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ZANINELLI, Tiago Henrique. Resolvina D1 reduz a inflamacédo e hiperalgesia
induzida por cristais de urato monossoédico por mecanismos dependentes do
inflamassoma NLRP3 e maturacéo da IL-1B. 2018. 71 p. Dissertacdo de Mestrado
(Patologia Experimental) — Universidade Estadual de Londrina, Londrina, 2018.

RESUMO

A artrite gotosa (AG) é caracterizada por uma intensa resposta inflamatéria aos
cristais de urato monossoédico (MSU), induzindo dor severa. As terapias atuais,
muitas vezes sao pouco eficazes na reducéo da dor em casos de gota. Resolvina D1
(RvD1) é um mediador lipidico pro-resolucao derivado do acido graxo poliinsaturado
w-3, acido docosahexaenotico (DHA). Este mediador possui propriedades anti-
inflamatorias e analgésicas. Portanto, o objetivo do presente estudo foi avaliar os
efeitos protetores da RvD1l em modelos experimentais de AG in vivo e in vitro.
Camundongos foram tratados com RvD1 (0,3, 3 ou 30 ng/animal) ou veiculo (3,2%
de etanol em salina) 0,5 h antes da inje¢do intra-articular de MSU (100
Mg/articulagdo). Em outros experimentos, os camundongos foram tratados com
RvD1 (3 ng / animal / intraperitonealmente [i.p.]) ou veiculo, 72, 48, 24 ou 0,5 h antes
da injecdo de MSU. Foi observado que a RvD1 inibiu a hiperalgesia mecanica
induzida por MSU de maneira tempo dependente. RvD1l também reduziu o
recrutamento de leucdcitos induzidos por MSU (leucécitos totais, neutrofilos e
células mononucleares), sinovite e producao de citocinas pré-inflamatorias, IL-1B e
TNF-a in vivo. In vitro, RvD1 reduziu a maturacdo da IL-1B no sobrenadante de
macréfagos derivados da medula éssea (BMDM), indicando a inibicdo da ativagéo
do inflamassoma. Além disso, RvD1 reduziu a ativacdo do NF-kB, expressédo de
RNAmM dos componentes do inflamassoma (NIrp3, Asc, Pro-caspase-1 e Pro-il-1B) e
niveis de expressdo de suas proteinas (NLRP3 e ASC) in vitro. Desta forma, foi
demonstrado que a RvD1 possui propriedade anti-inflamatéria e analgésica no
modelo animal de AG induzida por MSU.

Palavras-chave: Artrite gotosa. MLPR. NLRP3. Resolucéo da inflamacéo.



ZANINELLI, Tiago Henrigue. Resolvin D1 ameriolates monosodium urate-
induced inflammation and hiperalgesia by targerting inflammasome NLRP3 and
IL-18 maturation. 2018. 71 p. Master’s degree dissertation (Experimental Pathology)
— Universidade Estadual de Londrina, Londrina, 2018.

ABSTRACT

Gouty arthritis (GA) is characterized by an intense inflammatory response to
monosodium urate crstals (MSU), which induces severe pain. Current therapies are
often ineffective to reduce gout related pain. Resolvin D1 (RvD1) is a specialized pro-
resolving mediator (SPM) derived from w-3 polyunsaturated fatty acid,
docosahexaenoic acid (DHA) with anti-inflammatory and analgesic proprieties. Thus,
the aim of this work was to evaluate the protective effects of RvD1 on experimental
gouty arthritis in vivo and in vitro. Mice were treated with RvD1 (0.3, 3 or 30
ng/animal) or vehicle (3.2% ethanol in saline) 0.5 h before MSU intra-articular
injections (100ug/knee). In other set of experiments, mice were treated with RvD1 (3
ng/animal) or vehicle, 72, 48, 24 or 0.5 h before MSU injection. We observed that
RvD1 inhibited MSU-induced mechanical hyperalgesia in a time-dependent manner.
RvD1 also reduced MSU-induced leukocytes recruitment (total leukocytes,
neutrophils, and mononuclear cells), synovitis, pro-inflammatory citokines IL-1 and
TNF-a production in vivo. In vitro, RvD1 reduced IL-1B maturation on the supernatant
of bone marrow-derived macrophages (BMDM), indicating the inhibition of
inflammasome activation. Furthermore, RvD1l reduced MSU-induced NF-kB
activation, inflammasome components mRNA (NIrp3, Asc, Pro-caspase-1 and Pro-il-
1B) and protein (NLRP3 and ASC) expression levels in vitro. Therefore, we
demonstrate that RvD1 posseses anti-inflammatory and analgesic activity in a model
of MSU-induced gouty arthritis.

Key words: Gouty arthritis. SPM. NLRP3 inflamasome. Inflammation resolution.
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1 INTRODUCAO

1.1 INFLAMACAO

Inflamacdo é uma das condicdbes médicas com registros mais
antigos. As primeiras descricdes dos sinais e sintomas datam de 2700 e 1500 a.C.
nas civilizagcdes egipcias. No entanto, documentalmente, foi o romano Aulus
Cornelius Celsus que descreveu, no primeiro século d.C., os quatro sinais cardinais
da inflamacdo (Rocha E Silva, 1978), vermelhiddo (rubor), calor (calor), edema
(tumor) e dor (dolor). Posteriormente, no século Ill, Claudio Galeno descreveu a
inflamacdo como uma reacéo do corpo contra a lesdo (Rocha E Silva, 1978). Ainda
inspirado nas definicbes de Celsus, no século XVIII, John Hunter inferiu que “a
inflamacdo ndo é uma doenca, mas uma resposta inespecifica que tem um efeito
salutar ao hospedeiro” (Turk, 1994). Mais tarde, no século XIX, Rudolf Virchow
postulou mais um sinal cardinal da inflamagé&o, a perda de func&o (function laesa)
(Heidland et al., 2006). Interessantemente, mesmo com recursos limitados, os
praticantes citados, certamente contribuiram para o0 entendimento atual da
inflamacéao.

Desta forma, a inflamacgéo aguda é uma resposta apropriada para a
defesa do hospedeiro e manutencdo da homeostase tecidual (Maderna e Godson,
2009). Entretanto, quando exacerbado, o processo inflamatério pode levar a
destruicdo de tecidos, fibrose e eventual perda de fungdo do Orgdo afetado
(Maderna e Godson, 2009). Em contrapartida a exacerbagdo, mecanismos
compensatérios e fatores reguladores foram selecionados evolutivamente,
garantindo através da producdo de citocinas anti-inflamatérias e moléculas
resolutivas a limitagcdo da resposta (Lawrence et al., 2002; Serhan et al., 2015). De

fato, o entendimento contemporaneo do processo resolutivo compreende que o
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mesmo é um evento ativo e altamente regulado (Ortega-Gomez et al., 2013).

De maneira geral, a inflamacao se inicia através do reconhecimento
de padrdes moleculares associados a patdégenos (PAMPs) ou padrdes moleculares
associados ao dano (DAMPS) aos receptores de reconhecimento do padrdo (PRRS),
como por exemplo os receptores semelhantes a Toll (TLRs), a Nod (NLR) e a Rig
(RLR), presentes em células imune inatas residentes, principalmente macrofagos e
mastocitos (Medzhitov, 2008; Takeuchi e Akira, 2010). Esta interacdo desencadeia
uma sequéncia de sinais intracelulares que culminam na ativacao e translocacao do
Fator Nuclear Kappa B (NF-kB) para o nucleo (lwasaki e Medzhitov, 2010; Takeuchi
e Akira, 2010). Em consequéncia, ocorre a expressao de citocinas pro-inflamatorias
(interleucina-1B [IL-1p], fator de necrose tumore-a [TNF-a]), citocina anti-inflamatoria
(interleucina-10 [IL-10]), quimiocinas (Ligante de quimiocina CXC 1 [CXCL1] e
ligante de quimiocina CXC 2 [CXCL2]), mediadores lipidios pro-inflamatérios (PGE;
e LTB,) e endotelina-1 (Cunha et al., 1986; Ferreira et al., 1989; Ribeiro et al., 1997,
Verri et al., 2006; Guerrero et al., 2008) que amplificam o processo inflamatorio.

