned by
eccentric, high intensity, or long duration exercise. DOMS may represent a
considerable barrier for a physically active lifestyle in the general population and can
hamper to achieve high performance in professional athletes. We investigate the
protective effects of hesperidin methyl chalcone (HMC) against DOMS. Mice were
given two times HMC (12 hours plus 30 minutes before) by i.p. route at the doses of 1,
3, or 10 mg/kg and were subjected to water for 30 seconds (sham condition) or to an
uninterrupted single swimming session of 120 minutes. Calcium imaging of dorsal root
ganglia (DRG) neurons was used to assess nociceptor neuron activation. Muscle
mechanical hyperalgesia was assessed 12-48 hours after the session. Oxidative
parameters (superoxide anion, lipid peroxidation, and antioxidant capacity) and
leukocyte recruitment (fluorescence, and myeloperoxidase and N-acetil-beta-D-
Glucosaminidase activities) were evaluated 2 and 24 hours after the swimming
session, respectively. DRG neurons from DOMS mice presented a higher baseline
level of calcium and higher responsiveness to capsaicin (TRPV1 agonist) and AITC
(TRPA1 agonist) than naive mice. HMC (3 mg/kg) reduced muscle mechanical
hyperalgesia, the DRG nociceptor neuron activation at baseline and upon TRPV1 and
TRPA1 agonists and inhibited oxidative stress and the recruitment of neutrophils and
macrophages to muscle tissue in DOMS mice. Thus, HMC prevented DOMS in mice
after unaccustomed exercise. The underlying mechanisms may be related to targeting
inflammation, which results in reduced TRPV1* and TRPA1" muscle nociceptor

neurons activity.

Keywords: Hesperidin methyl chalcone, delayed-onset muscle soreness, intense

acute swimming, oxidative stress, and leukocytes.
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1. Introduction

Delayed-onset muscle soreness (DOMS) commonly occurs after eccentric or
unfamiliar sessions of exercise. It is presumed that excessive bouts of exercise may
lead to muscle damage reflected by disruption of structural proteins in muscle fibers
and/or connective tissues, which culminates first in a local inflammatory response
succeeded by systemic physiological responses which in turn triggers clinical DOMS
(Cheung et al., 2003; Hotfiel et al., 2018). It is typically characterized by a delayed
muscle pain that is initially perceived 24-48 hours, peaking soreness at 48-72 hours in
the post-exercise recovery period and can last up to 7 days after (Cheung et al., 2003;
Luque et al., 2023). DOMS symptoms can vary considerably between individuals, and
is associated with localized muscle soreness, stiffness, and edema, reduced force
capacity, and proprioceptive dysfunctions (Dupuy et al., 2018; Hotfiel et al., 2018;
Luque et al., 2023).

The clinical management of DOMS may include non-pharmacological and
pharmacological approaches. Regarding non-pharmacological strategies, recent data
have demonstrated only massage can effectively soften DOMS (Dupuy et al., 2018).
Non-steroidal anti-inflammatory drugs (NSAIDS) have several adverse events
(Cheung et al.,, 2003; Luque et al., 2023), may negatively affect skeletal muscle
adaptation under chronic usage (Schoenfeld, 2012), and are not superior when
compared to control drugs or placebos in alleviating DOMS (Nahon et al., 2021).
Nevertheless, there are promising perspectives for DOMS treatment. Current data
reveals that supplementation with polyphenol curcumin can reduce creatine
phosphokinase (CPK) serum levels (a biomarker of muscle injury) and muscle
soreness index as well as can promote improvements in muscle strength recovery,
thus suggesting curcumin as a potential intervention for DOMS (Beba et al., 2022;
Fang and Nasir, 2021; Oxley and Peart, 2023).

Flavonoids comprises a diverse class of natural polyphenols with several
biological properties that are widely distributed in plants and foods. Its beneficial effects
might range from analgesic to anticancer and microbicidal actions (Ferraz et al., 2020).
Hesperidin methyl chalcone (HMC) is a flavonoid pertaining to the class of chalcones.
HMC is a synthetic flavonoid generated from the methylation of the flavanone
hesperidin under alkaline conditions. This reaction increases its hepatic metabolic
stability and membrane transport, facilitating its intestinal absorption and increasing its

oral bioavailability (Borghi et al., 2023).
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In preclinical studies, HMC was demonstrated to present analgesic, anti-
inflammatory, and antioxidant properties in models of inflammatory pain (Pinho-Ribeiro
et al., 2015), arthritis(Rasquel-Oliveira et al., 2020) , ulcerative colitis (Guazelli et al.,
2021), ultraviolet B (UVB) skin irradiation (Martinez et al., 2016), and rosacea
(Hernandez-Pigeon et al., 2018). We previously conducted a randomized controlled
trial to evaluate the effects of HMC in DOMS in adult sedentary men. HMC preemptive
supplementation improved physical performance and proprioceptive deficits and
reduced muscle pain (Luque et al., 2023).

