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RESUMO

BUSSMANN, Allan James de Castro. Potencial terapéutico de flavonoides:
Mecanismos analgésico e anti-inflamatério da naringenina em modelo de artrite por
zimosan e mecanismo nefroprotetor da hesperidina metil chalcona em modelo de lesdo
renal por diclofenaco. 2022. 54 f. Tese (Doutorado em Ciéncias da Saude) — Centro de
Ciéncias da Saude, Universidade Estadual de Londrina, Londrina, 2022.

Com o aumento da expectativa de vida da populacdo mundial, aumenta-se também o
risco de ser acometido por condi¢Bes inflamatorias cronicas, como as artrites. Como
consequéncia, o consumo de fAdrmacos para o tratamento dessas doencgas tende a crescer
paralelamente. A classe de medicamentos mais prescrita aos pacientes com quadros
inflamatérios e algicos sdo os anti-inflamatérios ndo esteroidais (AINES), um grupo
heterogéneo de compostos que agem com afinidades diferentes inibindo a enzima ciclo-
oxigenase (COX) em suas duas isoformas, com efeitos anti-inflamatorios e analgésicos.
No entanto, os AINES podem apresentar efeitos colaterais amplamente descritos, como
danos gastrointestinais, lesdo renal aguda e disfuncdo cardiovascular, usualmente
associados ao tempo de uso, seletividade para COX-1/COX-2 e a dose utilizada. As
pesquisas buscando novas opc¢des farmacoldgicas para o tratamento dessas condi¢cdes
usando compostos naturais que possam prevenir e tratar os danos causados pelas
doencas e pelo uso dos medicamentos tradicionais vem ganhando importancia,
especialmente os estudos relacionados aos flavonoides. No presente estudo, foram
avaliadas duas moléculas, a flavanona naringenina que foi testada em modelo de artrite
induzida por zimosan, e a hesperidina metil chalcona (HMC), subproduto da flavanona
hesperidina ap0s processo de metilacdo, que foi testada em modelo de lesdo renal
induzida por diclofenaco sodico. A naringenina foi capaz de inibir a dor e edema articulares
de maneira dose-dependente, sendo a dose de 50 mg/kg selecionada para os
experimentos subsequentes. A HMC inibiu o recrutamento de leucdcitos, alteracbes
histopatoldgicas, ativagdo de NFkB e de citocinas pro-inflamatérias (TNF-a, IL-18 e IL-
33), assim como a expressao do RNAm para prepro-ET-1, adicionalmente levando ao
aumentou da produc¢do da citocina anti-inflamatdéria IL-10. A naringenina também inibiu a
ativacao do inflamassoma (expressao de RNAm para NIrp3, ASC, caspase-1 e pré-1L-13)
e estresse oxidativo (reducdo da expressao de mRNA de gp91phox e producédo de &nion
superoxido, e aumento dos niveis de GSH), além de aumentar a expressao proteica de
Nrf2 em células hematopoiéticas CD45+ e expressdo do RNAm para Nrf2 e HO-1. A HMC
foi capaz de reduzir os niveis de ureia e creatinina, estresse oxidativo (redug&o nos niveis
de &nion superoxido e aumento na capacidade antioxidante), e produgéo de citocinas pré-
inflamatorias IL-6, IFN-y e IL-33 no sangue na dose de 3 mg/kg. Ainda, foi observado que
nos rins houve reducdo do estresse oxidativo (aumento da capacidade antioxidante),
reducéo da produgéo de citocinas pro-inflamatérias (IL-18, IL-6, IFN-y e IL-33), e aumento
da producao de IL-10, além de reducao das alteracdes histopatologicas e niveis urinarios
da enzima NGAL. Por fim, a HMC induziu a expressdo do RNAm para Nrf2, e para seus
genes-alvo HO-1 e Ngol no tecido renal. As duas moléculas avaliadas demonstraram
resultados promissores em modelos pré-clinicos de artrite e lesdo renal aguda,
merecendo assim atenc¢do clinica adicional.

Palavras-chave: naringenina; hesperidina metil chalcona; flavonoides; artrite
reumatoide; lesdo renal aguda; inflamacéao.



ABSTRACT

BUSSMANN, Allan James de Castro. Therapeutic potential of flavonoids: Analgesic
and anti-inflammatory mechanisms of naringenin in zymosan-induced arthritis arthritis
model and nephroprotective mechanism of hesperidin methyl chalcone in sodium
diclofenac-induced acute kidney injury model. 2022. 54 p. Thesis (Doctorate in Health
Sciences) — Health Sciences Center, State University of Londrina, Londrina, 2022.

With the increase in life expectancy of the world population, the risk of being affected
by inflammatory chronic conditions, such as arthritis, also increases. As a
conseqguence, the consumption of drugs for the treatment of these diseases tends to
grow in parallel. The class of drugs most prescribed to patients with inflammatory and
painful conditions are non-steroidal anti-inflammatory drugs (NSAIDs), a group of
compounds that act by inhibiting with varied selectivities the cyclooxygenase enzyme
(COX) in its two isoforms, with anti-inflammatory and analgesic effects. However, side
effects are well described, such as gastrointestinal damage, acute kidney injury and
cardiovascular dysfunction, usually associated with the time of use, selectivity to COX-
1/COX-2 and the dosage. Research seeking new pharmacological tools for the
treatment of these conditions, specially approaching natural compounds that can
prevent and treat the damage caused by diseases and the use of traditional medicine
has been gaining importance, mainly studies related to flavonoids. In the present study,
two molecules were analyzed, the flavanone naringenin, which was tested in a mouse
model of zymosan-induced arthritis, and hesperidin methyl chalcone (HMC), a by-
product of the flavanone hesperidin after the methylation process, which was tested in
a mouse model of sodium diclofenac-induced acute kidney injury. Naringenin was able
to inhibit articular pain and swelling in a dose-dependent manner and the dose of 50
mg/kg was selected for further experiments. HMC inhibited leukocyte recruitment,
histopathological changes, activation of NFkB and pro-inflammatory cytokines
(including TNF-a, IL-18 and IL-33), as well as mRNA expression for prepro-ET-1,
additionally leading to increased production of the anti-inflammatory cytokine IL-10.
Naringenin also inhibited inflammasome activation (MRNA expression for Nirp3, ASC,
caspase-1 and pro-IL-18) and oxidative stress (reduced gp91phox mRNA expression
and superoxide anion production, and increased levels of GSH), in addition to
increasing Nrf2 protein expression in CD45+ hematopoietic cells and mRNA
expression for Nrf2 and HO-1. HMC was able to reduce blood urea and creatinine
levels, oxidative stress (reduction in superoxide anion levels and increase in
antioxidant capacity), and the levels of pro-inflammatory cytokines IL-6, IFN-y and IL-
33 in the dose of 3 mg/kg. Furthermore, it was observed that in the kidneys there was
a reduction in oxidative stress (increased antioxidant capacity), a reduction in the
production of pro-inflammatory cytokines (IL-18, IL-6, IFN-y and IL -33), and increased
production of IL-10, in addition to reducing histopathological changes and urinary
levels of the NGAL enzyme. Finally, HMC induced mRNA expression for Nrf2, and its
target genes HO-1 and Ngol in the kidney tissue. The two molecules evaluated
showed promising results in preclinical models of arthritis and acute renal injury, thus
deserving additional clinical attention.

Key words: naringenin; hesperidin methyl chalcone; flavonoids; rheumatoid arthritis;
acute kidney injury; inflammation.
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1. INTRODUCAO

Ao longo da existéncia da humana, sempre se buscou opg¢bes para
amenizar a dor fisica, fazendo uso das opcdes disponiveis em cada época.
Com os avancos cientificos e tecnolégicos foram desenvolvidos compostos
com acdo analgésica, bem como houve maior entendimento do processo
nociceptivo. Hoje é sabido que a dor inflamatéria é parte de uma pentalogia
chamada de sinais cardinais que indicam que um processo inflamatério esta
em curso, esses sinais clinicos que se instalam na regido onde ocorreu a injuria
séo calor, rubor, inchago, dor e perda funcional (FILHO, 2018)

O processo inflamatério, ou como comumente chamado, inflamacéo, &
uma resposta do organismo a uma agressdo ou agente invasor que tem por
objetivo reconstituir a regido lesionada e combater e expulsar o invasor se
necessario. No entanto, ha situaces em que a resposta inflamatoria ocorre de
forma exacerbada e sua acdo pode se tornar mais danosa ao organismo do
gue a injaria original, e por essa razéo, na pratica clinica essa resposta precisa
ser monitorada, e por vezes controlada para evitar consequéncias que podem
inclusive levar a morte do paciente.

Para agir no controle da resposta inflamatoria existem os medicamentos
anti-inflamatoérios, compostos que atuam reduzindo o processo inflamatorio.
Atualmente a classe de farmacos mais utilizada para o tratamento de
condicBes inflamatoérias e dolorosas € a dos anti-inflamatérios ndo esteroidais
(AINES), uma classe de compostos que tem como alvo enzimas envolvidas na
sintese de mediadores inflamatérios (RANG et al, 2016; OLIVEIRA et al, 2019).

Os AINES agem inibindo a enzima ciclo-oxigenase (COX), em suas duas
isoformas COX-1 e COX-2, com isso trazendo efeitos anti-inflamatérios e
analgésicos, pois essa atividade reduz a producdo de prostandéides como as
diversas prostaglandias e tromboxano A2. No entanto, a inibicdo das enzimas
COX também causa o desenvolvimento de eventos adversos como disfuncdes
hepaticas e renais, ulceracbes gastrointestinais, insuficiéncia arterial e
distarbios de coagulagdo (RANG et al, 2016; OLIVEIRA et al, 2019).

Os compostos fendlicos sdo produtos de origem natural que apresentam
potencial para substituir produtos sintéticos, inclusive para o tratamento e

prevencdo de doencas. Os flavonoides s&o um dos grupos de compostos
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fendlicos mais importantes e variados, presentes em frutas, vegetais,
sementes, cascas de arvores, talos e flores (FERRAZ et al. 2020). Neste
estudo, foram avaliados o potencial de agcédo da naringenina e da hesperidina
metil chalcona (HMC).

No presente trabalho, a naringenina foi testada em modelo experimental
de artrite reumatoide induzida por zimosan, sendo avaliada suas propriedades
analgésicas, anti-inflamatérias. O composto pesquisado apresentou resultados
que confirmaram seu poder analgésico e antioxidante no modelo,
demonstrando sua capacidade de ser utilizado como opcédo anti-inflamatéria e
analgésica.

A HMC, por sua vez, foi avaliada em estudo de leséo renal induzida por
diclofenaco, foi avaliada sua acé&o analgeésica, anti-inflamatorias e de protecéo
tecidual. Os resultados demonstram que a HMC possui propriedades anti-
inflamatorias e antioxidantes no modelo, bem como conferiu protecéo tecidual
contra os danos induzidos pelo diclofenaco. Desta forma, também emergindo

como opcgao para o tratamento da lesdo renal induzida por farmacos.

1.1 Processo inflamatorio

O processo inflamatorio pode ser descrito como a habilidade do
organismo em se proteger dos invasores e de remover do corpo tecidos que
foram danificados ou que ja apresentam morte celular extensa. Por estas
caracteristicas, a inflamacdo € uma resposta protetora (KUMAR, ABBAS,
FAUSTO e ASTER, 2018).

O principal mecanismo de defesa do organismo contra agressdes sao as
proteinas plasmaticas e o0s leucdcitos circulantes, a presenca desses
componentes no sangue confere a capacidade de alcancar qualquer ponto
onde se fizer necessario (FILHO, 2018).

Clinicamente a inflamacdo € uma condicdo relevante porque em
algumas situacbes ela pode ser inadequadamente iniciada ou ndo ser
controlada com sucesso, tornando a resposta inapropriada convertendo-se na

causa de injurias e doencas (KUMAR, ABBAS, FAUSTO e ASTER, 2018)
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A inflamacdo pode ser aguda ou cronica, com o tipo da resposta
dependendo da natureza do estimulo e de capacidade da reacgdo inicial em
abolir o estimulo e os tecidos danificados (DINTZIS e HANSEL, 2007).

Quando um tecido sofre injuria ou um processo infeccioso se inicia, 0
corpo apresenta uma reacado rapida, que resulta no recrutamento de leucdcitos
e proteinas plasméaticas para o local da lesédo, sendo esta resposta inicial
caracterizada como a fase aguda (KUMAR, ABBAS, FAUSTO e ASTER, 2018).

Durante a inflamacdo aguda, o0s vasos sanguineos passam por
alteracdes que tem por objetivo facilitar o transito de proteinas plasméticas e
células circulantes entre a circulacdo sanguinea e o foco do estimulo
inflamatorio (KUMAR, ABBAS, FAUSTO e ASTER, 2018).

Esse movimento de fluidos pode levar a formacédo de edema, que € um
sinal do excesso de liquido no tecido intersticial ou nas cavidades serosas,
podendo esse liquido ser um exsudato, transudato ou mesmo pus (DINTZIS e
HANSEL, 2007).

Logo apOs o estimulo inflamatério tém inicio mudancas no fluxo e no
calibre vascular, sendo a vasodilatacdo uma das primeiras alteracdes a surgir.
Ela é induzida principalmente pela acao da histamina e do 6xido nitrico (NO). O
resultado é o aumento no fluxo sanguineo que causa calor e vermelhidéo
(eritema) no local (FILHO, 2018).

O aumento da permeabilidade vascular e a vasodilatacdo propiciam a
exsudacdo plasmatica com o aumento do diametro do vaso gerando a
lentificacdo do fluxo sanguineo, a concentracdo de hemacias em pequenos
vasos e aumento da viscosidade do sangue (KUMAR, ABBAS, FAUSTO e
ASTER, 2018).

Esse processo resulta em uma condicdo chamada de estase ou
congestéao vascular, caracterizada por dilatacdo dos pequenos vasos que estado
cheios de hemacias se movimentando lentamente. Conforme essa condicéo se
instala, os leucdcitos sanguineos, principalmente os neutrofilos, sobrem um
processo de marginalizacdo permitindo a interacdo entre os leucocitos e as
células endoteliais (JI, CHAMESIAN e ZHANG, 2016)

Concomitantemente, as células endoteliais sofrem ativagdo por
mediadores que sdo produzidos no local de ocorréncia do estimulo inflamatério

e passam a expressar altos niveis de moléculas de adesdo, permitindo aos
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leucécitos aderir ao endotélio vascular e sua transmigracdo pela parede
vascular em direcao ao tecido intersticial (POLUNHA e GROSSMANN, 2018).

O aumento de permeabilidade vascular permite a exsudacdo. Como o
exsudato € rico em proteinas, ha ampliagcdo da hidrofilia extravascular que
contribui para a formagdo do edema tecidual. O aumento da permeabilidade
ocorre pela acdo de diferentes mediadores quimicos como histamina,
bradicina, leucotrienos, o neuropeptidio P e muitos outros mediadores
guimicos, levando a contracdo das células do endotélio resultando em espacos
interendoteliais aumentados, um tipo de resposta transitéria imediata que surge
rapidamente apds a exposicdo ao mediador e sua duracdo é curta (KUMAR,
ABBAS, FAUSTO e ASTER, 2018).

Um dos grandes eventos do processo inflamatério € a conducdo de
leucocitos para o local da injuria, onde se ativam para eliminar os agentes
agressores. Neutrofilos e mondcitos (que se diferenciardo a macréfagos nos
tecidos), por sua capacidade de fagocitar e eliminar organismos invasores sé&o
leucocitos de grande importancia na reacéao inflamatoéria de fase aguda (FILHO,
2018)

O fator de necrose tumoral-alfa (TNF-a), e a interleucina-1beta (IL-1B)
induzem a expressao de ligantes para integrinas no endotélio, favorecendo a
migracdo dos leucocitos. No local da injuria sédo produzidos quimiocinas que
também guiam a migracdo de leucécitos para o local da lesdo (QUINTANS et
al. 2019).

O aumento de leucdcitos no local da inflamacdo forma o chamado
infiltrado leucocitario, sendo que a natureza desse infiltrado muda dependendo
do tempo da resposta e da caracteristica do estimulo agressor. Os neutréfilos
sdo hegemdnicos nas primeiras 24 horas, sendo substituidos progressivamente
apos este periodo por mondécitos (FILHO, 2018).

As razbes que explicam o surgimento precoce dos neutréfilos séo
diversas, principalmente o fato de serem mais numerosos no sangue,
apresentarem resposta mais rapida as quimiocinas e sua capacidade de se
ligarem com maior firmeza as moléculas de adesdo que sdo rapidamente
induzidas no endotélio por células P- e E-selectinas (KUMAR, ABBAS,
FAUSTO e ASTER, 2018).
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No entanto, uma vez no interior dos tecidos entram em apoptose em até
48 horas. Os mondcitos, por sua vez, apresentam capacidade e sobreviver por
mais tempo, e podem se proliferar nos tecidos e nas reacfes inflamatorias
cronicas se tornando a populacdo leucocitaria dominante (KUMAR, ABBAS,
FAUSTO e ASTER, 2018).

Uma vez que os leucécitos foram recrutados e chegaram ao local da
inflamacéo eles séo ativados para comecar a desempenhar suas fungdes, que
consistem em dois eventos em sequéncia, o0 primeiro é o reconhecimento do
agente causador da injuria, para realizar essa funcéo os leucécitos se valem de
ferramentas que permitem o identificar o estimulo (KUMAR, ABBAS, FAUSTO
e ASTER, 2018).

Adicionalmente, a fagocitose dos agentes agressores ou restos celulares
depende da ligacdo com receptores na membrana dos leucécitos para o
reconhecimento, na sequéncia o englobamento que consiste na unidao dos
lisossomas com os vacuolos fagociticos. Apds essa etapa ocorre a destruicdo
das particulas ingeridas no interior dos fagolisossomos pela acédo das enzimas
lisossbmicas e espécies reativas de oxigénio e nitrogénio (RUBIN et al. 2006).

Ha situacdes em que o processo inflamatério, agresséo e tentativa de
reparo ocorrem juntos, esse quadro ocorre nha inflamacdo cronica, uma
resposta de longa duracéo. Pode suceder a inflamacdo aguda ou ter seu inicio
como uma resposta leve continua e sem manifestacdo aguda. Este tipo de
inflamacédo leva ao dano tecidual em algumas doencas incapacitantes como a
artrite reumatoide (KUMAR, ABBAS, FAUSTO e ASTER, 2018).

A inflamagcdo crénica pode surgir em decorréncia de infeccbes
persistentes causadas por micro-organismos dificeis de serem eliminados que
podem causar reacfes imunes de hipersensibilidade. A exposicdo prolongada
a agentes toxicos também € uma das causas desse tipo de resposta (FILHO,
2018).

Outra situacdo que pode levar ao quadro cronico sdo as doencas
inflamatorias autoimunes. Nestas circunstancias, ocorre ativacdo errénea do
sistema imune contra antigenos proprios, associada a autoperpetuacdo, que
resulta em danos ao proprio tecido, como observado na artrite reumatoide
(POLUNHA e GROSSMANN, 2018).
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Morfologicamente a inflamacédo crbénica é caracterizada por infiltrado de
células mononucleares incluindo macréfagos e linfocitos. Outro aspecto € a
destruicdo tecidual causada pelo agressor ou pelas células inflamatorias e a
ocorréncia de angiogénese que leva a fibrose (KUMAR, ABBAS, FAUSTO e
ASTER, 2018).

A inflamacgéo crbnica e aguda podem ser diferencidas por algumas
caractersisticas como o tempo da resposta, nas condi¢des cronicas a resposta
€ prolongada ao passo que na aguda o tempo de resposta é rapido. O infiltrado
presente nas respostas crbnicas € composto por mondécitos, macroéfagos e
linfécitos e no quadro agudo formado principalmente por neutréfilos. O dano
tecidual nas inflamacdes crbnicas usualmente € acentuado e progressivo, ao
passo que nas condicdes agudas normalmente é leve e autolimitado. Ja os
chamados sinais sistémicos nos quadros cronicos costumam ser sutis e nos
casos agudos bem proeminentes.

Apesar de inflamacdo cronica ser considerada um quadro severo, ha
situacbes onde a inflamacdo aguda pode se tonar mais danosa sao as
chamadas reacdes de hipersensibilidade, com ocorre, por exemplo, na artrite
séptica.

A patogénese da doenca e associada aos niveis elevados de
Staphilococcus aureus, uma bactéria que apresenta diversas estratégias de
escape imunoldgico, incluindo resposta inflamatéria complexa que envolve o0s
dois sistemas imunoldgicos (inato e adaptativo), e a participacdo de citocinas
pré-inflamatérias que induzem danso osseos nas articulacGes afetadas.
(FARAH, 2018)

O processo chamado de reparo € a fase de cura e resolucdo da
inflamacé&o que se inicia antes mesmo do fim da resposta inflamatéria. Por esse
mecanismo ocorre a restauracdo da estrututa e da funcdo do tecido o mais
préximo possivel ao tecido ndo lecionado a depender de alguns fatores. O
reparo ocorre por dois mecanismos: regeneracao e cicatrizacao.

O reparo por regeneracdo ocorre quando os tecidos lesionados sao
contrituidos por células labeis ou estaveis e dependendo da intensidade e
duracdo da lesé@o. As células labeis proliferam normalmente e por isso, sua
proliferacdo para reparar uma area lesionada ocorre sem grandes limitacdes

como nos epitélios. As células estaveis nao proliferam constantemente, mas
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tem a capacidade de proliferar desde que sejam mantidas a estrutura da matriz
extracelular com o arcabouco do 6rgdo e células para repopulacdo da area
lesionada.