Os eventos vasculares da inflamacao consistem, basicamente, no
aumento do fluxo sanguineo e concomitante aumento do extravasamento de liquidos
e permeabilidade endotelial, eventos mediados por aminas vasoativas (histamina e
serotonina). A partir destes acontecimentos, ocorrem modificacdes hemodinamicas e
ativacado endotelial que guiam, precisamente, neutroéfilos para o foco inflamatério. Os
mecanismos envolvidos na migracao e ativacdo de neutrofilos foram intensamente
estudados na ultima década. Este processo depende da caracteristica do estimulo
(PAMP ou DAMP) e segue uma cascata temporal, espacial e hierarquica de
mediadores (Mcdonald et al., 2010; Sreeramkumar et al., 2014). Em um modelo de

inflamacédo estéril, os neutrofilos sdo guiados pelos sinusoides do figado pelas
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integrinas ICAM-1 e Mac-1 (Mcdonald et al., 2010). Em contra ponto, a partir de um
estimulo ndo estéril (E. coli), o recrutamento é dependente de CD44 em detrimento
de Mac-1 (Mcdonald et al., 2010). A atracéo e direcionamento dos neutrofilos ao foco
inflamatorio, sendo este infeccioso ou ndo, € mais dependente de moléculas
quimioatraentes locais (junto ao foco), C5a e peptideos formilados (fMLP), quanto
moléculas adjacentes (provenientes do endotélio vascular, por exemplo), como
interleucina-18 (IL-8) e leucotrieno B4 (LTB4) (Foxman et al., 1997). De fato, animais
nocaute para o receptor de fMLP, mas ndo CXCR2, apresentam reducao
significativa da migracéo de neutrofilos para o foco necrotico (Mcdonald et al., 2010),
exemplificando a hierarquia existente. Interessantemente, neutrofilos na circulacao
tém vida Util curta e constitutivamente sofrem apoptose. No entanto, o micro
ambiente inflamatério estimula a expressdo de genes relacionados com a
longevidade, como FoxO3a (Jonsson et al., 2005), tal fator também promove a
ativacdo do NF-kB, induzindo a producdo de mais citocinas proé-inflamatoérias e
espécies reativas de oxigénio (EROs) (Jonsson et al., 2005; Wright et al., 2010).
Com relacdo ao processo resolutivo, os estudos acerca desta fase
ganharam muita atencdo na ultima década. A resolucdo, conforme mencionado
acima, € um processo ativo temporalmente, que abrange mediadores pro-resolutivos
e mecanismos altamente regulados (Serhan et al., 2014). A presenca de neutrofilos
apoptoticos associada a producdo de prostaglandina E, (PGE,) induz a troca na
classe de mediadores lipidicos pré-inflamatérios para pré-resolucéo (Levy et al.,
2001). Diante da alteracéo, ocorre a ativacdo de macrofagos nao flogisticos e inicia-
se a eferocitose de corpos apoptoticos de neutréfilos buscando restaurar a
homeostase tecidual. Os principais mediadores pro-resolucdo sédo as lipoxinas,

maresinas, protectinas e resolvinas (Serhan et al., 2014). De maneira geral, esses
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mediares controlam o processo inflamatoério, reduzindo os danos e reparando 0s
tecidos afetados. O espectro de acdo destes mediadores vém ganhando atencéo e
tém seus potencias avaliados em diversos modelos experimentais inflamatorios
(Krishnamoorthy et al., 2010; Xu et al.,, 2010; Xu e Ji, 2011; Liao et al.,, 2012;
Benabdoune et al., 2016). Em linhas gerais, os mediadores lipidicos pro-resolucao
contribuem significativamente para o retorno da homeostase e reduzem sintomas
caracteristicos como dor inflamatéria. O papel dos mediadores, principalmente da

resolvina D1, serdo revisados mais profundamente em um proximo topico.

1.2 DOR INFLAMATORIA

No processo evolutivo, a percepcdo de dor, ou nocicepcéao, foi um
mecanismo mantido para conferir ao individuo a capacidade de autopreservacao.
Em outras palavras, a percepcao dolorosa é essencial para a identificacdo de
situacfes que possam causar danos, ou controlar aqueles ja existentes em uma
lesdo, garantindo assim, o sucesso reprodutivo da espécie. Embora evolutivamente
positivas, as sensacfes nociceptivas agudas e principalmente aquelas com carater
prolongado (dor crdénica), levam a diminuicao significativa da qualidade de vida do
individuo. E tal influéncia da dor na qualidade de vida, que sua presenca constante é
um fator de risco consistente para pensamentos depressivos e comportamentos
suicidas (Calati et al., 2015). Com isso em mente, faz-se necessario compreender 0s
mecanismos fisioldgicos e os agentes envolvidos na percepcao da dor, em especial
a dor inflamatoria.

Historicamente, o entendimento da fisiologia da dor no mundo

moderno se iniciou com René Descartes (“Treatise of Man”, 1664). Para Descartes,
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a dor era apenas uma consequéncia de uma ativacao linear periférica para o cérebro
(Moayedi e Davis, 2013). Muito se evoluiu desde a proposta de Descartes. A
percepcdo da dor, além de envolver mecanismos fisiolégicos complexos, depende
das experiéncias e perfil emocional de cada individuo. Assim, a Associacao
Internacional para o Estudo da Dor (IASP) classifica a dor como “uma experiéncia
sensorial e emocional desagradavel que é associada a lesfes reais ou potenciais ou
descrita em termos de tal lesdo”. Portanto, o limiar nociceptivo pode variar de acordo
experiéncias emocionais passadas, estado de humor e atencdo (Bushnell et al.,
2013) e expectativas em relacéo a intensidade do estimulo (Wiech et al., 2014).
Contudo, as definicbes mais recentes da fisiologia da dor consistem
na sensibilizacdo periférica de nociceptores, sensibilizacdo espinal, plasticidade
neural e mudanca de fendtipo de células do sistema imune (Mogil et al., 2000; Woolf
e Salter, 2000; Scholz e Woolf, 2002; Reichling e Levine, 2009). Basicamente, 0
processo de nocicepcdo envolve a transducéo, conducéo, transmisséo e percepcao
dos estimulos néxicos. Em linhas gerais, a sensibilizacao periférica por um estimulo
nociceptivo desencadeia um mecanismo ascendente que consiste na despolarizacao
de nociceptores de primeira ordem e a conducdo do impulso nervoso até o corno da
raiz dorsal da medula espinal, ou até o nucleo trigeminal. Nesta regido, por meio de
neurotransmissores excitatérios (CGRP, substancia P e glutamato) (Scholz e Woolf,
2002; Braz et al., 2014), ocorre a transmissdo da informacéo para nociceptores de
segunda ordem. Por fim, a percepcéo é o fornecimento da informacéo referente ao
estimulo inicial, através de sinapses no cortex somatosensorial, sobre a localizacao
e intensidade do estimulo. Outras projecbées nervosas contribuem para o
componente emocional do processo doloroso (Millan, 1999; Mogil et al., 2000; Woolf

e Salter, 2000; Scholz e Woolf, 2002; Reichling e Levine, 2009; Todd, 2010).
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A dor inflamatéria é decorrente da ativacdo de neurbnios
nociceptivos periféricos através da estimulacdo de mediadores pro-inflamatorios. A
dor decorrente de processos inflamatérios pode ser associada a diversas doencas.
Nestas, a exacerbacdo ou persisténcia da dor é a principal causa de procura por
atendimento médico. Sao inUmeros os mediares pro-inflamatérios que sensibilizam
diretamente neurénios nociceptores (IL-1B, TNF- a, LTB4, PGE,, adenosina trifosfato
[ATP] e C5a) (Mogil et al., 2000; Woolf e Salter, 2000; Scholz e Woolf, 2002; Verri et
al., 2006; Guerrero et al., 2008; Braz et al., 2014). Além disso, um denominador
comum para a dor inflamatéria € a presenca de neutréfilos. Essas células
desempenham um papel fundamental na manutencéo da dor inflamatéria (Cunha et
al., 2008). Apos ativacao, neutrofilos produzem citocinas pro-inflamatorias como IL-
1B, TNF-a e interleucina-33 (IL-33) (Verri et al., 2006). Apds o estimulo lesivo uma
cascata de citocinas pro-inflamatorias precede a liberacdo de aminas simpaticas e
PGE, que levam a sensibilizacdo dos nociceptores. A alarmina, IL-33, inicia a
cascata (Zarpelon et al., 2013) estimulando a producdo sequencial de TNF-
a->interleucina-6 (IL-6)>IL-13>PGE,, e TNF-a->CXCL1->IL-1>aminas
simpaticas (Cunha et al., 2005; Verri et al., 2006). Estas moléculas, ao se ligarem
aos respectivos receptores ativam proteinas kinases (PKA e PKC), que por vez,
fosforilam canais i6nicos (TRPV1, TRPAl1l e Navl1.8) ativando o0s neurbnios
nociceptivos (Scholz e Woolf, 2002; Braz et al., 2014).