Basic research represents a crucial step for the identification of potential
mechanistic understanding on how pharmacological compounds exert their effects
(Aronson et al., 2018). In this sense, in the present study, we used an experimental
model of DOMS in mice in which we apply an intense acute swimming exercise to
mimic human DOMS (Borghi et al., 2014) aiming to evaluate the mechanisms by which

HMC exerts its analgesic and anti-inflammatory effects in DOMS.

2. Materials and methods

2.1. Animals

Adult male Swiss mice, weighing between 20-25g and aged 6—8 weeks from
State University of Londrina (UEL), Parana State, Brazil, were used during most of the
experiments. Additionally, LysM-enhanced green fluorescent protein (eGFP*) and
CCR2-red fluorescent protein (RFP*) mice (male, 20-25 g, 6-8 weeks, strains
generated through its background C57BL/6 mouse) from the animal facility of Ribeirdo
Preto Medical School were used to investigate the role of leukocytes in the present
DOMS model. Animals were properly housed in standard clear plastic cages with free
access to water/food, light/dark cycle of 12/12 hours and controlled temperature
environment, and were maintained in the vivarium of the Department of Pathological
Science of UEL for at least two days before the experiments. For experiments
(conducted in six mice per group), the mice were firstly identified and subsequently
randomized. Mice were used only once and were acclimatized to the testing room in
the case of behavioral analyzes at least 1 hour before the experiments, which was
conducted solely during the light cycle. At the end of experiments, mice were

anesthetized with isoflurane 3% (Abbott Park, IL, USA) to minimize suffering and
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terminally euthanized by cervical dislocation followed by decapitation. The animal
condition was monitored daily and at indicated time points during the experiments. No
unexpected animal deaths occurred during the conduction of the present study.
Animals’ care and handling procedures were carried out in accordance with the
ARRIVE guidelines for reporting animal research, with the International Association for
Study of Pain (IASP) guidelines and were approved by the Institutional Ethics
Committee for Animal Research of UEL (process number 037.2022 from October 18,
2022).

2.2. Test compounds and treatment protocol

The compounds used in this study were saline solution (NaCl 0.9%; Frenesius
Kabi Brasil Ltda, Aquiraz, CE, Brazil) and HMC (purity 295%; C2sH34015; Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Mice received HMC (1, 3, and 10 mg/kg; 200
ML) or vehicle (saline; 200 L) via the intra-peritoneal (i.p.) route 30 minutes before
plus reinforcements 12 hours after the intense acute swimming session, depending on
the experiment. The dilution of HMC for the treatments were conducted using saline

and performed immediately before its administration.

2.3. DOMS model

For DOMS model, mice were placed in separate lanes (six in total) in a glass
box (45%28%25 cm) containing approximately 20 liters of water at 31° £ 1°C. The mice
experienced just of session of swimming and swam all at the same time for an
uninterrupted period of 120 min (Borghi et al., 2016; Borghi et al., 2014). We previously
developed this DOMS model caused by long duration swimming exercise with the aim
of favoring the translation of results for humans, since it mimics a common type of
recreational physical activity performed daily, comprising both concentric and eccentric
actions (Borghi et al.,, 2022), instead of models that exclusively apply eccentric
contractions, which does not represent the reality of most exercises practiced during
life. Sham mice swam for only 30 seconds. This model of exercise also avoids stress
(absence of increase in endogenous glucocorticoid levels) (Borghi et al., 2014) or
hypoalgesia related to water temperature and focuses on exercise-induced
hyperalgesia (Borghi et al., 2016; Borghi et al., 2022; Borghi et al., 2014). After the
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intense acute swimming session or sham conditions, mice were dried and placed in
cages together with their randomized respective group. The welfare of mice was
always a focus and, therefore, an experimenter continuously monitored the swimming

sessions.

2.4. Calcium imaging for neuronal activity assessment

Naive mice or those exposed to intense acute swimming session were
euthanized 24 hours after the end of the intense acute swimming session (time point
representing the peak of muscle soreness according to previous publications of this
model) (Borghi et al., 2016; Borghi et al., 2014). The Ls4-Les dorsal root ganglia (DRG)
were dissected into Dulbecco's Modified Eagle Medium (DMEM; Invitrogen,
Darmstadt, Germany), dissociated in collagenase A (1 mg/mL)/dispase Il (2.4 U/mL)
(Roche Applied Sciences, Penzberg, Upper Bavaria, Germany) in 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffered saline (Sigma-Aldrich, San Luis,
Missouri, EUA) (56 mM CaCl2) at 37°C for 20 minutes. The DRG cells were
subsequently crushed with pipettes of decreasing size, and dissociated neurons were
plated and incubated with laminin for 45 minutes at 37°C. DRGs were then loaded with
1.2 uM of the reagent Fluo-4AM (Thermo Fisher Scientific, Waltham, MA, EUA) in
Neurobasal-A medium, incubated for 30 minutes at 37°C, and washed with Hanks'
Balanced Salt solution (HBSS), to be posteriorly imaged on a Confocal Microscope
(TCS SP8, Leica Microsystems, Mannheim, Germany). To investigate nociceptor
neuron activation, DRG plates were recorded for 2 minutes of initial reading to achieve
fluorescence values with the LAS X software (Leica Microsystems, Mannheim,
Germany). The color scale indicates the fluorescence intensity, in which blue
represents low and red represents the maximum intensity (Fattori et al., 2019).