O reparo por cicatrizagao ocorre quando os tecidos lecionados envolvem
células permanentemente diferenciadas, ou seja, ndo tem capacidade de
divisdo e proliferacdo celular. Contudo, o reparo por cicatrizacdo também
ocorre em tecidos com células estaveis quando a lesdo € muito extensa e com
grande perda da matriz extracelular, pois a matriz extracelular cria o
microambiente necessario para a proliferacdo de populacdes celulares
especificas de cada tipo de tecido. No caso do reparo por cicatrizacao, o local
lesionado € preenchido por tecido conjuntivo gerando a fibrose. Apesar do
reparo por cicatrizacdo nao ter a capacidade de restabelecer as funcdes
celulares perdidas, ele confere estabilidade estrutural para tornar o tecido habil

para exercer suas fungoes.

1.2 Mediadores inflamatorios

As citocinas compdem um grande grupo moléculas hidrossoluveis que
desemprenham diversas fun¢des na regulacdo da inflamacao, sendo descritas
como células mensageiras do sistema imunolégico. As citocinas séo
produzidas por diversas células na area de lesdo inflamatéria, com destaque
para os linfécitos-T ativados, mondcitos, histiocitos, células endoteliais,
fibroblastos e macrofagos. As citocias exercem funcdes autocrinas, paracrinas
e enddcrinas (QUINTANS et al. 2019; CAMPOS et al. 2016).

As citocinas desempenham diversas funcdes bioldgicas, sdo mediadoras
importantes na comunicacdo entre as células e entre o sistema imunoldgico e o
sistema nervoso, além de serem fundamentais na conducdo de células
imunoldgicas até o local de lesdo. Sao também capazes de regular a resposta
inflamatoria dos estagios iniciais até a restauracdo do tecido (RUBIN et al.
2006; QUINTANS et al. 2019).

E possivel destacar as citocinas pré-inflamatérias TNF-a e IL-1B, que
sdo liberadas por macrofagos e induzem a adesdo leucocitaria ao endotélio

vascular, induzem a expressao e ativagdo de COX e a consequente producgéo



17

de prostaglandinas que por sua vez, regulam a contratilidade e permeabilidade
vascular (COUTINHO et al, 2009; CAMPOS et al, 2016). Ademais, o TNF-a e
IL-18 induzem hiperalgesia inflamatéria via producdo de prostaglandinas
(CUNHA TM et al., 2005).

As espécies reativas de oxigénio (ERO) sdo moléculas resultantes da
acdo de oxidacdo de enzimas que catalisam a transferéncia de elétrons de um
substrato para outro. As ERO mais comuns sdo o anion superéxido (O3), o
oxido nitrico (ON) o peréxido de hidrogénio (H,O-) e o radical hidroxila (*OH).
Esses radicais livres em concentracfes fisiol6gicas intervém nas reacdes
metabdlicas normais do organismo. No entanto, quando sédo gerados de forma
excessiva, geram estresse oxidativo que causa lesdes de proteinas, lipidios e
DNA. Como resultado, ha morte celular e perda de funcdo celular. As ERO
ativam fatores de transcricdo como o NFkB induzindo a producdo de mais
citocinas pro-inflamatorias e enzimas envolvidas na produgéo de ERO (RUBIN
et al. 2006).

As ERO quando oriundas especialmente dos neutréfilos, atuam no
processo inflamatério ampliando a permeabilidade vascular e secundariamente,
causando danos endoteliais e das estruturas proximas quando liberados para o
intersticio celular (FILHO, 2018).

O anion superéxido (0O,") é dos mais relevantes radicais livres nos
processos inflamatorios podendo ser produzidos por diferentes vias, no
entanto, nas reacdes inflamatoérias os leucécitos bem como células endoteliais
utilizam o complexo NADPH oxidase para gerar O," (Quintans et.al, 2019).

O complexo enzimatico NADPH oxidase das células fagociticas, como
neutrofilos e macréfagos, gera altas concentracbes de anion superéxido no
meio intracelular, o O," interage com o NO, gerando o radical livre peroxinitrito.
Ainda, o O," é metabolizado pela superéxido dismutase gerando o H,0O,, que
por sua vez sofre a reacdo de Fenton gerando o radical hidroxila (*OH) que é
altamente reativo causando lesdo e morte celular na resposta inflamatéria
(RUBIN et al. 2006; KUMAR, ABBAS, FAUSTO e ASTER, 2018).

O NFkB foi descoberto em 1986, sendo encontrado na maioria das
células. Tem sua acdo relacionada com diversas ac¢fes biolégicas como

inflamacgé&o, imunidade, diferenciacdo e crescimento celular, génese tumoral e
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apoptose. A atividade do NFkB € controlada pelo inibidor de kB (IkB) no
citoplasma, o qual impede a translocacdo do NFxB para o nucleo celular.
Contudo, mediadores inflamatérios como citocinas e O," ativam o NFxB
(Quintans et.al, 2019).

O NFkB é um dimero proteico composto por combinacdes das
subunidades p65 (ou RelA), RelB, c-Rel, p50 e p52. Por exemplo, um dimero
de p65 sobre dissociacdo do kB, sendo entéo, translocado do citoplasma para
0 nucleo, onde induz a expressédo de citocinas pré-inflamatérias, moléculas de
adesdo, mediadores lipidicos, componentes do inflamassoma e COX-2. Na
inflamacéo, o NFkB também induz a expressdo de NADPH oxidase culminando
na geracdo de O, e das ERO derivadas do O, ocasionando o oxidativo
oxidativo (STAURENFO-FERRARI et al, 2019; QUINTANS et al, 2019)

Como forma de evitar os danos causados pelo estresse oxidativo,
existem moléculas que agem como protetoras, sendo reguladas pelo proprio
mecanismo do estresse (RUBIN et al. 2006). Entre as moléculas enddgenas
gue fazem a protecdo contra o estresse oxidativo existe o fator de transcricao
Nrf2. O Nrf2 é codificado pelo gene NFE2L2 e atua regulando a resposta
antioxidante quando ha alteracbes na homeostase. O proprio estresse oxidativo
induz a ativacdo do fator de transcricdo Nrf2 que no citoplasma se desagrega
de sua molécula inibitéria, a proteina KEAP1, sendo translocada para o nucleo
e atuando na transcricdo de genes importantes para a protecdo celular, como
0s genes da maquinaria antioxidante endogena (SAREMENTO, 2019). Entre as
principais funcdes protetoras desempenhadas no processo de recomposicao
da homeostase estdo a supressao das citocinas pro-inflamatorias e inibicdo da
NADPH oxidase (SAREMENTO, 2019). De fato, o Nrf2 é o grande responsavel
pela expressdo basal e inducdo de proteinas envolvidas na resposta do
estresse oxidativo, protecéo celular e metabolismo de drogas, mantendo assim
a homeostase do sistema redox celular (QUINTANS et al. 2019). Como
resultado, o Nrf2 € essencial para a limitacdo de e pode ser utilizado para o
tratamento de neuropatias, artrites, colite, pneumonia, fibrose pulmonar,
doencas de pele, figado e leséo renal, e atuando também no desenvolvimento
de tumores (STAURENFO-FERRARI et al, 2019; QUINTANS et al, 2019).
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1.3 Dor inflamatéria

O processo inflamatério se caracteriza por cinco sinais chamados de
sinais cardinais, sao eles rubor, calor, tumor, dor e perda funcional. A dor
aguda também pode ser considerada uma resposta protetora contra injirias ao
organismo (JI, CHAMESIAN e ZHANG, 2016).

A maioria dos mediadores inflamatérios conhecidos causa dor ao se ligar
aos receptores expressos por neurdnios sensoriais nociceptivos no sistema
nervoso periférico. No curso da inflamatéria, a prostaglandina E,, aminas
simpatomiméticas, ET-1, IL-1B e TNF-a, contribuem para sensitizagao do
neurdnio nociceptivo. Os neurdnios nociceptivos expressam receptores para
prostaglandinas e as aminas simpatomiméticas, permitindo com que essas
moléculas sensibilizem esses neurénios causando a hiperalgesia (FATTORI, et
al. 2017). Ou seja, prostaglandinas e as aminas simpatomiméticas facilitam a
despolarizacdo neuronal frente a outros estimulos que podem ser quimicos
como a bradicinina ou externos (e.g. mecanicos e térmicos). Outros
mediadores como o TNFa, podem ativar os neurbnios nociceptivos, pois a
ativacao dos seus receptores TNFR1 expressos por essas células resulta na
ativacdo de MAPK como a p38 que ativa canais de sodio. A cronificacdo do
processo inflamatério e a acdo continuada desses mediadores inflamatorios
nociceptivos causa mudancas plasticas nos neurbnios nociceptivos em termos
da expressao de receptores e de canais iGnicos. Essa plasticidade resulta na
cronificacdo da dor (VERRI et al., 2006; PINHO-RIBEIRO et al., 2017).

A sensibilizacdo periférica em nocioceptores e essencial para o
desenvolvimento e manutencdo de dor cronica, sensibilizacdo central
aprimorando respostas dos circuitos algésicos medulares e cerebrais regulam a
cronicidade da dor, causando propagacdo da sensacdo dolorosa através do
local da injuria e influenciando aspectos emocionais e afetivos da dor (JI,
CHAMESIAN e ZHANG, 2016).
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1.4 Artrite reumatoide

O ser humano é capaz de realizar movimentos com amplitude
consideravel em seus membros. Tal capacidade é possivel gracas ao sistema
articular que permite movimento integrado entre pecas désseas com amplitude e
resisténcia. Esse sistema compOe o aparelho locomotor e possui
caracteristicas morfologicas impares (MOORE, DALLEY e AGUR, 2019). As
estruturas articulares sdo morfologicamente classificadas com base na sua
capacidade de movimentacdo e constituicdo estrutural. As articulagcdes que
suportam a maior amplitude de movimento sdo chamadas de articulagcées do
tipo diartrose, e por sua composicao estrutural sao classificadas como sinoviais
(MOORE, DALLEY e AGUR, 2019).

As articulacdes sinoviais sédo areas de grande suprimento nervoso, e por
essa razdo doencas e traumas que atingem essas estruturas séo
potencialmente dolorosas, trazendo grande impacto na capacidade funcional
do individuo (LENT, 2010; SCHNORBERGER, JORGE e WIBELINGER, 2017).
Dados da Organizacdo Mundial da Saude revelaram que a expectativa de vida
de populacdo mundial vem crescendo com o passar das décadas. Com esse
aumento da populacdo idosa, a incidéncia de condicbes reumaticas crénicas
como a artrite também apresentou elevacédo (CROSS et al., 2014).

Entre as doencas que acometem as articulacdes, uma das mais danosas
€ a artrite reumatoide, uma doenca inflamatéria, crénica, autoimune, que agride
principalmente as articulacdes das regides periféricas, com grande capacidade
de degeneracdo irreversivel dos tecidos que compde a estrutura articular
(CAMPOS et al. 20186).

O diagnostico da artrite reumatoide é complexo. Os critérios foram
estabelecidos em 1987 pela Associacdo Americana de Reumatologia. Sete
evidéncias da doenca foram definidas, entre elas, a rigidez matinal, artrite em
trés ou mais articulacdes, artrite em articulacbes das maos, artrite simétrica,
nodulos reumatoides, fator reumatoide no soro e alteracfes radiolégicas. Para
o diagnostico é necessario a presenca de no minimo quatro das sete
evidéncias (MOTA et al, 2013).

A doenca ataca o tecido conjuntivo de diferentes 6rgdos, mas em

especial a membrana sinovial das articulagbes diartrodiais, provocando
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inflamagé&o crbnica desta estrutura, uma condi¢do chamada de sinovite, com
potencial de produzir destruicdo das articulagbes e anquilose. As lesbes
articulares usualmente sdo simétricas e geralmente progressivas. A evolucao
da artrite reumatoide ocorre alternando surtos com remissdes e exacerbacoes,
e por isso, ndo é raro a superposicao de lesées na mesma estrutura (FILHO,
2018).

Como consequéncia da doencga, principalmente quando ndo ha
tratamento adequado, os pacientes sofrem deformidade articular, incapacidade
funcional, limitacdo das atividades cotidianas, condi¢cbes que podem levar o
individuo a dependéncia funcional. Com o avanco da doenca a expectativa de
vida torna-se reduzida (SCHNORBERGER, JORGE e WIBELINGER, 2017).

O processo inflamatério na articulagéo se inicia na membrana sinovial,
uma estrutura que apresenta em sua superficie interna células sinoviais de dois
tipos. As células do tipo A sé@o similares aos macréfagos e as células do tipo B
se assemelham aos fibroblastos (LOPES, 2013).

Na artrite reumatoide ha resposta imune adaptativa contra um antigeno
ainda desconhecido, mas concentrado nas articulacfes. Este antigeno ativa os
linfocitos TCD4, que juntamente com linfocitos B e macrofagos desempenham
papel patologico importante na doenca causando inflamacéo local e em alguns
casos em outros orgaos (FILHO, 2018).

Esses eventos na génese da artrite reumatoide resultam em um
processo inflamatorio cronico. As diversas células inflamatérias presentes vao
liberar quimiocinas, citocinas, ERO e outras substancias pro-inflamatorias,
tornando o processo cada vez mais complexo e destrutivo aos tecidos locais
(MOTA et al, 2013).

Os neutrdfilos presentes no liquido sinovial vao liberar espécies reativas
de oxigénio e enzimas lisossbmicas, iniciando a inflamacdo. As citocinas
liberadas sdo importantes para 0os mecanismos de facilitacdo da resposta
inflamatoria, sendo responsaveis por diversos processos desencadeados
durante a resposta (CAMPOS, 2016).

Os linfécitos T séo capazes de produzir varias citocinas como o IFNy que

ativa macrofagos que passam a expressar mais enzimas liticas e a produzir
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mais mediadores inflamatérios como NO, prostaglandinas, IL-13 e TNF-a
(FILHO, 2018; CAMPOS, 2016).

O entendimento atual € que a artrite reumatoide abrange um grupo
heterogéneo de doencas com antigenos diferentes e variacdes na resposta
auto-imune (WOOLEY, 1995). Da mesma forma, existem diversos modelos
para se investigar a patogénese e terapéutica das artrites. Modelos
experimentais sao validos para testar mecanismos autoimunes da doenca, e
particularmente para prover ferramentas para elucidar a regulacéo
imunogenética da artrite (WOOLEY, 1995). Experimentalmente, existem
modelos para a inducdo de doenca semelhante a artrite reumatoide em
diversas espécies. No entanto, modelos utilizando roedores tem se mostrado
importantes para a elucidagcdo dos mecanismos de doenca e desenvolvimento
de novas abordagens terapéuticas (WOOLEY, 1995).

Especificamente quanto ao modelo escolhido para o desenvolvimento
desta tese, o0 modelo de artrite induzida por zimosan envolve a ativacdo dos
receptores tipo toll 2, bem como a ativacdo da via alterativa do sistema de
complemento. E realizada a administracdo intra-articular das particulas de
zimosan. Este modelo é considerado util no estudo pré-clinico para avaliar
alteracoes nos tecidos, fisiopatologia da artrite e mecanismos de dor (Conde et
el. 2008; Guerrero et al. 2006).

1.5 AINEs

Os AINEs estédo entre as classes de farmacos mais prescritas no mundo.
Esses compostos trazem alivio sintomatico da febre, dor, edema. Existem
formulacdes disponiveis para venda livre, o que amplia sua utilizacdo
indiscriminada (RANG et al, 2016; OLIVEIRA et al, 2019). Mesmo que entre 0s
AINEs sejam descritas diferencas, farmacologicamente, o que une esses
farmacos € sua capacidade de inibir a enzima COX, com isso inibindo a
producédo de prostaglandinas e tromboxanos. Existem duas isoformas de COX,
a COX-1 e a COX-2 (RANG et al, 2016; OLIVEIRA et al, 2019).

A COX-1 é expressa de maneira constitutiva na maioria dos tecidos,

incluindo as plagquetas no sangue, desempenha funcdo relacionada a
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manutencdo da homeostase dos tecidos sendo responsavel pela producao
fisiologia de prostanoides. A COX-2, por sua vez, € induzida por durante o
processo inflamatério por mediadores como, por exemplo, IL-1 e TNF-a
(WHALEN, FINKEL e PAVANELIL, 2016). Contudo, a COX-2 também tem
papéis enddégenos como a regulacdo da irrigacdo sanguinea renal, e sua
inibicdo pode causar lesdo renal aguda (RANG et al, 2016; OLIVEIRA et al,
2019).

Segundo a recomendacdo da Sociedade Brasileira de Reumatologia
(SBR) para o tratamento farmacologico da artrite reumatoide, os AINES
reduzem dor, atividade de doenca e melhoram a capacidade funcional do
paciente. Por isso, devem ser usados na fase inicial da doenca. No entanto, a
escolha do farmaco deve ser individualizada pelo fato que nenhum AINE se
mostrou superior a outro (MOTA et al, 2018).

Via de regra, os AINEs agem inibindo tanto COX-1 como a COX-2 com
potencial de seletividade diferente para cada isoforma. Tanto AINES altamente
seletivos para COX-1 ou COX-2, bem como os AINES com graus variados de
seletividade entre COX-1 e COX-2 apresentam efeitos anti-inflamatorios e
analgésicos. No geral, isto se deve ao fato de que é necessaria inibicdo de
80% de uma das isoformas para que se observe efeitos clinicos, e quando isso
acontece, os AINES que ndo sao altamente seletivos para uma das isoformas,
estara inibindo as duas isoformas. Os AINES néo seletivos COX-2 induzem
efeitos relacionados a inibicdo da COX-1 que incluem a inducéo de ulceracdes
gastrointestinais. Esse é um efeito adverso importante e que limita a utilizacédo
dos AINES seletivos COX-1 ou néo seletivos. J& os AINES altamente seletivos
COX-2 apresentam efeitos adversos como o aumento de acidentes vasculares
porque a COX-2 produz a PGI2 em células endoteliais vasculares com funcéo
anti-agregante plaquetaria. Outro efeito adverso importante relacionado a
inibicdo da COX-2 é a leséo renal aguda devido ao papel da COX-2 de sintese
de prostanoides que regulam a homeostase renal. Contudo, ndo somente
AINES altamente seletivos COX-2 induzem esses efeitos adversos, todos o0s
AINES que inibem a COX-2 podem induzir esses efeitos (RANG et al, 2016;
WHALEN, FINKEL e PAVANELIL, 2016).
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Por isso, a SBR recomenda cautela no uso da AINEs, especialmente em
pacientes com fatores de risco para os efeitos adversos do farmaco, nesse
grupo sao incluidos pacientes idosos, hipertensos, cardiopatas, com disfuncdes
hepéaticas e renais, doencas gastrointestinais e, insuficiéncia arterial e
distarbios de coagulagdo (MOTA et al, 2018).

1.6 Lesao renal aguda

Os rins foram descritos por Hall (2017), como Orgdos pares,
retroperitoniais, com peso aproximado de 150g, medindo 12cm em média no
seu maior eixo. Fisiologicamente sao responsaveis por um conjunto de funcdes
organicas fundamentais, dentre elas, destacam-se a filtragem sanguinea (para
excrecdo de toxinas, acido urico, creatinina, amonia, ureia entre outros),
secrecdo de substancias essenciais (como a eritropoetina e vitamina D),
manutencdo da homeostasia eletrolitica (através da secrecdo e absorcédo de
substancias nos tubulos renais), contribuicdo no controle pressorico (balanco
de agua, producdo de horménio antidiurético, excrecdo de potassio), entre
outras.

Lucas et al (2019), apontam que para executar sua funcdo com
eficiéncia, os rins recebem cerca de 25% do débito cardiaco. De forma a
cumprir sua funcao esses orgaos dispdoem de mecanismos de regulacdo como
a sintese de prostaglandinas que atuam na manutencdo da taxa de filtracdo
glomerular (TFG) e da homeostase renal.

As prostaglandinas, em especial prostaciclina, PGE;, PGD;
desempenham papel de vasodilatacdo na arteriola aferente, ampliando a
perfusdo renal, aumentando o fluxo cortical para os néfrons na medula renal.
Esse mecanismo age como uma contra regulacdo do sistema renina-
angiotensina-aldosterona e do sistema nervoso simpatico, assegurando o fluxo
sanguineo adequado ao 6rgao (LUCAS, 2019).

A lesdo renal aguda (LRA) se caracteriza por uma sindrome clinica
descrita por declinio acelerado da fungéo renal em curto periodo, levando ao
desequilibrio hidroeletrolitico e acidobasico, com consequente acumulo de
excretas nitrogenadas, condicdo conhecida como azotemia (BELLOMO,
KELLUM e RONCO, 2012; WHELING, 2014).
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A LRA é uma condicdo clinica complexa, inicialmente assintomatica, e
gue pode advir de condi¢bes fisiopatoldgicas variadas. As etiologias mais
comuns sao lesdes de isquemia-reperfuséo, sepse e nefrotoxicidade enddégena
ou exogena, e sdo classificadas em trés grandes grupos conforme o
acometimento renal (BELLOMO, KELLUM e RONCO, 2012; WHELING, 2014).

A LRA ¢é a forma mais simples e usual, e resulta da hipoperfuséo renal,
ocasionando uma presséo intra-glomerular insuficiente para manter a TFG.
Nessa fase, normalmente ndo sdo descritas lesbes parenquimatosas, € 0S
distarbios funcionais tubulo-glomerulares podem ser revertidos através da
melhor perfusédo renal. No entanto, a perpetuacao deste quadro isquémico leva
a necrose do epitélio tubular e deterioracao da funcéo renal (LUCAS, 2019).