Embora os nociceptores tenham como principal papel a percepcao e
transmissao da informacédo dolorosa, o entendimento contemporaneo mostrou que
suas funcBes extrapolam seu papel primario. De fato, 0s nociceptores expressam
PRRs (TLR 2, 3, 4 e 7; e NLR) e sdo capazes de ser ativados na presenca de

DAMPs ou PAMPs (Liu et al., 2010; Qi et al., 2011). Interessantemente, moléculas
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como ATP, fMLP e lipopolissacarideos (LPS) induzem diretamente a atividade
nociceptiva. Por outro lado, a ativacdo e liberacdo de neuropeptidios atua na
modulacao da funcao das células imunes, participando ativamente na montagem da

resposta imune (Chiu et al., 2013).

1.3 ARTRITE GOTOSA

A artrite gotosa (AG) é considerada como uma das condi¢cdes
agudas mais dolorosas que os seres humanos podem experimentar (Martinon e
Glimcher, 2006). Historicamente, as primeiras descricdes foram realizadas por
civilizacGes egipcias e datam do ano 2640 a.C, neste contexto a gota recebeu o
nome de podagra (Nuki e Simkin, 2006). Um século mais tarde, HipOcrates
descreveu a podagra como a “artrite dos ricos” ou “doencga de reis”, pelo fato de o
aparecimento dos sintomas estarem relacionados com os habitos alimentares fartos
da época (Nuki e Simkin, 2006). No século 11l d.C., Galeno descreveu o tophus, no
entanto, sem saber que se tratava do acumulo de &cido Urico e cristais de urato
monossodio. No século Xlll d.C., o monge dominicano Randolphus de Bocking
nomeou a doenca gota, do latim gutta. Seus motivos foram baseados na concepc¢éao
medieval, de que um organismo em equilibrio possuia quatro humores, através do
desequilibrio, um dos humores se deslocava para as articulacbes, gerando os
sintomas da doenca (Nuki e Simkin, 2006). A definicAo do agente etioldégico da
doenca, como sendo os cristais de urato monossodico (MSU) ocorreu apenas na
década de 1960. Em um ato audacioso, Faires e MacCarty, injetaram 20mg de MSU
em suas proprias articulacbes. Conforme esperado, apos algumas horas ambos

desenvolveram os sintomas (Faires, 1962; Martinon e Glimcher, 2006).
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Atualmente a AG é classificada como uma doenca inflamatéria
prototipica, induzida pela ativacdo do sistema imune inato (So e Martinon, 2017). O
agente causador sdo os cristais de MSU, precipitados nas articulacdes e tecidos
periarticulares (Dalbeth e Haskard, 2005) em associacdo aos elevados niveis
plasmaticos de acido urico, hiperuricemia (niveis de urato plasmaticos > 7 mg/L).
Clinicamente, a doenca € caracterizada por episodios agudos de inflamacéao articular
intercalado por periodos ndo-inflamatérios de duracfes variaveis (So e Martinon,
2017). Embora seja uma doenca de carater auto-limitante, com resolucdo em até 10
dias, o ndo tratamento pode gerar sérios danos articulares, incluindo degradacéo de
cartilagens e o0ssos (Schlesinger e Thiele, 2010), limitacdo de movimentos e
recorrentes ataques inflamatorios agudos.
A fisiopatologia da gota tem como principais componentes o
inflamassoma NLRP3 e sua atividade na maturacédo da citocina pro-inflamatoria IL-
1B (Martinon et al.,, 2006; Amaral et al., 2012). Em linhas gerais a montagem e
ativacdo do inflamassoma NLRP3 consiste em dois sinais ou estimulos
independentes. O primeiro sinal, sinal 1, controla a expressdo de todos os
componentes necessarios para montagem e ativacdo do inflamassoma (NLRP3,
ASC e por-CASPASE-1) e também o produto a substrato da CASPASE-1 ativada,
pro-IL-13 (Burns et al., 2003). A expressdo de todos estes componentes sao
dependentes do fator NF-kB e as suas vias de sinalizacdo downstream. A origem do
sinal 1, na natureza, ainda néo se fez clara, no entanto, esta ativacdo € dependente
de receptores TLR (Liu-Bryan et al., 2005). Dentre os possiveis candidatos se
destacam: as proteinas endogenas ligantes de TLR, S100A8 e S100A9 (Holzinger et
al., 2014), acidos graxos livres de cadeia longa (FFAs) (Joosten et al., 2010), fator

estimulante de colbnias de granulécitos-macrofagos (GM-CSF) (An et al., 2014) e
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proteina C5a do complemento (An et al., 2014; Khameneh et al., 2017). Além desses
ligantes, a propria IL-1B participa na ativacdo, estabelecendo um “loop” de auto-
amplificacéo (So e Martinon, 2017) (Figura 1).

O segundo sinal, sinal 2, controla a ativacdo do inflamassoma. Este
sinal mais especifico propicia a clivagem da pro-CASPASE-1 em CASPASE-1 que,
uma vez ativa, cliva a pro-IL-18 em IL-18 madura (Martinon et al., 2006). Os
mecanismos pelos quais a ativacdo do NLRP3 ocorrem ndo sdo completamente
compreendidos. Sugere-se a ativacdo do NLRP3 por perturbacées no equilibrio
idnico celular (Petrilli et al., 2007; Yaron et al., 2015), provocadas pelos cristais de
MSU (An et al.,, 2014), consequente liberacdo de EROs provenientes das
mitocondrias, 0 que evoca a ativacdo da kinase Nek7. Nestas condicbes, Nek7 se
liga diretamente ao NLRP3 ativando-o (He et al., 2016; Schmid-Burgk et al., 2016;
Shi et al., 2016). Interessantemente, a ativacdo do inflamasoma por cristais de MSU
também € associada ao rompimento do fagolisossomo e a liberacdo de seu
conteudo no espaco citosolico (Martinon et al., 2006; Duewell et al., 2010). Dentre os
componentes fagolisossomais as enzimas catepsina B e L induzem a ativacdo de
NLRP3. De fato, estudos com animais nocaute para essas enzimas hao
apesentaram ativacao do inflamassoma perante estimulos com cristais de colesterol
(Duewell et al., 2010) (Figura 1).

Os cristais de MSU induzem a liberacdo de citocinas quando
fagociatados por macrofagos residentes. A IL-13 é a citocina chave na fisiopatologia
da doenca e responsavel por desencadear a resposta inflamatoria em diversos tipos
celulares (Dinarello, 2009). O recrutamento de neutréfilos € um marcador das
doencas reumaticas (Fattori et al., 2016) e de fato sdo o tipo celular predominante no

liquido sinovial de pacientes durante os ataques inflamatérios da gota (Mitroulis et
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al., 2013). Uma vez no foco inflamatorio, em consequéncia da producao de IL-1(3 e
LTB4 (Amaral et al., 2012), o reconhecimento dos cristais de MSU por neutrofilos
induz a degranulacdo (Popa-Nita et al.,, 2007) e a formacdo de armadilhas
extracelulares (NETs - Neutrophils Extracellular Traps), processo denominado
NETose (Mitroulis et al., 2011). Juntamente, esses fatores corroboram para a
amplificacdo da resposta inflamatéria através do aumento significativo na ativacao
do NF-kB e producdo de citocinas proé-inflamatérias. As dores excruciantes
decorrentes da gota estdo associadas a mecanismos de dor inflamatdria, nos quais
as citocinas pro-inflamatorias, principalmente a IL-1B, sensibilizam nociceptores
acarretando no fendtipo altamente doloroso. Estes eventos demostram
caracteristicas que em certo ponto classificaram a AG como uma doenca auto-
inflamatoria (So e Martinon, 2017). Importantemente, as funcdes dos neutrdéfilos vao
além do aumento da resposta inflamatoria neste contexto. Esta célula com papel
duplo, através da formacédo de NETs (Schauer et al., 2014) limitam a progresséo da
doenca e iniciam o processo resolutivo da AG. Além disso, a expressao da proteina
anexina-1, potente inibidora da fosfolipase A2, exerce importante papel na limitacao
da inflamacdo e na promoc¢éo da resolucdo. A mesma exerce importante papel na
troca de classe de mediadores pré-inflamatérios para pro-resolutivos (Perretti e
D'acquisto, 2009).