Experimenters were always blinded regarding experimental groups.

2.5. Evaluation of muscle mechanical hyperalgesia

Mice were placed individually in acrylic cages (12x10x17 cm) with wire grid
floors, between 15-30 minutes before the measurements. During the test, the evaluator
evoking a hind paw flexion reflex with a hand-held force transducer (electronic von

Frey anesthesiometer; Insight, Ribeirdo Preto, Sao Paulo, Brazil) connected with a 0.5
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mm? contact area polypropylene tip (Borghi et al., 2014). During the evaluations,
movement-elicited hyperalgesia was provoked by the pressure exerted by the
experimenter using the von Frey probe on the plantar surface of the paw, which
induces the dorsal flexion of the ankle joint (an antagonistic movement in relation to
soleus muscle contraction), which leads to the passive stretch of the Achilles tendon,
generating calf muscle distention. As calf muscle are sensitized by the overload due
to long-term swimming, mice remove its paw from the stimulus. Therefore, the end
point of the assessments was always characterized by the removal of the paw followed
by clear flinching movements when the muscle of the mice is distended (Borghi et al.,
2014). Importantly, the measurements were performed only when the animals were
not agitated, and with all four paws resting on the floor of the grid. The measurements
were carried out between 12 to 48 hours after the end of the intense acute swimming
session. Three repetitions of each measurement were used during the experiment to
obtain the average of the final value. The results are expressed by delta (A) withdrawal
threshold (in grams) calculated by subtracting the mean measurements (indicated time
points) after stimulus from the baseline measurements. Behavioral analyses were

performed always by the same person, blinded to the treatment groups.

2.6. Quantitation of superoxide anion production, lipid peroxidation levels, and

antioxidant capacity

Oxidative stress parameters in the soleus muscle were evaluated 2 hours after
the end of the intense acute swimming session as previously standardized (Borghi et
al., 2014). For superoxide anion production test, muscle samples were collected and
homogenized in saline, and 50 uL of the homogenate was subsequently placed in a
96-well plate, followed by the addition of 100 uL of the reagent nitroblue tetrazolium
(NBT solution, 1 mg/mL) and incubation for 1 hour at 37°C. After this initial phase, the
supernatant was removed, and the precipitated formazan was solubilized by adding
120 pL of 2MKOH and 140 uL of dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis,
MO, USA). The production of superoxide anion was then determined by the reduction
of the redox dye NBT. Readings were performed at 600 nm (Multiskan GO Microplate
Spectrophotometer, Thermo Fischer Scientific, Vantaa, Finland) (Borghi et al., 2016).
Lipid peroxidation was evaluated through thiobarbituric acid reactive substances

(TBARS) levels in muscle samples. Briefly, trichloroacetic acid (TCA; 10%) was added
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to the homogenate to precipitate proteins followed by centrifugation (1,000 g, 3 min,
4°C). The protein-free supernatant was separated, and thiobarbituric acid (0.67%) was
added to the solution, which was later maintained in water bath for 15 minutes at
100°C. Malondialdehyde, an intermediate product of lipid peroxidation, was
determined by the difference between the readings using absorbance at 535 and 572
nm (Borghi et al., 2016). Ferric-Reducing Ability Potential (FRAP) assay was used to
evaluate the antioxidant capacity of muscle samples. For FRAP assay, samples were
homogenized and centrifuged (200 g, 10 min, 4°C), and 50 pL of the resultant
supernatant was mixed with 150 L of deionized water and 1.5 mL of freshly prepared
FRAP reagent (Thermo Fisher Scientific, Waltham, MA, EUA). The solution was then
incubated at 37°C for 30 minutes, and the absorbance measured at 595 nm. Protein
quantification was used during the tests for data normalization, and the results were
presented as NBT reduction (OD/mg of protein of soleus), TBARS (OD/mg of protein

of soleus) and FRAP (nmol of Trolox eq/mg of protein of soleus), respectively.