Medicamentos que bloqueiam seletivamente a sintese de angiotensina
I, como os inibidores da enzima conversora de angiotensina (ex.: enalapril,
captorpil) e bloqueadores do receptor de angiotensina (ex.. losartana,
valsartana), ou ainda inibidores da sintese de prostaglandinas, como os anti-
inflamatorios ndo esteroidais, podem causar LRA por hipofluxo arterial (LUCAS,
2019).

A LRA induzida por farmacos apresenta uma incidéncia entre 2% a 5%
em pacientes hospitalizados (COSTA; VIEIRA-NETO; NETO, 2003), sendo os
anti-inflamatdrios n&o esteroidais (AINES) sua principal causa. E uma classe
de compostos usualmente prescritos para o tratamento de analgesia e de
condicles inflamatorias, de alta eficacia. No entanto, seu uso prolongado ou
altas doses podem levar a leséo renal (LUCAS et al. 2018).

Os AINEs inibem a cascata do acido araquidénico, levando ao um efeito
negativo na formacao de prostaglandinas. Considerando que a principal acao
das prostaglandinas é a vasodilatacdo arteriolar para manter a perfusdo renal,
essa inibicdo acarretara uma perturbacao na hemodinamica renal, ocasionando
isquemia medular e levando a LRA (PAZHAYATTIL e SHIRALLI, 2014).

Além da inibicdo da sintese de prostaglandinas vasodilatadoras, os
AINEs inibem a estimulacdo do sistema renina-angiosterona-aldosterona, com
isso o fluxo renal fica comprometido acarretando hipoperfusdo renal adicional.
Também pode haver reducdo da agdo antag6nica do hormdnio antidiurético
(ADH) causando retencdo de soédio e agua, causando edema (BAKER e
PERAZELLA, 2020).
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Esse conjunto de eventos pode levar ao edema e hipertensdo, sendo
essas condi¢des clinicas mais comumente observadas em usuarios crénicos
destas drogas. A Lesdo orgéanica do parénquima renal ou leséo intrinseca é
causada por doencas parenquimatosas inflamatdrias ou autoimunes, e também
podem levar ao declinio ao TFG por meios fisiopatoldégicos complexos que
envolvem diversos aspectos da imunidade inata, celular e humoral (LUCAS,
2019; FILHO, 2018).

Neste grande grupo encontram-se as glomerulonefrites agudas e nefrites
intersticiais agudas, causadas por doencas infecciosas (glomerulonefrites pés-
estreptocdcicas, hepatite B e C, endocardite), doencas sistémicas (lUpus
sistémicos, purpura de Henoch-Schénlein, sindromes paraneoplasicas),
medicamentos (alopurinol, hidralazina), doencas glomerulares (glomerulonefrite
membranoproliferativa, glomerulonefrite membranosa, nefropatia por IgA) e
idiopatica (ABBAS, FAUSTO E KUMAR, 2018).

Por sua vez a LRA poés-renal é ocasionada por obstrucdo aguda do fluxo
urinario em qualquer ponto do trato urinario capaz de levar a diminuicdo da
taxa de filtracdo glomerular por aumento da pressédo intra-tubular e
consequente aumento retrogrado da pressao hidrostatica. A dilatacdo do
sistema pielo-calicial, condicdo denominada hidronefrose, € um achado
classico nesta condicdo. Suas principais causas sao obstrucdes urinarias por
litiase urinaria, tumores do trato ginecolégico ou gastrointestinal, hiperplasia
prostatica benigna e disfun¢cdes miccionais (BELLOMO, KELLUM e RONCO,
2012).

1.7 Flavonoides

Ungprasert et al. (2015) apontam que os AINES sdo 0os compostos mais
utilizados na pratica clinica. Devido a sua acao anti-inflamatéria, analgésica e
antipirética sua utilizacdo se torna corriqueira no tratamento de condicdes
inflamatérias e da dor aguda. Realmente, os AINES sao extremamente
eficientes em s&do acdo, no entanto, seu uso de forma indiscriminada
representa grande risco ao paciente.

Segundo Lucas et al. (2019) os maiores usuarios de AINEs sé&o

individuos acometidos por quadros de dor crénica, usualmente associadas a
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doencas reumatoldgicas. Dependendo da dose e do tempo de utilizagdo, os
AINES também induzem varios efeitos colaterais. Galesic et al (2008),
descrevem danos gastrointestinais, lesdo renal aguda e disfuncéo
cardiovascular como os principais efeitos adversos dessa classe de farmacos.

Kumar e Pandey (2013) apontam que flavonoides s&o compostos
polifendlicos que constituem uma importante classe de moléculas naturais
presentes nos alimentos e plantas, entre eles, a naringenina (4',5,7-
trindroxflavonone). A naringenina é um flavonoide encontrado em frutas
citricas, surge como um componente com grande potencial para tratar tanto
inflamacédo agudas como crénicas e condi¢cdes neuropaticas.

Os flavonoides apresentam propriedades analgésicas, anti-inflamatorias
e antioxidantes, e que apresentam menos efeitos colaterais ou até mesmo
nenhum efeito colateral (FERRAZ et al. 2020).

Para compreender a farmacodinamica dos flavonoides devemos lembrar
gue o processo inflamatério é induzido por mediadores que séo produzidos por
células imunes presentes nos tecidos e células que serdo recrutadas pelo
tecido atingido durante a resposta inflamatoria, entre esses mediadores estao
PGE,, bradicinina, aminas simpaticas e citocinas pro-inflamatorias (WHALEN,
FINKEL e PANAVELIL, 2016).

A acdo dos flavonoides envolve a inibicdo das citocinas pro-
inflamatorias, ativacéo do fator de transcricdo Nrf2. Ou seja, os flavonoides séo
moléculas multialvo que embora inibam de maneira significativa varios alvos
celulares durante a inflamacéo, ndo atuam abolindo um mecanismo. Por isso,
as funcdes fisiolégicas sdo parcialmente mantidas, o que explica os baixos
niveis de efeitos adversos (FERRAZ et al. 2020).

A naringenina € um membro da classe flavanonas dentre os flavonoides.
A naringenina é encontrada principalmente em frutas citrica como tangerina,
limao, laranja, toranja e tomates. Em humanos, a absor¢cdo da naringenina
ocorre nos colons com a biovariabilidade similar a outros flavonoides como os
flavondis ou flavonadis, a excrecdo urinaria da naringenina na maioria das vezes
ocorre completamente apés 24h. (JEONG, et al. 2001)

As atividades bioldgicas descritas para naringenina incluem
hepatoprotecdo, anticancerigena, analgésica, anti-inflamatoria, e propriedades

antioxidantes. Por exemplo, a naringenina foi capaz de bloquear virus ativos de
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hepatite C e replicacdo do virus da dengue, e inibir a progresséo do cancer de
préstata humano, de pancreas e de colon (FERRAZ et al., 2020).

O composto também demonstrou eficiente acdo terapéutica em
modelos de indugdo de irradiagdo com raios ultravioleta B (UVB) para
inflamacédo de pele. Evidéncias demonstram que a naringenina possui
propriedades analgésicas, anti-inflamatorias e antioxidantes em nivel periférico
e espinhal nos modelos de dor inflamatéria induzida por severo estimulo
inflamatoério, e condicdes de dor neuropatica (MANCHOPE et al. 2016,
FERRAZ et al. 2020).

Nessa classe de flavonoides também é encontrada a hesperidina,
presente principalmente em frutas citricas. A hesperidina € um composto com
capacidade de reduzir & acdo das citocinas pro-inflamatorias, a geracédo de
anion superoxido, bem como tem capacidade de modular a polarizacdo de
macrofagos (PINHO-RIBEIRO et al. 2015; FERRAZ et al. 2020). A hesperidina
também tem a capacidade de ampliar a atividade de enzimas antioxidantes,
apresentando efeitos farmacologicos descritos como anti-inflamatorios,
analgésicos, antioxidantes e antialérgicos. No entanto, a hesperidina apresenta
baixa solubilidade em agua como consequéncia sua absorcao intestinal € baixa
(PINHO-RIBEIRO et al. 2015; FERRAZ et al. 2020).

Para que haja melhor aproveitamento €é necessario ampliar a
hidrossolubilidade da hesperidina. Para isso, € realizada a metilacdo da
hesperidina sob condi¢cbes alcalinas gerando a hesperidina metil chalcona
(HMC). A HMC apresenta maior solubilidade em agua sendo melhor distribuida
nos tecidos (PINHO-RIBEIRO et al. 2015). A HMC também tem acéo inibidora
da producdo das citocinas pré-inflamatérias, com acdo anti-inflamatoria e
analgésica em modelos experimentais (PINHO-RIBEIRO et al. 2015; FERRAZ
et al. 2020). Foi demonstrado que esta inibicdo ocorre através da interacao
molecular com a serina do p65 NFkB, HMC inibe hiperalgesia mecanica e
térmica induzida por diversos compostos inflamatérios como a carragenina,
capsaicina e CFA. Mecanisticamente, a HMC inibe a producdo de citocinas
induzidas por carragenina (TNF-a, IL-1b, IL-6 e IL-10), estresse oxidativo e
ativacdo do NFkB, isso proporciona inibicdo da sinalizacdo inflamatéria deste
fator de transcricdo, explicando a reducdo da producdo de mediadores
inflamatorios. (RASQUEL-OLIVEIRA et al, 2020).
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2. OBJETIVOS

2.1. Objetivos gerais

-Avaliar os efeitos dos tratamentos e mecanismos de acdo da
naringenina em modelo de artrite induzida por zimosan, e da hesperidina metil

chalcona em modelo de leséo renal aguda induzida por diclofenaco soédico.

2.2. Objetivos especificos

-Avaliar os efeitos da naringenina sobre:

Dor e edema articulares;

Recrutamento de células inflamatorias;

Modulacado da producao de mediadores inflamatérios como a expressao
de prepro-ET-1 e producdo de citocinas e parametros de estresse

oxidativo,

Expressado dos componentes do inflamasoma NLRP3 e dos fatores de

transcricdo NFkB e Nrf2 induzidos pela administracéo i.a. de zimosan.

-Avaliar os efeitos da HMC sobre:

Os niveis de marcadores de funcao renal (ureia e creatinina);

Parametros de estresse oxidativo e modulacdo da producdo de

citocinas no sangue, assim como parametros de estresse oxidativo;

Modulacdo da producdo de citocinas, edema e danos teciduais

(histopatologia e niveis urinarios da enzima NGAL);

Ativacado da via do fator de transcricdo Nrf2 e expressdo do KEAP-1 nos

rins apds administracéo oral do diclofenaco sédico.
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3. MATERIAL E METODOS

3.1 Animais e delineamento experimental

Foram utilizados camundongos machos da raga Swiss, com 1 més de
idade aproximadamente, pesando entre 20 e 25g provenientes do Biotério
Central da Universidade Estadual de Londrina, Brasil.

Os camundongos foram alojados no biotério do Departamento de
Patologia, no Centro de Ciéncias Biolégicas da Universidade Estadual de
Londrina, em gaiolas de plasticas, com acesso livre a agua e comida, com
ciclos de claro e escuro de 12/12h, temperatura controlada e troca de ar

constante.

Os animais foram usados apenas uma vez por experimento, e mantidos
em ambiente livre de stress por dois dias antes dos experimentos. Para o0s
procedimentos comportamentais, os animais eram aclimatados na sala de
experimento pelo uma 1 h antes do teste, que sempre eram conduzidos

durante o ciclo de claro.

Todos os animais foram utilizados de acordo com os protocolos
aprovados pelo Comité de Etica em Animais da Universidade Estadual de
Londrina (CEUA-UEL), registrado sobre os protocolos niumeros 17427.2014.65,
datado de 30 de setembro de 2014 e 15236.2015.73, datado de 08 d outubro
de 2015.

Os procedimentos de cuidados com animais foram seguidos de acordo
com Associacgao Internacional de Estudos de Dor (IASP), Conselho Brasileiro
de Experimentacdo Animal (CONCEA), e EU Directive 2010/63/EU guia para

experimentacao animal.

Todos os esforcos foram feitos para minimizar o nimero de animais
utilizados e seu sofrimento. Ao final de cada protocolo, camundongos eram
anestesiados por inalacdo com overdose de 5% de isoflurano e eutanasiados

por deslocamento cervical, seguido por decapitacao.
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3.2 Protocolos experimentais

Para o modelo de artrite induzida por zimosan, os camundongos foram
tratados pela via oral com veiculo ou trés doses de naringenina (16.7, 50 ou
150mg/kg) 1h antes de injecdo intra-articular (i.a) de veiculo ou zymosan
(100pg/10pL/ joelho).

A administracdo foi realizada sempre no joelho direito dos
camundongos. Sete horas apos a inducéo da artrite, amostras das articulaces
do joelho foram coletadas para determinar recrutamento leucocitario (total de

leucacitos, neutrofilos, e células mononucleares) na cavidade sinovial.

Apés definir a dose mais efetiva de naringenina, 0s seguintes
experimentos foram realizados: (1) analise histopatologica; (2) avaliagdo do
stress oxidativo (expressdo do RNAm de gp91°"%* Nrf2, e heme-oxigenase-1
(HO-1), e producédo de anion superoxido e dos niveis de glutationa reduzida
(GSH), bem como a expressdo da proteina Nrf2 e CD45 por
imunofluorescéncia no fluido sinovial; (3) as expressbes do RNAmM de
moléculas do complexo multiproteico inflamasoma foram determinados 4h
apos injecao i.a. de zimosan (NIrp3, ASC, caspase-1, e pro-interleucina (IL)-
1B8); (4) producdo de citocinas por ELISA (TNF-a, IL-1B, IL-33 e IL-10) e

ativacao de NFkB (5 e 3 h) apds injecao i.a. de zimosan, respectivamente.

Para o modelo de lesdo renal induzida por diclofenaco os animais
receberam dose de 200 mg/kg de diclofenaco de sodio v.o., 30 minutos apés o
estimulo foram tratados i.p com veiculo ou quatro doses de HMC (1, 3, 10 e
30mg). Vinte e quatro horas apos a inducdo amostras de sangue e tecido renal
foram coletadas para determinar alteragces morfoldgicas, estresse oxidativo e

acao de citocinas.

Apos a definicdo da dose mais efetiva, 0s seguintes experimentos foram
conduzidos (1) andlise histopatologica; (2) avaliacdo do estresse oxidativo e (3)

producéo de citocinas.
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3.3 Compostos Testados

Os compostos utilizados no presente estudo foram solugéo salina (NaCl
0,9% da Frenesius Kabi Brasil Ltda, Aquiraz, CE, Brazil,), naringenina
(PubChem CID: 439246; MW: 272.245g/mol; 295% pureza, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), e zimosan (de Saccharomyces
cerevisiae, Sigma-Aldrich, St. Louis, MO).

Também foram empregados no trabalho o HMC (Santa Cruz
Biotechnology, Santa Cruz, CA, EUA) e diclofenaco de sédio (Neutaren®)
obtido da Novartis (Sao Paulo, SP).

3.4. Inducdo da inflamacdo do joelho, lesdo renal e protocolos de

tratamento

A inflamacéo na articulagcéo do joelho foi induzida por uma injecéo i.a. de
100ug/cavidade de zimosan em 10uL de salina estéril dentro da cavidade

fémur tibial direita como previamente descrita (Guerrero et al. 2006).

Camundongos foram pré-tratados (1h antes da injecéo i.a de zimosan)
com 100ul de veiculo (salina) ou 16.7,50, e 150mgkg de naringenina por via
oral para procedimentos experimentais. Os animais do grupo controle

receberam uma injecdo i.a com volume equivalente de solucéo salina.

A lesdo renal aguda foi induzida através da administracdo v.o. de
200mg/Kg de diclofenaco de sédio, diluido em solucdo salina trinta minutos

antes da administracao do tratamento.

3.5 Avaliacédo da hiperalgesia mecéanica articular

A avaliacdo da hiperalgesia mecanica da articulacdo do joelho direito

iniciou 1 h apo6s a administracdo i.a. do veiculo ou zimosan e continuou nos
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periodos de 1,3,5 e 7h apos o estimulo i.a. Medidas foram realizadas utilizando

uma versao eletronica dos filamentos do Von Frey.

Um medidor de pressao eletrénico acoplado a um transdutor de forga,
equipado com ponta de polipropileno. (Insight instruments, Ribeirdo Preto, SP,

Brazil), foi usando para avaliar para limite de dor nos animais.

Para o registro, camundongos foram colocados em gaiolas acrilicas
individuais, com piso em grade 15-30 minutos antes dos testes. Uma forca
perpendicular ampliada foi aplicada na &rea central da superficie plantar da
pata homolateral para estimulacdo dos joelhos (sempre para direita no
presente estudo), utilizando uma ponta grande com 4.15mm? de &rea para 0s
efeitos subcutaneos e induzir a flexdo da articulacdo do joelho, seguida pela
retirada da pata sensibilizada. A forca mecéanica foi aplicada apenas quando
animais estavam calmos e descansados com as quatro patas no piso de grade.

Os resultados foram expressos em gramas (g) (Guerrero et al. 2006).

3.6 Avaliacdo do edema articular

Edema femurotibial foi avaliado 1, 3, 5 e 7h apds injecédo de veiculo ou
zimosan foi mensurando pela medida do diametro transversal da articulacdo do

joelho utilizando paquimetro analdgico.

Valores da espessura da articulacdo femurotibial foram expressos pela
diferenca entre os diametros medidos antes (basal) e apds inducéo de inflacdo
articular em milimetros (mm). (CONTE et al. 2008).

3.7 Recrutamento leucocitario para cavidade sinovial.

O recrutamento leucocitario para cavidade sinovial foi avaliado 7h ap6és
injecdo de veiculo ou zimosan. A Cavidade Articular foi lavada trés vezes com
uma solugéo de 3.3pL estéril salina com 1mM acido etilenodiamino tetracético
(EDTA).



34

O numero total de leucdcitos foi determinado na camara de Rosenfeld.
Contagem diferencial de células foi determinado pelos cortes Rosenfeld usando
um microscopio 6ptico, os resultados foram expressos como nuamero total de
leucacitos, neutrdfilos, e células mononucleares por cavidade (CONTE et al.
2008).

3.8 Analise histopatoldgica da articulagéo do joelho.

Todas as amostras de articulacdo do joelho (porcao distal do fémur,
capsula articular, e porcao proximal da tibia) foram coletadas 7h apés as
injecdes i.a de zimosan ou veiculo, dissecadas, e fixadas em formalina a 10%
por 12 h.

Apoés a descalcificacdo em solucdo salina tamponada de fosfato 10%
(PBS) por duas semanas, as amostras foram processadas para serem
emblocadas em parafina. Cortes de tecido (5um) foram coradas em H&E.,
montadas em l|amina histologicas de vidro permanente e analisadas em
microscopio optico (Olmpus OX31, Tokyo, Japan), acoplado a uma camera
digital (Lumenera Infinity 1, Ottawa, Canada). Os scores histopatologicos de
infiltracdo de células inflamatérias na cavidade sinovial nos grupos
experimentais foram realizados utilizado dimensionamento de 279x195 pixels

por campo.

3.9 PCR quantitativo em tempo real

Todas as amostras de articulacdo de joelho (porcdo distal do fémur,
capsula articular, e porcdo proximal da tibia) dos animais foram coletadas e

homogeneizadas utilizando reagente Trizol nos momentos indicados.

RNA total foi extraido utilizando o SV Total RNA Isolation System
(Promega Biosciences, San Luis Obispo, CA, USA). A pureza do RNA total foi
avaliada com um espectrémetro (Multiskan GO Microplate Spectrophotometer,
Thermo Fischer Scientific, Vantaa, Finland), e amostras com comprimento de

onda de absorcédo entre 1.8 e 2.0 foram usadas para todas as preparacoes.
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O processo de transcricdo reversa do RNA total para DNAc foi realizado
utilizado GoScript™ Reverse Transcriptase System (Promega Biosciences, San
Luis Obispo, CA, USA). PCR quantitativo foi realizado usando Go Taq®gPCR
Master Mix (Promega Biosciences, San Luis Obispo, CA, USA) e primers

especificos.

Todas as reacdes foram conduzidas no StepOnePlus™ Real Time PCR
System (Applied Biosystem ®). A expressao relativa do gene foi avaliada
utilizando a metodologia comparativa 2 **°Y (Manchope et al. 2016; Ruiz-
Miyazawa et al. 2018). Gliceraldeido-3-fosfato deidrogenase (GAPDH)

expresso no RNAm foi utilizado como referéncia para normalizar os dados.

3.10 Avaliacéo da producéo de anion superoxido

Todas as amostras de articulacdo de joelho (porcdo distal do fémur,
capsula articular, e porcéo proximal da tibia) foi coletada em KCI| tamponado 3h
apos administracao i.a. de zimosan ou veiculo para determinacao da producéo
de anion superoxido através da reducdo do corante redox nitrobluetetrazolio
(NBT).

Solucdo de NBT (1mg/mL) foi adicionado as amostras, seguindo por
incubacao por 1h a 37°C. O sobrenadante foi cuidadosamente removido, e 0
precipitado de formazan foi entdo solubilizando por 2m OH e dimetilsulfoxido
(DMSO).

A densidade 6ptica foi medida utilizando um fotoespectometro (Multisan
GO microplate, Thermo Fisher Scientific, Vantaa, Finlandia) at 600 nm. Os

resultados foram representados pela reducdo de NBT (OD/mg por amostra).

