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mediador lipidico pro-resolugao resolvina D2 em modelo de artrite gotosa
induzida por cristais de urato monossédico. 2018. 63f. Dissertagdo (Mestrado em
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RESUMO

A artrite gotosa € um tipo de artrite inflamatodria, caracterizada pelo acumulo de
cristais de urato monossodico (MSU) nas articulagdes, proporcionando episédios de
dor intensa. Os tratamentos convencionais apresentam altos custos e varios efeitos
colaterais, e possuem efeito analgésico limitado. Nesse contexto, 0 mediador lipidico
pré-resolucao (MLPR) Resolvina D2 (RvD2), derivado do acido graxo poliinsaturado
do édmega-3, originado do acido docosahexaendico (DHA), apresenta atividade em
respostas inflamatdrias sobre multiplos alvos celulares. Desta forma, o objetivo do
presente estudo foi avaliar o efeito e mecanismo de agcdo da RvD2 em modelo
experimental de artrite gotosa induzida por MSU in vivo e in vitro. Para experimentos
de dose-resposta, camundongos foram tratados com RvD2 (0,3, 3 ou 30 ng/animal,
i.p.) ou veiculo (3,2% de etanol em salina, i.p.) 0.5 h antes da administragdo de MSU
(100 pg/ 10 pl/ animal, i.a.). Para experimentos tempo-resposta, camundongos foram
tratados com RvD2 (3 ng/animal, i.p.) ou veiculo, 0.5, 24h, 48h, e 72h antes do
estimulo. Por meio desses experimentos, o tratamento com RvD2 inibiu a
hiperalgesia mecéanica e edema induzidos por MSU de maneira dose e tempo
dependente. RvD2 também reduziu o recrutamento de leucdcitos, sinovite, estresse
oxidativo e producgéao de citocinas pré-inflamatérias, IL-1B e TNF-a in vivo € in vitro.
Além disso, RvD2 reduziu a ativagdo do NF-kB, aumentou a expressdo de RNAm de
GPR18 e diminuiu a expressao dos componentes do inflamassoma (NIrp3, Asc, Pro-
caspase-1 e Pro-il-1B) e niveis de expressao de suas proteinas (NLRP3 e ASC) in
vitro. Desta forma, considerando a atividade anti-inflamatéria e analgésica de RvD2,
este pode representar uma nova alternativa terapéutica para o tratamento da artrite
gotosa.

Palavras-chave: Artrite gotosa. Omega 3. Resolvina D2. Citocinas. Inflamassoma
NLRP3.
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ABSTRACT

Gouty arthritis is one of the most common forms of inflammatory arthritis,
characterized by the accumulation of crystals of monosodium urate (MSU) in the
joints, generating acute episodes of intense pain. Conventional treatments are
expensive and display several side effects, having limited analgesic effect. In this
context, the lipid mediator Resolvina D2 (RvD2), derived from the polyunsaturated
fatty acid of w-3, originated from docosahexaenoic acid (DHA), has endogenous
activity in inflammatory responses through multiple cellular targets. Thus, the
objective of the present study was to evaluate the effect and mechanism of action of
RvD2 on experimental model of MSU-induced gouty arthritis in vivo and in vitro. For
dose-response experiments, mice were treated with RvD2 (0.3, 3 or 30 ng / animal,
ip) or vehicle (3.2% ethanol in saline, i.p.) 0.5 h prior to administration of MSU (100
Mg / animal, ia). For time-response experiments, mice were treated with RvD2 (3 ng /
animal, i.p.) or vehicle, 0.5, 24, 48, and 72 h prior to challenge. Treatment with RvD2
inhibited MSU-induced mechanical hyperalgesia and edema in a dose-dependent
and time-dependent manner. RvD2 also reduced leukocyte recruitment, synovitis,
oxidative stress and production of proinflammatory cytokines, IL-18 and TNF-a in
vivo and in vitro. In addition, RvD2 reduced the activation of NF-kB, mRNA
expression of GPR18 and inflammatory components (NIrp3, Asc, Pro-caspase-1 and
Pro-il-18) and levels of expression of its proteins (NLRP3 and ASC) in vitro. Thus,
considering the anti-inflammatory and analgesic activity of the lipid mediator pro
resolving RvD2, this may represent a new therapeutic alternative for the treatment of
gouty arthritis.

Keywords: Gouty arthrits. Omega 3. Resolvin D2. Cytokines. NLRP3
inflammasome.
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1 INTRODUCAO
1.1 MECANISMOS GERAIS DA INFLAMACAO

A inflamacgao é uma resposta imunolégica orquestrada por células do sistema
imune mediante a lesdo tecidual ou estimulo nocivo (microrganismos, células
necroticas, mudangas de pH, ou temperatura e pressao) envolvendo migracao de
leucdcitos para o local da infecgdo (Medzhitov, 2008). Definida por Celsius, em 3.000
a.C., as caracteristicas clinicas da inflamacdo ou sinais cardinais incluem: rubor
(vermelhiddo), tumor (inchago), calor (aquecimento), dor (dor) e algumas vezes
perda de funcio, sendo o ultimo sinal cardinal definido por Virchow no século XIX
(Freire e Van Dyke, 2013).

De maneira geral, a resposta inflamatéria consiste em duas fases principais: a
fase vascular, na qual ocorre 0 aumento da permeabilidade vascular seguido pelo
extravasamento de proteinas, como anticorpos e componentes do sistema
complemento, resultando em edema; e a fase celular, caracterizada pela quimiotaxia
de leucdcitos para o local da inflamagdo devido a expressdao de moléculas de
adesao e quimiocinas (Kumar et al.; Boxer e Dale, 2002). A resposta imune é
desencadeada pelo reconhecimento de moléculas especificas, denominadas
padrées moleculares associados a patogenos (PAMPs), provenientes de
microrganismos; ou padrdes moleculares associados ao dano (DAMPs), liberados
pelo proprio hospedeiro, por células do sistema imune inato, como macréfagos.
Ambos padrbées moleculares atuam como agonistas de diversas classes de
receptores de reconhecimento padrédo (PRRs), como os receptores do tipo Toll

(TLRs) e do tipo NOD (NLRs) (Medzhitov, 2008; Takeuchi e Akira, 2010).
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O reconhecimento desses padrdes moleculares por células residentes
desencadeia a ativagcdo de cascatas de sinalizacao intracelulares resultando na
producao e liberacdo de mediadores pro-inflamatérios, como citocinas, quimiocinas,
aminas vasoativas e eicosanoides, amplificando assim a resposta inflamatéria. Tais
mediadores sdo essenciais para as etapas de migragao celular e posterior ativagao
das células recrutadas (Wyble et al., 1997). Nesse contexto, citocinas proé-
inflamatdrias, como IL-13 e TNF-a, s&o liberadas por células residentes ativadas e
se ligam a seus respectivos receptores na superficie de células endoteliais levando a
secreg¢ao de quimiocinas e expressao de moléculas de adesdo como E-selectinas e
ICAM-1 (molécula de adesao intercelular 1) (Wyble et al., 1997; Medzhitov, 2008).
Os neutréfilos sao as primeiras células recrutadas e responsaveis pela eliminagcao do
agente nocivo, e sdo gradativamente substituidos por macrofagos devido a mudanga
de perfil de quimiocinas promovido por IL-6 e por entrarem em apoptose no
microambiente inflamatério (Kaplanski et al., 2003).

Uma das vias de sinalizacio ativadas por PRRs ¢é a ativacao classica do fator
de transcrigdo nuclear kappa B (NF-kB). NF-kB consiste em um grupo de dimeros,
sendo o heterodimero p50-65 de grande importancia na resposta inflamatéria aguda.
A ativagdo de NF-kB é crucial para a maioria dos eventos inflamatérios agudos,
desde a ativagcdo endotelial a sobrevivéncia dos leucdcitos no microambiente
inflamatorio (Ghosh e Hayden, 2008). Ambas as células matam patégenos por
mecanismos que incluem a produgdo de espécies reativas de oxigénio e oOxido
nitrico, e quando fortemente ativados podem provocar leséo tecidual (Abbas, 2010).