O tratamento da gota consiste principalmente em terapias que visam
reduzir 0s niveis plasmaticos de urato e controlar os ataques agudos. No entanto, o
principal motivo que leva os pacientes a procurar auxilio médico séo os episédios de
dor intensa (Rees et al., 2014). Basicamente, o controle dos episédios agudos
consistem no uso de anti-inflamatérios esteroidais, ndo-esteroidais, colchicina e

agentes bioldgicos (So e Martinon, 2017). A colchicina tem papel fundamental como
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inibidor da montagem do inflamassoma, impedindo a maturacdo da IL-1B e sua
liberacdo (Martinon et al., 2006). Recentemente, o controle dos sintomas tambéem
pode ser atingido com agentes biolégicos que tem como alvo a IL-1B. Anticorpos
contra IL-18 (Canakinumab) e proteinas recombinantes antagonista do receptor do
receptor IL-1R (Anakinra) estdo disponiveis no mercado (So e Martinon, 2017).
Infelizmente, os medicamentos propostos para o tratamento e controle dos ataques
agudos ndo séo seguros para pacientes comorbidades (AINES), usualmente geram
efeitos colaterais (AINEs, AIEs e colchicina), apresentam custo elevado (agentes
biolégicos), além de ndo possuirem efeito analgésico satisfatorio (Rees et al., 2014).
Desta forma, ainda se faz necessario e de altissima importancia o desenvolvimento
de novas terapias que tenham como alvo a inibicdo da dor, principalmente para

garantir melhor qualidade de vida agueles que sao acometidos pela AG.
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Figura 1 — Fisiopatologia da artrite gotosa.
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1.4 MEDIADORES LIPIDICOS PRO-RESOLUCAO

O sucesso e beneficio da inflamacdo para o hospedeiro séo
garantidos em decorréncia da existéncia de mediadores que orquestram ativamente
todas as etapas do processo. Os conhecimentos acerca dos mediadores lipidicos
pré-inflamacéo, e o papel nas alteraces vasculares e recrutamento de células para
o foco inflamatorio estdo bem definidos. No entanto, até recentemente, pouco se
sabia sobre a existéncia de mediadores enddgenos capazes de controlar a
exacerbacdo da inflamacéo e restaurar a homeostase tecidual. Através de estudos
em exsudados inflamatorios (Serhan, 2004) quatro familias de compostos com
caracteristicas potentes em acfes resolutivas foram identificadas: resolvinas,
protectinas, maresinas e lipoxinas (Serhan, 2014).

Estas moléculas sdo derivadas da transformacdo dos acidos graxos
essenciais do Omega-3, como acido eicosapentaendico (EPA) e acido
docosaexaendico (DHA) (Serhan, 2014) (Figura 2). Embora tenham sido
primeiramente identificados na resolucdo do processo inflamatorio, esses
mediadores desempenham papeis importantes na defesa do hospedeiro,
manutencao da dor e remodelamento tecidual (Serhan, 2014). Dentre as funcdes em
comum desses mediadores se destacam a ativacdo de macrofagos nao-flogisticos.
Estes macréfagos irdo realizar a eferocitose dos corpos apoptoticos de neutréfilos e
induzirdo os sinais da resolucdo do processo inflamatorio. Processos estes que
incluem a reducdo de citocinas pro-inflamatorias, retirada dos neutréfilos da
superficie epitelial, fagocitose dos neutréfilos em apoptose e remocédo dos debris
inflamataorios e infecciosos (Serhan, 2014).

Em adicdo as caracteristicas analgésicas, anti-inflamatérias e

resolutivas, os mediadores lipidicos pr6 resolucdo (MLPR) ndo possuem atividade
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imunossupressora, 0 que coloca essas moléculas como fortes candidatas a testes
clinicos. De fato, a Resolvina E1, derivada do EPA, atingiu a clinica como RX-
10045® para testes no tratamento da sindrome dos olhos ressecados. Os pacientes
apresentaram melhora significativa na condicdo de maneira dose-dependente
(Clinicaltrials.gov identificacdo NCT00799552) (Lee, 2012; Norling e Perretti, 2013).
Além disso, embora os MLPR tenham uma meia-vida extremamente curta, na faixa
de segundos em meio aquoso (Aursnes et al., 2015), eles apresentam um efeito
biolégico duradouro, na faixa de dias (Serhan et al., 2012). Esses fatores associados
a estudos em animais de experimentacdo, e o fato que os MLPR apresentam
atividade terapéutica na faixa de pictogramas, encorajam e dao suporte para 0 uso

de outros MLPR isolados em testes clinicos (Fattori et al., 2016).

Figura 2 — Metabolismo dos acidos graxos essenciais do w-3.
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1.5 RESOLVINA D1

A Resolvina D1 (4cido 7S, 8R, 17S-tri-hidroxi-4Z, 9E, 11E, 13Z, 15E,
19Z-docosahexaendico) (Figura 3) faz parte das resolvinas da série D e € derivada
do metabolismo do DHA pelas enzimas 15-lipoxigenase, 5-lipoxigenase e hidrolase
(Serhan e Petasis, 2011) (Figura 4). Este MLPR foi isolado em exsudatos
inflamatorios na fase resolutiva decorrente de inflamacdo aguda em ambos,
roedores e humanos (Serhan et al., 2000; Serhan et al., 2002; Hong et al., 2003). Os
mecanismos pelos quais a RvD1l age ainda ndo estdo bem estabelecidos, no
entanto, sua atividade € dependente de receptores associados a proteina G, o0s
receptores de lipoxina A; (ALX/FPR2), exclusivos de murinos e, GPR32, exclusivo
de humano (Mcqualter et al.,, 2010). Camundongos nocaute para ALX/FPR2
apresentam maior degradacédo tecidual quando comparados com camundongos
selvagens (ou seja, aqueles que expressam o receptor) em modelo de inflamacéo
induzida por LPS em glandulas submandibulares (Wang et al., 2016). Este fato
demonstra a importancia da RvD1l na contencdo e resolucdo do processo

inflamatorio.

Figura 3 — Estrutura quimica da RvD1.

Fonte: PubChem.
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Figure 4 — Biossintese da RvD1.
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Estudos ja estabeleceram alguns dos efeitos anti-inflamatorios e
analgésicos da RvD1 em modelos animais de inflamacdo aguda. Os efeitos anti-
inflamatoérios consistem na regulacdo da funcdo de macréfagos (Duffield et al.,
2006), inibicdo do recrutamento neutrofilico (Serhan et al., 2002; Recchiuti et al.,
2011) e protecao renal contra danos induzidos pela isquemia e reperfusédo (Duffield
et al., 2006). RvD1 também tem efeito sobre a ativagcdo do NF-kB através de
diferentes vias de sinalizagéo, este fato confere a este MLPR grande parte de suas
propriedades anti-inflamatérias. De fato, em modelo de miocardite induzida por
isquemia-reperfusédo, o tratamento com RvD1 inibe a via PI3K/AKT e impede a
ativagdo do ativagdo do NF-kB, contribuindo assim para a reducéo da leséo cardiaca
(Gilbert et al., 2015). Outro mecanismo do efeito da RvD1 sob a ativagdo do NF-kB

esta relacionado ao eixo de sinalizagdo PPAR-y/NF-kB (Liao et al., 2012). Este
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mecanismo foi descrito em um modelo animal de inflamac&o pulmonar induzido por
LPS. Neste contexto, o papel da RvD1 em diminuir o dano tecidual foi revertido a
partir da administracao do inibidor PPAR-y (GW9662). Além do mais, a ativacao de
PPAR-y, neste contexto, acarretou na diminuicAo da degradacdo de IkBa,
mecanismo responsavel pela diminuicdo da ativacdo de NF-kB (Liao et al., 2012). A
ativacdo de PPAR-y também tem como efeito a diminuicdo da hiperalgesia por vias
subjacentes. Desta forma, um dos mecanismos da RvD1l em reduzir a dor
inflamatoria pode ser dependente da via PPAR-y/NF-kB.

Com relacdo aos efeitos analgésicos desse mediador, o0s
mecanismos pelos quais a dor é reduzida podem estar relacionados a acdes
dependentes das caracteristicas anti-inflamatorias ou diretamente a sensibilizacdo
de neurbnios nociceptores. A RvD1 mostrou ser efetora na reducdo da dor
inflamatodria induzida por estimulos néxicos como carragenina, CFA e PGE, (Xu et
al., 2010; Xu e Ji, 2011). Importantemente, a RvD1 néo interfere na percepcao
normal da dor. Por outro lado, o tratamento com RvD1 reduz a ativacdo de canais
ibnicos TRPAL, TRPV3 e TRPV4 em fibras nociceptivas perante seus respectivos
agonistas, em estudos de influxo de Ca®" in vitro (Bang et al., 2010). De forma
similar, no mesmo estudo, RvD1l reduziu a hiperalgesia mecéanica e alodinia
induzidas por estimulos inflamatérios in vivo (Bang et al., 2010).

De forma geral, é evidente o potencial da RvD1 em controlar a
inflamacédo e coordenar o processo resolutivo (Wang et al., 2016) e analgesia (Bang
et al., 2010). Portanto, essas caracteristicas nos conduziram a avaliar a eficacia da

RvD1 frente ao modelo de AG induzida por cristais de MSU in vivo e em in vitro.
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2 OBJETIVOS

2.1 OBJETIVOS GERAIS

Avaliar os mecanismos analgésicos e anti-inflamatorios da RvD1 em

modelo de AG induzida por MSU.