2.7. Tests for the assessment of leukocytes recruitment

Leukocyte recruitment to the soleus muscle in response to intense acute
swimming was evaluated 24 hours after the end of the intense acute swimming session
using kinetic-colorimetric methods for myeloperoxidase (MPO) and N-acetil-beta-D-
Glucosaminidase (NAG) enzymes activities and immunofluorescence assay (Borghi et
al., 2016; Borghi et al., 2022). For MPO activity assay, samples of muscles were
collected in 50 mM KoHPO4 buffer (pH 6.0) containing 0.5% hexadecyl
trimethylammonium bromide (HTAB), homogenized, and centrifuged (16,100 g, 2
minutes, 4°C). Later, 10 uL of the resultant supernatant received 200 pL of 50 mM of
phosphate buffer (pH 6.0), containing 0.167 mg/mL of O-dianisidine dihydrochloride
and 0.0005% hydrogen peroxide and assayed for MPO activity at 450 nm (Multiskan
GO Microplate Spectrophotometer, Thermo Fischer Scientific, Vantaa, Finland).
Protein quantification (Lowry method) was used for data normalization. The MPO
activity of samples was compared to a standard curve of neutrophils, and the results
were presented as MPO activity (numbers of total neutrophils x 10*/mg of soleus). For
NAG activity assay, 20 yL of the supernatant obtained from MPO activity test was
added in a 96-well plate followed by the addition of 80 uL of 50 mM of phosphate buffer
(pH 6.0), and 2.24 mM 4-nitrophenyl N-acetyl-B-D-glucosaminide. The plate was then



o N o o0~ WON -

W W W W W N N DN D DN DN DN DN DNDN 22 A a A a A a QA
A WO N ~ O © 0N O O A ODN -~ O O 0N O O b WO N~ O ©

36

incubated at 37°C for 10 minutes, and the reaction stopped by the addition of 100 uL
of 0.2 M glycine buffer (pH 10.6). Protein quantification (Lowry method) was used for
data normalization. NAG enzymatic activity was determined at 400 nm, and results
were presented as NAG activity (macrophages x 104/mg of protein of soleus). For
fluorescence analysis, the mice were perfused through the ascending aorta with
phosphate buffered saline (PBS) followed by 4% of paraformaldehyde (PFA) twice,
and the soleus muscle was collected. Samples were then fixed in PFA 4% for 24 hours,
and after, PFA was replaced by a solution of 30% saccharose and incubation for 3
additional days. After this period, muscles were washed with PBS and embedded in
optimum cutting temperature (O.C.T.) using Tissue-Tek® reagent (Sakura® Finetek
USA, Torrance, CA). Sections of 10 micrometers (um) were created using a cryostat
(CM1520, Leica Biosystem, Richmond, IL, USA) and properly processed for
immunofluorescence (six samples per mice per slide/six mice per group). The
representative images and quantitative analysis of different experimental groups were
created and performed using a confocal microscope (SP8, Leica Microsystems,
Mannheim, Germany). Bright field channel was used simultaneously during
acquisitions. Neutrophils and macrophages quantification in random fields were
performed by an experimenter blinded to the experimental groups. The results were
presented as the percentage of LysM-eGFP* and CCR2-RFP* fluorescent intensities,

as indicators of neutrophil and macrophage recruitment, respectively.

2.8. Statistical analysis

Experimenters were blinded to groups in all experiments for all parameters,
including behavioral analyses, data acquisition, sample processing, and data analyses.
Sample size (n = 6 animals per group) was determined using G*Power 3.1 (Faul et al.,
2009). The effect size f was determined using the population mean, and the power of
analysis was set to 0.95, and a probability error of 0.05. These denominators were
chosen based on previous studies of our group (Bussmann et al., 2022; Guazelli et al.,
2021; Pinho-Ribeiro et al., 2015; Ruiz-Miyazawa et al., 2018). The method of block
randomization was used to randomize subjects into groups which results in equal
sample sizes at all time points for each assay. Two experiments were conducted
independently for technical replicates, and data representative of one experiment were

plotted and analyzed. Data were submitted to Shapiro-Wilk normality test and Brown-
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Forsythe homogeneity tests before proceeding to parametric or non-parametric
analysis. Results are presented as means + SEM (standard error of the mean) when
data showed Gaussian distribution and were homogeneous; or median + range when
data showed non-Gaussian distribution and were non-homogeneous. Data from
experiments possessing several time points and containing more than two groups for
comparison were analyzed using two-way repeated measure analysis of variance
(ANOVA) followed by Tukey's multiple comparison test for data with Gaussian
distribution and homogeneous. For one time-point analysis, data with Gaussian
distribution and homogeneous were analyzed by one-way ANOVA followed by Sidak's
post hoc test. Kruskal-Wallis followed by Dunn's multiple comparison test was
performed for non-Gaussian-distributed data or data with variance in homogeneity.
Statistical differences were considered significant when p < 0.05. Data were analyzed
using the software GraphPad Prism version 9.2 (La Jolla, CA, USA).