Sob condi¢gdes normais, o processo inflamatoério € solucionado quando ocorre
a remogado do agente nocivo (Medzhitov, 2008). A resolu¢do do processo

inflamatdrio resulta na eliminagdo do agente infeccioso seguida pela fase de
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resolucdo e reparo tecidual, o qual € mediado por células residentes como
macréfagos (Serhan, Chiang, et al., 2015). A mudanca do perfil dos mediadores
lipidicos pro-inflamatorios (prostaglandinas) para anti-inflamatérios (lipoxinas), é
crucial para a transigdo da inflamacdo a resolugdo (Serhan, 2014). As lipoxinas
inibem o recrutamento dos neutréfilos e promovem o recrutamento de mondécitos,
que removem as células mortas e iniciam a remodelacido do tecido. As resolvinas e
protectinas, que constituem outra classe de mediadores lipidicos, também tém um
papel crucial na resolucdo da inflamacdo no inicio do reparo tecidual. Com a
alteragcdo do perfil destes mediadores, ocorre a ativagdo de macrofagos néo
flogisticos, ou também conhecidos como M2, e eferocitose de corpos apoptéticos de
neutrofilos por macréfagos afim de restaurar a homeostase tecidual (Serhan e Sauvill,

2005; Serhan, Dalli, et al., 2015).
1.2 DOR INFLAMATORIA

A dor, um dos cinco sinais cardinais da inflamacao, € fundamental para a
sobrevivéncia e manutencao da integridade do organismo, cujo propdésito é detectar
estimulos nocivos que podem acarretar lesdes teciduais ou desencadear
comportamentos de protecdo de um tecido lesado (Bingham et al., 2009). Segundo a
Associacao Internacional de Estudo da Dor (IASP), dor é definida como “uma
experiéncia sensitiva e emocional desagradavel associada ou relacionada a leséo
real ou potencial dos tecidos”. E uma resposta protetora que envolve células imunes,
vasos sanguineos e mediadores inflamatorios (Ji et al., 2016).

A percepcao consciente da dor € o resultado da ativacdo de receptores
especificos e vias neuroanatdbmicas que fazem a comunicagdo entre o sistema
nervoso periférico e o sistema nervoso central (Peirs e Seal, 2016). A condug¢do do

estimulo doloroso tem inicio com a ativacido das terminacbes nervosas livres de
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neurénios aferentes primarios, ou nociceptores, cujos corpos celulares se localizam
no ganglio da raiz dorsal ou no ganglio trigeminal, dependendo da localizagdo da
interagédo estimulo/sistema (Dubin e Patapoutian, 2010). Esses neurénios dirigem-se
ao corno dorsal da medula espinal, onde fazem sinapse com interneurbnios ou
neurbnios de segunda ordem, responsaveis por levar a informagao nociceptiva
através de diferentes tratos supra espinais até o cértex cerebral (Todd, 2010). Nesse
sentido, enquanto percorre esse caminho, a informacdo nociceptiva pode ser
modulada em diferentes niveis moleculares e transcricionais (Bingham et al., 2009).

A dor pode ser classificada como: nociceptiva, quando gerada por um
estimulo nocivo; inflamatéria quando resultante de injuria tecidual e/ou ativagao das
células imunes, e neuropatica, quando ocorre uma lesdo e ma adaptagao do sistema
nervoso (Woolf e Salter, 2000). A dor de origem inflamatéria resulta da interagao
entre as células do tecido danificado, as células do sistema imune e os neurbnios
sensoriais nociceptivos periféricos e centrais, por mediadores inflamatorios
(Basbaum e Woolf, 1999). A liberacdo de mediadores inflamatorios segue uma
sequéncia temporal de liberacdo e acao, sendo estes mediadores subdivididos em
mediadores hiperalgésicos intermediarios (citocinas pré-inflamatérias, como TNF- q,
IL-18 e IL-8, e quimiocinas); ou finais, como por exemplo prostaglandinas (PGs) e as
aminas simpatomiméticas, as quais interagem com seus receptores especificos nos
neurdnios aferentes primarios, promovendo as modificagdes moleculares
responsaveis por sua sensibilizagado (Sachs et al., 2002).

Apods a inducdo da inflamagao, ocorre a liberacdo de TNF- a, primeira citocina
a ser liberada, levando a indugdo da secrecdo de IL-1B pelas células locais e,
consequentemente, de PGs, bradicinina e aminas simpatomiméticas, que sao

elementos importantes para a indugdo de hiperalgesia inflamatéria por
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sensibilizarem diretamente nociceptores (Cunha et al., 1992; Calil et al., 2014). Apos
a ligagao destes mediadores finais, ocorre a fosforilagdo de canais idnicos, como por
exemplo TRPV1, TRPA1, Nav1.7, Nav1.8 e Nav1.9, levando a mudangas nas
propriedades da membrana, aumentando o seu potencial de acéo, que € conduzido
dos axénios para os corpos celulares nos géanglios da raiz dorsal ou trigeminal e
transmitido para outros neurdnios nociceptivos, intensificando a transmisséo
nociceptiva e consequentemente, aumentando a sensibilidade a estimulos
mecanicos ou térmicos (Todd, 2010; Pinho-Ribeiro et al., 2017).

Desta forma, a dor inflamatdria envolve a modulacao reciproca entre células
do sistema nervoso central, sobretudo nociceptores, e células do sistema
imunoldgico. A persisténcia do estimulo nocivo ou o comprometimento dos
mecanismos de resolucdo sdo essenciais para a manutengdao da resposta
inflamatdria, contribuindo para o dano tecidual e cronificacido da dor, que pode ser

observada em quadros de artrite gotosa (Abhishek, 2017).

1.3 ARTRITE GOTOSA

A artrite gotosa ou gota € um dos tipos de artrite inflamatoria mais comum,
causada pelo aumento das concentragbes séricas de urato (> 7.0 mg/dL) nas
articulagdes (So e Martinon, 2017). Os cristais de urato monossédico sdo a forma
sélida do acido urico, produto final do metabolismo das purinas (George e Struthers,
2009). Na formagéo de urato, os compostos sdo metabolizados em xantina que é
oxidada de forma irreversivel para produzir acido urico pela enzima xantina oxidase
(Sautin e Johnson, 2008). Disfungdes no metabolismo das purinas, no processo de
excrecdo do acido urico ou aumento na ingestdo proteica contribuem para a
elevacdo de urato monossédico circulante, o que pode ocasionar na formacao e

deposigao de cristais de urato monossodico (MSU) nas articulagdes (So e Martinon,
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2017).

Estima-se que cerca de 0,1-10% da populagdo mundial seja acometida por
esta doenca, e sua prevaléncia é maior em paises desenvolvidos (Kuo et al., 2015).
No Brasil ainda existe uma caréncia na epidemiologia acerca da gota. Sua incidéncia
€ maior em homens, afetando duas vezes mais individuos do sexo masculino. Os
fatores de risco que influenciam no desenvolvimento da artrite gotosa incluem:
hiperuricemia, fatores genéticos, habitos alimentares, consumo de bebidas
alcodlicas, sindrome metabdlica, doengas renais e osteoartrite (Roddy e Doherty,
2010).

A gota pode ser classificada em quatro diferentes estagios. Inicialmente
ocorre a fase de hiperurecemia assintomatica, na qual é detectado altos niveis de
acido urico com auséncia de sintomas. A segunda fase € chamada de aguda, com a
presenca de ataques agudos de dor intensa e de edema, com duragdo aproximada
de dez dias (Eggebeen, 2007; Dalbeth et al., 2016). Em seguida, ocorre um periodo
intercritico, no qual ha a auséncia de sintomas; e por fim a fase crbnica com
presencga de tofos (deposito de urato) em varios tecidos, principalmente subcutaneo
periarticular e articular em pacientes apos recorrentes episodios de ataques agudos
de artrite, levando a destruigdo do tecido cartilaginoso e 6sseo pela interagdo dos
cristais de MSU e condrdcitos (Saigal e Agrawal, 2015)

Os leucdcitos possuem papel crucial no desenvolvimento da artrite gotosa.
Assim que o processo inflamatorio € deflagrado, os neutréfilos sdo as primeiras
células recrutadas, os quais sdo atraidos para o local da inflamagao e se acumulam
nos fluidos articulares e na membrana sinovial. Ao fagocitar os cristais de MSU,
estas sofrem NETose, que é caracterizada pela formagcdo de armadilhas

extracelulares (Schett et al., 2015). Estas células possuem papel importante como
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produtores de anion superoxido e outros radicais livres, citocinas pro-inflamatodrias e
metaloproteinases (Liu-Bryan et al., 2005; Chia et al., 2008).

Fagdcitos mononucleares desempenham papel essencial em todos os
estagios da inflamacéo desde o reconhecimento dos cristais de MSU e ativacéo do
complexo inflamassoma NLRP3 (NLR family pyrin domain containing 3) até o
processo resolutivo (Guo et al., 2015). O inflammasoma NLRP3 necessita de um
priming para ser ativado. O priming, ou sinal 1, controla a expressdo de todos os
componentes necessarios para a montagem e ativagéo do inflamassoma, e contribui
para a expressdo de proteinas precursoras. Envolve um sinal de inicializagado ou
iniciacdo por PAMPs ou DAMPs que séo reconhecidos por TLR, levando a ativacao
da sinalizacdo mediada por NF-kB, que por sua vez regula a transcricdo de
componentes relacionados ao inflammasoma, incluindo NLRP3 inativo, pro-IL-1B e
pro-IL-18 (Bauernfeind et al., 2009). Cristais de MSU fornecem o sinal 2, que
consiste na oligomerizagdo de NLRP3 e posterior montagem de NLRP3, ASC e pro-
caspase-1 via dominios PYD-PYD e CARD-CARD. Isso desencadeia a
transformacdo da pro-caspase-1 em caspase-1, bem como a produg¢ao e secrec¢ao
de IL-18 madura. Além de promover a ativagdo do NLRP3, a interagdo dos cristais
MSU com a membrana plasmatica promove o efluxo de potassio através de canais
ibnicos e perturbacdes mitocondriais levando a producao e liberagdo de espécies
reativas de oxigénio (EROs) no citosol (So e Martinon, 2017) (Figura 1).