2 .2 OBJETIVOS ESPECIFICOS

Avaliara o efeito da RvD1 nos parametros:

Hiperalgesia mecanica e edema;

Recrutamento leucocitario para cavidade articular e sinovite;

Producdao de citocinas in vivo;

Expressao dos componentes do inflamassoma e receptor ALX/FRP2, in vitro.

Maturacao da IL-1B e atividade do NF-kB in vitro;
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3 ARTIGO PARA PUBLICACAO (PHARMACOLOGICAL REASEARCH)

O presente trabalho foi realizado no Laboratoério de Dor, Inflamagéo,
Neuropatia e Cancer, da Universidade Estadual de Londrina e segue as normas da
revista Pharmacological Research. Os resultados parciais estdo descritos no artigo
intitulado “Resolvin D1 ameliorates MSU-induced gouty arthritis by targeting NLRP3

inflammasome assembly and IL-13 maturation”.
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Abstract

Gouty arthritis is characterized by an intense inflammatory response to monosodium urate
crystals (MSU), which induces severe pain. Current therapies are often ineffective in reducing
gout related pain. Resolvin D1 (RvD1) is a specialized pro-resolving mediator (SPM) derived
from ®-3 polyunsaturated fatty acid docosahexaenoic acid (DHA) with anti-inflammatory and
analgesic proprieties. Thus, the aim of this work was to evaluate the protective effects of RvD1
on experimental gouty arthritis in vivo and in vitro. Mice were treated with RvD1 (0.3, 3 or 30
ng/animal) or vehicle (3.2% ethanol in saline) 0.5 h before MSU intra-articular injections
(100ug/knee). In other set of experiments, mice were treated with RvD1 (3 ng/animal) or vehicle,
72, 48, 24 or 0.5 h before MSU injection. We observed that RvD1 inhibited MSU-induced
mechanical hyperalgesia in a time-dependent manner. RvD1 also reduced MSU-induced
leukocytes recruitment, synovitis, pro-inflammatory cytokines IL-1p and TNF-a production in
vivo. In vitro, RvD1 reduced IL-1p maturation on the supernatant of BMDM, indicating the
inhibition of inflammasome activation. Furthermore, RvD1 reduces MSU-induced NF-xB
activation, inflammasome components mRNA (NIrp3, Asc, Pro-caspase-1 and Pro-il-15) and
protein (NLRP3 and ASC) expression levels in vitro. Therefore, RvD1 is effective an anti-

inflammatory and analgesic SPM in the MSU-induced gouty arthritis animal model.

Key words: gouty arthritis, SPM, NLRP3 inflamasome, inflammation resolution



10

11

12

13

14

15

16

17

18

19

20

21

22

23

44

1. Introduction

Gouty arthritis is the most common case of inflammatory arthritis, and is considered one
of the most painful acute conditions [1, 2]. Epidemiologically, the incidence and prevalence of
gout have increased numbers in both developed and developing countries [3]. Gout is caused by
increased levels of uric acid (hyperuricaemia) resulting in the formation and deposition of
monosodium urate (MSU) crystal on articular and periarticular tissues [4]. The recognition of
MSU crystals by macrophages evokes neutrophils recruitment [5], intense production of pro-
inflammatory mediators [6] and excruciating pain [7]. This prototypical inflammatory disease
physiopathology lay on NLRP3 inflammasome engagement, activation and its IL-1p3-mediated
maturation [8, 9]. The pro-inflammatory cytokine IL-1p is the main character on the
development of MSU-induced inflammation and pain.

Despite, gouty arthritis is self-limited in human (up to 10 days), if left untreated, the
continued MSU deposition can induce joint damage, movement limitation, and increases the
probability of acute flares [10] [2]. The management of gout consists in urate-lowering therapies
and control of acute flares. In fact, the main reason for patients to seek medical care is the intense
and debilitating pain during acute flares [11]. Currently, steroidal and non-steroidal anti-
inflammatories, colchicine and biological agents are used in the control of gout flares [2].
However, these drugs lack safety in some patients conditions, offers side effects, present high
cost and offered non-satisfactory analgesic effects [11]. Therefore, novel analgesic drugs are still
needed to the treatment of gout.

Resolvin D1 (7S,8R,17S-trihydroxy-4Z,9E,11E,13Z,15E,19Z-docosahexaenoic acid,
RvD1) is an specialized pro-resolving mediator (SPM) derived from ®-3 polyunsaturated fatty

acid docosahexaenoic acid metabolism [12]. This SPM orchestrates the resolution process
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actively [13]. Among SPMs molecules, E and D-series Resolvins, Protectins and Maresins have
potent anti-inflammatory and analgesic proprieties already described in experimental murine
models [14]. In particular, RvD1 carrageenan- and complete Freund’s (CFA)-induced
inflammatory pain and formalin-induced overt pain like behaviors [15]. Moreover, in a model of
adjuvant-induced arthritis, mice also display reduced inflammation and pain after treatment with
RvD1 [16]. Furthermore, there are evidences of RvD1 targeting NF-«xB activation and thereby
reducing pro-inflammatory mediators production, such as TNF-o, IL-6 and IL-1p [17-19].
Moreover, isolated RVE1 reaches clinical trials as RX-10045® for dry eye syndrome, and
produces dose-dependent improvements [20]. Thus, RvD1 is a promising candidate in the relive
of gouty arthritis related pain and inflammatory features. Therefore, in this study, we aim to

evaluate the efficacy of RvD1 in MSU-induced acute gouty arthritis in mice.

2. Material and Methods
2.1. Experimental Procedures

Mice were treated with RvD1 (0.3, 3, or 30ng, animal, i.p.) or vehicle (3.2% ethanol in
saline) 0.5 h before intra-articular injections of MSU (100 pg/10 pL, i.a.). Mechanical
hyperalgesia and edema were evaluated 1, 3, 5, 7, and 15 h after MSU stimulus. Based on these
results, mice were treated with RvD1 3ng or vehicle 72, 24, 48, or 0.5 h before gouty arthritis
induction. Mechanical hyperalgesia was evaluated 1, 3, 5, 7, and 15 h after intra-articular
stimulus. Founded on these previous experiments, the dose of 3 ng and pre-treatment time of 72
h were chosen for the following experiments: leukocyte migration to knee joint,
histopathological analysis (HE staining) and cytokines measurement by ELISA. For in vitro

analysis, bone marrow-derived macrophages (BMDMs) were treated with RvD1 (1-100 pM)
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after 500 ng/mL LPS (i.e. after signal 1). Supernatant was collected 5h after MSU (450 pg/mL)
stimulation (signal 2). IL-1B levels were measured by ELISA. Based on previously in vitro
results, RvD1 at 100 pM was chosen for the following experiments: Nlrp3, Asc, Pro-caspase-1,
and pro-il-15 mRNA expression by RT-gPCR, NF-«xB activation by ELISA and NLRP3 and

ASC protein levels by western blotting.

2.2. Animals

Male Swiss (25-30 g), C57BL/6 (20-25 g) mice from Universidade Estadual de Londrina
(Londrina, Parang, Brazil) and LysM-eGFP (20-25 g) mice from University of Sao Paulo -
Ribeirao Preto Medical School (Ribeirao Preto, Sao Paulo, Brazil), were used in this study. All
mice were housed in standard clear cages with free access to food and water, light/dark cycle of
12/12h and temperature of 21°+1°C. All behavioral testing was performed between 9 a.m. and 5
p.m. in a temperature-controlled room. Animal care and handling procedures were approved by
Universidade Estadual de Londrina Ethics Committee (process number 22186.2016.37) and were
in accordance with the International Association for Study of Pain (IASP) guidelines. All efforts

were made to minimize the number of animal used and their suffering.

2.3. Chemicals and Drugs
Materials were obtained from the following sources: Uric acid (Sigma, Saint Louis,
Missouri, USA) and 17(S)-Resolvin D1 (7S,8R,17S-trihydroxy-4Z,9E,11E,13Z,15E,19Z-

docosahexaenoic) (Cayman Chemicals, Ann Arbor, Michigan, USA).
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2.4. MSU Crystal preparation and Induction of MSU-induced knee inflammation
MSU crystals were prepared as previously described [21]. Briefly, 800 mg of uric acid
were dissolved in 155 mL of boiling water containing 5 mL of 1 N NaOH. The pH was adjusted
to 7.2 and the solution was gradually cooled by stirring at room temperature. The crystals were
collected by centrifugation (3000g, 2 min at 4°C), drayed, sterilized by heating at 180°C for 2h
and stored at sterile environment until use. The joint inflammation was induced by the intra-
articular (i.a.) administration of MSU (100 pg/10 uL) into the right knee joint of mice under

isoflurane anesthesia. Control animals received an i.a. injection of sterile saline (10uL) [22].