3.11 Ensaio de atividade de GSH

Os niveis de GSH foram determinados em todas as amostras de

articulacdo (porcédo distal do fémur, capsula articular, e porcdo proximal da
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tibia) 3 horas apdés a administracdo i.a de veiculo ou zimosan utilizando o
método de espectrofotometria.

As amostras foram homogeneizadas em solucao 0,002 M de EDTA, o
homogenato foi tratado com 50% de &cido tricloroacético para subsequente
centrifugacédo de 15009 por 15 minutos. Apos, 100pL da amostra foi misturada
com 200uL de 0,4 M de Tris-HCIl, ph 8.9 e 10uL de 10 mM Aacido

ditiobisnitrobenzoéico em metanol foi adicionado.

A absorbancia a 42 nm foi utlizada para leituras (Multiskan GO
microplate Spectrophotometer, Thermo Fischer Scientific, Vantaa, Finlandia),
apos cinco minutos. A curva padrao foi preparada com 0,50uM de GSH e os
resultados foram apresentados como nanomols (hmol) de GSH/mg de amostra
(Manchope et al. 2016; Ruiz-Miyazawa et al. 2018).

3.12 Producéao de citocinas

Todas as amostras de articulacdo de joelho (porcdo distal do fémur,
capsula articular, e porcao proximal de tibia) foram coletadas 5h apés a injecao
i.a de veiculo ou zymosan e processado para determinar niveis de TNF-a, IL-
18, IL-33, e IL-10 kits comerciais para ensaio de imunoabsorbancia enzimatica
da eBioscience (Affymetrix, San Diego, CA, USA) seguindo as instrucdes do

fabricante (Manchope et al. 2016).

3.13 Determinacdo de ativacdo de NFkB

Todas as amostras de articulacdo de joelho (porcao distal de fémur,
capsula articular, e porcdo proximal da tibia), foram coletadas 3h apds a
injecdo i.a. de veiculo e zymosan e homogeneizada em tampdao de lise gelado

(Cell Sgnaling Technology, Beverly, MA, USA).

O homogenato foi centrifugado a 16.000g, por 10 min por 10 min, e 0

sobrenadante foi utilizado para avaliar os niveis de fosforilado e o NFB total em
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subunidade p65 por ELISA usando kit de PathScan® (Cell Signaling
Technology, Beverly, MA, USA) seguindo as instrugdes do fabricante.

As leituras foras realizadas espctrofotometricamente a 450 nm
(Multiskan GO Microplate Spectrophotometer, Thermo Fischer Scientific,
Vantaa, Finlandia). Os resultados s&o apresentados como a proporgcéo da
amostra da ativacdo de NFkB (total p65/phospho-p65) por miligrama (mg) de
amostra (Ruiz-Miyazawa et al. 2018).

3.14 Ensaio de imunofluorescéncia em microscépio confocal

Os fluidos articulares foram coletados 7 horas apos a injecdo i.a.
utilizando solucdo de paraformaldeido 1% (40uL). As células foram entdo
centrifugadas (5 min, 4 C, 300g) e incubados em blocos tamponados. (PBS,
2% BSA, 0,1% Trinton) por 1 hora no gelo.

Apés a centrifugacdo, células foram encubadas e conjugadas com
anticorpos especificos por mais 1 hora no gelo. Apds duas lavagens em PBS,
células foram recuperadas em PBS, fixadas em lamina silanizadas e secas em
temperatura ambiente durante a noite. Os anticorpos secundarios para as
moléculas-alvo foram adicionados para se ligar as células e incubados por

duas horas na temperatura ambiente.

A escolha das imagens representativas e analise quantitativa foram
realizadas utilizando o microscopio confocal (SP8, Leica, Microsystems,
Mannheim, Alemanha). A intensidade da fluorescéncia foi quantificada em
campos randomicamente escolhidas em diferentes grupos por um avaliador

externo.

Os resultados foram apresentados como intensidade de fluorescéncia
(pixels em tom de cinza), para a proteina alvo e para a relacdo de intensidade
de fluorescéncia pelo nimero de células em cada campo (Ruiz-Miyazawa et al.
2018).
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3.15 Avaliagéo da funcéo renal

Vinte e quatro horas apdés a administracdo da dose toxica de
diclofenaco, os niveis plasmaticos de ureia, creatinina e proteinuria foram
avaliados em amostras de sangue e urina. O sangue coletado foi adicionado
em microtibulos com anticoagulante acido etilenodiamina tetracético (EDTA,
5000 IU/ml, Sigma Chemical CO., St. Louis, MO, EUA).

Ap6s centrifugacdo (200xg, 10 min, 4°C), amostras de plasma foram
processadas seguindo as instru¢des do fabricante para determinar os niveis de
ureia e creatinina usando kit comerciais (Labtest Diagnoéstico S.A., Lagoa
Santa, MG, Brasil) como indicadores de LRA. Os resultados séo apresentados

em miligramas por decilitro (mg/dL) de ureia ou creatinina plasmatica.

Para analise de proteindria, amostras de urina também foram coletadas
24h apos o estimulo de diclofenaco através de compressdo moderadas da
regido pélvica do animal em adicionado em microtubulos esterilizados para

analise utilizando o métodos de Lowry.

3.16 Avaliacdo da peroxidacéo lipidica

A peroxidacdo lipidica em amostras de rim e plasma de animais
intoxicados com diclofenaco foi determinada 24h apds o estimulo por meio da
avaliacdo dos niveis de substancias reativas ao acido tiobarbittrico (TBARS).
Para este ensaio foi adicionado &cido ticloroacético (TCA; 10%) ao tecido

homogenato ou amostras de plasma, visando precipitacdo de proteinas.

Apés esta etapa, amostras foram centrifugadas (1000xg, 3 min, 4°C), e
sobrenadante resultante foi separado por meio da adicdo de acido tiobarbitarico
(TBA; 0,67%), seguido por incubag¢do por 15 minutos em banho de agua

fervente (100°C) para posterior transferéncia para banho gelado.

Um produto intermediario da peroxidagcdo lipidica, chamado de

malondialdeido (MDA) foi quantificado nas amostras de rim e plasma pela
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diferenca entre absorbancia obitda espectrofotomecricamente a 535 e 572 nm
(Multiskan GO Microplate Spectometer, Thermo Scientific, Vantaa, Finland).

Resultados s&o apresentados como peroxidagcédo lipidica (nanomols
[nmol] de MDA por mL de plasma) e (nmol de MDA por mg de tecido) nas

amostras de rim.

3.17 Avaliagdo da concentragédo de NGAL na urina

Amostras de urina para avaliacdo da concentracdo de NGAL, um
biomarcador da LRA foram coletados através compressao moderada da regiao
pélvica dos animais e acondicionados em microtubulos 24h apds a
administracdo do diclofenaco, Amostras foram colocadas em placas pré-
revestidas com NGAL e processadas utulizando kit ELISA seguindo a
instrulcdes do fabricante (SEB388Mu, Cloud-Clone Corp, Katy, TX, EUA).

Concentracdo de NGAL foi derterminada espectrofotomecricamente a
450nm (Multiskan GO Microplate Spectometer, Thermo Scientific, Vantaa,

Finland), resultados foram apresentados como NGAL urinario (ng/mL).

3.18 Avaliacdo da quantificacdo de FRAP

A capacidade endogena de oposicao ao estresse oxidativo foi verificada
espectrofotométricamente pelo teste de quantificacdo de FRAP. Amosras de
tecido renal foram coletadas 24h ap6s o estimulo com diclofenaco,
homegeinizada com 500uL de 1.15% de KCI e centifrifugada (200xg, 10min,
4°C).

Apdés esse passo, 15uL do sobrenadante foi misturado com 45uL de
agua desionizada e 200uL de reagente FRAP (Sigma Chemical Co, St.Louis,
MO, EUA), para posterior incubagdo a 37°C por 30 min. Resultados foram
assimilados usando TROLOX (Sigma Chemical Co, St.Louis, MO, EUA) curva
padréo (1.5-30 micromoles [umol]/L, concentracéo final). Os niveis de proteinas

foram utilizados para normalizar os resultados. As leituraS foram relizadas em
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595 nm, e os resultados apresentados como nmol de Trolox equivalente por mg
de proteina.

3.19 Teste de quantificacdo de ABTS

As amostras de tecido renal do grupo controle e dos grupos diclofenaco
foram coletadas 24h ap6s o estimulo para determinar a capacidade de
eliminagdo de radicais livres. Para o teste de ABTS, 15uL do mesmo
sobrenadante foi obetido durante o processamento das amostras para
guantificdio deFRAP foram adiciondos a 200uL de uma solucdo contendo
reagento 2,2’-azino-bis-(3-etilbenzotiazolina - 6 - acido sulfénico) (ABTS)
(Sigma Chemical Co, St.Louis, MO, EUA), misturado com salina tamponada
com fosfato a pH 7, para absorbancia de 0,80 a 730 nm.

Apoés periodo de 6 minutos a absorbancia foi lida a 730 nm. A curva
padrao de Trolox (Sigma Chemical Co, St.Louis, MO, EUA) foi utilizada (com
as mesmas caracateristicas apresentadas no teste de quantificacdo de FRAP).
Resultados foram apresentados como nmol de Trolox equivalente por mg de

tecido renal.

3.20 Analise estatistica

Resultados foram apresentados como significAncia +SEM das
avaliacbes realizadas em seis camundongos de cada grupo em cada

experimento e foram representativos de dois experimentos independentes.

ANOVA Two-way seguindo pelo teste post hoc de Newman-Keuls foram
utilizados para comparar os dois grupos em nos diversos momentos. ANOVA
One-way seguido pelo teste de Turkey post hoc foi realizado para determinar
diferencas estatisticas. Por outro lado, teste de Kruskal-Wallis seguindo por

teste de Dunn post-hoc foi utilizado para variaveis categoéricas.
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Os dados foram analisados utilizando software de estatistica GraphPad
Prism 5 (GradPad Software Inc, La Jolla, CA, USA). Diferencas estatisticas
foram consideradas significantes quando p<0,05.
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4. RESULTADOS

Os resultados gerados a partir do periodo de doutoramento resultaram
na producdo de dois artigos cientificos que serdo apresentados a seguir: 0
primeiro foi publicado no periédico Inflammopharmacology; e o segundo
publicado no peridédico Antioxidants.
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inflammation: induction of Nrf2 expression in recruited CD45+
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Abstract
Background: Naringenin is a biologically active analgesic, anti-inflammatory, and
antioxidant flavonoid. Naringenin targets in inflammation-induced articular pain
remains poorly explored. Methods: The present study investigated the cellular and
molecular mechanisms involved in the analgesic/anti-inflammatory effects of
naringenin in zymosan-induced arthritis. Mice were pre-treated orally with naringenin
(16.7-150 mg/kg), followed by intra-articular injection of zymosan. Articular
mechanical hyperalgesia and edema, leukocyte recruitment to synovial cavity,
histopathology, expression/production of pro- and anti-inflammatory mediators and
NF«kB activation, inflammasome components expression and oxidative stress were
evaluated. Results: Naringenin inhibited articular pain and edema in a dose-dependent
manner. The dose of 50 mg/kg inhibited leukocyte recruitment, histopathological
alterations, NFkB activation and NFxB-dependent pro-inflammatory cytokines (TNF-a,
IL-1B, and IL-33), and prepro-ET-1 mRNA expression, increased anti-inflammatory IL-
10. Naringenin also inhibited inflammasome upregulation (reduced NIrp3, ASC,

caspase-1, and pro-I1L-1p mRNA expression), oxidative stress (reduced gp91°"™ mRNA
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expression and superoxide anion production, increased GSH levels, induced Nrf2
protein in CD45" hematopoietic recruited cells and induced Nrf2 and HO-1 mRNA
expression). Conclusions: Naringenin presents analgesic and anti-inflammatory effects
in zymosan-induced arthritis by targeting its main physiopathological mechanisms.
These data highlight this flavonoid as an interesting therapeutic compound to treat joint

inflammation, deserving additional pre-clinical and clinical studies.

Keywords: Naringenin; arthritis; zymosan; pain; inflammation; NFxB; and Nrf2.

Introduction

Recent statistics from the World Health Organization (WHO) reveal that life
expectancy has gradually increased worldwide in the past decades. This global scenario
translates in a growth in the population of elderly individuals, which correlates with
higher incidence of age-related chronic rheumatic conditions like arthritis. Rheumatic
diseases are progressive and accompanied by pain, deformity, and physical disability
with a direct impact on the quality of life and sociability of affected patients (Cross et
al. 2014). The current clinical treatment of arthritis relies mainly on corticoids,
methotrexate, and immunobiological agents alone or in combination. However, these
pharmacological approaches often present serious adverse effects. The cost of
immunobiological treatment is also a factor to consider (Kesselheim et al. 2016; Laev
and Salakhutdinov 2015). Thereby, pre-clinical studies focusing on the development of
novel pharmacological options for the treatment of arthritis with less adverse effects and
lower costs are encouraged.

Flavonoids are polyphenolic compounds that constitute an important class of

natural molecules present in foods and plants (Kumar and Pandey 2013). Among them,
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the citrus flavonoid naringenin (4°,5,7-Trihydroxyflavanone) arises as a compound with
a great potential to treat both acute and chronic inflammatory and neuropathic
conditions (Hu and Zhao 2014; Lim et al. 2017; Manchope et al. 2016; Martinez et al.
2015; Park et al. 2017; Pinho-Ribeiro et al. 2016a; Pinho-Ribeiro et al. 2016b; Ruiz-
Miyazawa et al. 2018). Naringenin is a member of the flavanone class of flavonoids and
is mainly found in citrus fruits such as tangerine, lemon, orange, grapefruit, and
tomatoes (Figure 1) (Manchope et al. 2016; Manchope et al. 2017; Pinho-Ribeiro et al.
2016b; Ruiz-Miyazawa et al. 2018). In humans, absorption of flavanones including
naringenin occurs in the colon with a bioavailability similar to other flavonoids such as
flavonols or flavanols. The urinary excretion of naringenin is almost complete within 24
h (Manach et al. 2003). Naringinin is a rich flavanone-glycoside known by the bitter
taste in grapefruit, and following ingestion is broken down by gut flora to form the
aglycone compound naringenin (Shulman et al. 2011). In healthy men, the relative
bioavailability (measured by area under the curve; AUCg.4s h) and plasma concentration
(Cmax) Of naringenin after the consumption of a flavonoid juice mix are significantly
higher than that observed for quercetin and hesperidin (Krogholm et al. 2010). In mice,
oral ingestion of an extract containing naringenin leads to the detection of plasma
concentration within 60 min, and complete elimination after 24 h (Sun et al. 2013).

The biological activities described for naringenin include hepatoprotective, anti-
cancer, analgesic, anti-inflammatory, and antioxidant properties (Lim et al. 2017,
Manchope et al. 2016; Nahmias et al. 2008; Park et al. 2017; Pinho-Ribeiro et al. 2016a;
Pinho-Ribeiro et al. 2016b; Ruiz-Miyazawa et al. 2018; Zhao et al. 2016). For instance,
naringenin is able to block hepatitis C virus activity (Nahmias et al. 2008), dengue virus
replication (Frabasile et al. 2017), and inhibit the progression of human prostatic,

pancreatic and colon cancers (Lim et al. 2017; Park et al. 2017; Zhao et al. 2016).
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Naringenin also showed efficient therapeutic actions in a model of ultra-violet B (UVB)
irradiation-induced skin inflammation (Martinez et al. 2015). Evidence shows that
naringenin possesses analgesic, anti-inflammatory, and antioxidant activities at
peripheral and spinal levels in models of inflammatory pain induced by several
inflammatory stimuli (Manchope et al. 2016; Pinho-Ribeiro et al. 2016a; Pinho-Ribeiro
et al. 2016b; Ruiz-Miyazawa et al. 2018) and neuropathic pain conditions (Al-Rejaie et
al. 2015; Hu and Zhao 2014; Kaulaskar et al. 2012). In a model of complete Freund’s
adjuvant (CFA)-induced arthritis in rats, an extract containing naringenin together with
other flavonoids reduced blood systemic inflammatory parameters and alterations of
histopathological and imaging exams of joints (Ananth et al. 2016). Naringenin alone
reduced CFA-induced pro-inflammatory cytokine production (Zhu et al. 2015) and
dendritic cell maturation in collagen-induced arthritis (CIA) (Li et al. 2015) models.
Our group has recently demonstrated the analgesic and anti-inflammatory potential of
naringenin to inhibit MSU crystals-induced joint pain and inflammation in mice (Ruiz-
Miyazawa et al. 2018). Zymosan is a fungi wall component widely used to investigate
inflammatory mechanisms and drug effect. In fact, zymosan-induced arthritis is
considered a useful pre-clinical model to study the tissue alterations in the joints,
arthritis pathology, and pain mechanisms (Conte Fde et al. 2008; Guerrero et al. 2006).
Despite the importance of determining the effect of a novel anti-inflammatory candidate
in zymosan-induced arthritis (Asquith et al. 2009), it remains to be determined the effect
of naringenin in this model. Therefore, the present study aims to determine whether
naringenin would inhibit zymosan-induced arthritis. We evaluated the effects of the
flavanone naringenin in the zymosan-induced arthritis model (Guerrero et al. 2006)
focusing on the role of leukocytes, oxidative stress, inflammasome, cytokines,

endothelin-1, and nuclear factor kB (NFkB). Further, we investigated whether
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naringenin would interfere with Nrf2 expression by leukocytes recruited to the synovial

fluid represented by CD45" hematopoietic cells.

Materials and methods

General experimental procedures

Mice were treated by per oral route (p.o.) with vehicle or three titrated doses of
naringenin (16.7-150 mg/kg) 1 h before vehicle or zymosan (100 ug/10 uL/ knee joint)
i.a. injection in the right knee joint of mice. Articular mechanical hyperalgesia and
edema were evaluated 1-7 h after zymosan. Seven hours after the induction of arthritis,
knee joint samples were collected for the determination of leukocyte recruitment (total
leukocytes, neutrophils, and mononuclear cells) to the synovial cavity. After defining
the most effective dose of naringenin, the following set of experiments were conducted:
1) histopathological (hematoxylin and eosin, H&E) analysis of the knee joint 7 h after
zymosan i.a. injection; 2) Oxidative stress and mMRNA expression of molecules
regulating oxidative stress responses: knee joint samples 3 h after zymosan injection to
evaluated gp91P™* nuclear factor erythroid-2-related factor (Nrf2) and heme-
oxygenase-1 (HO-1) mRNA expression, superoxide anion production, and reduced
glutathione (GSH) levels; as well as Nrf2 protein expression and CD45
immunofluorescence double staining in synovial fluids; 3) Inflammasome components
MRNA expression was determined 4 h after zymosan injection by qPCR evaluating
nucleotide-binding oligomerization leucine-rich repeat and pyrin-domains containing
protein 3 (NIrp3), apoptosis-associated speck-like protein (ASC), caspase-1 and pro-

interleukin (IL)-1p mRNA expression; 4) Pro-inflammatory molecules and transcription
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factor were determined at indicated time points by ELISA in the case of cytokine
production [tumor necrosis factor- a (TNF-a), IL-1p, IL-33, and IL-10, at 5 h], gPCR
for preproendothelin (ET)-1 mRNA expression (at 4 h) and ELISA for NF«B activation
(at 3 h). The doses of zymosan i.a. injection, naringenin p.o. administration and
collection time points for the varied tests performed were based on previous studies of
our group and standardizing experiments aiming to determine the peak of each
parameter that would allow detection of pharmacological effect (Conte Fde et al. 2008;

Guerrero et al. 2006; Pinho-Ribeiro et al. 2016a; Pinho-Ribeiro et al. 2016b).

Animals

The study was performed on male Swiss mice, 1 month-old with approximate weight
between 20-25g. The animals were acquired from the Londrina State University, Parana State,
Brazil. Mice were housed in the vivarium of the Department of Pathology, Center of Biological
Sciences of Londrina State University in standard clear plastic cages with access to water and
food ad libitum, light-dark cycle of 12/12 h, controlled temperature and constantly air
exchanges. Mice were used merely for one experiment and were maintained under stress-free
conditions at least two days before the experimental protocols. For behavioral procedures,
mice were acclimatized into the experimental room at least one hour before testing, which
was conducted always during the light cycle. At the end of each protocol, mice were
anesthetized by inhalation overdose with isoflurane 5% (Abbott Park, IL, USA) and, terminally

euthanized by cervical dislocation proceeded by decapitation.

Ethics statement
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All animals were used according to the protocols approved by the Ethics
Committee on Animal Use of the State University of Londrina (CEUA-UEL), registered
under the process number 17427.2014.65, dated from September 30, 2014. Animal’s
care and handling procedures were carried out following the International Association
for Study of Pain (IASP), Brazilian Council on Animal Experimentation (CONCEA),
and EU Directive 2010/63/EU for animal experiments guidelines. All efforts were made

to minimize the number of animals used and their suffering.

Test compounds

The compounds used in the present study were saline solution (NaCl 0.9% from
Frenesius Kabi Brasil Ltda, Aquiraz, CE, Brazil), naringenin (PubChem CID: 439246;
MW: 272.256 g/mol; >95% purity, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and zymosan (from Saccharomyces cerevisiae, Sigma-Aldrich, St. Louis, MO).

Naringenin was diluted in saline solution immediately before p.o. administration.