As terapias atuais utilizadas para o tratamento da artrite gotosa séo restrita a
colchicina, anti-inflamatorios n&o esteroidais, glicocorticoides (Wortmann, 2005;
Schlesinger, 2011) e antagonistas de receptor da IL-1 (Anakinra) (So et al., 2007).
Embora sejam relativamente eficazes para muitos pacientes, apresentam efeitos

adversos como a toxicidade, ulceras gastrointestinais (inibicdo da ciclooxigenase-1),
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doengas cardiovasculares (inibicdo da ciclooxigenase-2), desregulagao hormonal,
além de alto custo e desenvolvimento de anticorpos anti-imunobioldgico, no caso da
Anakira (Keith e Gilliland, 2007). Desta forma, as terapias convencionais disponiveis
sao muitas vezes inadequadas, principalmente devido ao fato que pacientes com
artrite gotosa s&o, na maioria dos casos, idosos e apresentam co-morbidades tais
como a hipertenséo, diabetes mellitus, doencgas cardiovasculares, comprometimento
da fungédo renal e disturbios gastrointestinais, o que restringe as opg¢des de
tratamento (Schlesinger, 2011). Sendo assim, se faz necessario o desenvolvimento
de novas terapias capazes de reduzir a inflamacao e dor articular, controlar a doenca

e melhorar na qualidade de vida dos pacientes.

Figura 1 - Mecanismos da artrite gotosa.

o )} Citocinas pro-

inflamatdriaz e
Recnrl_amentne 0 ﬂ‘ ——
ativagdo de 5 0

Fonte: Adaptado de Kingsbury et al, 2011.
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1.4 MEDIADORES LIPiDICOS PRO-RESOLUGAO

Mediadores lipidicos pro-resolugdo (MLPR) sdo uma nova classe de
mediadores que ativamente induzem a resolucdo do processo inflamatorio
(Arnardottir et al., 2016). Embora tenham sido primeiramente descritos na resolugao
do processo inflamatério, os MLPR desempenham papel crucial na defesa do
hospedeiro, diminuem a infiltracdo de leucécitos, promovem eferocitose, diminuem a
producdo de citocinas pré-inflamatérias, além de promover o remodelamento
tecidual (Serhan, 2014). Esta classe de MLPR inclui moléculas derivadas da
transformacdo dos acidos graxos essenciais do Omega-3, como &cido
eicosapentaendico (EPA) e acido docosaexaendico (DHA) e sao subdivididos em
familias das lipoxinas, resolvinas, protectinas e maresinas (Serhan e Chiang, 2008;
Serhan, 2014).

Por desempenharem um papel enddgeno regulador essencial, s&o
encontrados em baixos niveis em diversas doencas como: asma, artrite reumatoide
e Alzheimer (Fraga et al., 2017). A presenga em maiores niveis de mediadores
lipidicos pro-resolugdo no liquido sinovial de pacientes com artrite reumatoide, é
inversamente proporcional a dor relatada pelos pacientes (Barden et al., 2016)
indicando seu papel enddégeno regulador importante.

Além disso, ensaios clinicos demonstraram que a suplementacido com
Omega-3 (precursor dos mediadores lipidicos pré-resolugéo) reduz a dor reportada
em pacientes com artrite reumatoide (Fattori et al., 2016). Os mecanismos de agéo
envolvidos no efeito analgésico dos MLPR incluem a inibicdo do NF-kB e
consequentemente inibicdo de componentes pro-inflamatorios derivados desse fator
de transcricdo, como citocinas (IL-18, TNF-a, IL-6) e quimiocinas (IL-8, CXCLA1,

CXCL3). Estes mecanismos culminam na inibicdo do recrutamento de neutrofilos e
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ativacdo de células da glia como astrocitos e micréglia (Serhan e Petasis, 2011;
Buckley et al., 2014)

Assim, acompanhado da inibicdo da resposta pré-inflamatoéria, os
mediadores lipidicos pré-resolucdo aumentam a resposta anti-inflamatéria e de
regeneragao tecidual. Esse mecanismo é decorrente do aumento da expresséo da
enzima heme-oxigenase 1, aumento da producdo de IL-10, IL-1ra (antagonista de
receptor da IL-1), e adiponectina, além do aumento da eferocitose e capacidade de
eliminar bactérias por macrofagos. Ademais, os mediadores lipidicos pré-resolugéo
agem em receptores presente em neurdnios sensoriais,como o TRPV1, diminuindo
seu limiar de ativagao (Buckley et al., 2014; Serhan, Chiang, et al., 2015).

Dentre os MLPR, as resolvinas da série D, que possuem como substrato
para sua biossintese o DHA, demonstram potentes a¢des anti-inflamatarias, de pro-
resolugao e citoprotetoras (Serhan et al. 2000). S&o divididas em dois grupos: as
resolvinas D17S e D17R, de acordo com a rota biossintética em que séo produzidas
em exsudatos inflamatdrios durante a resolugao da inflamacéo. A D17S é convertida
em resolvinas da série D (RvD1-RvD6) através de vias bioquimicas distintas,
envolvendo etapas de lipoxigenacéo, formacéo de epdxido, e hidrolises enzimaticas.
A conversdo de D17R em resolvinas da série D (AT- RvD1-4), é desencadeada pelo
acido acetilsalicilico, através da ciclooxigenase-2 acetilada ou pela via P450 e
subsequentes transformacgdes enzimaticas (Serhan e Chiang, 2008; Seki et al.,

2010).
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Figura 2 — Metabolismo dos acidos graxos essenciais derivados do 6mega-3.
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Fonte: Ji et al, 2014.

1.5 RESOLVINA D2

A resolvina D2 (7S,16R,17S-trihydroxy-4Z,8E,10Z,12E,14E,19Z-
docosahexaenoic acid, RvD2) é um mediador lipidico pro-resolu¢do produzido
fisiologicamente pela oxigenacdo de DHA por agdo das enzimas 15-lipoxigenase e
5-lipoxigenase (Serhan e Petasis, 2011), que desempenha um papel enddégeno
importante em ag¢des anti-inflamatdrias e pré-resolucédo (Serhan e Chiang, 2008)
(Figura 3). A RvD2 liga-se a um GPCR (receptor acoplado a proteina G) de
superficie celular especifico recentemente identificado, o GPR18 (receptor acoplado
a proteina G 18), expresso em leucécitos, incluindo neutréfilos, mondécitos e

macrofagos. O eixo RvD2-GPR18 estimula assim fung¢des fagociticas e resolugao
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de infec¢des bacterianas, promovendo a protecao de 6rgaos afetados (Chiang et al.,
2015).

Individuos saudaveis sob suplementacdo de ©&mega-3 apresentam
concentragbes elevadas de RvD2 no sangue periférico, potencializando assim
atividades anti-inflamatorias e pro-resolutivas (Mas et al, 2012). Tian e
colaboradores (2015) relataram que o tratamento intratecal com RvD2 é capaz de
reduzir lesbes de fibras nervosas e a liberacdo de citocinas inflamatdrias via do
TLR4/NF-kB em modelo animal de doenga de Parkinson induzida por LPS,
sugerindo assim, a RvD2 como uma nova perspectiva terapéutica para o tratamento
de doengas neurodegenerativas (Tian et al.,, 2015). Em modelo de sepse, RvD2
reduz a migragao leucocitaria para o foco da inflamagdo, aumenta a fagocitose de
Escherichia coli e controla a sepse microbiana (Spite et al., 2009), sugerindo um
papel crucial da RvD2 na resolugao de infecgdes bacterianas e inflamacgao estéril.

Além disso, RvD2 reduz a producdo de citocinas pré-inflamatérias como TNF-
a e IL-1B e a expressdo de moléculas de adesdo VCAM-1 (molécula de adeséo da
célula vascular 1) e ICAM-1 nos modelos de colite induzida por dextran sulfato de
sédio (DSS) (Bento et al., 2011). Klein e colaboradores também demonstraram o
efeito da RvD2 sob a inibigdo de citocinas pré-inflamatérias, utilizando modelo de
fibromialgia induzida por reserpina (Klein et al., 2014).

Estudos recentes apontam a RvD2 como um potente inibidor endégeno para
TRPV1 e TRPA1 e dor inflamatdria, porém, seus mecanismos analgésicos ainda n&o
foram bem estabelecidos. Assim, considerando a ineficacia das terapias atuais e o
potencial anti-inflamatério do mediador lipidico pro-resolugdo RvD2, esta pode
representar uma nova alternativa terapéutica para o tratamento de artropatias. Desta

forma, buscamos avaliar, no presente trabalho, o efeito e mecanismo de acado de
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RvD2 em modelo experimental de artrite induzida por cristais de MSU em

camundongos.

Figura 3 - Estrutura quimica de Resolvina D2.