2.5. Evaluation of knee joint hyperalgesia and edema

The mechanical hyperalgesia of femur-tibial joint was evaluated by an electronic von
Frey apparatus. Mice were placed in acrylic cages with a wire grid floor, and the stimulations
were performed only when the animals were quiet and with the four paws on the grid floor. This
method consists of an electronic pressure-meter, with force transducer fitted with polypropylene
tip (Insight instruments, Ribeirao Preto, SP, Brazil). To evaluate knee joint pain it was used a
large tip (4.15 mm?), to exclude subcutaneous effect [23]. An increase perpendicular force was
applied to the central area of the plantar surface of the hind paw to induce flexion of femur-tibial
joint followed by hind paw withdrawal. A digital analgesimeter recorded the intensity of the
force applied (in grams) when the paw was withdrawal. The test was performed at the times 1, 3,
5, 7, and 15 h. The investigators were blinded to the treatment groups. The results are expressed
as withdrawal mechanical threshold in grams.

Keen joint edema was assessed with a dial thickness gauge caliper (Mitutoyo) before

(zero time), and after MSU intra-articular injections at the times 1, 3, 5, 7, and 15 h. The edema
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was determined for each mouse knee joint by the difference between the times indicated and zero

time. The results are expressed as Amm/joint.

2.6. In vivo leukocyte migration
The knee joint wash was collected 15h after MSU injection for determination of
leucocyte recruitment [24]. In brief, articular cavities were wash 3 times with 3.3 uL of saline
with 1ImM EDTA, then diluted to a final volume of 50 uL with PBS/EDTA to evaluate leukocyte
migration. The total number of leukocytes was determined in a Neubauer chamber diluted in
Turk’s solution 1:2 (use to lyse the erythrocytes). Differential cell counts (mononuclear and
polymorphonuclear) were determined in Rosenfeld stained slides using a light microscope. The

results are expressed in number of cells per cavity.

2.7. Histopathological analysis.
Knee joint was collected 15h after MSU injection, fixed with 10% paraformaldehyde in
PBS, and then decalcified and embedded in paraffin for histological analysis. The paraffin
sections were stained with hematoxylin and eosin for conventional morphological evaluation.
Leukocytes were counted from photomicrograph at 40x amplification (2048 x 1536 pixels) using
ImageJ Software (NIH) count tool with size (120-800 pixels®) and circularity (0.50 — 1.00)
exclusion parameters. Results are expressed as leukocytes infiltrate (cell/field) counted at the

inflammatory foci.

2.8. Fluorescence assay
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Knee joint wash of LysM-eGFP mice was collected in sterile slides 15 h after MSU
injection into the knee joints. DAPI fluorescent stain (ThermoFisher, MA, USA) was added to
slides for localization of nucleus in each sample. The representative images and quantitative
analysis were performed using a confocal microscope (SP8, Leica, Microsystems, Mannheim,

Germany).

2.9. Preparation of bone marrow-derived macrophages (BMDMs) and inflammasome
activation assay

Femora and tibiae of C57BL/6 mice (8 weeks old) were aspirated with RPMI

1640 media. Bone marrow cells were cultured in RPMI 1640 medium containing 10% FBS and
15% L929 cell conditioned medium. BMDM were stimulated with 500 ng/mL of
lipopolysaccharide (LPS) from Escherichia coli (Santa Cruz Biotechnology, California, USA)
and 3h later treated with 450 pg/mL of MSU to stimulate NLRP3 inflammasome activation
(16407889). BMDMs were treated with RvD1 1-100 pM 0.5 h before MSU stimulation.
Supernatant was collected 5 h after MSU stimulation. Based on previous experiments, BMDMs
were incubated with LPS followed by RvD1 (100 pM) treatment 0.5 h before MSU stimulation.
Cell lysate was collected for RT-gPCR and western blot analysis. Lactate dehydrogenase (LDH)

release in the supernatant was used as marker of cellular viability.

2.10. Reverse transcription and quantitative polymerase chain reaction (RT-qPCR)
BMDMs were collected 5h after MSU administration and homogenized in the TRI1zol®
reagent. Total RNA was isolated according to manufacturer’s instructions. The purity of total

RNA was measured with a spectrophotometer and the wavelength absorption ratio (260/280 nm)
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was between 1.8 and 2.0 for all preparation. Reverse transcription of total RNA to cDNA and
gPCR were carried out using GoTaq® 2-step RT-qPCR System (Promega) and specific primers
(Applied Biosystems®). The mRNA level of glyceraldehyde 3-phophate dehydrogenase (Gapdh)
was used as reference gene. The primers used were Gapdh forward: CAT ACC AGG AAA TGA
GCT TG, reverse: ATG ACA TCA AGA AGG TGG TG; Nlrp3, forward: AGC TAT GAG GTG
GTG ATG TTA GTG G, reverse: CAC AAT ATT TGT ACC AGA CAG ACT TGA G; Asc,
forward: ATG GGG CGG GCA CGA GAT G, reverse: GCT CTG CTC CAG GTC CAT CAC;
Pro-caspase-1: forward: TGG TCT TGT GAC TTG GAG GA, reverse: TGG CTT CTT ATT
GGC ACG AT,; Pro-il-1p, forward: GAA ATG CCA CCT TTT GAC AGT G, reverse: TGG
ATG CTC TCA TCA GGA CAG,; Alx/fpr2, forward: CAC AGG AAC CGA AGA GTG TAA G,

reverse: CAC CAT TGA GAG GAT CCA CAG.

2.11. Cytokine measurement
Knee joint samples were homogenized in 500 uL of buffer containing protease inhibitors.
Samples were centrifuged (3000 rpm x 15 min x 4°C). IL-1p and TNF-a levels were determined
from the supernatant by enzyme-linked immunosorbent assay (ELISA), using eBioscience Kits
(Thermo Fisher Scientific, Vienna, Austria). The results are expressed as pictograms (pg) of

cytokine/g of tissue.

2.12. NF-xB activation
BMDMs were collected in ice-cold lyses buffer (Cell Signaling Technologies, Berverly,
Massachusetts, USA). The homogenates were centrifuged (16,100 g x 10 min x 4°C) and the

supernatants used to asseses the levels of total and phosphorylated NF-kB p65 subunit by ELISA
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using PathSacn kitd #7836 and #7834, respectively (Cell Signaling Technologies, Berverly,
Massachusetts, USA). The results represent the sample ratio (phospho-p-65/total p65) measured

at 450 nm (Multiskan GO Microplate Spectrophotometer, Thermo Scientific, Vantaa, Finland).

2.13. Western Blot assay

BMDMs cells were collected in ice-cold PBS centrifuged (400g x 5 min x 4°C) and
resuspended in ice-cold RIPA buffer (Sigma, Saint Louis, Missouri, USA) containing protease
and phosphatase inhibitors (Cell Signaling Technology, Danvers, Massachusetts, USA). The
lysates were homogenized and prepared for SDS-PAGE separation. Next, separated proteins
were transferred onto a nitrocellulose membrane (GE Healthcare-Amersham, Pittsburgh,
Pennsylvania, USA). Membranes were then incubated in blocking buffer (5% BSA in Tris-
buffered saline [TBS] and 0.1% Tween 20), followed by incubation of primary antibodies (3%
BSA in Tris-buffered saline and 0.1% Tween 20) overnight, under agitation at 4°C. The
antibodies and conditions were: B-actin (1:200, Santa Cruz Biotechnology, Dallas, Texas, USA),
NLRP3 (1:500, Novus Biologicals, Littleton, Colorado, USA), ASC (1:500, Novus Biologicals,
Littleton, Colorado, USA). After, the membranes were washed in TBS and incubated with
secondary antibodies for 2h at room temperature. The antibodies and conditions were: goat anti-
mouse 1gG-HRP (1:2500, Santa Cruz Biotechnology, Dallas, Texas, USA) and goat anti-rabbit
IgG-HRP (1:2500, San Santa Cruz Biotechnology, Dallas, Texas, USA). Proteins were
visualized by chemiluminescence with ECL reagent (GE Healthcare-Amersham, Pittsburgh,
Pennsylvania, USA). The same membrane was re-probed with antibody against p—actin or
protein of interest at most twice. The results are expressed as 10D ratio between protein of

interest and B—actin.
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2.14. Data analysis
Data were analyzed using GraphPad Prism statistical software (GraphPad Software, Inc.,
USA-500.288, version 7.0). Results are presented as means +SEM of measurements made on 6
mice/samples per group per experiment and are representative of two independent experiments.
Two-way ANOVA was used to compare the groups and does 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

test was performed for each time-point. P<0.05 was considered significant.