Induction of knee joint inflammation and treatment protocol

Knee joint inflammation was induced by i.a. injection of 100 pg/cavity of zymosan
in 10 pL of sterile saline into the right femur-tibial joint cavity as previously described
(Guerrero et al. 2006). Mice were pre-treated (1 h before zymosan i.a. injection,) with
100 pL of vehicle (saline) or 16.7, 50 and 150 mg/kg of naringenin p.o. for
experimental procedures. Control animals received an i.a. injection of an equal volume

of vehicle (sterile saline).
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Evaluation of articular mechanical hyperalgesia

The right knee joint mechanical hyperalgesia evaluation started 1h after i.a.
administration of vehicle or zymosan and was also performed 1, 3, 5 and 7 hours after
i.a. stimulus. Measurements were performed using an electronic version of von Frey
filaments. An electronic pressure-meter coupled to a force transducer, fitted with
polypropylene tip (Insight instruments, Ribeirdo Preto, SP, Brazil) was used to evaluate
pain threshold in animals. For the assessment, mice were placed in individual acrylic
cages with wire grid floor during 15-30 min prior testing. An increasing perpendicular
force was applied on the central area of plantar surface of the homolateral paw of
stimulated joint (always right paw in the present study) using a large tip with 4.15 mm?
of area to exclude subcutaneous effect and induce knee joint flexion followed by paw
withdraw when animals present hyperalgesia to mechanical stimulation. The mechanical
force was applied only when animals were quiet and resting with the four paws on the

grid floor. The results were expressed in grams (g) (Guerrero et al. 2006).

Evaluation of articular edema

Femorotibial joint edema was evaluated 1, 3, 5 and 7 hours after vehicle or
zymosan injection by measuring the transverse diameters of the knee joints using an
analog caliper. Values of femorotibial joint thickness are expressed as the difference
between the diameter measured before (basal) and after induction of articular

inflammation in millimeters (mm) (Conte Fde et al. 2008).

Leukocyte recruitment to the synovial cavity
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The recruitment of leukocytes to the synovial cavity was evaluated 7 hours after
vehicle or zymosan injection. The articular cavity was washed 3 times with 3.3 pL of
sterile saline with 1 mM ethylenediamine tetraacetic acid (EDTA). The total number of
leukocytes was determined in a Neubauer chamber. Differential cell counts were
determined by Rosenfeld stained slices using a light microscope and results were
expressed as the number of total leukocytes, neutrophils and mononuclear cells per

cavity (Conte Fde et al. 2008).

Histopathological analysis of the knee joint

Whole knee joints samples (distal portion of femur, joint capsule and proximal
portion of tibia) were collected 7 h after vehicle or zymosan i.a. injection, dissected and
fixed in 10% formalin for 12 h. After decalcification in 10% EDTA in phosphate
buffered saline (PBS) solution for 2 weeks, the samples were processed for paraffin
embedding. Tissue section (5 um) were stained with H&E and mounted in permanent
glass slides and analyzed under a light microscope (Olympus OX31, Tokyo, Japan),
coupled with a digital camera (Lumenera Infinity 1, Ottawa, Canada) (Conte Fde et al.
2008). Histopathological score regarding inflammatory cells infiltration to the synovial
cavity in experimental groups was performed using the dimension of 279 X 195 pixels

per field.

Reverse transcription and quantitative polymerase chain reaction (RT-gPCR)
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Whole knee joints samples (distal portion of femur, joint capsule and proximal
portion of tibia) of animals were collected and homogenized using Trizol reagent at
indicated time points. Total RNA was extracted using the SV Total RNA Isolation
System (Promega Biosciences, San Luis Obispo, CA, USA). Total RNA purity was
assessed in a spectrophotometer (Multiskan GO Microplate Spectrophotometer, Thermo
Fischer Scientific, Vantaa, Finland), and the samples with wavelength absorption ratio
(260/280) between 1.8 and 2.0 were used for all preparations. Reverse transcription
process of total RNA to cDNA was conducted using GoScript'™ Reverse Transcriptase
System (Promega Biosciences, San Luis Obispo, CA, USA). Quantitative PCR was
carried out using GoTaq® gPCR Master Mix (Promega Biosciences, San Luis Obispo,
CA, USA) and specific primers. All reactions were conducted in StepOnePlus”™ Real-
Time PCR System (Applied Biosystem®). The relative gene expression was evaluated
using the comparative 2*“Y methodology (Manchope et al. 2016; Ruiz-Miyazawa et
al. 2018). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression

was used as a reference gene to normalize data. The primers used were: gp91P"®,

forward: 5'-AGCTATGAGGTGGTGATGTTAGTGG-3', reverse: 5'-
CACAATATTTGTACCAGACAGACTTGAG-3'; Nrf2, forward: 5'-
TCACACGAGATGAGCTTAGGGCAA-3’, reverse: 5'-
TACAGTTCTGGGCGGCGACTTTAT-3'; HO-1, forward: 5'-

CCCAAAACTGGCCTGTAAAA-3', reverse: 5-CGTGGTCAGTCAACATGGAT-3;
Nlrp3, forward: 5-GAGTTCTTCGCTGCTATGT-3/, reverse: 5'-
ACCTTCACGTCTCGGTTC-3"; ASC, forward: 5'-ATGGGGCGGGCACGAGATG-3,
reverse: 5-GCTCTGCTCCAGGTCCATCAC-3';  pro-caspase-1, forward: 5'-
TGGTCTTGTGACTTGGAGGA-3', reverse: 5-TGGCTTCTTATTGGCACGAT-3;

pro-IL-1B,  forward: 5-GAAATGCCACCTTTTGACAGTG-3', reverse: 5'-
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TGGATGCTCTCATCAGGACAG-3; preproET-1, forward: 5'-
TGTGTCTACTTCTGCCACCT-3', reverse: 5-CACCAGCTGCTGATAGATAC-3;
GAPDH, forward: 5'-CATACCAGGAAATGAGCTTG-3', reverse: 5'-

ATGACATCAAGAAGGTGGTG-3".

Superoxide anion production assay

Whole knee joints samples (distal portion of femur, joint capsule and proximal
portion of tibia) were collected in KCI buffer 3 h after i.a. administration of vehicle or
zymosan for superoxide anion production determination through the reduction of the
redox dye nitrobluetetrazolium (NBT). NBT solution (1 mg/mL) was added to the
samples followed by incubation for 1 h at 37° C. The supernatant was carefully
removed, and the formazan precipitated was then solubilized by 2 M KOH and
dimethylsulfoxide (DMSO). The optical density was measured using a
spectrophotometer (Multiskan GO Microplate, Thermo Fischer Scientific, Vantaa,
Finland) at 600 nm. The results were presented as NBT reduction (OD/mg of tissue)

(Manchope et al. 2016; Ruiz-Miyazawa et al. 2018).

GSH activity assay

GSH levels were determined on whole knee joints samples (distal portion of femur,
joint capsule and proximal portion of tibia) 3 h after i.a. administration of vehicle or
zymosan using a spectrophotometric method. The samples were homogenized in EDTA
0,02 M solution, and homogenates were treated with 50% trichloroacetic acid for

subsequent centrifugation at 1,500 g for 15 minutes. Then, 100 puL of sample was mixed
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with 200 pL of 0.4 M Tris-HCI, pH 8.9, and 10uL of 10 mM dithiobisnitrobenzoic
(DTNB) acid in methanol was added. The absorbance at 412 nm was used for readings
(Multiskan GO Microplate Spectrophotometer, Thermo Fischer Scientific, Vantaa,
Finland) after 5 min. The standard curve was prepared with 0.50 uM of GSH, and the
results were presented as nanomol (nmol) of GSH/mg of tissue (Manchope et al. 2016;

Ruiz-Miyazawa et al. 2018).

Cytokine production

Whole knee joints samples (distal portion of femur, joint capsule and proximal
portion of tibia) were collected 5 h after vehicle or zymosan i.a. injection and processed
to determine the levels of TNF-a, IL-1B, IL-33, and IL-10 using enzyme-linked
immunosorbent assay (ELISA) commercial kits from eBioscience (Affymetrix, San
Diego, CA, USA), following the manufacturer’s instructions (Manchope et al. 2016;

Pinho-Ribeiro et al. 2016b).

NFkB activation determination

Whole knee joints samples (distal portion of femur, joint capsule and proximal
portion of tibia) were collected 3 h after vehicle or zymosan i.a. injection and
homogenized in ice-cold lysis buffer (Cell Signaling Technology, Beverly, MA, USA).
The homogenates were centrifuged at 16,000 g for 10 min, and the supernatants were
used to assess the levels of phosphorylated and total NFkB p65 subunit by ELISA using
PathScan® kits (Cell Signaling Technology, Beverly, MA, USA) according to the

manufacturer’s instructions. Readings were performed spectrophotometrically at 450
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nm (Multiskan GO Microplate Spectrophotometer, Thermo Fischer Scientific, Vantaa,
Finland). The results are presented as the sample ratio of NFkB activation (total

p65/phospho-p65) per milligram (mg) of tissue (Ruiz-Miyazawa et al. 2018).

Confocal immunofluorescence assay

Articular fluids of mice were collected 7 h after zymosan i.a. injection into the knee
joint using a solution of paraformaldehyde 1% (40 uL). Cells were then centrifuged (5
min, 4°C, 300g) and were incubated with blocking buffer (PBS, 2% BSA, 0.1% Triton)
for 1h on ice. After centrifugation cells were incubated with conjugated rat PE-Cy5 anti-
mouse CD45 (1:200, Biolegend, #103110) and rabbit anti-mouse Nrf2 (1:200, Santa
Cruz Biotechnology, sc-722) for additional 1 h on ice. After two washes in PBS cells
were resuspended in PBS and placed on sterile slides and let to dry out on room
temperature overnight. The secondary antibody for Nrf2 Alexa Fluor 488 goat anti-
rabbit (1:500, Invitrogen, A11008) was added to the attached cells and incubated 2 h on
room temperature. The chosen representative images and quantitative analysis were
performed using a confocal microscope (SP8, Leica, Microsystems, Mannheim,
Germany). The intensity of fluorescence was quantified in randomly selected fields of
different groups by a blind evaluator. The results are presented as fluorescence intensity
(grey scale pixels) for targets protein and as a ratio of fluorescence intensity per number

of cells in each field (Ruiz-Miyazawa et al. 2018).

Statistical analysis
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Results are presented as mean £ SEM of measurements made on six mice in each
group in each experiment and are representative of two independent experiments. Two-
way ANOVA followed by Newman-Keuls post hoc was used to compare the groups in
multiple time points after the injection of vehicle or stimulus. Analyzed factors were
treatments, time and time versus treatment interaction. On the other hand, one-way
ANOVA followed by Newman-Keuls post hoc were performed for data of single time
point. Categorical variables were analyzed using Kruskal-Wallis followed by Dunn’s
post hoc. Data were analyzed using the statistical software GraphPad Prism 5
(GrapdPad Software Inc., La Jolla, CA, USA). Statistical differences were considered

significant when P < 0.05.

Results

Naringenin inhibits zymosan-induced articular mechanical hyperalgesia and
edema as well as leukocyte recruitment to the synovial cavity in a dose-dependent

manner

Mice were treated with naringenin (16.7-150 mg/kg, p.o.) 1 h before intra-articular
(i.a.) injection of vehicle or zymosan. Articular mechanical hyperalgesia and edema
measurements were performed from 1-7 h and leukocyte recruitment to the synovial
cavity evaluation was performed at 7 h after the stimulus (Figure 2). Zymosan-induced
mechanical hyperalgesia and edema were inhibited by the dose of 16.7 mg/kg at 3 h and
3-7 h, respectively. On the other hand, the doses of 50 and 150 mg/kg of naringenin
inhibited mechanical hyperalgesia from 3-7 h and edema from 1-7 h. Among these two

highest doses, 50 mg/kg was the most effective being significantly different when
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compared to the dose of 16.7 mg/kg at 7 h in mechanical hyperalgesia and from 3-7 h in
edema. Naringenin at 150 mg/kg produced a significantly different effect when
compared to the lower dose (16.7 mg/kg) regarding edema inhibition only between 5-7
h (Figure 2A and B). Zymosan also increased the recruitment of total leukocytes,
neutrophils and mononuclear cells to the synovial cavity 7 h after its i.a. injection.
Naringenin at the dose of 50 mg/kg reduced zymosan-induced recruitment of leukocytes
while 150 mg/kg reduced only mononuclear cells counts without effects upon total
leukocytes and neutrophils (Figure 2C-E). Thus, naringenin presented a U-shaped curve
for some parameters, and the dose of 50 mg/kg was selected for the continuity of
experimental procedures. Altogether, these results highlight the analgesic and anti-

inflammatory effects of naringenin in the zymosan-induced arthritis model.

Naringenin inhibits zymosan-induced knee joint histopathological alterations

Mice received naringenin (50 mg/kg, p.o.) 1 h before i.a. injection of vehicle or
zymosan. Histopathological analyses were performed using H&E staining of knee joint
samples collected 7 h after arthritis induction (Figure 3). Zymosan induced prominent
damage to tissue integrity characterized by morphological alterations as well as an
increase in the recruitment of inflammatory cells compared to the vehicle group.
Naringenin treatment reduced zymosan-induced histopathological alterations (Figure
3A-C) corroborating the data on leukocyte recruitment to the synovial cavity (Figure
2C-E). The naringenin inhibition of inflammatory cell infiltration was statistically
significant as presented in Figure 3D depicting the analysis of total number of cells per

field.
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Naringenin inhibits zymosan-induced knee joint oxidative stress and induces of

Nrf2 signaling

Mice were treated with naringenin (50 mg/kg, p.o.) 1 h before i.a. injection of
vehicle or zymosan and diverse oxidative stress parameters were evaluated in knee joint
samples 3 h after the stimulus (Figure 4). Zymosan increased gp91”"™ mRNA
expression and its downstream effector superoxide anion (NBT reduction assay), as
well as reduced GSH levels in comparison to vehicle-treated group (Figure 4A-C). On
the other hand, treatment with naringenin inhibited the increase of gp91P™™* mRNA
expression and superoxide anion production induced by zymosan and restored GSH
levels (Figure 4A-C). Zymosan did not modify the Nrf2/HO-1 mRNA expression,
however, naringenin treatment induced the expression of Nrf2/HO-1 mRNA (Figure 4D
and E). Immunofluorescence analysis showed that zymosan increased leukocyte
recruitment when compared to the saline group, which was inhibited by naringenin
treatment (CD45+ cells fluorescence intensity; Figure 4F, 1, J, M, N, Q, and R), which
confirms data presented in Figure 2A-C. It was also demonstrated that these cells are
expressing Nrf2 (Figure 4M and Q). Regarding Nrf2 staining, zymosan increased the
protein levels of Nrf2 compared to the saline group, however, it was not detected
difference between vehicle- and naringenin-treated groups (Figure 4G, K, O, and S).
However, by comparing the proportion of Nrf2 fluorescence per number of cells, we
observed an increase in the naringenin-treated group (Figure 4L, P, and T),
corroborating mRNA expression data (Figure 4D). These data indicate that inhibiting
oxidative stress and inducing antioxidant pathways contribute to the analgesic/anti-

inflammatory effects of naringenin in the present model. Furthermore, enhancing Nrf2



59

protein levels in CD45" hematopoietic cells recruited to the knee joint synovial fluid is a

mechanism of action of naringenin in zymosan arthritis.

Naringenin inhibits zymosan-induced mRNA expression of inflammasome

components in the knee joint

Mice received naringenin (50 mg/kg, p.0.) 1 h before i.a. injection of vehicle or
zymosan and the mRNA expression of inflammasome components Nlrp3, ASC, pro-
caspase-1, and pro-IL-1B were investigated in knee joint samples (Figure 5). The
induction of NIrp3, ASC, pro-caspase-1, and pro-IL-1p mRNA expression by zymosan
was inhibited by naringenin treatment (Figure 5A-D). These data suggest that, at least in
part, the therapeutic actions of naringenin in zymosan-induced arthritis depend on

down-modulating the mRNA expression of NLRP3 inflammasome platform.

Naringenin inhibits zymosan-induced production of pro-inflammatory cytokines
TNF-a, IL-1p and IL-33 as well as preproET-1 mRNA expression and NFkB
activation and increases the production of anti-inflammatory cytokine IL-10 in the

knee joint

Mice were treated with naringenin (50 mg/kg, p.o.) 1 h before i.a. injection of
vehicle or zymosan and the levels of TNF-a, IL-1p, IL-33, IL-10, and preproET-1
MRNA expression were determined in knee joint samples (Figure 6). Zymosan induced
TNF-a, IL-1p, and 1L-33 production as well as preproET-1 mRNA expression, which
were significantly inhibited by naringenin treatment (Figure 6A-C and E). Given these

cytokines are produced in a NFkB-dependent manner, we next wondered whether
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naringenin could reduce NFxB activation. We observed that zymosan induced
activation of NFxB signaling pathway (demonstrated by total-p65/phospho-p65 ratio),
which was also reduced by naringenin (Figure 6F). Additionally, naringenin prevented
the reduction of IL-10 levels observed after stimulus with zymosan (Figure 6D). These
data evidenced that the mechanism of action of naringenin in zymosan-induced arthritis
includes the reduction of pro-inflammatory mediators and increasing the anti-
inflammatory cytokine IL-10. In addition, our data revealed that naringenin targets
NF«B signaling pathway explaining, at least in part, the therapeutic effects of this

flavanone in zymosan-induced arthritis.

Discussion

Recent studies with different approaches, experimental models and goals showed
beneficial effects of an extract containing naringenin together with other flavonoids or
naringenin alone in models of CFA-induced arthritis in rats and CIA- and MSU-induced
arthritis in mice (Ananth et al. 2016; Li et al. 2015; Ruiz-Miyazawa et al. 2018; Zhu et
al. 2015). The present data demonstrate for the first time, to our knowledge, a
therapeutic role of naringenin in a model of experimental arthritis induced by zymosan
focusing on inflammation-induced articular pain in mice. Furthermore, the present data
also demonstrate for the first time that naringenin enhances Nrf2 protein expression in
CD45" hematopoietic cells recruited to the synovial fluid of zymosan arthritic mouse.

Naringenin inhibits hyperalgesia and edema, leukocyte recruitment to the synovial
tissue (total leukocyte count and immunofluorescence analysis) and histopathological
alterations in the zymosan inflamed knee joint. The present findings of the analgesic

and anti-inflammatory effects of naringenin are consistent with previous evidence in
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models of inflammatory and neuropathic pain. For instance, naringenin inhibits both
spontaneous pain and hyperalgesia induced by a wide array of inflammatory stimuli
such as intraperitoneal (i.p.) phenyl-P-benzoquinone (PBQ) and acetic acid; and
intraplantar (i.pl.) CFA, formalin, capsaicin, superoxide anion, lipopolysaccharide
(LPS) and carrageenan; and i.a. MSU (Manchope et al. 2016; Pinho-Ribeiro et al.
2016a; Pinho-Ribeiro et al. 2016b; Ruiz-Miyazawa et al. 2018). Furthermore,
naringenin also presents analgesic effect in models that involve nerve injury
(neuropathies), such as diabetic neuropathy, spinal nerve ligation, and chronic
constriction injury (CCI) (Al-Rejaie et al. 2015; Hu and Zhao 2014; Kaulaskar et al.
2012). The anti-inflammatory properties of naringenin reported herein corroborate
previous studies in models of joint, skin, nervous system, hepatic, and lung
inflammation (Ali et al. 2016; Chtourou et al. 2015; Esmaeili and Alilou 2014; Martinez
et al. 2015; Vafeiadou et al. 2009; Zhu et al. 2015). Therefore, we and others have
shown that naringenin inhibits disease mechanisms triggered by varied stimuli, which
reinforces the wide applicability and therapeutic potential of this flavanone.

Oxidative stress can contribute to the development of inflammatory hyperalgesia
(Manchope et al. 2017; Salvemini et al. 2011). In general, flavonoids are widely studied
as classical antioxidants due to their inherent ability to interfere with oxidative stress
through hydrogen donation and electron stabilization in their phenolic rings (Manchope
et al. 2017). Naringenin inhibited the gp91°"* mRNA expression, a component of the
enzymatic complex nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
and consequently its product, superoxide anion. In agreement with the present data, the
administration of potassium superoxide (KO,, a superoxide anion donor) in mice
induces superoxide anion release and inflammatory pain, which was inhibited by the

superoxide dismutase (SOD) mimetic agent tempol (Bernardy et al. 2017) and also by
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naringenin (Manchope et al. 2016). These in vivo data are in accordance with previous
in vitro evidence that naringenin scavenges superoxide anion and reduces NADPH
oxidase activation through the inhibition of protein kinase C (PKC)-dependent p47°"
phosphorylation (Kongpichitchoke et al. 2015). Moreover, naringenin also possesses
moderate inhibitory activity upon xanthine oxidase, an enzymatic system that generates
superoxide anion (Liu et al. 2016). Thus, the inhibition of the upstream molecule
gp91°"* by naringenin corroborates the inhibition of superoxide anion production and
inflammatory pain induced by zymosan. Naringenin also induced the mRNA expression
of Nrf2 and its downstream effectors HO-1 and GSH (Manchope et al. 2016) in arthritic
joints. The induction of Nrf2/HO-1 axis is described to suppress hyperalgesia and
confers protection to tissues against oxidative stress damages in other experimental
settings (Esmaeili and Alilou 2014; Manchope et al. 2016; Manchope et al. 2017;
Pinho-Ribeiro et al. 2016a; Ramprasath et al. 2014). To confirm the participation of the
upstream antioxidant molecule Nrf2 at the protein level in the zymosan model and its
cellular source, confocal immunofluorescence analysis was conducted using synovial
fluid cells. We observed that naringenin reduced leukocyte mobilization to articular
fluid by CD45 staining; a major transmembrane glycoprotein expressed by
hematopoietic cells except by megakaryocytes/platelets and erythrocytes (Craig et al.
1994). Interestingly, Nrf2 fluorescence per cell was enhanced by naringenin treatment,
indicating that naringenin enhances Nrf2 pathway to induce antioxidant effects in
zymosan-induced arthritis. Thus, it is rational to suggest that the inhibition of oxidative
stress associated with the induction of Nrf2/HO-1 pathway accounted to naringenin
control of articular pain and inflammation induced by zymosan. To our knowledge, this
is the first demonstration that naringenin treatment enhanced Nrf2 expression in

hematopoietic CD45" cells, highlighting the enhancement of an antioxidant
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transcription factor in recruited leukocytes. Another relevant endogenous role of
reactive oxygen species in inflammation is the activation of the inflammasome platform
(Zhou et al. 2010). Evidence shows that the physiopathology of zymosan inflammation
involves the induction of inflammasome platform components in immune cells
(Lamkanfi et al. 2009). Corroborating the current understanding of zymosan
inflammatory mechanisms, we observed that zymosan induced the mRNA expression of
inflammasome components NIrp3, ASC, caspase-1 and pro-IL-1p in affected knee
joints. On the other hand, naringenin treatment inhibited zymosan-induced
inflammasome components mMRNA expression.