3. Results

3.1. DRG neurons from intense acute swimming-induced DOMS mice presented

higher baseline levels of calcium

We demonstrated previously that our DOMS model involves pain as well as the
peripheral production of reactive oxygen species and recruitment/activation of
leukocytes to overloaded muscle tissue (Borghi et al., 2016; Borghi et al., 2022; Borghi
et al., 2014). However, it remained to be shown whether muscle nociceptor neurons
are activated in these model using techniques to support behavior data. Calcium influx
can be used as measurement of DRG neurons activation (Segato-Vendrameto et al.,
2023). The present results show that DRG neurons from DOMS mice presented a
higher baseline level of calcium influx than DRG neurons from naive mice, as well as
these neurons were more responsive to capsaicin stimulus (a transient receptor
potential vanilloid subunit 1 (TRPV1) agonist) and activator allyl isothiocyanate
stimulus (AITC; a transient receptor potential ankyrin 1 [TRPA1] agonist). These
results indicate that in intense acute swimming-induced DOMS there is activation of

TRPV1* and  TRPA1* nociceptor  sensory  neurons  (Fig. 1a-d).
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Fig. 1. Intense acute swimming leads to increased muscle nociceptor neuronal activity at baseline level.
Twenty-four hours after the end of the intense acute swimming, DRGs neurons from naive and DOMS
mice were dissected for calcium imaging using Fluo-4AM. Representative fields of baseline
fluorescence of DRG neurons dissected from naive or intense acute swimming mice (A). Absent calcium
levels are shown in blue, and increasing concentrations of calcium are shown by the change in color
spectra up to red. Venn diagram evidencing that naive or intense acute swimming conditions activated
a population of TRPV1 and TRPA1 responsive neurons (B). Bars (C) and traces (D) representation of
data. Image resolution: 288x220 mm (96x96 DPI). Results are expressed as meantSEM, n = 4 DRG
plates (each plate is a neuronal culture pooled from six mice) per group per experiment, two independent
experiments. *p < 0.05 vs. naive mice (One-way ANOVA followed by Sidak’s post-hoc).

3.2. HMC treatment reduces intense acute swimming-induced muscle mechanical

hyperalgesia in DOMS mice

Intense acute swimming protocol induced significant muscle mechanical
hyperalgesia that increased in a time-dependent manner until the 24" hour after the
session, period in which it achieves its peak (Fig. 2), and although it decreased at the
36" hour, it was still significant when compared to the naive and sham groups,
corroborating data from our previous studies (Borghi et al., 2016; Borghi et al., 2022;
Borghi et al., 2014). The i.p. pre-treatment with 1 mg/kg dose of HMC did not alter
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muscle mechanical hyperalgesia, however, the dose of 10 mg/kg of HMC significantly
reduced muscle mechanical hyperalgesia between 12-24 hours after the session. On
the other hand, the intermediate dose of 3 mg/kg of HMC abolished muscle mechanical
hyperalgesia from 12 to 36 hours after the session (Fig. 2). This dose-response curve
indicated that HMC presents a bell-shaped analgesic activity. Thus, the dose of 3
mg/kg of HMC was selected for the next rounds of experiments considering it achieved

a maximal response.
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Fig. 1. HMC reduces intense acute swimming-induced muscle mechanical hyperalgesia. Mice received
vehicle or HMC (1-10 mg/kg, i.p.) 30 minutes before plus reinforcements 12 hours after the intense
acute swimming. The intensity of muscle mechanical hyperalgesia was evaluated 12—48 hours after the
end of the intense acute swimming. Results are presented as mean+SEM of intensity of hyperalgesia
(A reaction, in grams), n = 6 mice per group per experiment, representative of two independent
experiments. *P<0.05 vs. naive and sham mice; #P<0.05 vs. intense acute swimming + saline and
intense acute swimming + HMC 1 mg/kg groups; **P<0.05 vs. intense acute swimming + saline and
intense acute swimming + HMC 1 mg/kg and 10 mg/kg groups (Two-way ANOVA followed by Tukey’s
post-hoc).

3.3. HMC treatment reduces intense acute swimming-induced DRG neurons activation
in DOMS mice

In our next experimental step, we wondered whether activated DRG neurons
from DOMS mice would be modulated by HMC pre-treatment (Fig. 3). The i.p. pre-

treatment with HMC (3 mg/kg) significantly reduced intense acute swimming elevation

of baseline calcium levels, even as reduced the increased responsiveness to capsaicin
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and AITC stimuli, evidencing an inhibitory modulation by HMC upon TRPV1 and
TRPA1 channels in muscle nociceptive neurons (Fig. 3a-d). Notably, the inhibition of
DRG neurons activity as well as the reduced responsiveness after capsaicin and AITC
stimulation by HMC, were even lower than the basal level and response of naive
animals to stimuli, respectively, highlighting the potential down-regulatory modulation
of HMC upon TRPV1*/TRPA1* DRG neurons (Fig. 3a-d). Therefore, HMC reduced
intense acute swimming-induced DOMS via downregulating TRPV1 and TRPA1