3. Results
3.1. RvD1 reduced MSU-induced mechanical hyperalgesia and edema.

Firstly, it was addressed whether or not RvD1 could reduce MSU-induced mechanical
hyperalgesia and edema. MSU injections induced mechanical hyperalgesia (Fig. 1A) and edema
(Fig. 1B) at all evaluated time points. Treatment with RvD1 at 0.3, 3, or 30 ng/animal
significantly reduced MSU-induced edema (Fig. 1B). The doses of 3 and 30 ng/animal reduced
MSU-induced mechanical hyperalgesia without differences (Fig. 1A). Evidence demonstrates
that the analgesic effect of RvD1 last four days after a single treatment [25]. Thus, next we
addressed whether or not the effect of the treatment with RvD1 at 3 ng/animal would be time
dependent. Mice were treated with RvD1 (3ng/animal), 72h, 48h, 24h, or 30 min before MSU
injection. The dose of 3 ng/animal of RvD1 and the 72h pre-treatment were able to inhibit
mechanical hyperalgesia with statistical differences when compared with other pre-treatment
time points. The vehicle (3.2% ethanol in saline) showed no effect. Thus, the dose of 3 ng/animal

(i.p.) and 72h pre-treatment were selected for the next experiments.
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3.2. RvD1 reduces MSU-induced leukocyte recruitment to the knee joint.

Leucocytes recruitment to the knee joint is a hallmark of rheumatic diseases [20]. Thus, it
was next investigated the effect of RvD1 in MSU-induced leukocyte recruitment and synovitis.
The treatment with RvD1 reduced MSU-induced recruitment of total leukocyte (Fig. 2A),
neutrophil (Fig. 3B) and mononuclear cells (Fig. 3C). Furthermore, RvD1 also reduced
inflammatory infiltrate as observed in the histopathological analysis (Fig. 3) and neutrophils

fluorescence assay (Supplementary Fig. 1).

3.3. RvD1 modulates in vivo and in vitro MSU-induced IL-1p production and NF-kB
activation.

The effect of RvD1 on MSU-induced cytokines production was investigated in vivo and
in vitro, considering the importance of cytokines to gouty arthritis [20]. Given that one of RvD1
receptor is lipoxin A4/formyl peptide receptor 2 (ALX/FPR2) and it is present in mice [26], it
was addressed whether or not MSU stimuli increases or decreases Alx/fpr2 mRNA expression, in
vitro. MSU (450 pg/mL) treatment on BMDM increases Alx/fpr2 mRNA, significantly (Fig. 5A).
Treatment with RvD1 decreased levels of IL-1p (Fig. 4A) and TNF-a (Fig. 4B) in vivo. Given
IL-1B production is one of the main event of gout arthritis and its depends on 2 signals [8], we
next investigated whether or not RvD1 reduces IL-1 production by targeting MSU-induced
inflammasome activation, in vitro. We observed that RvD1 (1, 10 and 100 pM) reduced both
MSU-induced IL-1 maturation (Fig. 5B) and NF-«B activation (Fig. 6) in LPS-primed BMDM

(e.g. after signal 1). Importantly, none of the concentrations of RvD1 used reduced cell viability
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as per LDH release analysis (Fig. 5C). The concentration of 100 pM was selected for the next

experiments, due to an intense inhibition of IL-1p release.

3.4. RvD1 reduces MSU-induced NIrp3, Asc, pro-Caspase-1, and pro-il-1# mRNA, and
NLRP3 and ASC protein levels.

Gouty arthritis physiopathology has NLRP3 inflammasome assembly as pivotal
mechanism. Given that RvD1 reduced in vivo and in vitro IL-1f production, the effect of RvD1
on the mRNA expression and proteins levels of inflammasome components Nlrp3, Asc, Pro-
caspase-1 and Pro-il-1p were investigated in vitro. BMDMs treated with RvD1 (100 pM)
showed reduced mRNA expression of all inflammasome components NIrp3 (Fig. 7A), Asc (Fig.
7D), Pro-caspase-1 (Fig. 7G) and Pro-il-1p (Fig. 7H). Further, RvD1 treatment also diminished
MSU-induced protein levels of inflammasome components NLRP3 (Fig. 7B, C) e ASC (Fig. 7E,

F), indicating that RvD1 reduces both mRNA and protein levels of inflammasome components.

4. Discussion

In this study, we show that the SPM RvD1 ameliorates experimental gouty arthritis in
mice. Treatment with RvD1 reduced MSU-induced mechanical hyperalgesia, knee joint edema,
leukocytes recruitment to the knee joint, and maturation of IL-1f. This effect is likely due to the
reduction of both mRNA and protein levels of NLRP3 inflammasome.

Currently, the management of gout acute flares consists in the use of NSAIDs, colchicine,
glucocorticoids and biological agents [2]. However, these drugs must be used with caution in
patients with comorbidities (NSAIDs), often causes severe side effects (NSAIDs, colchicine, and

corticoids), present high cost (biological agents), or possess non-satisfactory analgesic effects in
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some patients [11]. Recently, studies have shown the potential of SPMs in actively orchestrate
the resolution of inflammation [27]. Herein, we demonstrate that RvD1 have analgesic and anti-
inflammatory proprieties thought modulation of NF-kB and NLRP3 inflammasome activation,
and IL-1p release.

Comepelling evidence has demonstrated not only the endogenous role of SPMs in the
regulation of acute inflammatory process but also the efficacy of these isolated SPMs [20].
Evidence demonstrated that other SPMs such as maresin 1 present an effect that increases over
time and last for many days in neuropathic pain [28]. Moreover, single intrathecal treatment with
RvD1 before development of hyperalgesia reduces post-incisional-induced pain during 10 days
and during 30 days in a model of skin/muscle incision and retraction surgery-induced pain [25].
On the other hand, treatment with RvD1 in later time points in these models presents little or no
analgesic effect [25]. These data indicate that some lipid mediators may present time-dependent
efficacy. Given that, we sought that increasing the pre-treatment time could improve the
analgesic effect of RvD1 in this model as well. In fact, we demonstrated that 72h pre-treatment
increases, significantly, its analgesic and anti-inflammatory effect in a MSU-induced acute gout
arthritis, indicating that these SPMs may possess time-dependent efficacy.

The NLRP3 inflammasome activation and IL-1p maturation and release are the pivotal
innate immune events of gouty arthritis [2, 8, 9]. The assembly of NLRP3 and the cleavage of
pro-IL-1p are followed by an inflammatory burst elicited by IL-1B/IL-1R1 axis in multiple
cellular types [5]. This mechanism consists of an auto-amplification loop that account for
neutrophils recruitment, NF-xB activation and other macrophages-derived mediators [2, 9, 29].
All these factors together are responsible for nociceptive neurons sensitization and gouty arthritis

unbearable pain [30-32]. Despite macrophage plays an important role in gout physiopathology,
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neutrophil recruitment is a hallmark of rheumatic diseases [20] and are the predominant cell
population on synovial fluid during gout flares [33]. Neutrophils, upon MSU crystal recognition
degranulate [34] and undergo NETosis [35]. Furthermore, activated neutrophils also produce
pro-inflammatory mediators (PGE,, endothelin-1, IL-1B, and TNF-a) that amplify the
inflammatory response and elicit pain. Moreover, IL-18 and TNF-o themselves directly activate
nociceptive neurons [32, 36]. In this work, we show that RvD1 reduced MSU-induced IL-18, and
TNF-a production in vivo and IL-1B maturation in vitro. The reduction of those pro-
inflammatory cytokines certainly contributed to the inhibition of neutrophils recruitment to the
knee joint and thereby to the analgesic effect of this SPM.