Cytokines and ET-1 together with the redox system contribute to most of the
painful conditions (Fattori et al. 2016; Pinho-Ribeiro et al. 2016b; Verri et al. 2006). In
models of arthritis, cytokines (including TNF-a and IL-1pB) and ET-1 play crucial roles
in the inflammatory response and the consequent sensitization and/or activation of
peripheral nociceptor sensory neurons, which support central sensitization in spinal sites
(Donate et al. 2012; Schaible 2014; Teixeira et al. 2016). Corroborating previous
results, zymosan i.a. injection induces the production of pro-inflammatory cytokines
TNF-o and IL-1P as well as preproET-1 mRNA expression (Conte et al. 2010; Guerrero
et al. 2012). Naringenin inhibited zymosan-induced cytokine production. In fact,
naringenin enhances intracellular TNF-a degradation (Jin et al. 2017), which might be a
contributing mechanism to the analgesic effects observed here, since TNF-o can both
induce the production of additional hyperalgesic molecules as well as activate the
nociceptor sensory (Verri et al. 2006). Naringenin also inhibited zymosan-induced IL-
33 production in the knee joint. Importantly, this is the first report indicating that
zymosan i.a. injection increases IL-33 levels in the knee joint. IL-33 triggers an

inflammatory cascade involving other mediators such as TNF-o, IL-1B, and ET-1



64

during the pathophysiology of experimental arthritis accounting to pain, neutrophil
recruitment and edema (Verri et al. 2008; Verri et al. 2010). In this sense, the inhibition
of IL-33 production by naringenin explains the abrogation of the release of other
inflammatory molecules resulting in diminished pain and inflammation in arthritis.
Opposing to the data on inflammatory cytokines, zymosan reduced the levels of the
anti-inflammatory cytokine IL-10 in the knee joints. These data are in accordance with
previous work demonstrating the inhibition of IL-10 signaling and function in
macrophages after zymosan stimulus via a protein kinase C B (PKCp)-dependent
mechanism and internalization of IL-10 receptor (IL-10R) (Du et al. 2006). In the
absence of IL-10 signaling, macrophages do not shift into M2 alternative profile and do
not produce IL-10 de novo. Naringenin recovered IL-10 levels. It is possible that
naringenin treatment favors the shifting towards an M2 anti-inflammatory macrophage
profile. The M2 shifting can be achieved by inducing HO-1 via the Nrf2/Bachl and the
IL-10/STAT3 (signal transducer and activator of transcription 3)/PI3K
(phosphatidylinositol 3-kinase) axis (Naito et al. 2014).

The present data also show that naringenin inhibits zymosan-induced NFxB
activation/phosphorylation in the knee joints, which was observed by the reduction of
total-p65 NFxB/phosphorylated-p65 NF«kB ratio. The induction of NFkB signaling is
recognized to mediate and maintain inflammatory and neuropathic pain in pre-clinical
studies (Pinho-Ribeiro et al. 2016b; Souza et al. 2015; Zarpelon et al. 2016). The
clinical relevance of NFxB is supported by the efficacy of corticosteroids (Aletaha and
Smolen 2018). Our data showing that naringenin targets NFkB activation corroborates
with previous studies using different experimental approaches, indicating that this is a
possible mechanism by which this flavanone reduces pain, inflammation and up-

regulation of oxidative stress producing systems (Bai et al. 2014; Chtourou et al. 2015;
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Li et al. 2015; Pinho-Ribeiro et al. 2016b; Yen et al. 2015). In mammals, the NFxB
transcription factor family is composed of five proteins that dimerize in varied
combinations to form transcriptionally active complexes. NFkB p65 activation occurs
upon a wide variety of signals including infections, antigen receptors, TNFa, IL-1p (a
downstream effector of inflammasome) and physiological or genotoxic stresses. NFkB
p65 regulates multiple inflammatory genes. Following this rationale, naringenin
treatment inhibits oxidative stress, inflammasome, IL-1p, and TNF-a production. Thus,
it is conceivable that the protective knee joint effects of this flavonoid are related to
inhibiting the activation of NFkB. Targeting NF«kB explains the reduction of oxidative
stress (e.g. gp91°™) and pro-inflammatory molecule production (e.g. cytokines and
inflammasome platform components). Reactive oxygen species and pro-inflammatory
molecules also work as positive feedback to activate NFxB, thus, perpetuating the
inflammation towards a chronic stage (Oeckinghaus and Ghosh 2009; Schroder and
Tschopp 2010). Naringenin acts targeting these inter-related signaling pathways in the
knee joint, inhibiting hyperalgesia and conferring tissue protection.

It is noteworthy that in the present study the highest dose of naringenin (150 mg/kg)
tested did not show better therapeutic effect than the dose of 50 mg/kg. This bell-shaped
dose-response effect is important considering that depending on the dose, antioxidant
may act as pro-oxidants. This can happen with high doses of antioxidants and in the
presence of transition metal ions such as iron and copper (Bouayed and Bohn 2010;
Decker 1997; Raza and John 2005; Watjen et al. 2005). A pro-oxidant action results in
deleterious effects including DNA, protein and lipid damage and consequently cell
dysfunction and death (Aruoma 2003). In fact, in a isolated rat liver nuclei in vitro
model, naringenin induced a concentration-dependent peroxidation of nuclear

membrane lipids together with DNA damage (Sahu and Gray 1997). Therefore, the
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aforementioned data suggest attention to the need of fine tuning antioxidant dose for

human treatment.

Conclusions

Taken together, the present study shows that the flavonoid naringenin possesses
analgesic and anti-inflammatory properties in zymosan-induced arthritis in mice. The
mechanisms of action of naringenin were attributed to the inhibition of a) leukocyte
recruitment to the synovial cavity and synovitis; b) oxidative stress; c) mRNA expression of
inflammasome platform components; d) pro-inflammatory/hyperalgesic mediator production
and mRNA expression and NFkB activation. Furthermore, naringenin acted by inducing Nrf2
and IL-10, which are a transcription factor involved in the regulation of antioxidant molecules
expression and analgesic/anti-inflammatory pathways. We also observed that naringenin
enhanced Nfr2 protein levels in CD45" hematopoietic cells recruited to the inflamed synovia.
Given the fact naringenin is safe in experimental settings using in vivo and in vitro assays
(Pinho-Ribeiro et al. 2016a; Ruiz-Miyazawa et al. 2018; Wang et al. 2014), it could be added as
a possible candidate to control arthritis-induced pain and inflammation. As demonstrated in
the present work and by other, naringenin presents multiple biological targets, which might be
an advantage when compared to clinically active drugs, whose single mechanism of action,

high price, and prominent adverse effects limit their long-term use.
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Figure captions

Fig. 1. Chemical structure of flavanone naringenin. Illustration of the naringenin

molecule obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov).

Fig. 2. Naringenin inhibits zymosan-induced articular pain, edema, and leukocyte
recruitment to the synovial cavity in a dose-dependent manner. Mice were treated with
naringenin (16.7-150 mg/kg, p.o.) or vehicle (saline, p.0.) 1 h before zymosan i.a.
injection. (A) Articular mechanical hyperalgesia and (B) edema were measured between

1-7 h. (C) Total leukocyte, (D) neutrophils, and (E) mononuclear cells counts in the


https://pubchem.ncbi.nlm.nih.gov/
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synovial tissue of knee joint were evaluated 7 h after zymosan stimulus. Results are
presented as mean = SEM of six mice per group per experiment and are representative
of two separate experiments. [*p < 0.05 compared to the saline group; #p < 0.05
compared to the vehicle-treated group; **p < 0.05 compared to the vehicle and
naringenin (16.7 mg/kg)-treated groups (two-way ANOVA followed by Newman-Keuls
test for intensity of hyperalgesia and edema and one-way ANOVA followed by

Newman-Keuls test for total leukocytes, neutrophils and mononuclear)].

Fig. 3. Naringenin reduces zymosan-induced articular histopathological alterations.
Mice were treated with naringenin (50 mg/kg, p.o.) or vehicle (saline, p.0.) 1 h before
zymosan i.a. injection. (A-C) Histopathological analysis and (D) inflammatory cell
infiltrate per field analysis for the histopathological score were performed in samples
collected 7 h after arthritis induction. Arrows in panels A-C demonstrate the
inflammatory cells counted and presented in a separate bar graph (D). Saline (A),
zymosan treated with vehicle (B) and zymosan treated with naringenin (C). The samples
were stained with H&E. Original magnification 40x. Results are representative of two
separate experiments and present as mean + SEM of six mice per group per experiment.
[*p < 0.05 compared to the saline group; #p < 0.05 compared to the naringenin treated

group (Kruskal-Wallis followed by Dunn’s post hoc)].

Fig. 4. Naringenin inhibits zymosan-induced oxidative stress and induces Nrf2-
dependent antioxidant signaling. Mice were treated with naringenin (50 mg/kg, p.o.) or
vehicle (saline, p.0.) 1 h before zymosan i.a. injection. (A) gp91°"™* mRNA, (B)
superoxide anion production (NBT reduction assay), (C) GSH levels, (D) Nrf2 mRNA

and (e) HO-1 mRNA expression were determined after 3 h. Confocal
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immunofluorescence analysis in synovial fluid cells was performed 7 h after zymosan
stimulus to determine CD45 and Nrf2 staining. (F, J, and N) CD45, (G, H, K, L, O, and
P) Nrf2 and (I, M, Q) double-staining for co-localization representative images. (R)
CD45, (S) Nrf2 and (T) Nrf2/cells ratio quantitative analyzes. Results are presented as
mean £ SEM of six mice per group per experiment and are representative of two
separate experiments. [*p < 0.05 compared to the saline group; #p < 0.05 compared to

the naringenin treated group (one-way ANOVA followed by Newman-Keuls test)].

Fig. 5. Naringenin inhibits zymosan-induced mRNA expression of inflammasome
platform components. Mice were treated with naringenin (50 mg/kg, p.o.) or vehicle
(saline, p.0.) 1 h before zymosan i.a. injection. (A) Nlrp3, (B) ASC, (C) pro-caspase-1,
and (D) pro-IL-13 mRNA expression was determined after 4 h by gPCR. Results are
presented as mean + SEM of six mice per group per experiment and are representative
of two separate experiments. [*p < 0.05 compared to the saline group; #p < 0.05
compared to the naringenin treated group (one-way ANOVA followed by Newman-

Keuls test)].

Fig. 6. Naringenin inhibits zymosan-induced TNF-o, IL-1B, IL-33 production,
preproET-1 mRNA expression and NFkB activation as well as prevents zymosan-
induced IL-10 reduction. Mice were treated with naringenin (50 mg/kg, p.o.) or vehicle
(saline, p.0.) 1 h before zymosan i.a. injection. (A) TNF-a, (B) IL-1B, (C) IL-33, (D) IL-
10 production and (E) preproET-1 mRNA expression were determined 5 h after, and (F)
NF«B activation (total-p65/phosphorylated-p65 ratio) was evaluated 3 h after zymosan
injection. Results are presented as mean + SEM of six mice per group per experiment

and are representative of two separate experiments. [*p < 0.05 compared to the saline
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group; #p < 0.05 compared to the naringenin treated group (one-way ANOVA followed

by Newman-Keuls test)].
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stress to reduce diclofenac-induced acute renal injury: contribution of the Nrf2 redox-

sensitive pathway
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Abstract: Hesperidin is derived from citrus fruits among other plants. Hesperidin was
methylated to increase its solubility, generating hesperidin methyl chalcone (HMC), an
emerging flavonoid that possess anti-inflammatory and antioxidant properties. The nuclear
factor erythroid 2-related factor 2 (Nrf2) is a powerful regulator of cellular resistance to oxidant
products. Previous data evidenced HMC can activate Nrf2 signaling, providing antioxidant
protection against diverse pathological conditions. However, its effects on kidney damage
caused by non-steroidal anti-inflammatory drugs (NSAIDs) have not been evaluated so far.
Mice received a nephrotoxic dose of diclofenac (200 mg/kg) orally followed by intra-peritoneal
(i.p.) administration of HMC (0.03-3 mg/kg) or vehicle. Plasmatic levels of urea, creatinine,
oxidative stress, and cytokines were assessed. Regarding the kidneys, oxidative parameters,
cytokine production, kidney swelling, urine NGAL, histopathology, and Nrf2 mRNA expression
and downstream targets were evaluated. HMC dose-dependently targeted diclofenac systemic
alterations by decreasing urea and creatinine levels, and lipid peroxidation, as well as IL-6, IFN-
v, and IL-33 production, and restored antioxidant properties in plasma samples. In kidney
samples, HMC re-established antioxidant defenses, inhibited lipid peroxidation and pro-
inflammatory cytokines and upregulated IL-10, reduced kidney swelling, urine NGAL, and
histopathological alterations. Additionally, HMC induced mRNA expression of Nrf2 and its
downstream effectors HO-1 and Nqol, as well as reduced the levels of Keap1 protein detected
in renal tissue. The present data demonstrate HMC is a potential compound for the treatment of
acute renal damage caused by diclofenac, a routinely prescribed non-steroidal anti-
inflammatory drug.

Keywords: citrus flavonoid; hesperidin methylchalcone; Nrf2; diclofenac; acute renal injury;
oxidative stress

1. Introduction

The use of non-steroidal anti-inflammatory drugs (NSAIDs) is a common
approach due to their analgesic, anti-inflammatory, and anti-pyretic effects [1]. Based



on their recognized effectiveness for the treatment of inflammatory diseases and pain,
their prescription is preferred in primary health care. However, NSAIDs can induce
acute kidney injury (AKI) [2,3], a condition with potential health risks. Increased risk
of AKI is observed in older individuals and in patients with chronic kidney disease [2].
Even in healthy patients, long term NSAID use may cause subclinical kidney
dysfunction [4,5]. Diclofenac represents the most prescribed and used NSAID in low-,
middle-, and high-income countries worldwide [6,7]. As a phenylacetic acid
derivative, diclofenac is classified as a non-selective NSAID applied to treat pain,
fever, and inflammation [1]. It is one of the main options for the treatment of acute and
chronic pain, related mainly to the musculoskeletal system, including myalgia, lower
back pain, osteoarthritis, rheumatoid arthritis, and ankylosing spondylitis [8-10].
Unfortunately, diclofenac has many adverse effects, such as gastrointestinal injury,
hepatotoxicity, cardiovascular pathology, and AKI [1,3,9,11].

The main mechanism related to NSAID-induced AKI is prostaglandin inhibition,
which in turn, has a fundamental role in the control of renin release, electrolytic
dysfunction, and vasoconstriction [4,12]. At standard treatment doses, cyclooxygenase
(COX)-2 selective and non-selective COX-2 NSAIDs induce a similar risk of AKI,
depending on the study, and findings also suggest a higher risk upon the use of COX-2
NSAIDs with < 5-fold selectivity compared to > 5-fold selectivity[2]. Despite being
considered as possessing equivalent inhibition of all COX enzymes, evidence also
suggests diclofenac is more selective for COX-2 [7,13]. We previously demonstrated
diclofenac does not alter COX-2 levels in renal tissue [9]. This particular aspect
highlights the fact that diclofenac may induce AKI via a different primary pathological
mechanism. It is postulated that a mechanism related to the induction of oxidative
stress and/or reduction of antioxidant capacity may be determinant for diclofenac-
induced nephrotoxicity [14,15]. In this sense, investigations have shown that through
oxidative stress, increased cytokine release, and nuclear factor kB (NFkB) activation,
diclofenac may induce AKI [1,9,16]. Therefore, the search for compounds that target
these effector mechanisms, especially oxidative stress, is pertinent.

Hesperidin methyl chalcone (HMC; Cx»Hs3sOis5; Figure 1) is a product of
methylation of the flavanone hesperidin (hesperidin-7-rhamnoglucoside), a flavonoid
found in plants and foods, for instance, Rutaceae and citrus fruits, respectively [17,18].
Hesperidin presents poor water solubility, resulting in unsatisfactory absorption in the
small intestine; however, its solubility is improved after a methylation reaction under
alkaline conditions, which promotes hesperidin isomerization, and the generation of
the HMC. Thus, the higher solubility of HMC confers enriched bioavailability,
metabolic stability, and tissue absorption [19,20]. Methods applied to obtain HMC
from hesperidin include methylation with dimethylsulfate [21]. Chromatography
analysis indicates HMC is composed of both fully and partially methoxylated
hesperidin, generated from methylation of the hydroxyl substituents on aglycon and
linked sugars, characterizing this compound as a mixture of chalcones and flavanones
species [21]. HMC peaks in the blood 1-2 h after oral administration and is excreted in
both urine and feces within the first 24 h after administration [20]. In models of
inflammation and pain, the biological properties of HMC include vasoprotective,
antioxidant, anti-inflammatory, and analgesic effects [19,22-25]. HMC can both inhibit
the major pro-inflammatory transcription factor nuclear factor kB (NFkB) [19,22,24] as
well as induce nuclear factor erythroid 2-related factor 2 (Nrf2) signaling [23]. After the
release of the Kelch-like ECH-associated protein 1 (Keapl)-Nrf2 complex in the
cytoplasm, Nrf2 translocates to the nucleus where it activates nuclear antioxidant
responsive elements (ARE) that regulate the dynamic expression of phase II genes,
triggering the transcription of several detoxification enzymes and cytoprotective genes
[26,27]. In humans, the efficacy of HMC in combination with other molecules for the
treatment of vascular dysfunction, including hemorrhoid and chronic venous
insufficiency, is supported by clinical trials [25,28-30]. Importantly, experimental and
clinical data demonstrated that HMC is safe, even during long term use and high



doses [31,32]. Thus, the eventual repurposing of HMC is feasible. Nevertheless, an
investigation of its effects in kidney tissue stimulated with toxic doses of diclofenac,
which mimics AKI induced by NSAIDs, has yet to be conducted. The present study
aims to explore the beneficial therapeutic properties of HMC on experimental NSAID-
induced AKI and the mechanisms underlying these effects.

Hesperidin methyl chalcone (HMC)

Figure 1. Chemical structure of HMC (compound CID: 6436550;
https://pubchem.ncbi.nlm.nih.gov, accessed on April 7, 2022).

2. Materials and Methods
2.1. Animals and Experimental Design

The study was carried out on Swiss mice (male, 30-35 g, aged 6-8 weeks)
obtained through the State University of Londrina (Parana State, Brazil). The
conditions of the facility in which mice were maintained were as follows: ad libitum
feed, twelve/twelve hours light/dark cycle, regular thermal comfort (21 °C), and
circulation of air (15-30 cubic feet per minute/square feet). Animals were maintained
in pathogen-free conditions. During the process of euthanasia for sample collection,
animals were exposed to a lethal dose of 5% isoflurane, followed by cervical
dislocation, and subsequent decapitation. The experimental protocol was carried out
according to previous studies by our group [1,9]. Mice received a standard toxic dose
of diclofenac (200 mg/kg, 100 uL, per oral), and 30 min later, were administered HMC
(0.03, 0.3, and 3 mg/kg; 200 uL) or vehicle (saline; 200 uL) via the intra-peritoneal (i.p.)
route. Blood, kidney, and urine samples were analyzed 24 h after NSAID (sodium
diclofenac, SDCF) administration. Blood samples were collected after a dose-response
experiment for the assessment of urea and creatinine levels to determine the best dose
of HMC, and a dose of 3 mg/kg of HMC was chosen for all subsequent experiments in
the study. After this initial analysis, blood samples were collected for a new round of
experiments that included evaluations of oxidative stress (antioxidant capacity
parameters and lipid peroxidation) and cytokine production (both described in detail
below). Renal tissue and urine samples were collected to evaluate the following
parameters: oxidative stress (antioxidant capacity parameters and lipid peroxidation),
cytokine production, swelling, histopathological changes, and mRNA expression of
Nrf2 and its downstream effectors, as well as the concentration of a well-known
urinary marker of AKI (NGAL). The experiments using kidney samples were
conducted on the entire organ (one kidney per analysis).
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2.2. Compounds Used in the Study

SDCF (Neutaren®) was purchased from Novartis (Sao Paulo, SP, Brazil); HMC
was acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA); and saline was
acquired from Gaspar Viana S/A (Fortaleza, CE, Brazil). The dilution of SDCF and
HMC using saline was performed immediately before administration via the oral (p.o.)
and i.p. routes, respectively.