Fonte: NIH PubChem (2018).
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2 OBJETIVOS
21 OBJETIVO GERAL

Avaliar o efeito e mecanismo de acdo do mediador lipidico pré resolugao
RvD2 em modelo de artrite gotosa induzida por cristais de monourato de sédio em

camundongos.

2.2 OBJETIVOS ESPECIFICOS

o Avaliar o efeito de RvD2 sobre a hiperalgesia mecanica e edema induzidos
por MSU;

o Avaliar o efeito de RvD2 sobre a migracéo leucocitaria na cavidade articular;

o Avaliar o efeito de RvD2 sobre alteragées histolégicas no tecido articular;

o Avaliar o efeito de RvD2 sobre a producéo de citocinas pro-inflamatoérias in

vivo e in Vvitro;

o Avaliar o mecanismo de agcado de RvD2 sobre a ativagdo de NF-kB in vivo e in
vitro;

o Avaliar o mecanismo de agao de RvD2 sobre o estresse oxidativo no tecido

articular;

o Avaliar o mecanismo de acado de RvD2 sobre expressdo de RNAm para

componentes do inflamassoma NLRP3 e receptor GPR18;
o Avaliar o mecanismo de agao de RvD2 sobre a produgdo de NLRP3 e ASC

por Western Blot.
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O presente trabalho foi realizado no Laboratério de Dor, Inflamacéo,
Neuropatia e Cancer, da Universidade Estadual de Londrina. Os resultados parciais
estdo descritos no artigo intitulado “Resolvin D2 ameliorates experimental gouty
arthritis in a NLRP3 inflammasome-dependent manner”, apresentado de acordo com

as normas da revista British Journal of Pharmacology (Anexo A).



33

Resolvin D2 ameliorates experimental gouty arthritis in a NLRP3
inflammasome-dependent manner.

Running title: Resolvin D2 ameliorates gouty arthritis

Stephanie Badaro-Garcia'?, Tiago H. Zaninelli'?, Victor Fattori', Larissa Staurengo-
Ferrari', Mariana M. Bertozzi', Sergio M Borghi’, Ana C. Rossaneis', Rubia

Casagrande?, Waldiceu A. Verri Jr'*.

' Department of General Pathology, Biological Sciences Center, Londrina State
University, Rod. Celso Garcia Cid PR 445, Km 380 Cx. Postal 10.011, 86057-970,

Londrina, Parana Brazil.

2 Department of Pharmaceutical Sciences, University Hospital (Health Science
Center), Londrina State University, Av. Robert Koch 60, 86038-350, Parana, Brazil.

@These authors contributed equally.
" Corresponding author

Correspondence: Waldiceu A. Verri Jr, Department of General Pathology, Biological
Sciences Center, Londrina State University, Rod. Celso Garcia Cid PR 445, Km 380
Cx. Postal 10.011, 86057-970, Londrina, Parana, Brazil. E-mail addresses:

waverri@uel.br, waldiceujr@yahoo.com.br

ABSTRACT

Background and purpose: Gouty arthritis (GA) is a common inflammatory arthritis due

to monosodium urate (MSU) crystals accumulation within the joint. Current treatment
display many side effects and ineffective analgesic effects. Resolvin D2 (RvD2)
derived from omega-3 fatty acids presents potent activity in inflammatory responses
via multiple cellular targets. Thus, this study investigated the effects of RvD2 in
experimental model of GA in vivo and in vitro.

Experimental approach: Dose- and time-dependent experiments were performed to

assess mechanical hyperalgesia and oedema. After selected the best dose and time

of treatment, mice were treated with RvD2 (3 ng/animal, i.p.) 72 h before stimulus to
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evaluate leukocyte recruitment, cytokine production and oxidative stress. Cytokine
production, NF-kB activation, GPR18 and inflammasome components mRNA
expression and its correspondent protein were determined in lipopolysaccharide-
primed macrophages challenged with MSU.

Key results: RvD2 inhibited MSU-induced mechanical hyperalgesia and oedema in a
time-dependent manner. RvD2 reduced leukocyte recruitment into the knee joint,
TNF-a and IL-1B production, NF-kB activation, superoxide anion production and GSH
levels in vivo. RvD2 treatment decreased cytokines production, NF-kB activation,
MRNA expression of inflammasome components and theirs correspondent proteins
in vitro.

Conclusions and implications: RvD2 reduces inflammatory and oxidative parameters

by targeting inflammasome components. Our data suggests RvD2 as a novel safe

approach for GA treatment.

INTRODUCTION

Gouty arthritis (GA) is one of the most common forms of inflammatory arthritis
caused by the deposition of crystals of monosodium urate (MSU) within the joints due
to increased production or low excretion of uric acid (So and Martinon, 2017). The
accumulation of MSU crystals in the joints triggers an inflammatory response leading
to acute flare, which is considered one of the most painful acute conditions
experienced by human beings (Bardin et al., 2015; Abhishek, 2017). The world
prevalence of GA ranges from 0.1-10%, however, recent studies have been
demonstrating the increase of its prevalence in developing countries (Kuo et al.,
2015).

Gout mechanism consists in MSU crystals assembly by phagocytic cells,

which triggers NLRP3 inflammasome activation. The activation of NLRP3
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inflammasome, which is formatted by an adaptor protein ASC and the inflammatory
protease caspase-1, leads to processing and release of active IL-1B(Davis et al.,
2011). The production of IL-1B is the main feature of the development of
inflammation and pain in GA. Furthermore, IL-13 activates IL-1R on endothelial cells
and resident macrophages within the joint, resulting in signal transduction and gene
activation and leading to the secretion of an array of pro-inflammatory cytokines and
chemokines (Martinon et al., 2006a). The presence of MSU crystals also prompts
oxidative stress increasing the production of reactive oxygen species, and
consequently exacerbating the inflammatory response (Zamudio-Cuevas et al.,
2015). Currently, the therapeutic approach is restricted to colchicine, non-steroidal
anti-inflammatory drugs (NSAIDs), and glucocorticoids. Despite these traditional
agents act on NLRP3 inflammasome, their mechanisms of action are not precise,
and their actions complex and wide-ranging (Cronstein et al., 2013). Although
inhibition of inflammatory upstream pathway is effective in reduce pain and
inflammation for most patients with acute GA, the benefit-risk margin of these agents
is generally low and varies substantially from one individual to another (Martinon et
al., 2006b). Additionally, although effective, those drugs display several side effects
and exhibit contraindications to comorbidities associated to GA, for instance
cardiovascular disease and hypertension (Wortmann, 2005). In this sense, the
development of novel analgesic drugs for gout pain management is very important.
Resolvin D2 (7S,16R,17S-trihydroxy-42,8E,10Z,12E,14E,19Z-
docosahexaenoic acid, RvD2), one of the members of specialized pro-resolving lipid
mediators (SPMs) family, is derived from the w3-polyunsaturated fatty acid,
docosahexaenoic acid (DHA), as a result of a series of reactions catalyzed by

lipoxygenases. Previous data have demonstrated that RvD2 attenuates pain in a
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fibromyalgia and in an inflammatory pain model in mice and suppress tumor
progression (Spite et al., 2009; Klein et al., 2014; Sulciner et al., 2018). Moreover,
RvD2 promotes revascularization in a model of hind limb ischemia, and was able to
inhibit microglial activation in lipopolysaccharide-induced Parkinson’s disease,
reducing pro-inflammatory cytokines and NF-kB activation (Tian et al., 2015; Zhang
et al., 2016). Despite these previous evidence, the effect of RvD2 in gout
pathogenesis remains to be appraised.

In this regard, the aim of this study was to investigate the potential anti-
inflammatory and antioxidants effects of the treatment with RvD2 in an experimental

model of GA in mice.

METHODS

Experimental design

Mice were pretreated with RvD2 (0.3, 3 and 30 ng/animal, i.p.) or vehicle
(3.2% ethanol in saline) 0.5 h before MSU injection (100 pug/10uL, i.a.). Mechanical
hyperalgesia and joint oedema were assessed 1, 3, 5, 7 and 15 h after stimulus. The
dose of 3 ng of RvD2 was selected for a time-dependent experiment. Further, mice
were treated with RvD2 (3 ng/animal, i.p.) or vehicle 0.5, 24, 48 or 72 h before MSU
injection. The dose of 3 ng and pre-treatment of 72 h were chosen for subsequent
experiments: leukocyte migration into knee, histopathological analysis (HE staining),
cytokines assay and NF-kB activation by ELISA, mRNA expression of GPR18,
superoxide anion production and reduced glutathione (GSH) assays. For in vitro
experiments, bone marrow-derived macrophages (BMDMs) were treated 0.5 h before
LPS (500 ng/mL) priming, or signal 1, for 3 h followed by MSU stimulus, or signal 2.

Supernatant was harvest 5 h after MSU stimulus and then cytokines levels, NF-kB
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activation, mRNA expression of GPR18, NLRP3, ASC, pro-caspase-1 and pro-IL-1B
were assessed. Time points of sample collection were based on previous studies in

our laboratory (Ruiz-Miyazawa et al., 2017).