function, and consequently, inhibiting DRG neurons activation.
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Fig. 2. HMC reduces intense acute swimming-induced muscle nociceptor neuron increased activity.
Twenty-four hours after the end of the intense acute swimming, DRGs neurons from naive and DOMS
mice were dissected for calcium imaging using Fluo-4AM. Mice received vehicle or HMC (3 mg/kg, i.p.)
30 minutes before plus reinforcements 12 hours after the intense acute swimming. Representative fields
of baseline fluorescence of DRG neurons dissected from naive, intense acute swimming + saline, and
intense acute swimming + HMC groups (A). Absent calcium levels are shown in blue, and increasing
concentrations of calcium are shown by the change in color spectra up to red. Venn diagram evidencing
that naive, intense acute swimming + saline, and intense acute swimming + HMC groups activated a
population of TRPV1 and TRPA1 responsive neurons (B). Bars (C) and traces (D) representation of
data. Image resolution: 288x220 mm (96x96 DPI). Results are expressed as meantSEM, n = 4 DRG
plates (each plate is a neuronal culture pooled from six mice) per group per experiment, two independent
experiments. *p < 0.05 vs. naive mice; #P<0.05 vs. intense acute swimming + saline group (One-way
ANOVA followed by Tukey’s post-hoc).
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3.4. HMC treatment inhibits intense acute swimming-induced oxidative stress in

muscle tissue of DOMS mice

The antioxidant activity of HMC explains, at least in part, its analgesic activity
(Pinho-Ribeiro et al., 2015). Therefore, our next approach was to investigate the
antioxidant effects of HMC upon intense acute swimming-induced DOMS. Intense
acute swimming leads to increased production of superoxide anion and lipid
peroxidation corroborating previous findings associated to reduced antioxidant
capacity in the soleus muscle (Borghi et al., 2016; Borghi et al., 2022) (Fig. 4a,b).
Previously, we demonstrated that in the present DOMS model alterations occur in the
soleus muscle without changes in the gastrocnemius muscle (Borghi et al., 2016;
Borghi et al., 2014) probably because of their different physiological properties. Slow
oxidative muscles such as soleus muscle (predominantly type | fibers) can raise local
oxidative metabolism to high levels for hours without fatigue (e.g., during intense acute
swimming), contrary to gastrocnemius muscle [fast anaerobic adenosine triphosphate
(ATP) turnover due to large relative content of type Il fibers] that performs anaerobic
glycolysis (Hamilton et al., 2022; Ratkevicius et al., 1998). The i.p. pre-treatment with
HMC (3 mg/kg) significantly inhibited the increase in superoxide anion production and
lipid peroxidation levels, as well as prevented the depletion of antioxidant capacity in
the soleus muscle (Fig. 4a-c). Thus, HMC can effectively act as an antioxidant
compound to prevent intense acute swimming-induced oxidative stress in the muscle
tissue of DOMS mice.
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Fig. 3. HMC reduces intense acute swimming-induced oxidative stress in the muscle. Mice received
vehicle or HMC (3 mg/kg, i.p.) 30 minutes before the intense acute swimming. The NBT (A), TBARS
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(B), and FRAP (C) assays in the muscle samples were quantified 2 hours after the end of the intense
acute swimming session. Results are presented as NBT reduction (OD/mg of protein) and TBARS
(OD/mg of protein) and FRAP (nmol of trolox eg/mg de protein) of soleus muscle, n = 6 mice per group
per experiment, representative of two independent experiments. *P<0.05 vs. naive mice; #P<0.05 vs.
intense acute swimming + saline group (One-way ANOVA followed by Tukey’s post-hoc).

3.5. HMC treatment inhibits intense acute swimming-induced leukocyte recruitment to

the muscle tissue of DOMS mice

Reactive oxygen species have varied functions, which include the recruitment
of leukocytes to the inflammatory foci (Bussulo et al.,, 2021; Mittal et al., 2014).
Leukocytes contribute to pain and inflammation in DOMS (Borghi et al., 2016; Borghi
et al., 2022; Borghi et al., 2014). To evaluate this parameter, we investigated whether
HMC mechanistic effects included targeting the recruitment of neutrophils and
macrophages to the soleus muscle that occurs in response to intense acute swimming
(Fig. 5). Using colorimetric techniques of MPO and NAG activity assays and
fluorescence-reporter mice, it was noticed that intense acute swimming induced the
recruitment of neutrophils and macrophages to the soleus muscle, demonstrated by
increased MPO and NAG activities and fluorescence intensity of LysM-eGFP
(neutrophils/ macrophages) and CCR2-RFP (macrophages), respectively, whereas
the i.p. pre-treatment with HMC (3 mg/kg) was able to significantly inhibit theses
parameters, reflecting in reduction of the recruitment of these both leukocytes to the
soleus muscle (Fig. 5a-e). Therefore, evidencing HMC can target the migration of