2.3. Evaluation of Renal Function Markers

The evaluation of plasma concentrations of urea and creatinine were performed in
blood samples after p.o. administration of SDCF (24 h). Samples were collected into
heparinized tubes with posterior centrifugation (200x g, 10 min, 4 °C), and
subsequently processed for determination of renal function markers using commercial
kits (Labtest Diagnostico S.A. Lagoa Santa, MG, Brazil). The data are shown as
milligram per deciliter (mg/dL) of plasma.

2.4. Ferric-Reducing Ability Potential (FRAP), 2,2 -azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS**) Radical Cation, and Reduced Glutathione (GSH) Assays

FRAP, ABTS and GSH assays were performed to evaluate antioxidant capacity
during the protocols in the present model [1,9]. Kidney and blood samples (EDTA
microtubes) were collected 24 h after SDCF administration and homogenized with 500
uL of 1.15% KClI, subsequently centrifuged (10 min x 200x g x 4 °C), and the ability of
the sample to resist oxidative damage was determined by measuring ferric-reducing
ability with the FRAP assay and free radical scavenging ability with the ABTS assay.
FRAP determination used 50 pL of supernatant, together with 150 uL of deionized
water and 1.5 mL of freshly prepared FRAP reagent. The reaction mixture was
incubated at 37 °C for 30 min, and subsequently, the absorbance was measured at 595
nm. The ABTS test was conducted by using ABTS solution diluted with phosphate-
buffered saline at pH 7.4 to an absorbance of 0.80 at 730 nm. After this step, 1.0 mL of
diluted ABTS solution was mixed with 20 pL of supernatant (as prepared for the FRAP
assay). After 6 min, the absorbance was measured at 730 nm. The results were equated
against a Trolox standard curve (1.5-30 pmol/L, final concentrations). The results are
expressed as nanomoles (nmol) of Trolox equivalents per milliliter (mL) or milligram
(mg) of tissue for plasma and kidney, respectively, for both analyses. For the GSH
assay, kidney samples were harvested 24 h after SDCF administration. Samples were
homogenized in 0.02 M ethylenediamine tetraacetic acid (EDTA) reagent and treated
with 2 mL of water plus 0.5 mL of 50% TCA (trichloroacetic acid). Next, homogenates
underwent centrifugation (1500x g, 15 min, 4 °C) and the resultant supernatants were
carefully removed for subsequent addition to 2 mL of Tris 0.4 M (pH 8.9) plus 50 mL of
dithionitrobenzoic acid (DTNB) solution. After 5 min, spectrophotometric readings
were carried out at 412 nm. Data are expressed as nmol of GSH per mg of tissue. For
the three analyses, a Multiskan GO Microplate Spectrophotometer (Thermo Scientific,
Vantaa, Finland) was used.

2.5. Assessment of Thiobarbituric Acid-Reactive Substances (TBARS)

Lipid peroxidation in kidney and blood samples (EDTA microtubes) was assessed
24 h after the administration of SDCF via TBARS determination using an adapted
methodology described previously [9]. In brief, TCA (10%) was included in the tissue
homogenate or plasma samples to precipitate the proteins. Subsequently, samples
underwent centrifugation (1000x g, 3 min, 4 °C) and the supernatant was removed for
the next step. The supernatants were then mixed with thiobarbituric acid (TBA; 0.67%),
incubated for 15 min in a boiling water bath (100 °C), then transferred to an ice bath.
Malondialdehyde (MDA) was then quantitated as an indicator of lipid peroxidation in
kidney and plasma samples by measuring the absorbance by spectrophotometry (572—



535 nm). Data are presented as TBARS (nmol of MDA per mL) for plasmatic samples,
and as TBARS (nmol of MDA per mg of tissue) for renal samples.

2.6. Evaluation of Cytokines and Neutrophil Gelatinase-Associated Lipocalin (NGAL)
Production

The following cytokines were assessed in blood and kidney samples 24 h after the
administration of SDCF: interleukin (IL)-1§3, IL-6, interferon (IFN)-y, IL-33, and IL-10.
Considering plasmatic assay, after collection (EDTA microtubes), samples were
centrifuged (800x g, 10 min, 4 °C), and the generated supernatants were used to assess
the levels of cytokines. Kidney samples were homogenized in 500 pL of saline.
Cytokine levels in both tissues were then measured using enzyme-linked
immunosorbent assays (ELISA) according to the manufacturer's instructions
(eBioscience, San Diego, CA, USA) and analyzed spectrophotometrically. Data are
expressed as mg/dL for plasma samples and as picograms (pg) per 100 mg of tissue for
kidney samples [1,9]. NGAL urine level was also evaluated by ELISA 24 h after the
administration of SDCF. Urine samples were collected into EDTA microtubes after
applying moderate compression of the pelvic region of mice. Samples were then
transferred into anti-mouse NGAL pre-coated plates and processed according to the
manufacturer's instructions (Cloud-Clone Corp., Katy, TX, USA). The levels of NGAL
were analyzed by spectrophotometry at 450 nm, and the data are presented as
nanogram (ng) per mL of urine [1].

2.7. Histopathological and Swelling Evaluations

For histopathological analysis, kidneys were collected 24 h after the
administration of SDCF. Kidneys initially underwent a fixation process using 4%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS). Subsequently, the
kidneys were dehydrated in a graded series of ethanol solutions and finally processed
for paraffin embedding. The process of sectioning the cortical potions of the organs
was carried out using a cryostat (CM1520, Leica Biosystem, Richmond, IL, USA) with a
thickness of 5 um. After this step, for the sections underwent hematoxylin and eosin
(H&E) and periodic acid-Schiff (PAS) staining. Stained sections from the control
group, model group (SDCF) treated with vehicle, and model group treated with HMC
were analyzed in a blinded manner through the use of light microscopy at 40x
magnification. A semi-quantitative assessment of kidney damage was carried out in 10
high-power fields randomly selected as described previously with modifications
[1,9,33] with scoring for each animal. Summed histopathological scores of different
experimental groups were determined by the morphological analysis of the following
parameters: (1) glomerular pathology; (2) impairment of the cortical brush border; and
(3) the presence of vacuoles in tubular cells. A four-point scale was used to describe
the level of pathological change: 0, normal; 1, mild; 2, moderate; 3, severe. The score
for each parameter were combined into a total histopathological score (9 maximum).
Kidney swelling was also evaluated 24 h after SDCF administration by using the organ
wet weight as an indicator. After collection, the kidneys were weighed on a precision
balance and the results presented as mg of renal tissue per gram (g) bodyweight.

2.8. Reverse Transcription and Quantitative Polymerase Chain Reaction (RT-gPCR) Assay

RT-qPCR was performed as previously described [34]. Kidneys were collected 24
h after the administration of SDCF, homogenized in TRIzol™ Reagent (Thermo Fisher
Scientific, Waltham, Massachusetts, USA), and total RNA was isolated according to the
manufacturer’s  guidelines. The purity of total RNA was measured
spectrophotometrically (Multiskan GO Microplate Spectrophotometer, Thermo
Scientific, Vantaa, Finland), and the wavelength absorption ratio (260/280) was
between 1.8 and 2.0 for all preparations. Reverse transcription of total RNA to cDNA
and qPCR were performed using the GoTaq® 2-Step RT-qPCR System (Promega,



Madison, Wisconsin, EUA) and target primers with the Step One Plus TM Real-Time
PCR System (Applied Biosystems®, Waltham, Massachusetts, USA). The relative gene
expression was measured using the comparative 2-44c9 method. The primers used in
this study were as follows: Nrf2—forward, 5'-TCACACGAGATGAGCTTAGGGCAA-
3’; reverse, 5-TACAGTTCTGGGCGGCGACTTTAT-3' (gene accession number 18024);
heme-oxygenase-1 (Ho-1)—forward, 5-CCCAAAACTGGCCTGTAAAA-3’; reverse, 5’
-CGTGGTCAGTCAACATGGAT-3" (gene accession number 15368); NAD(P)H
dehydrogenase (quinone 1) (Nqol)—forward, 5-TGGCCGAACACAAGAAGCTG-3’;
reverse, 5' -GCTACGAGCACTCTCTCAAACC-3 (gene accession number 18104). The
expression of (-actin (forward, 5-AGCTGCGTTTTACACCCT TT-3’; reverse, 5'-
AAGCCATGCCAATGTTGTCT-3 (gene accession number 11461) mRNA was used as
a control for tissue integrity in all samples.

2.9. Immunofluorescence Assay in Confocal Microscopy

Twenty-four hours after the administration of SDCF, animals underwent a
perfusion process using 4% PFA in PBS injected via the ascending aorta artery. Next,
the kidney was carefully removed and immersed in 4% PFA and remained in this
solution for the next 24 h. After this period, samples were placed in 30% saccharose
and incubated for 3 days. Once embedded (Tissue-Tek® reagent, Torrance, California,
USA), the kidneys were sectioned to a thickness of 10 um using cryostat equipment
(CM1520, Leica Biosystems, Wetzlar, Germany). Four samples per animal per slide and
five animals per group were analyzed. Antigenic recovery was performed (exposure to
90 °C followed by immediate cooling until 30 °C) then the sections passed through a
blocking stage (200 pL/slide; 0.5% tween 20 and 5% bovine serum albumin in PBS) for
2 h, followed by overnight incubation at 4 °C with the primary antibody (keapl,
D6B12, rabbit IgG mAb, #8047, 1:100 dilution, Cell Signaling Technology, Danvers,
Massachusetts, EUA). A solution containing the secondary antibody (anti-rabbit IgG
Fab2 Alexa Fluor ® 647, #4414S, 1:1000 dilution, Cell Signaling Technology, Danvers,
Massachusetts, EUA) was applied to the slides the next day for 1 h. Treatment with
secondary antibody alone was used to test for non-specific staining. For assembly of
the slides, DAPI melting media reagent (ProLong™ Gold Antifade Mountant, #P36931,
Thermo  Fisher Scientific, ~Waltham, Massachusetts, USA) was used.
Immunofluorescence analysis of aleatory fields using a confocal microscope (TSC SP8
Leica microsystem, Wetzlar, Germany) were performed on different portions of the
cortical region of kidneys with a magnification of 40x. Representative images from
each group are presented with a 50 pum scale. Keapl fluorescence intensity were
analyzed by a blinded experimenter and measured using confocal microscope
software to provide quantitative data for the experiment.

2.10. Statistical Methodology

Statistical methods were applied to 6 animals per group (5 animals for
immunofluorescence) in individual experiments. For histopathological evaluations, the
final score considered 12 animals per group in individual experiments. The results are
representative of two independent experiments. One-way analysis of variance with
Tukey’s post hoc test was used for the determination of statistical interpretations.
Additionally, the non-parametric Kruskal-Wallis test with Dunn’s post hoc tests was
applied to the analysis of categorical variables. The analyses were carried out with
GraphPad Prism 7.00 (GraphPad software Inc., La Jolla, CA, USA) software. All data
are presented as the mean =+ standard deviation (SD). Results with values of p < 0.05
were considered statistically significant.
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3. Results

3.1. HMC Reduces SDCF-Triggered Renal Dysfunction: Urea and Creatinine Levels, and
Oxidative Stress in Plasma

Our first approach was designed to determine the most effective dose of HMC to
inhibit SDCF-induced renal dysfunction. SDCF was administrated to the mice orally,
and after 30 min, they received i.p. treatment with HMC (0.03, 0.3, and 3 mg/kg). The
plasmatic levels of urea and creatinine (Figure 2A and 2B, respectively) were
determined 24 h later. HMC treatment inhibited the elevation of renal dysfunction
markers induced by SDCF in a dose-dependent manner. For urea, it was observed that
only a dose of 3 mg/kg inhibited the increase induced by SDCEF. For creatinine,
intermediate and high doses of HMC (0.3, and 3 mg/kg, respectively) inhibited the
effect of SDCF. Since 3 mg/kg was the only dose able to inhibit both markers of
impaired renal function, this dose was selected for the following experiments.
Thereafter, we investigate the antioxidant properties of HMC upon SDFC-induced
oxidative stress (Figure 2C-E). HMC treatment restored the impaired plasmatic
antioxidant status induced by SDFC, seen as increased FRAP and ABTS levels
compared to the vehicle control, and inhibited lipid peroxidation levels, seen as a
reduced concentration of TBARS. These results indicate HMC protects renal tissue
from the toxic effects of SDFC. Further, HMC reduces systemic oxidative parameters in
AKI mice, which reflects its potential antioxidant actions in response to increased free
radical activity.
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Figure 2. HMC inhibits SDCF-induced increase of plasmatic levels of urea, creatinine, and
oxidative stress. Blood samples were collected 24 h after the administration of SDCF for the
evaluation of urea (A), creatinine (B), FRAP (C), ABTS (D), and TBARS (E) levels. Results are
expressed as mean + SD, n = 6 mice per group per experiment, and are representative of two
independent experiments. * p < 0.05 vs. control (C) group; # p < 0.05 vs. vehicle (V) treated group;
one ANOVA followed by Tukey’s post hoc test.



3.2. HMC Reduces 1L-6, IFN-y, and IL-33, but Does Not Modify IL-1f and IL-10 Levels in
Plasma

The next investigation aimed to evaluate the levels of pro- and anti-inflammatory
cytokines in plasma. For this approach, SDCF was administrated to the mice orally,
and after 30 min, they received ip. treatment with HMC (3 mg/kg) for the evaluation
of plasmatic levels of IL-1(3, IL-6, IFN-vy, IL-33, and IL-10 (Figure 3A-E). SDCF did not
interfere with IL-1p and IL-10, however, it induced a significant increase in IL-6, IFN-
v, and IL-33 levels in plasma. HMC treatment did not affect IL-1p and IL-10, but
inhibited SDCF-induced IL-6, IFN-y, and IL-33 (Figure 3A-E). These data suggest
HMC may modulate some pro-inflammatory cytokines systemically in AKI mice.
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Figure 3. HMC inhibits SDCF-induced IL-6, IFN-y, and IL-33, but does not change IL-1{3 and IL-
10 plasmatic levels. Blood was collected 24 h after the administration of SDCF for the evaluation
of IL-1p (A), IL-6 (B), IEN-y (C), IL-33 (D), and IL-10 (E) levels. Results are expressed as mean *
SD, n = 6 mice per group per experiment, and are representative of two independent
experiments. * p < 0.05 vs. control (C) group; # p < 0.05 vs. vehicle (V) treated group; one
ANOVA followed by Tukey’s post hoc test.

3.3. HMC Reduces Oxidative Stress in Renal Tissue

Antioxidant parameters and lipid peroxidation levels were measured in the
kidneys, the target organ for oxidative stress induced by SDCF, to investigate the
effects of HMC. SDCF was administrated to the mice orally, and after 30 min, they
received i.p. treatment with HMC (3 mg/kg) for the evaluation of FRAP, ABTS, GSH,
and TBARS levels (Figure 4A-D). The toxic dose of SDCF impaired antioxidant
defenses, observed as reduced FRAP, ABTS, and GSH levels, and increased lipid
peroxidation, observed as increased TBARS levels in renal tissue. HMC treatment re-
established all antioxidant parameters, and even inhibited lipid peroxidation in
kidneys (Figure 4A—C). These data demonstrate HMC can effectively counteract the
oxidative stress induced by SDCF in renal tissue.
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Figure 4. HMC inhibits SDCF-induced oxidative stress in renal tissue. Kidney was collected 24 h
after the administration of SDCF for the evaluation of FRAP (A), ABTS (B), GSH (C), and TBARS
(D) levels. Results are expressed as mean + SD, n = 6 mice per group per experiment, and are
representative of two independent experiments. * p < 0.05 vs. control (C) group; # p < 0.05 vs.
vehicle (V) treated group; one ANOVA followed by Tukey’s post hoc test.

3.4. HMC Reduces 1L-1B, IL-6, IFN-y, and IL-33, as well as Increases IL-10 Levels in Renal
Tissue

After determining the systemic modulation of cytokines by HMC in SDCE-
induced AKI, our next objective was to evaluate the modulation of cytokines by HMC
in renal tissue. Therefore, SDFC was administrated to the mice orally, and after 30 min,
they received i.p. treatment with HMC (3 mg/kg) and IL-18, IL-6, IFN-y, IL-33, and IL-
10 levels were determined in renal tissue (Figure 5A-E). SDCF increased the
production of pro-inflammatory cytokines IL-1@3, IL-6, IFN-y, and IL-33, and reduced
the production of the anti-inflammatory cytokine IL-10. Treatment with HMC
efficiently inhibited the increased levels of IL-1(3, IL-6, IFN-y, and IL-33 induced by
SDCF, and restored the levels of IL-10 significantly (Figure 5A-D). These results
indicate that in addition to inhibiting oxidative stress, HMC acts by inhibiting pro-
inflammatory and inducing anti-inflammatory cytokines to combat the toxic effects of
SDCEF in the kidney.
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Figure 5. HMC inhibits SDCF-induced IL-1f3, IL-6, IFN-v, and IL-33, and reverses SDCF-induced
depletion of IL-10 levels in renal tissue. Kidney was collected 24 h after the administration of
SDCEF for the evaluation of IL-1f3 (A), IL-6 (B), IEN-y (C), IL-33 (D), and IL-10 (E) levels. Results
are expressed as mean + SD, n =6 mice per group per experiment, and are representative of two
independent experiments. * p < 0.05 vs. control (C) group; # p < 0.05 vs. vehicle (V) treated group;
one ANOVA followed by Tukey’s post hoc test.

3.5. HMC Reduces SDCF-Induced Renal Histopathology, Swelling and Tubular Cells
Cytotoxicity

Our next goal was to investigate the protective effects of HMC upon tissue
inflammatory pathology induced by SDCF. For this approach, SDCF was
administrated to the mice orally, and after 30 min, they received i.p. treatment with
HMC (3 mg/kg) for the evaluation of renal histopathology and swelling, and NGAL
urinary levels (Figure 6). SDCF altered the regular morphology of the cortical layer of
renal tissue, observed as tubular cell dilatation together with flattening of the renal
epithelium and disruption of the brush borders in the proximal convoluted tubes, as
well as deformation in glomeruli shape and Bowman'’s capsule injury (Figure 6C and
6D, respectively), which were not observed in control mice (Figure 6A and 6B,
respectively). HMC treatment reduced this altered morphology, conferring protection
on the kidney (Figure 6E and 6F). Besides reducing the histopathology in renal tissue
(Figure 6G), HMC treatment also inhibited kidney swelling and reduced NGAL levels
in urine (Figure 6H and 6I, respectively), which denotes a reduction in organ
inflammation and tubular cells damage. Altogether, these data show HMC can act as a
powerful therapeutic compound for SDCF-induced AKI-related tissue pathology.
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Figure 6. HMC inhibits SDCF-induced renal histopathology, swelling and tubular cells
cytotoxicity. Kidney samples were collected 24 h after the administration of SDCF for the
evaluation of histopathology with H&E (A, C, E), and PAS (B, D, F) staining, total
histopathological score(G), swelling (H), and NGAL urinary levels (I). Original magnification
40x; 100 pm scale. Stars show tubular dilatation; black arrows show glomeruli/Bowman’s
capsule lesions; and white arrows show brush border differences in varied experimental groups.
Data are shown as mean = SD, n = 12 and n = 6 mice per group per experiment for
histopathological analysis and swelling/NGAL, respectively, and are representative of two
independent experiments. * p < 0.05 vs. control (C) group; # p < 0.05 vs. SDCF+vehicle (V) treated
group; Kruskal-Wallis followed by Dunn’s post hoc test (G) and one ANOVA followed by
Tukey’s post hoc test (H, I). G, glomerulus; PT, proximal tubule.

3.6. HMC induces Nrf2 Signaling to Reduce SDCF-Induced AKI

Considering the importance of oxidative stress to SDCF-triggered AKI and HMC
activity, we investigated whether the HMC protective mechanism involves the
activation of the major antioxidant pathway, Nrf2/ARE. Therefore, SDCF was
administrated to the mice orally, and after 30 min, they received i.p. treatment with
HMC (3 mg/kg) for the evaluation of Nrf2, HO-1, and Nqol mRNA expression (Figure
7). Nrf2 and Nqol mRNA expression were not altered by SDCF administration (Figure
7A and 7C, respectively), however Ho-1 expression was increased by SDCF (Figure
7B). Treatment with HMC significantly increased Nrf2 and Nqol mRNA expression
compared to control mice, and more robustly, increased Ho-1 mRNA expression in
comparison to both control and SDCF administered mice (Figure 7A-C). These results
demonstrate the induction of the Nrf2 pathway by HMC, and consequently, its
downstream signaling effectors, contributing to the mechanism that reduces SDCF-
induced AKL
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Figure 7. HMC induces Nrf2 signaling in renal tissue. Kidney samples were collected 24 h after
the administration of SDCF for the evaluation of Nrf2 (A), Ho-1 (B), and Nqgol (C) mRNA
expression. Results are expressed as mean + SD, 1 = 6 mice per group per experiment, and are
representative of two independent experiments. * p < 0.05 vs. control (C) group; # p < 0.05 vs.
vehicle (V) treated group; one ANOVA followed by Tukey’s post hoc test.