Animals

Male Swiss and C57BL/6 (20-25 g) mice from Londrina State University, Parana,
Brazil, were used in this study. Mice were housed in standard clear plastic cages,
and received food and water ad libitum under a 12:12 h light/dark cycle at 23 °C. At
the end of experiments, mice were anesthetized with isoflurane 3% to minimize
suffering (Abbott Park, IL, USA) and euthanized by cervical dislocation followed by
decapitation. Animal care and handling procedures were in accordance with
International Association for Study of Pain (IASP) guidelines and were approved by
the Ethics Committee on Animal Use (CEUA) of the Londrina State University

(process number 22186.2016.37).

Drugs

The following materials were purchased from the following sources: Resolvin D2
(7S,16R,17S-trihydroxy-4Z,8E,10Z,12E,14E,19Z-docosahexaenoic acid) at 95% of
purity (Cayman Chemical, Ann Arbor, MI, USA), Uric acid (Sigma Chemical Co., St.
Louis, MO, USA), NaCl 0.9% (Fresenius Kabi Brasil Ltda. Aquiraz, CE, Brazil),
Lipopolissacarideo (LPS) (Santa Cruz Biotechnology, Dallas, TX, USA), Fetal bovine

serum (FBS) and RPMI 1640 media from Gibco, Waltham, MA, USA.

MSU crystal preparation

MSU crystals were made according to a method previously described (Nishimura et

al., 1997). In short, 800 mg of monosodium urate was dissolved in 155 mL of boiling
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water containing 5 mL of 1 N NaOH. Afterwards, the pH was adjusted to 7.2, and the
solution was gradually chilled by stirring at room temperature. The crystals were
obtained by centrifugation at 3.000 g for 2 min at 4°C. The crystals were evaporated

and sterilized by heating at 180°C for 2 hours and stored until use.

Electronic pressure meter test

Mechanical hyperalgesia was evaluated by an electronic version of von Frey
filaments as previously described (Pinto et al., 2010). It consists of a hand-held force
transducer fitted with a polypropylene tip (Electronic analgesimeter; Insight, Ribeirdo
Preto, SP, Brazil) adapted with a large tip 4.15mm? to the probe. An increasing
perpendicular force was applied to the central area of the plantar surface of the hind
paw to induce flexion of the femur-tibial joint followed by paw withdrawal. The
intensity of the pressure applied at the moment of paw withdrawal was automatically

registered. The flexion-elicited mechanical threshold is expressed in grams (g).

Oedema

The joint oedema was measured with a caliper (Mitutoyo, Suzano, SP, Brazil) before
(basal, time 0) and 1, 3, 5, 7 and 15 h after intra-articular stimulus with MSU crystals.
The articular swelling was determined for each mouse and data in the figures show
the difference between the indicated time points and the basal time. The oedema

value is expressed as oedema (A mm/joint).

Leukocyte migration to the knee joint

Mice received stimulus or vehicle into articular cavity and were euthanized after 15 h.
The knee joint cavities were washed 3 times with 3.3 pul of sterile saline with 1 mM

EDTA (Staurengo-Ferrari et al., 2017). The total number of leukocytes was
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determined in a Neubauer chamber diluted in Turk’s solution. Differential cell counts
were performed using the Fast Panoptic Kit for histological analysis (Laborclin,
Pinhas, BR, Brazil) to distinguish polymorphonuclear (PMN) from mononuclear cells
under a light microscope (Olympicus Optical Co., Hamburg, Germany). The results
are expressed as the number of total of leukocytes, mononuclear or

polymorphonuclear cells x 10* per cavity.

Histopathological analysis

Mice were anesthetized and euthanized 15 h after MSU injection, then, knee joints
were dissected, fixed with 10% paraformaldehyde in PBS, decalcified, embedded in
paraffin, and sectioned with a microtome. Tissue sections were stained with
hematoxylin and eosin. Results are expressed as leukocyte infiltrate (cell/field)
counted at the inflammatory foci as indicative of synovitis (Ruiz-Miyazawa et al.,

2017).

Cytokine measurement

Knee joint samples were collected 15 h after stimulus (MSU 100 ug/10uL, i.a) and
homogenized in 500 pl of saline with a tissue-tearor followed by centrifugation (3600
rom x 15 min x 4 °C). The supernatants of joints homogenates were used to
determine TNF-a and IL-1pB levels by ELISA using commercial kits (eBioscience, San
Diego, CA, USA). Absorbance was measured at 450 nm (Multiskan GO,
ThermoFisher Scientific, Waltham, MA USA). The results are expressed as pg per g

of tissue.

Superoxide anion production
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The superoxide anion production was determined by the reduction of the reducer dye
nitroblue tetrazolium (NBT). Knee joint samples were collected 15 h after stimulus
(MSU 100 pg/10uL, i.a) and homogenized with 500 pl KCI. The test was adapted to a
microplate as previously described (Hohmann et al., 2013).The NBT reduction was
measured at 600 nm (Multiskan GO, ThermoFisher Scientific, Waltham, MA USA).

The results are shown as optical density (OD) per mg of tissue.

Reduced glutathione (GSH) levels measurement

Knee joint samples were collected 15 h after stimulus (MSU 100 ug/10uL, i.a) and
maintained at -80 °C for at least 48 h, and subsequently homogenized with 200 uL of
0.02 M EDTA. The homogenate was mixed with 25 pL of trichloroacetic acid 50%
and was homogenized three times over 15 min. The mixture was centrifuged (1500 g
x 15 min x 4 °C). The supernatant was added to 200 pL of 0.2 M TRIS buffer, pH 8.2,
and 10 uyL of 0.01M DTNB. After 5 min, the absorbance was measured at 412 nm
(Multiskan GO, ThermoFisher Scientific, Waltham, MA USA) against a blank reagent
with no supernatant. A standard GSH curve was formed. The results are expressed

as nmol per mg of protein (Sedlak et al., 1968; Staurengo-Ferrari et al., 2014)

Bone marrow-derived macrophages (BMDMs) isolation and inflammasome

activation assay

Bone marrow-derived macrophages were achieved from femora and tibiae of
C57BL/6 mice (20-25 g) and cultured in RPMI 1640 media supplemented with 10%
FBS and 15% L929 cell conditioned medium. BMDMs were harvested at day 7 and
plated at the density of 1.5 x 108 cells/well in 96-well plate. BMDM were pre-treated
with RvD2 (1, 10 or 100 pM) 30 min before lipopolysaccharide (LPS) administration

(500 ng/mL) (sinal 1) (Santa Cruz Biotechnology, Dallas, TX, USA) and 3 h later cells
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received MSU stimulation (450 pg/mL) (sinal 2) in order to induce NLRP3
inflammasome activation as described previously (Martinon et al., 2006b).
Supernatants were collected 5 h after MSU stimulation and IL-18 and TNF-a levels
quantitated by ELISA. Lactate dehydrogenase (LDH) release in the supernatant was

used as a marker of cellular viability.

NF-kB activity

NF-kB activation was evaluated in vivo and in vitro. For in vivo analysis, knee joints
were dissected out and homogenized in lysis buffer (Cell Signaling Technology,
Beverly, MA, USA). Lysates were centrifuged (3000 rpm x 10 min x 4 °C), and the
supernatants were assessed. For in vitro analysis, BMDM were achieved from
femora and tibiae of C57BL/6 mice (20-25 g) and cultured as previous described
above. BMDMs were harvested at day 7 and plated at the density of 3 x 10° cells/well
in 6-well plate. BMDMs were collected 5 h after MSU stimulus in 1 ml of saline and
centrifuged (3600 rpm x 5 min x 4 °C). Cells were suspended in ice-cold lysis buffer,
centrifuged (3600 rpm x 10 min x 4 °C) and the supernatants collected. The
supernatants from joint and cells were used to assess the levels of phosphorylated
and total NF-kB p65 subunit by ELISA using PathScan® kits (Cell Signaling, Beverly,
MA, USA) according to the manufacturer's directions. Data are expressed as
phospho NF-«kB/total NF-kB absorbances ratio and were measured at 450 nm

(Multiskan GO Thermo Scientific).

Quantitative Polymerase Chain Reaction (RT-qPCR)

RT-gPCR was performed in vivo and in vitro as previously described (Hohmann et
al., 2013). For in vivo analysis, knee joints were dissected out 15 h after stimulus and

homogenized in TRIzol® reagent. For in vitro analysis, BMDMs were harvested at day
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7 and plated at the density of 3 x 10° cells/well in 6-well plate. Cells were harvested 5
h after MSU stimulus and homogenized in TRIzol® reagent. Total RNA (joint and
cells) was extracted by using the SV Total RNA Isolation System (Promega). All
reactions were performed following cycling conditions: 50° C for 2 min, 95°C for 2
min, followed by 40 cycles of 95° C for 15 s and 60° C for 30 s. RT-gPCR was
performed in a LightCycler Nano Instrument (Roche, Mississauga, ON, USA)
sequence detection system by using the Platinum SYBR Green qPCR SuperMix
UDG (Invitrogen, USA). Supplementary material 1 presents the primer’'s sequences.