inflammatory cells to the muscle tissue after DOMS.
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Fig. 4. HMC treatment inhibits intense acute swimming-induced leukocyte recruitment in the muscle.
Mice received vehicle or HMC (3 mg/kg, i.p.) 30 minutes before plus reinforcements 12 hours after the
intense acute swimming. Muscle samples were collected for quantification 24 hours after the end of the
intense acute swimming session. Measurements of MPO (A) and NAG (B) activities. Fluorescent
intensity for LysM-eGFP* (C) and CCR2-RFP* cells (D). Immunofluorescence representative fields from
naive, intense acute swimming + saline, and intense acute swimming + HMC groups (E). Results are
presented as MPO and NAG activities (N° of neutrophils and macrophages, respectively, x 10*/mg of
protein of soleus muscle) and as percentage (%) of fluorescent intensity of LysM-eGFP* and CCR2-
RFP*, n = 6 mice per group per experiment, representative of two independent experiments. *P<0.05
vs. naive mice; #P<0.05 vs. intense acute swimming + saline group [One-way ANOVA followed by
Tukey’s post-hoc (panels A-C) and Kruskal-Wallis followed by Dunn's post-hoc (panel D)].

4. Discussion

The symptoms associated with DOMS can have unpleasant consequences and
may hamper the goals of both athletes and physically inactive persons. The muscle
pain perceived in post-exercise recovery period as well as the substantial drop in
muscle strength and performance, represent the major clinical findings with deleterious
implications for the affected individual (Cheung et al., 2003; Luque et al., 2023). For

sedentary people in general population, it can represent a crucial complicating factor
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that can frustrate the adhesion and maintenance of individuals in exercise programs
(Lima et al., 2017; Littlewood et al., 2015; Luque et al., 2023). Regarding the athletic
performance, DOMS may lead to anatomical, physiological, and psychological adverse
outcomes, resulting in reduced range of motion and muscle power, which can lead to
secondary injuries (Lima et al., 2017; Mizumura and Taguchi, 2016). In this scenario,
considering the demographic of DOMS, the search for new treatment options for its
control is pertinent.

HMC is describe as a well-known venoactive/lymphatic active compound and
is marketed in association with other components to treat, for example, chronic venous
insufficiencies (Boyle et al., 2003; Luque et al., 2023). HMC is also effective as
analgesic to reduce clinical DOMS under muscle palpation; and as a potential
ergogenic as it improves muscle strength recovery and postural deficits in sedentary
man (Luque et al., 2023). These data highlight HMC as a promising compound for the
treatment of DOMS. However, the mechanisms by which HMC may improve negative
outcomes associated with DOMS are still unknown. In the present study, HMC pre-
treatment reduced muscle mechanical hyperalgesia and muscle nociceptor neuron
activity, by inhibiting oxidative stress and inflammatory cells recruitment to the muscle
tissue in intense acute swimming-induced DOMS.

Physiological levels of reactive oxygen species (ROS) are necessary for regular
muscle contractions and force generation; however, its overproduction during oxidative
stress may impair muscle function leading to muscle weakness and fatigue (Powers
and Jackson, 2008). Excessive oxidative stress can even harm athletic performance
(McLeay et al., 2017). Exercise protocols with intense and prolonged characteristics
lead to increased production in ROS, which in turn, may induce cellular dysfunctions
in myocytes (Bussulo et al., 2021; Powers and Jackson, 2008). We previously
demonstrated that in the present model, increased oxidative stress in response to
intense and prolonged swimming is already detected in the first 2 hours after the
session, and that increased recruitment/activation of neutrophils and macrophages
occurs at 24" hours later, coinciding with the peak of muscle mechanical hyperalgesia
(Borghi et al., 2016; Borghi et al., 2022; Borghi et al., 2014). ROS can act boosting the
chemotaxis and recruitment of neutrophils (Hattori et al., 2010) as well as oxidative
stress can enhance inflammatory response of macrophages (Kirkham, 2007). Under
activation, neutrophils and inflammatory macrophages produces large quantities of

ROS, which adds to the myocyte-derived ROS to increase oxidative stress.
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Importantly, ROS can activate nociceptor neurons (Maioli et al., 2015; Munoz et al.,
2017; Wang et al., 2004).

Considering those prior evidence it is possible to interpretate that unaccustomed
intense acute swimming increases the production of oxidants by workload muscles,
which overloaded the antioxidant system. This overload of the antioxidant system was
observed by increased superoxide anion production and lipid peroxidation and reduced
antioxidant capacity by FRAP assay. Oxidative stress accounted to increase
neutrophils and macrophages recruitment to muscle tissue, which was observed by
MPO and NAG activities as well as by fluorescence detection of LysM and CCR2
positive cells. As a result of oxidative stress and inflammatory cell recruitment and
activity, there is muscle nociceptor activation and muscle soreness as observed by
behavior data and DRG neuron data.