3.7. HMC Reduces Keap1 in the Kidney

The results in Figure 7 indicate that the Nrf2 system is stimulated by HMC
treatment. Keapl is a negative regulator of Nrf2 present in the cytoplasm. Keapl
favors cullin-based E3 ubiquitin ligase-mediated ubiquitination of Nrf2 [26]. Control
and SDCF+vehicle groups presented similar renal staining for Keapl indicating that
Nrf2 is under control (Figure 8A, 8B, and 8D). HMC treatment reduced Keapl
fluorescence detection (Figure 8C and 8D), and Nrf2 would be able to translocate to the
nucleus and activate ARE-dependent gene expression in these mice. Thus, these data
line up with the previous results indicating HMC reduces oxidative stress and
enhances endogenous antioxidant defenses as well as stimulating the Nrf2 pathway
and its downstream targets.
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Figure 8. HMC reduces Keap1 protein expression in renal tissue. Kidney samples were collected
24 h after the administration of SDCF for the evaluation of immunofluorescence detection of
Keapl (A-D). Original magnification 40x; 50 um scale. DAPI was used for nuclear detection in
samples. Data are showed as mean + SD, n = 5 mice per group per experiment, and are
representative of two independent experiments. /p < 0.05 vs. control (C) and SDFC+vehicle
treated (V) groups; one ANOVA followed by Tukey’s post hoc test.

4. Discussion

Although considered an effective pharmacological tool for the treatment of fever,
acute and chronic pain, and inflammatory diseases, the clinical applicability of
diclofenac is frequently hampered by adverse effects related to its use [1,3,9,11].
Kidneys represent the master human organ related to diclofenac excretion [35]. For
this reason, renal tissue is frequently exposed to diclofenac and its metabolites, such as
diclofenac acyl glucuronide (diclofenac beta-D-glucosiduronic acid; CaHisCl2NOs),
and thus, is especially vulnerable to their toxic effects [36]. The nephrotoxic effects of
diclofenac are dose-dependent, increasing concomitantly with higher doses [37].
Moreover, the interaction of diclofenac with other drugs, including the nucleotide
analogue inhibitor of reverse transcriptase, tenofovir disoproxil, substantially boosts
the risk of acute kidney injury [38]. Evidence also indicates that long-term use together
with the analgesic drug paracetamol (acetaminophen) leads to drug-induced chronic
kidney disease [39]. All these data highlight the need for new alternative therapies to
treat AKI.

The present study demonstrates for the first time the nephroprotective effects of
the flavonoid HMC in diclofenac-induced AKI in mice. HMC reversed the
dysfunctional pathological aspects of AKI since we observed an improvement in the
levels of the renal function markers urea and creatinine. The magnitude of
inflammation in acute kidney injury may vary according to some aspects, including
age and weight of animals [40,41]. Kidney inflammation caused by SDCF was also
counteracted by HMC, reducing kidney swelling and modulating systemic and renal
cytokine production. Mechanistically, we showed HMC presents a remarkable
antioxidant effect in blood and kidney (restoration of antioxidant capacity and
reduction of lipid peroxidation), with this effect being attributed to the structural
antioxidant activity of HMC [23] and activation of the Nrf2 pathway. The outcomes
observed in the present model indicated diminished damage to kidney tissue after
SDCF administration (attenuation of renal histopathological score and NGAL urinary
levels in HMC treated mice). The HMC dose needed to achieve these effects in the
present intoxication model was 3 mg/kg. In other models studied by our group,
including those of inflammation and pain, treatment effects were obtained with higher
doses [19,22,24,35,42]. The difference among these models is a major point for the
difference in HMC action. Models in which an inflammatory stimulation activated
tissue resident and recruited immune cells through receptors to cause inflammation
and pain characterizes our previous studies. The current SDCF-induced AKI is a
different condition because it is not related to the primary mechanism of action for
SDCEF, that is, the inhibition of COX isoforms. SDCF does not induce oxidative stress at
therapeutic doses. However, there is overuse and intentional intoxication on some
occasions. Thus, it is essential to note that in previous studies we adopted models
based on pharmacology principles in which the recruitment and activation of
leukocytes was higher, and consequently, oxidative stress was also higher. It is
hypothesized that SDCF and its metabolites cause kidney damage via interaction with
renal organic anion transporters (OATs) [36], a different mechanism to that induced by
inflammatory stimuli. Furthermore, our previous studies were of arthritis, skin
inflammation and colitis, thus, the targets tissues involved and the physiopathological
mechanisms in each model were different, as were the stimuli. Additionally, the routes
used for the administration of HMC varied between these studies (oral and i.p.), which
modifies the pharmacokinetics of the drug, as well as its bioavailability. In addition to



all these differences, it is important to highlight that HMC is excreted is the urine [20],
likely allowing more abundant accumulation of the compound in the kidney. Thus, we
speculate that it may reach higher concentrations in the kidney than in other organs,
such as joints and skin, which were used in previous studies. Therefore, these variables
(different stimuli, physiopathological mechanisms, affected tissues, disease duration,
route of excretion, and routes of HMC administration of) may explain the different
dosages needed for a treatment effect among these studies.

Acute renal failure is clinically observed as a rapid elevation in serum creatinine
and urea concentrations above the limits considered normal. The main rationale
characterizing the use of urea and creatinine levels as markers of AKI concerns
glomerular filtration rate (GFR) status, a fundamental aspect for clinical diagnosis of
AKI. As GFR declines, the excretion of urea and creatinine in urine decreases and
blood concentrations increase [43]. We observed a clear glomerular architectural
change after SDCF administration together with increased urea and creatinine levels in
the blood, indicating glomerulus injury and reduced GFR, respectively. These changes
were inhibited in mice that received HMC treatment, indicating this flavonoid targets
SDCF toxicity to prevent functional deficits in renal tissue. Importantly, although
frequently used, urea and creatinine serum levels may not be as sensitive for
identifying AKI [1,43]. Thus, we are also concerned with evaluating the most reliable
markers for kidney damage. Preclinical studies were very important for the discovery
of more specific markers of kidney injury [44]. NGAL protein is considered a sensitive
and predictive early molecule of AKI [45], and its urinary increase reflects damage,
especially to the glomeruli and proximal tubules [46,47]. In a previous study by our
group, we demonstrated for the first time that NGAL is also an important marker of
SDCF-induced AKI [1]. In this sense, we evaluated the effects of HMC on SDCEF-
induced increased NGAL urinary levels. HMC treatment efficiently mitigated the rise
in NGAL levels, which is consistent with the improvement in renal function (reduced
urea and creatinine levels) and histopathological score (reduced glomerular and
proximal tubular cells damage) observed in HMC-treated mice.

After observing that HMC leads to reduced SDCF toxicity in renal tissue, the
mechanisms by which HMC confers such protection were investigated. As mentioned
earlier, HMC is known for its anti-inflammatory and antioxidant effects. SDCF induces
the activation of NF«B in the kidney [1,9,48] and leads to an increase in the production
of inflammatory mediators, including cytokines [1,9]. In AKI, cytokines may be
released by recruited and/or resident leukocytes as well as by renal tubular cells,
promoting kidney inflammation (as observed by kidney swelling in the present study).
Cytokines are also released into the blood, thus reflecting potential urine and blood
biomarkers of AKI [1,9,49,50]. Their systemic release during AKI may even promote
damage to distant organs, raising the importance of inhibiting cytokine production to
avoid both kidney and distant organ injury [49]. We observed that HMC inhibited pro-
inflammatory cytokine production and stimulated an anti-inflammatory cytokine after
SDCF administration. In plasma samples, HMC inhibited IL-6, IFN-y, and IL-33 levels,
whereas it did not affect IL-1 and IL-10 levels since they were not altered in SDCF
AKI. In the kidney, the inhibition detected after HMC treatment included IL-6, IFN-v,
IL-33, and IL-1B. The profile for IL-10 levels in plasma and renal tissue differed
between the experimental groups. In the plasma, there was only a tendency for a
reduction in IL-10 in the SDCF vehicle-treated group, and for an increase in the HMC-
treated group, which contrasts with the significant changes observed in renal tissue.
This apparent incongruence in the data may represent differences in the dynamics of
cytokine production and release after SDCF stimulus. Regardless, HMC inhibited all
evaluated pro-inflammatory cytokines altered by SDCF, and at the same time, it
induced IL-10 in the kidney. In renal tissue, an increase in IL-10 production is
interesting considering that besides being a fundamental cytokine for controlling
excessive inflammation through inhibition of pro-inflammatory cytokines, IL-10 may
positively regulate HO-1 [51]. In turn, HO-1 promotes adaptive antioxidant cellular



response to reduce or prevent damage resulting from oxidative stress. In SDCEF-
induced AKI, we demonstrated that in addition to inducing IL-10 production, HMC
also activated another decisive signaling cascade that mediates HO-1 production, the
Nrf2/ARE antioxidant pathway, which is discussed below.

Mice that were treated with HMC presented increased antioxidant capacity in
both plasma and renal samples, as indicated by FRAP and ABTS tests. Reduced levels
of lipid peroxidation were also detected in both tissues in animals treated with HMC.
Moreover, HMC induced increased production of the non-enzymatic antioxidant GSH
in renal tissue. These data are extremely important, since oxidative stress accounts for
the impairment in GFR [52,53]. In fact, in a reactive oxygen species-dependent manner,
cytokines such as IL-1( and IL-6 may promote dysfunction of glomerular permeability
to impair the GFR rate [53]. These latter data highlight the intimate link between
cytokines and oxidative stress in renal damage caused by SDCEF. The present results
corroborate previous studies which demonstrated potential antioxidant effects of
HMC in other models involving different pathological mechanisms [19,22-24,54]. For
instance, in ultraviolet B (UVB)-irradiated mouse skin, HMC restored impaired GSH
production and inhibited the expression of gp91rhex subunit of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase that generates superoxide anions [23,54].
Increased production of cellular superoxide anion is a contributing mechanism to the
perpetuation of an oxidant cascade that ultimately leads to lipid peroxidation. The
restoration of GSH levels and inhibition of oxidative stress by HMC were also
demonstrated in models of zymosan-induced arthritis [22] and experimental ulcerative
colitis [42]. In the present experimental model, HMC efficiently reduced lipid
peroxidation in blood and renal tissues. HMC has the structural ability to act as an
antioxidant [23]; however, the activation of the Nrf2/ARE signaling pathway might
also account for the effects of HMC. HMC can induce Nrf2 signaling in inflamed skin
[23], and here, we demonstrate this modulation can also occur in the kidney after
suffering the toxic effects of SDCF. ARE-dependent gene expression drives the
canonical expression of HO-1, NQO1, glutamatecysteine ligase (GCL), glutathione S-
transferases (GSTs), catalase (CAT), superoxide dismutase (SOD), and thioredoxin,
among others [26], which mediate powerful antioxidant effects. Through GCL
induction, Nrf2 can upregulate GSH levels [55]. Therefore, the upregulation of GSH
observed here after HMC treatment is consistent with an effect on Nrf2 activity. In
addition to increasing GSH levels in renal tissue, HMC effectively enhanced mRNA
expression for Nrf2 and its downstream effectors Ngol and Ho-1 in the kidney, further
contributing to the antioxidant effects observed. We also observed that Keapl
immunostaining was reduced in the kidneys after HMC treatment, which is also
consistent with the notion that Nrf2 signaling was enhanced by this flavonoid [26]. The
inhibition of NFkB by HMC is possibly an additional mechanism for containing
oxidative stress in SDCF-induced AKI, as this pro-inflammatory transcription factor is
redox sensitive [1,9,26,34].

Besides being a potent inducer of antioxidant responses, Nrf2 can also contribute
to reducing inflammation [26,56]. This concept is supported by several preclinical
studies evaluating Nrf2 during the modulation of inflammatory states. For instance,
Nrf2 activity may reduce the expression of pro-inflammatory cytokines (including
tumor necrosis factor-a (TNF-a) and IL-6) in immune cells, such as neutrophils and
macrophages. High Nrf2 expression counteracts the expression of pro-inflammatory
genes by inhibiting NFkB and Nrf2 disruption aggravates the inflammatory response
in models of sepsis, pleurisy, emphysema, and autoimmune diseases [56]. Through
GATA binding protein-3 (GATA-3) induction, Nrf2 can simultaneously suppress the
production of IFN-y and increase the production of Th2 cytokines IL-4, IL-5, and IL-13
[57] and CD4* T cells from Nrf2 knockout mice produce more IFN-y and less Th2
cytokines [57]. Finally, Nrf2 can promote the production of IL-10 and transforming
growth factor-g (TGF-) in FoxP3-expressing Treg cells [56]. Thus, this robust body of
evidence indicates Nrf2 per se is crucial for the control of inflammation.



5. Conclusions

Although considered a drug of first choice for many clinical conditions related to
pain and inflammation, SDCF may induce kidney toxicity. One relevant pathological
mechanism of SDCF for the induction of renal damage involves the depletion of
antioxidant defenses together with increased oxidative stress. Therefore, alternative
pharmacological tools with antioxidant properties and no adverse reactions for renal
tissue need to be validated to reduce the potential negative impacts of this condition.
Data obtained from this study indicates HMC improves antioxidant status, as
measured by total antioxidant capacity in blood and renal tissue, and GSH levels in the
kidney. Reduced lipid peroxidation in kidney and blood was also observed after HMC
treatment. The alleviation of SDCF-induced nephrotoxicity by HMC was not limited to
redox state modulation since it also inhibited pro-inflammatory cytokines in blood and
kidney and increased production of the anti-inflammatory cytokine IL-10 in the
kidney. These antioxidant and anti-inflammatory properties of HMC in the present
model reduced the damage in renal tissue caused by SDCF with a contribution from
the activation of the Nrf2/ARE redox-sensitive pathway and a reduction in Keapl.
Thus, the present study supports clinical investigation of HMC as an effective
therapeutic option for the treatment of SDCF-induced AKI.
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causes age-related loss of glutathione synthesis, which is reversible with lipoic acid. Proc. Natl. Acad. Sci. USA 2004, 101,
3381-3386.

Hohmann, M.S.; Zanirelli, T.H.; Staurengo-Ferrari, L.; Manchope, M.F.; Badaro-Garcia, S.; de Freitas, A.; Casagrande, R;;
Verri, W.A.J. In Nrf2 and Its Modulation in Inflammation; Deng, H., Ed.; Springer: Cham, Switzerland, 2020; pp. 23-50.
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5. Concluséao

E possivel concluir que a necessidade de pesquisas com novos compostos que possam
ser empregados na pratica clinica para o tratamento de condigfes inflamatorias cronicas é de
grande relevancia, visando melhorar a qualidade de vida dos pacientes e a seguranca dos

tratamentos.

A naringenina, testada em modelo de artrite reumatoide induzida por zimosan,
demonstrou capacidade de inibir a cascata inflamatéria, acdo analgésica e promoveu protecao
morfolégica da articulacdo, desta maneira se habilita como opcdo ao tratamento de dor e

inflamagé&o induzidos por artrite reumatoide.

O HMC, que teve sua acéo pesquisada em modelo de leséo renal aguda induzida por
diclofenaco de sodio, apresentou potencial de protecdo renal contra as alteracfes induzidas
pelo diclofenaco, também se apresentado como opcéao protetiva para pacientes que necessitam

fazer uso do diclofenaco por longos periodos ou doses elevadas.

Novas pesquisas sdo recomendadas para reforcar os achados e ampliar os dados
referentes ao potencial da naringenina e da HCM, em modelos similares aos utilizados em

nosso estudo e em novos delineamentos.
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Anexos

Anexo A

Aprovacdes comité de ética de pesquisa em animais



Universidade
Estadual de Londrina

COMISSAO DE ETICA NO USO DE ANIMAIS
OF. CIRC. CEUA N° 153/2014 Londrina, 30 de Setembro de 2014

Prezado Pesquisador,

A CEUA/UEL reunida em 16 de Setembro de 2014 avaliou o projeto de
pesquisa intitulado “Avaliagao do efeito ter péutico da naringenina em modelo de
artrite induzida por zymosan em camundongos”, registrado sob o processo CEUA
n°17427.2014.65, pesquisa do Centro de Ciéncias Biolégicas, desenvolvido sob sua
responsabilidade, julgando-o aprovado para execugdo entendendo-se que os principios
éticos, postulados pelo Conselho Nacional de Controle de Experimentagdo Animal, esldo
respeitados.

Serdo utilizados 204 camundongos Swiss machos, com peso aproximado de
20-25g, provenientes do Biotério Central-UEL. O projeto tem como objetivo avaliar o
potencial terapéutico da naringenina em modelo de artrite induzida por zymosan em
camundongos. Para isso, sera: a) determinada a dose efetiva de naringenina por meio de
curva dose-resposta para o efeito analgésico apés a indugdo da artrite por zymosan, b)
avaliar a eficicia do tratamento com naringenina sobre o recrutamento de leucdcitos e
lesdes histolégicas da articulagao fémur-tibial na artrite induzida por zymosan; c) avaliar a
capacidade antioxidante da naringenina por meio dos niveis de glutationa reduzida (GSH) e
da formagéo de granulos de formazan por reagdo com NBT na artrite induzida por zymosan;
d) Avaliar a eficacia do tratamento com naringenina na modulagéo e produgdo de citocinas,
ativagao do fator de transcrigdo NFxB, e expressdo de RNAm para prepro-ET-1, Nri-2 e
gp91fox na artrite induzida por zymosan. Os protocolos experimentais estdo aprovados para
execugao em 36 meses.

Cumpre orientar que caso pretendam-se quaisquer alteragdes no protocolo de
pesquisa aprovado, deve-se submeter o novo protocolo & apreciagio da CEUA/UEL
anteriormente a execugdo das modificagdes.

Coloco-me a disposigéo para quaisquer esclarecimentos que se fizerem necessaria.
Sem mais para o0 momento, subscrevo, cordialmente,

L=

Prof. Dr. aine Pinheiro
Vice-coordenador da CEUA/UEL

Ilimo. Sr.

Prof. Dr. Waldiceu Aparecido Verri Junior

Coordenador do Projeto

Departamento de Ciéncias Patolégicas

Centro de Ciéncias Biologicas .

Com cépia para Sra. Egle Maria de Sousa (Chefe da DCA/PROPPG), Prof, Lmz_ Carlos
Juliani (Diretor do Biotério Central do CCB) e Diretor(a) do Centro de Ciéncias Biolégicas.
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Universidade
Estadual de Londrina

COMISSAO DE ETICA NO USO DE ANIMAIS
OF. CIRC. CEUA N° 205/2015 Londrina, 08 de Outubro de 2015.

Prezado Pesquisador,

Certificamos que o projeto intitulado “Participagdo do NF-kB na lesdo renal
induzida por diclofenaco: papel do PDTC, acido vanilico e probucol”, protocolo CEUA n°
15236.2015.73, sob a responsabilidade de Waldiceu Aparecido Verri Junior, que envolve a
produgdo, manutengdo elou utilizagdo de animais pertencentes ao filo Chordata, subfilo
Vertebrata (exceto o homem), para fins de pesquisa cientifica (ou ensino), encontra-se de acordo
com os preceitos da Lei n® 11,794, de 8 de outubro de 2008, do Decreto n° 6.899, de 15 de julho
de 2009, e com as normas editadas pelo Conselho Nacional de Controle da Experimentagéo
Animal (CONCEA), foi aprovado pela Comiss3o de Etica no Uso de Animais da Universidade
Estadual de Londrina (CEUA/UEL), em reurido realizada em 22/09/2015.

O projeto tem como objetivo investigar o efeito do tratamento com PDCT, &cido
vanllico e probucol em modelo de lesdo renal induzido por diclofenaco. Para isso havera
administragdo de diclofenaco como estimulo indutor de leséo renal e os tratamentos com PDTC,
acido vanllico ou probucol. Serdo realizadas analises dos niveis séricos de uréia e creatinina.
Nos rins serdo avaliados: lesdo renal por histologia, atividades das enzimas MPO e NAG,
produgdo de citocinas, ativagdo do fator de transcrigdo NFkB por ELISA e imunohistoquimica,
estresse oxidativo e inflamassoma por PCR. Os animais serdo eutanasiados por inalagao de
isoflurano seguido de decapitagdo para coleta de amostras.

Vigéncia do Projeto 01/10/2015 a 01/10/2018
Espécie/linhagem Camundongo heterogénico / Swiss
N° de animais 372

Peso/ldade 20-259 / 2 meses

Sexo Macho

Origem Biotério Central da UEL

Amostras a serem coletadas Rins e sangue

Cumpre orientar que caso pretendam-se quaisquer alteragdes no protocolo experimental
aprovado, deve-se submeter 0 novo protocolo a apreciagdo da CEUA/UEL anteriormente & execugao
das modificagées.

Coloco-me a disposi¢do para quaisquer esclarecimentos que se fizerem necesséria. Sem
mais para 0 momento, subscrevo, cordialmente,

Vice-Cookdenatior da CEUA/UEL

limo. Sr.

Prof. Dr. Waldiceu Aparecido Verri Junior

Coordenadora do Projeto

Departamento de Ciéncias Patolégicas / Centro de Ciéncias Biologicas

Com copia para André Junior da Conceigdo (Chefe da DP-IC/PROPPG), Luiz Carlos Juliani (Diretor do Biotério
Central da UEL), Chefe do Departamento de Ciéncias Patol6gicas e Diretor(a) do Centro de Ciéncias Biologicas

Campus Universitdrio: Rodavia Celso Gareia Cid (PR 445), kin 380 - Fane (043) 33714000 FANX - Fas 3284440 - Calva Poutal 10,011 - CEF 86087970 - loternet bilp-i/wmw.uelbr
LONDRINA = PARANA - DRASIL




Anexo B

Producédo de artigo adicional sem vinculo com o projeto de doutoramento, intitulado: Association
between IL-10 systemic and highest pain score in patients during symptomatic SARS-CoV-2
infection publicado pelo periddico Pain & Practice.