The GAPDH mRNA expression was used as a reference gene to normalize data.
Western blot assay

BMDMs were harvested seven days after culture and plated at the density of 3 x 10°
cells/well in 6-well plate (Domiciano et al., 2017). BMDMs were collected 5 h after
stimulus in ice-cold PBS and centrifuged (0.4 rcf x 10 min x 4°C) and resuspended in
a RIPA buffer containing protease inhibitors (Cell Signaling Technology; Denvers,
MA, USA). The concentrations of the lysate were determined using the Lowry
method. The protein samples were separated on an SDS/PAGE gel and transferred
to nitrocellulose membranes (Amersham Pharmacia Biotech. Pittsburgh, PA, USA)
followed by the incubation with primary antibody against b-actina (1:200, Santa Cruz
Biotechnology, Dallas, TX, USA), antibody NLRP3 (1:500; Novus Biologicals,
Littleton, CO, USA) or ASC (1:500; Novus Biologicals, Littleton, CO, USA), in filtered
TBS-T buffer containing 5% BSA (Sigma, St Louis, MI, USA) overnight at 4°C.
Membranes were then incubated for 2 h at room temperature with goat anti-mouse
IgG-HRP or goat anti-rabbit IgG-HRP secondary antibody (1:2500, Santa Cruz

Biotechnology, Dallas, TX, USA). The blots were visualized in an ECL solution
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(Amersham Pharmacia Biotech, Little Chalfont, UK) and exposed in a ChemiDoc MP

Imaging System (Bio-Rad Laboratories, Hercules CA, USA).

Statistical analysis

Data were analyzed using GraphPad Prism statistical software (GraphPad Software,
La Jolla, CA, USA, version 6.0). Results are presented as means +/- SEM of
measurements made on 6 mice per group per experiment and are representative of
two independent experiments. Two-way ANOVA was used to compare the groups
and doses at all times when the parameters were measured at different times after
the stimulus injection. The analyzed factors were treatments, time, and time versus
treatment interaction. One-way ANOVA followed by Tukey’s t test was performed for
each time-point. The level of significance was set at P<0.05 and are represented by

symbols (* or #).

Results

RvD2 inhibits MSU-induced mechanical hyperalgesia and oedema in a dose

and time-dependent manner

In the first set of experiments, mice were treated with RvD2 (0.3, 3, 30 ng/animal, i.p.)
or vehicle (3.2% ethanol in saline) 0.5 h before i.a. administration of MSU (100
Mg/paw). Mechanical hyperalgesia was evaluated at 1, 3, 5, 7 and 15 h after MSU
injection. MSU induced mechanical hyperalgesia at all times points. RvD2 at doses of
0.3 and 30 ng was not able to reduce MSU-induced mechanical hyperalgesia and
edema at all-time points evaluated (Fig 1A-B). RvD2 at 3 ng in turn reduced
mechanical hyperalgesia at all-time points evaluated. Afterwards, animals were

treated with RvD2 (3 ng/animal, i.p.) 0.5, 24, 48 and 72 h before MSU stimulus. The
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dose of 3 ng/animal of RvD2 and pre-treatment of 72h reduced mechanical
hyperalgesia since the first hour and sustained its effect until 15 h after MSU stimulus
(Fig. 1C-D). Based on the results, the dose of 3 ng of RvD2 and the pre-treatment of

72 h were chosen for subsequent experiments.

RvD2 inhibits MSU-induced leukocyte recruitment and synovitis into the knee

joint

Leukocytes are highly involved in gout inflammation (Chen et al., 2017). Considering
the participation of those cells in GA, we found that mice treated with RvD2 (3
ng/animal, i.p.) presented reduced total recruitment of leukocytes (Fig. 2E),
mononuclear cell (Fig. 2F) and polymorphonuclear (Fig. 2G) induced by MSU (71%
and 70%, respectively). Corroborating, RvD2 treatment (3 ng/animal, i.p.) was
capable to decrease the inflammatory infiltrate cells in the joint, as an indicative of

synovitis (Fig. 2A-D).

RvD2 inhibits MSU-induced TNF-a and IL-1B8 production and NF-kB activation

in vitro and in vivo

Pro-inflammatory cytokines are the key mediators of gout (So et al., 2017). In this
context, RvD2 effect on MSU-induced cytokines production were assessed in vitro
and in vivo. RvD2 decreased TNF-a (Fig. 3A) and IL-B (Fig. 3B) production by 34%
and 35%, respectively in vivo. In vitro, LPS priming (first signal) followed by MSU
stimulation (second signal) induced an increase of IL-1B levels in BMDM (Ruiz-
Miyazawa et al., 2017). In LPS-primed BMDMs, RvD2 was able to reduce in a
concentration-dependent manner the production of TNF-a (Fig. 3D) and IL-B (Fig.
3E). RvD2 at the concentration of 100 pM decreased TNF-a (signal 1) and IL-13

(signal 2) levels suggesting the reduction of inflammasome activation. Therefore, that
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concentration was chosen for the following experiments. To evaluate cell damage,
BMDM supernatants were used to LDH assay. Treatment with RvD2 (1-100 pM) did
not increased LDH leakage indicating its effects were not due to increased cell death
(Supplementary Fig. 1). Furthermore, RvD2 inhibited MSU-induced NF-kB activation
as observed by a significantly decreased of phosphorylated-NF-kB ratio/total NF-kB

in vivo (Fig. 4C) and in vitro (Fig. 4G) when compared to the control group.

RvD2 inhibits MSU-induced superoxide anion and reduced glutathione

production in knee joint

Assuming that MSU crystals leads to reactive oxygen and nitrogen species
production (Zamudio-Cuevas et al., 2015), we addressed if RvD2 was capable to
decrease oxidative stress parameters. Treatment with RvD2 (3 ng/animal) 72 h
before MSU stimulus inhibited reduction of antioxidant defenses as observed by a
sustenance of GSH levels. Moreover, RvD2 treatment reduced superoxide anion

production restoring samples endogenous antioxidant capacity (Fig. 4).

RvD2 inhibits MSU-induced NIirp3, Asc, Pro-caspase-1 and Pro-il-18 mRNA

expression and NLRP3 and ASC protein levels in BMDMs

The NLRP3 inflammasome is the main pathway by which MSU crystals trigger the
cellular inflammatory response (So et al., 2017). Treatment with RvD2 (100 pM)
reduced mRNA expression of all inflammasome components Nirp3 (Fig. 6A), Asc
(Fig. 7D), Pro-caspase-1 (Fig. 6G) and Pro-il-18 (Fig. 6H) determined by RT-RT-
gPCR. Corroborating with these data, RvD2 reduced protein levels of inflammasome

components NLRP3 (Fig. 6B, C) e ASC (Fig. 6E, F) determined by Western blot.

RvD2 modulates GPR18 expression in vivo and in vitro
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Given RvD2 possess a specific G protein-coupled receptor, named GPR18, and the
RvD2-GPR18 axis is known to regulate bacterial infections and intrinsic organ
protection (Chiang et al., 2015), we evaluated its mMRNA expression in mice joint and
BMDM cells. RvD2 (100 pM) treatment increased GPR18 mRNA expression, not

only in knee joint (Fig. 7A) but also in BMDM cells (Fig. 7B).

Discussion and Conclusions

GA is the one of most common forms of inflammatory arthritis due to MSU
deposition within the joint, which is formed in the presence of increased urate
concentrations. Unbearable pain and swelling are the major concerns of patients who
experience acute flares symptoms. This response is initiated when MSU crystals
interact with synoviocytes to form and activate the NLRP3 inflammasome (So et al.,
2017). The NLRP3 inflammasome cleaves pro-IL-1f into mature IL-1B triggering
vasodilatation and rapid recruitment of neutrophils to the site of crystal deposition,
generating acute inflammatory episodes (Chen et al., 2006). The present data
showed that RvD2 decreased mechanical hyperalgesia, oedema, leukocyte
recruitment, oxidative stress, TNF-a and IL-13 cytokine production in addition to the
reduction of NF-xB activation. Additionally, RvD2 downregulated Nirp3, Asc, Pro-
caspase-1 and Pro-IL-18 mRNA expression and upregulated GPR78 mRNA

expression.

The analgesic potential of RvD2 has already been demonstrated in different
pain models. Herein, we demonstrated that a single treatment with a low dose of
RvD2 (3 ng/animal) presented analgesic effect, reducing MSU-induced mechanical
hyperalgesia and joint edema in mice for at least 15 h, in a dose-dependent manner.