In terms of mechanisms, two signals are required for the maturation of IL-1f [8]. Signal 1
or priming, is related to NF-xB activation and its downstream pathways, culminating in the
expression of all inflammasome components (NLRP3, ASC, pro-CASPASE-1) and pro-IL-1p.
Signal 2 or activation, is triggered by MSU crystals phagocytosis, lyses of phagolysosome and
NLRP3 inflammasome activation by cathepsin realease [8]. Herein, we demonstrate that RvD1
(100 pM) modulates both signal 1 (NF- «B activation) and signal 2 (inflammasome assembly per
se) even after priming with LPS [2]. Our data corroborates with other studies on which RvD1
reduces NF-xB activation in vitro (signal 1) [18, 19, 37, 38]. RvD1 interacts with PI3K/AKT
signaling pathway, reducing AKT activity and in consequence decreasing NF-«xB activation [39].
Therefore, a possible explanation by which we observed reduction of NF- B activation after
signal 1 lies in capacity of RvD1 targeting molecules upstream to its signaling pathway. In the
present study, the decrease in NF-kB activation result in the reduction of NLRP3 inflammasome
components mMRNA expression (as observed by RT-gPCR) and proteins levels (as observed by

Western blot), and consequently reduction f IL-13 maturation. Moreover, RvD1 action on AKT
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contributes to the reduction of the auto-amplification loop mediated by IL-1p/IL-1R1 signaling
pathway in the activation of NF-kB. Another role of RvD1 in decrease NF-«xB activation lay on
the PPAR-y/NF-kB pathway [40]. RvD1 treatment in a murine model of LPS-induced acute lung
injury suppressed IkBo degradation and NF-«xB activation and translocation to the nucleus in a
PPAR-y-dependent manner [18]. In fact, RvD1 is essential for PPAR-y-mediated analgesia in a
model of postincisional pain [41]. Although, this signaling pathway was not addressed in this
study, this mechanism also could explain the MSU-induced NF-kB inhibition and analgesic
outcome. Our results corroborates previous data showing intravitreal injections of RvD1 (1000
ng/kg) reduces NF-xB and NLRP3 inflammasome activation in a streptozotocin-induced diabetic
retinopathy model in rat [38]. Similarly, hyperhomocysteinemia-induced inflammasome
activation and kidney injury were reduced by RvD1 treatment, proposing inflammasome as
novel therapy target [42]. In addition, we demonstrate that RvD1’s receptor, ALX/FPR2, mRNA
expression increases with MSU stimulus in vitro. Thus, this finding may support SPM’s
effectiveness, even in low concentrations, to inflammation resolution and inflammatory pain

relieve.

5. Conclusion

In this study we demonstrated that RvD1 ameliorates MSU-induced pain and
inflammation. RvD1 reduced MSU-induced inflammasome assembly and NF-«xB activation. As a
consequence, it was observed a reduction of IL-1f and TNF-a production along with the
reduction of neutrophil recruitment to the knee joint in vivo; and IL-1B maturation in vitro.
Importantly, RvD1 does not alter cellular viability. Thus, we show that RvD1 present analgesic

and anti-inflammatory properties in a murine model of MSU-induced gout arthritis with a safe
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pre-clinical profile. Given there is data demonstrating the efficacy of omega-3 fatty acids PUFAs
in rheumatic diseases and the fact that present therapeutic effectiveness in pictograms [20]; it is
possible that isolated SPMs such as RvD1 can be a novel possibility in the management of gouty

arthritis acute flares.
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Figure 1. RvD1 reduced MSU-induced mechanical hyperalgesia and edema in a dose and time-dependent manner. Mechanical
hyperalgesia (A) and edema (B) were evaluated 1, 3, 5, 7 and 15 h after MSU injection. Mechanical hyperalgesia (C) was evaluated 1,
3,5, 7and 15 h from mice pre-treated (0.5, 24, 48 and 72 h) with RvD1. Results are expressed as mean + SEM, n = 6 mice per group
per experiment, two independent experiments (*p<0.05 vs. control group; #p<0.05 vs. 0 ng group, two-way ANOVA followed by
Tukey’s post-test).



63

A MSU B MSU C MSU
(100ug/10uL/joint) (100ug/10uL/joint) (100ug/10uL/joint)
3 I ] 1.5 [ ] :-_-'\20 [ * |
- . E
£ = S,
S S, g
= ‘S % 1.5
% -~ * 2]
X 2 = 1.0 2
3 o 8
S % N
é g % 1.0
O # Q 2
e 1 S 0.5 S #
~ T S # £
=
z T 505 -
8 EO £
c s
o
o— . o— : ob— :
2 0 3 o 0 3 2 0 3
T RvD1 T RvD1 T RvD1
D (3ng/animalli.p.) @ (3nglanimalli.p.) @ (3ng/animalli.p.)

Figure 2. RvD1 reduced MSU-induced leukocyte recruitment. Fifteen hours after MSU, knee joint wash was collected for count
total leucocytes (A), neutrophils (B), and mononuclear cells (C). Results are expressed as mean £ SEM, n = 6 mice 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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Figure 3. RvD1 reduced MSU-induced synovitis. Fifteen hours after MSU injection, knee joint was collected for histopathological
analysis by HE staining. Original magnification 400x. Panel D shows the total score of inflammatory infiltrate. Results are expressed
as mean = SEM, n = 6 mice 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). * intra-articular space; arrow-head — inflammatory infiltrate.
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Figure 4. RvD1 modulates MSU-induced cytokine production in vivo. Fifteen hours after MSU injection, knee joint was collected
for the determination of IL-1f (A) and TNF-a (B) production by ELISA. Results are expressed as mean = SEM, n = 6 mice 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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Figure 5. MSU increased Alx/fpr2 mRNA expression and RvD1 reduces MSU-induced IL-1f maturation in vitro. MSU
increases RvD1’s receptor, ALX/FPR2, mRNA expression (A). To evaluate the effect of RvD1 on inflammasome activation, LPS-
primed BMDMs were treated with RvD1 at 1-100 pM 0.5 h before MSU stimulation (e.g. after signal 1). Supernatants were collected
5h after MSU activation and IL-1p (B) levels were quantified by ELISA. LDH assay (C) was performed to assess cell viability.
Results are expressed as mean £ SEM, n = 6 culture wells per group per experiment, two independent experiments (*p<0.05 vs.
control group; # p<0.05 vs. 0 ng group, f p<0.05 vs. 1 ng and 10 ng group, one-way ANOVA followed by Tukey’s post-test).
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Figure 6. RvD1 reduced MSU-induced NF-kB activation in vitro. To evaluate the effect of
RvD1 on NF-«B activation, LPS-primed BMDMs were treated with RvD1 at 100 pM 0.5 h
before MSU stimulation (e.g. after signal 1). BMDMs were collected in lyses buffer 5h after
MSU stimulation. NF-xB activation was determined by ELISA. Results are expressed as
mean + SEM of total-p65/phosphorylated-p65, 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 post-test).
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Figure 7. RvD1 modulates MSU-induced NIrp3, Asc, Pro-caspase-1, and Pro-il-1f mRNA
expression and its correspondent protein products in vitro. To evaluate the effect of RvD1
on inflammasome components MRNA expression, BMDMs were treated with RvD1 at 100
pM 0.5 h before MSU stimulation (e.g. after signal 1). BMDMs were collected in rippa lyses
buffer with protease and phosphatase inhibitors 5h after MSU stimulation. NLRP3
inflammasome components mMRNA quantification were assessed by RT-gPCR 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 post-test).
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Supplementary Figure 1. RvD1 reduced MSU-induced LysM-eGFP* neutrophil
recruitment. Fifteen hours after MSU, knee joint wash of MSU-stimulated LysM-eGFP*
mouse was collected for the determination of LysM-eGFP* neutrophil recruitment by
confocal
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CONCLUSAO

No presente trabalho foi demostrado que a RvD1 reduz a inflamacao
e dor induzida por cristais de MSU. A RvD1 reduziu a formacédo do inflamassoma
NLRP3 e a ativacdo do NF-kB. Como consequéncia, foi observado a reducédo dos
niveis de IL-1p e TNF-a juntamente com a reducao do recrutamento neutrofilico para
articulacédo. O tratamento com a RvD1 também reduziu a maturacéo da IL-1f in vitro.
Em conjunto, esses dados demonstram que a RvD1l possui propriedades anti-
inflamatorias e analgésicas no modelo de AG induzida por MSU. Reducédo da
expressdo dos componentes do inflamassoma NLRP3, maturacdo de IL-1B e
ativacdo do NF-kB — por vias dependentes da inibicdo de AKT (AKT/NF-kB) e da
ativacao de PPAR-y (PPAR-y/NF-kB) — sao possiveis mecanismo de acao da RvD1
neste modelo de AG (Figura 5). Portanto, levando em consideracdo ensaios clinicos
com outros MLPR e seu poder terapéutico na faixa de pictogramas (Fattori et al.,
2016), a RvD1 pode ser uma nova possibilidade terapéutica na manutencdo dos

ataques agudos da gota.
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Figura 5 — Mecanismo de acdo da RvD1 no modelo de artrite gotosa induzida por cristais de MSU.
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Mecanismos descritos: Inibicdo da ativacdo do NF-kB (1 — Gilbert et al.,

2015; 2 — Liao et al.,

2015). Mecanismos observados:

Reducgédo da expressao dos componentes do inflamassoma (3) e por-IL-1B (4); Redugédo da montagem e ativagéo do inflamassoma

NLRP3 (5); e reducéo da maturacéo e liberacdo da IL-1B (6). Fonte: o proprio autor.