The intervention protocol with pre-treatment with HMC targets these
pathological events of DOMS in mice. HMC could reduce DOMS by targeting the early
muscle oxidative imbalance in response to intense and prolonged exercise session
and subsequent recruitment of inflammatory cells to the muscle tissue. These data are
in accordance with previous studies demonstrating HMC antioxidant properties in other
models of inflammatory pain and diseases (Bussmann et al., 2022; Guazelli et al.,
2021; Pinho-Ribeiro et al., 2015; Rasquel-Oliveira et al., 2020; Ruiz-Miyazawa et al.,
2018). Moreover, ROS can activate TRPV1 and TRPA1 channels (Kozai et al., 2014;
Stanford et al., 2019). TRPV1 and TRPA1 increased functional activity in nociceptors
neurons located in sensory ganglia are involved in pain and inflammation (Brown and
ladarola, 2015; Wang et al., 2019). Although in different experimental conditions
(varied DOMS models and muscle tissue evaluated), the role of TRP channels in
DOMS has been demonstrated (Fuijii et al., 2008; Ota et al., 2013; Retamoso et al.,
2016). In anesthetized rats under electric stimulation and with the gastrocnemius
muscle stretched (with the intension to mimic physiological eccentric contractions),
TRPV1 antagonists (capsazepine and ruthenium red) reduced muscle mechanical
hyperalgesia, whilst no increase in mRNA and protein levels of TRPV channels in DRG
neurons was observed (Fuijii et al., 2008). Using the same model of electric stimulation
of gastrocnemius, it was founded that TRPV1 contributes to DOMS downstream of
nerve growth factor (NGF) and glial cell line-derived neurotrophic factor (GDNF) in
mice, probably at muscle nociceptor level (Ota et al., 2013). In a rat model of downhill

running, xanthine-oxidase-derived ROS, and increased muscle TRPV1
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(gastrocnemius) were proposed to be related to the events preceding the peak of
muscle pain in DOMS (Retamoso et al.,, 2016). Nevertheless, whether muscle
nociceptor neurons positive for TRP channels become more active and responsive
during DOMS was still uncertain.

We demonstrated here for the first time that TRPV1" and TRPA1" DRG
nociceptive neurons of DOMS mice are more active in the post-exercise recovery
period than those from their non-exercised pairs. This conclusion was reached by
pairing the intensity of calcium levels and whether the activated neurons were
responsive to capsaicin and AITC, agonists of TRPV1 and TRPA1, respectively. We
previously reported HMC inhibits inflammatory pain induced by capsaicin (Pinho-
Ribeiro et al.,, 2015), and in the present study, HMC pre-treatment mitigates the
increased activity and responsiveness to TRPV1 and TRPA1 agonists, thus, showing
its potential applicability for DOMS control. Therefore, this potential modulatory activity
of HMC upon oxidative stress, inflammatory cells recruitment and nociceptor neurons
activity may explain, at least in part, the analgesic mechanisms in DOMS in mice
(present data), and potentially explain the analgesic and ergogenic effects of HMC
observed in clinical DOMS (Luque et al., 2023).

In summary, the current study showed HMC pre-treatment reduces muscle
TRPV1*" and TRPA1* nociceptor neuron activity and consequently muscle mechanical
hyperalgesia in DOMS mice by regulating oxidative imbalance and the recruitment of
leukocytes in muscle tissue after intense acute swimming session. The underlying
mechanism may involve the inhibition of oxidative stress and cell damage (lipid
peroxidation) as well as the promotion of antioxidant capacity, which in turn results in
reduced inflammatory cells activity. The ability of HMC to modulate DOMS pathology
and physiological repercussions may represent an attractive strategy for the treatment
of DOMS, highlighting this flavonoid from the chalcone class as a potential candidate

for this purpose.
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5 CONCLUSAO

Em resumo, o presente estudo mostrou que o pré-tratamento com HMC reduz a atividade dos
neurdnios nociceptores musculares e consequentemente, a hiperalgesia mecanica muscular
em camundongos com DMIT, regulando o desequilibrio oxidativo e o recrutamento de
leucdcitos no tecido muscular apds sessdo de natagdo aguda intensa. O mecanismo
subjacente pode envolver a inibicdo de producdo de EROs e do dano celular (peroxidagao
lipidica), bem como a promogdo da capacidade antioxidante, que por sua vez resulta na
reducao da atividade das células inflamatérias. A capacidade da HMC de atuar em diferentes
alvos, nas repercussoes fisioldgicas da DMIT, pode representar uma estratégia atraente para
o tratamento da DMIT, destacando este flavonoide da classe das chalconas como um

potencial candidato para este fim.
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