Corroborating with our data, Park et al (2011) have shown that peripheral
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administration of RvD2, at very low doses (0.01-10 ng), reduces inflammatory pain in
acute model, as a result of TRPV1 and TRPA1 inhibition, being considered the most
potent TRPV1 inhibitor among others SPMs (Park et al., 2011). Other previous
studies showed that RvD2 reduces mechanical and thermal hyperalgesia in
fibromyalgia-like model (Klein et al., 2014) and paw edema in a carrageenan-induced
model (Park et al., 2011). Equally important, we showed that pre-treatment with
RvD2 72 h before MSU stimulus inhibited mechanical hyperalgesia and joint edema
at all time-points, confirming that its analgesic effectiveness is time-dependent, as
stated before by Ji and coworkers (2011) (Ji et al., 2011). Similar findings were
observed in rats pre-treated (three days) with RvD2 (100 ng/kg, i.p), which exhibited
a protective effect against experimental abdominal aortic aneurysm formation,
suggesting that these effects may be due the long lasting downstream effects of
receptor binding (Pope et al., 2016). Together, these findings underscore the effect
dose- and time-dependent of RvD2 in gout inflammation.

One of the main hallmarks of acute gout is neutrophil influx into the synovium
and joint fluid, triggering a cascade of events that leads to release of pronociceptive
mediators, amplifying the inflammatory response (Liu-Bryan et al., 2005; Cunha et
al., 2008). Furthermore, these cells affect the integrity of the synovial membrane by
releasing reactive oxygen species and proteolytic enzymes, being considerate one of
the major sources of superoxide anion (Zamudio-Cuevas et al., 2015; Perretti et al.,
2017). Taking these into account and the fact that SPMs comprise control of PMN
infiltration, stimulating macrophage phagocytosis, and efferocytosis contributing to
resolution (Chiang et al., 2015), we showed that mice treated with RvD2 decreased
leukocytes migration to knee joint, presented protection from excessive leukocyte

infiltration, and consequently, synovial and cartilage injury. Notwithstanding, RvD2
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treatment was able to reduce superoxide production and restore glutathione levels in
the knee joint altered by MSU crystals.

The transcription factor NF-xB regulates the production of pro-inflammatory
molecules including TNF-a and IL-1p3, the key mediators of GA (So et al., 2017). The
RvD2 inhibition of MSU-induced cytokine production lines up with the reduction of
NF-kB activation. Mice treated with RvD2 exerted anti-inflammatory effects by
inhibiting pro-inflammatory cytokines TNF-a and IL-18 in the knee joint. In agreement
with that, Spite et al (2009) demonstrated that RvD2 reduces levels of pro-
inflammatory cytokines such as IL-6, IL-183, IL-23 and TNF- a in a sepsis model by
enhancing bacterial clearance (Spite et al., 2009).

Furthermore, NF-xB activation (signal 1) prompts the expression of NLRP3
inflammasome components (Martin et al., 2010). We showed that RvD2 treatment on
BMDMs before LPS priming (signal 1) diminished the NF-xB activity that may be
explained by an inhibition of the phosphorylation of NF-kB p65, which could block the
nuclear translocation of NF-kB, inhibiting the production of pro-IL-1 . In like manner,
Tian et al. showed that RvD2 down-regulated NF-kB mRNA expression by reducing
its nuclear translocation in microglial cells (Tian et al., 2015). It is noteworthy to
mention that other SPMs have been reported to reduce NF-kB activity in vivo and in
vitro (Huang et al., 2014; Gao et al., 2017; Yin et al., 2017).

The challenge with MSU (signal 2) leads to the activation of NLRP3, which is a
crucial step in the pathogenesis of gout (So et al., 2017). Our study revealed that
RvD2 significantly decreased MSU-induced NLRP3, ASC, pro-caspase-1, and pro-IL-
18 mRNA expression in vitro. Consistent with these results, we found that RvD2 can
markedly decrease protein NLRP3 and ASC levels. Under those circumstances, we

showed for the first time that RvD2 inhibits TNF-a and IL-1 in vitro, acting in signal 1
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and 2, which explains, at least in part, its anti-inflammatory and analgesic effect.
There is no compelling evidences about the mechanisms by which RvD2 inhibits
NLRP3 activation; however, we suggest that RvD2 could suppress the activation of
the NLRP3 inflammasome, by targeting NLRP3 inflammasome components.

RvD2 possess a recently identified receptor named GPR18, which is highly
expressed in neutrophils and monocytes, as well as in monocyte-derived
macrophages (Chiang et al., 2015).

Another key point observed after RvD2 treatment was the upregulation of
GPR18 mRNA expression not only in vivo but also in vitro. This receptor stimulates
human and mouse phagocyte clearance of microbes and limits excessive PMN
infiltration in vivo, regulating phagocyte responses and conferring protection during
infections (Chiang et al., 2015; Chiang et al., 2017).

Treatment with RvD2 (1-100 pM) did not increased LDH leakage indicating its
effects were not due to increased cell death. This data corroborates with previous
study showing that RvD2 (0.1-10 nM) does not affect cell viability in endothelial cells
(Zhang et al., 2016).

Overall, this is the first study to demonstrating that RvD2 inhibits pain and
inflammation in a MSU-induced GA by inhibiting leukocyte recruitment, production of
inflammatory cytokines and oxidative stress. Taken together, the analgesic efficacy
and safety profiles of endogenous lipid mediators, these findings may add a future

perspective for GA treatment.
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Figure 1. Resolvin D2 reduces MSU-induced mechanical hyperalgesia and
oedema. Treatment with RvD2 (0.3, 3 and 30 ng/animal, i.p.) or vehicle (3.2%
ethanol in saline) was performed 0.5 h before stimulus with MSU (100 pg/10uL, intra-
articular [i.a.]). Mechanical hyperalgesia (a) and oedema (b) were evaluated 1-15 h
after stimulus injection. Treatment with RvD2 (3 ng/animal, i.p) or vehicle (3.2%
ethanol in saline) was performed 0.5, 24, 48 and 72 h before stimulus with MSU (100
Mg/10uL, intra-articular [i.a.]). Mechanical hyperalgesia (c) and oedema (d) were
evaluated 1-15 h after stimulus injection. Results are presented as means + SEM of 6
mice per group per experiment, and are representative of 2 separated experiments.
*p < 0.05 compared to saline group; #p < 0.05 compared with MSU group. Two-way
ANOVA followed by Tukey’s test.
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Figure 2. Resolvin D2 reduces MSU-induced inflammatory infiltrate cells on
synovial tissue and leukocyte recruitment. Treatment with RvD2 (3 ng/animal, i.p)
was performed 72 h before MSU injection (100 ug/10 pL, i.a.). The joint samples
were collected at 15 h after MSU injection. Saline (a), MSU (b), MSU and RvD2 (c),
and inflammatory infiltrate cells analysis/fields (d). All sections were stained with
Hematoxylin and Eosin (magnification a-f, x400) and the figure is representative of all
experiment. Mice were treated with RvD2 (3 ng/animal, i.p.) 72 h before MSU
injection (100 pg/10 L, i.a.). Knee joints were collected 15 h after MSU injection, for
counting of total leukocytes (e), mononuclear cells (f), polymorphomonuclear cells
(g). Results are expressed as mean + SEM, n = 6 mice per group per experiment,
two independent experiments. *p < 0.05 compared to saline group; # p < 0.05
compared with MSU group. One-way ANOVA followed by Tukey's post-test.
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Figure 3. Resolvin D2 inhibits MSU-induced TNF-a and IL-18 production and
NF-kB activation in vivo and in vitro. Mice were treated with RvD2 (3 ng/animal,
i.p.) 72 h before MSU injection (100 pg/10 pL, i.a.). The joint samples were collected
at 15 h after MSU injection. BMDMs were treated with RvD2 (100 pM) 0.5 h before
LPS (500 ng/ml) priming and then incubated for 3 h, followed by stimulation with
MSU crystals (450 ug/mL) during 5 h. TNF-a (a and d) and IL-18 (b and e) levels and
NF-kB activation (c and f) were determined by ELISA method. Results are presented
as means + SEM of 6 mice per group or 6 culture wells per experiment, and are
representative of 2 separated experiments. *p < 0.05 compared to saline group; #p <
0.05 compared to MSU group. One-way ANOVA followed by Tukey’s t test.
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Figure 4. Resolvin D2 inhibits MSU-induced decrease of antioxidant capacity
and superoxide production. Mice were treated with RvD2 (3 ng/animal, i.p.) 72 h
before MSU injection (100 pug/10 uL, i.a.). The joint samples were collected 15 h after
MSU injection and the NBT (a) and GSH (b) were evaluated. Results are presented
as means * SEM of 6 mice per group per experiment, and are representative of 2
separated experiments. *p < 0.05 compared to saline group; #p < 0.05 compared to
MSU. One-way ANOVA followed by Tukey’s t test.



57

A B C
LPS + MSU

-6 — _05 LPS+MSU
o = .
285 §o4 LPS + MSU
55 4 =
S o 203 NLRP3| - ~ 118 kDa
g o3 ®
Z N ©0.2 P-aCHN [ S w—| 42 kDa
E E 2 E
25 1 & 0.1 g _0 100
= £ =z @

0 0.0 £ RvD2 (DM)

0 100 0 100

RvD2 (pM) RvD2 (pM)

O
m
L

LPS + MSU 0g LPS+MsU
CE‘ — o
283 £ |8 .
£3 508 ¢ LPS + MSU
as = ol
o =2 o
%E 1‘3504 ASC (W — “ 22 kDa
x = o
E E 1 202 [B-actin [Fee— —d 42 kDa
< £ < o 0 100
0 0.0 g —
_1bd 0_ 100 €  RvD2(pM)
Avsoiio) RvD2 (pM)
G H
&
® o LPS+MSU < LPS + MSU
5X 2I20 :
ann = 0N N
oo 4 oq
<< %4
$0 5515
re3 <8 ©
rd Al
3 Z310{ 3
b S 2 EN | E
o 2 Qo —
SEq T E05
o = 0
® 2 IS
o~ oL
é 0- a oo
@ _0_ 100 0 100

RvD2 (pM) RvD2 (pM)

Figure 5. Resolvin D2 inhibits MSU-induced NIrp3, Asc, Pro-caspase-1 and Pro-
il-1B8 mRNA expression and protein expression in vitro. BMDMs were treated
with RvD2 (100 pM) 30 minutes before LPS (500 ng/ml) priming and then incubated
for 3 h, followed by stimulation with MSU crystals (450 ug/mL) during 5 hours.
BMDMs were harvested in rippa lyses buffer with protease and phosphatase
inhibitors 5 h after MSU stimulation. NLRP3 inflammasome components mRNA
quantification were assessed by RT-qPCR and protein levels by western blot. Results
are expressed as mean + SEM, n = 3 culture wells per group per experiment, two
independent experiments *p<0.05 vs. control group; #p<0.05 vs. 0 ng group. One-
way ANOVA followed by Tukey’s t test.
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Figure 6. RvD2 increases GPR18 mRNA expression in vivo and in vitro. To
evaluate the effect of RvD2 on its receptor mRNA expression. Mice were treated 72 h
before MSU stimulation and joint knee collected 15 h after stimulus. BMDMs were
treated with RvD2 at 100 pM 5 h before MSU stimulation. GPR718 mRNA
quantification was assessed by RT-gPCR. Results are expressed as mean + SEM, of
6 mice or 3 culture wells per group per experiment, two independent experiments
*p<0.05 vs. control group; #p<0.05 vs. 0 ng group, one-way ANOVA followed by
Tukey’s post-test.

SUPPLEMENTARY MATERIAL

Supplementary Table 1. Primers sequences

Gene Sense Antisense

Gapdh 5’ CAT ACC AGG AAATGAGCTTG 3’ 5 ATG ACATCAAGAAGGTGGTG 3’

Nirp3 5’ AGC TAT GAG GTG GTGATG TTA 5" CAC AAT ATT TGT ACC AGA CAG
GTGG 3 ACTTGAG?3

Asc 5’ ATG GGG CGG GCACGA GATG 3" 5 GCTCTGCTC CAG GTC CAT CAC3’

Pro-caspase 5’ TGG TCT TGT GACTTG GAG GA 3 5’ TGG CTT CTT ATT GGC ACG AT 3’

1

Pro-il-18 5’ GAA ATG CCA CCT TTT GAC AGT 5" TGG ATG CTC TCA TCA GGA CAG 3’
G3

GPR18 5’ACAGGAGGTTCTACATACCA 3’ 5'CCGAAAGTAGATAGGAAAAG3’
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Supplementary Figure 1. RvD2 does not increase LDH leakage in BMDM cells.
BMDMs were treated with RvD2 (1, 10 and 100 pM) 30 minutes before LPS (500
ng/ml) priming and then incubated for 3 h, followed by stimulation with MSU crystals
(450 pg/mL) during 5 hours, and the BMDM supernadant was assessed to evaluate
LDH leakage. Results are expressed as mean + SEM, of 6 culture wells per group
per experiment, two independent experiments *p<0.05 vs. control group; #p<0.05 vs.
0 ng group, one-way ANOVA followed by Tukey’s post-test.
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4 CONCLUSAO

No presente trabalho foi demostrado que a RvD2 reduz a inflamagao e dor
induzida por cristais de MSU inibindo a ativacdo do inflamassoma NLRP3. O
tratamento com RvD2 reduziu a hiperalgesia mecanica e edema de maneira dose e
concentragdo dependente, podendo sua capacidade analgésica estar relacionada a
capacidade de RvD2 em inibir a ativagdo do NF-kB (sinal 1) in vivo e in vitro e
ativagdo do inflamassoma NLRP3 (sinal 2) in vitro, por meio de sua ligagdo ao
receptor GPR18. O tratamento com a RvD2 diminuiu a producéo de citocinas in vivo
e in vitro, assim como a maturacdao da IL-1B3 in vitro. Foi observado também a
reducdo das concentracées de TNF-a aliada a reducao do recrutamento leucocitario
para articulacéo e reducao do estresse oxidativo.

Desta forma, os dados obtidos acrescentam uma nova perspectiva sobre o
tratamento da artrite gotosa, evidenciando os efeitos anti-inflamatérios, antioxidantes

e analgésicas de RvD2, que atua na inibicdo do inflamassoma NLRP3.
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ANEXO A
Endereco eletrénico do guia para autores da revista cientifica British Journal of

Pharmacology

https://bpspubs.onlinelibrary.wiley.com/hub/journal/14765381/author-

quidelines.html
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ANEXO B
Parecer de aprovacdo do Comité de Etica em Experimentacdo Animal da

Universidade Estadual de Londrina

ani'.lluid.ndn
Esracual de I.n:nl:lniru_

COMISSAD DE ETICA MO US0 DE AWIMALS

OF. CIRC. CEU& MF 22142048 Lezriidiriiii, 13 do Cutubro de 20716,
Prezado Pesquisador,

Caificamos gue o projeto indiluksds “Avaliagio dos mecaniemes espinais e efelo
farmacologico dos mediadares lipidicos pré-rescluchio reschvina O & resolvina 02 em modelo
da gota induzida por crisisls de monownaio de sddic [MEUY, protocols CEUA n* 23186.2016,37,
Fob B responeabilidsde da Waldices Apanesido Verrl Junior, qus envolve a produgis, masrntencio
@fau ubilzage de animais patencendes ag flo Chordala, subfil Yariebreta [ascshs o Bomem), Darg
frs de pesgusa daniifica {ou erming), encontra-se da acandn cHm &6 preceilos da Lei n®* 11 784, da B
che oichuben o I0049, 30 Deciets 5™ G.058, da 15 de Juhe de 2000, & com o5 nomas ecilades pela
Consslho Maconal ds Corirole da Expanmentsc@o Animal (COMGCEL), fol aprevado pa's Comisssa
e Elica ro Lo de Animals da Uinsenidads Estadual de Londring (CELAAIEL), &m reuniss realzads
e TS,

) O oboelive do projeto & westigar 8 pancipagio espinal & o efeta tarmecologicos das
mael i orecs lipldicos Pl & B2 am modele de goba induzida por M5, Para iss0 o3 animais
perdc dirdidcs am gaiclas ro biodrio de acordo ocom 06 gRURcE epefimerlas (midmo da 13
animas por gaink). Paie G expermentos s animals fendo adminfiracio intratecal dos saguinies
fmaces: FOTC, camincadipato, mipccicing, Augmeclraia, Resohina D4, Resaling D2 & nra-
ariculer de MSU. Pam o ralamanta irstecsl, os animais sarlo anssies@dcs com Boflaano, wa
Fslatira. Ac lrmine dos axperiverecs oS BNIMSS SONS0 GuUlENRsEBd0s por inalagho de schlurane
smgud e de decapiagac pam colsls das amostas G123

Vigangs oo Projeln DA 17016 & C1INEE

| Espacialicd ager Camundongo FeleragenGo | Swis

| WY e arimals B B - ) ]
Feaalidade 20-25 g/ 2 rieses B

Hexo _ Machas ]
QOrigem Bic#éria Cantral do Hospital Lriserstans ¢ UEL

_AMoales B ssie coletadas | Arbodacio_madae espnal, gangdo da raiz dorsal

Cumpre anengar que casn pralencdaT-ss quasquer aberagias no protocels expsdmental
aprovado, deve-se suDmeter o Mo prodoccko & apreciafks da CEUALIEL anlananmeants & SEE oL
das modificactas

Cologg-ve & disposicdo pana GueisgueT seclarecimenios que se lzersm necesirts Sem
MAR para o mormemo, subsorevo, cordialmeants,

Profa Ora, caniamburia Alvos Famandes
arE il CELANEL

lnned. Sir.

Prol. Dv. Waliisey &parecido Wern Junics

Cooanivhinr e ki P gz

ﬂl-p-n'hn:url‘.-:l ooz Cilmolos Paloddgicm | Corin de Clncdos Sk s

Com cipia gan Coorcirachc do Blobisi oo Hosgilal UnksenstinaWIL; Cheds do Dopariamenis de Casdem
Fralzkiygcae s Disstory) do Contro da Cidncias Rinkbgic s

L U yusali b b Boiers. D Caasd s TH P o, e 00 P #HLT- 071 0 Pl - B W e Clis i e FT1T - DR R AF [ Sp—————T
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