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RESUMO

A artrite reumatoide (AR) é uma doenca auto-imune progressiva que afeta as
articulacdes induzindo inflamagdo em suas membranas sinoviais (sinovite), dor,
rigidez, destruicdo das cartilagens, perda da funcionalidade e incapacidade fisica, com
impacto direto na qualidade de vida e na sociabilidade dos pacientes afetados. Para
permitir o estudo de parametros inflamatérios articulares semelhantes a AR em
camundongos, utilizou-se um modelo experimental de administracéo intra-articular
(i.,a.) de zimosan, um polissacarideo derivado da parede celular da levedura
Saccharomyces cerevisiae. A artrite gotosa (AG) ou gota € caracterizada por intensa
resposta inflamatéria articular e dor severa, é ocasionada por aumento da producao
e/ou baixa excrecao de acido urico, com deposi¢cao de cristais de urato monossodico
(MSU) nas articulagcdes e espacos adjacentes. A administracéo i.a. de MSU é utilizada
como modelo experimental para estudar mecanismos fisiopatologicos e novas
terapias para o tratamento da artrite gotosa, visto que este modelo mimetiza os
guadros de agudizacao da gota. Atualmente, as abordagens terapéuticas empregadas
no tratamento das artrites apresentam baixa eficiéncia na reducédo da dor além de
apresentarem inumeros efeitos adversos. A 17(R)-Resolvina D1 (17(R)-RvD1) ou AT-
RvD1, € um mediador lipidico pro-resolucdo gerado pelo metabolismo dos acidos
graxos poli-insaturados do ©Omega-3, o0 acido docosahexaenodico (DHA)
simultaneamente ao tratamento com aspirina. Este mediador possui propriedades
anti-inflamatérias e analgésicas. Até o momento, ha trabalhos demonstrando o
potencial terapéutico dos mediadores lipidicos, no entanto, ndo existem estudos
elucidando os possiveis efeitos da 17(R)-RvD1 no processo inflamatorio induzido pelo
zimosan e MSU, dessa forma, o presente estudo teve como objetivo avaliar o efeito
analgésico e anti-inflamatério e mecanismos de acdo do mediador nos dois modelos
de artrite apresentados. Camundongos foram pré-tratados intra-peritonealmente (i.p.)
com a 17(R)-RvD1 nas doses de 0,03; 0,3 e 3 ng/animal (an), 30 minutos (min) antes
do estimulo i.a. de zimosan (100ug/10uL salina (sal)/an), para determinar a dose
analgésica mais eficaz. Depois, foram avaliados os efeitos do tratamento sobre a
hiperalgesia térmica, distribuicdo de peso entre as patas, recrutamento leucocitario,
edema articular, analises histolégicas e producéo das citocinas IL-13, TNF-a, IL-6 e
IL-10. Os resultados obtidos demonstraram que a dose de 3ng/an da 17(R)-RvD1
apresentou maior eficacia na reducdo da hiperalgesia mecanica e térmica, da
distribuicdo de peso entre as patas, do recrutamento total e diferencial de leucdcitos,
do edema articular, e dos niveis das citocinas pré-inflamatorias IL-1B, TNF-a, IL-6 e
anti-inflamatéria IL-10. No modelo de AG, os camundongos foram tratados com
al7(R)-RvD1 (0,03; 0,3 ou 3 ng/an/i.p.) 30 min antes da injecado i.a. de MSU
(100ug/10pL sal/an). Observou-se que a 17(R)-RvD1 na dose de 3 ng/an reduziu a
hiperalgesia mecanica induzida por MSU de maneira dose-dependente, hiperalgesia
térmica, o recrutamento leucocitario total e diferencial, edema articular, producdo de
citocinas pro-inflamatorias (TNF-a, IL-1B e IL-6), estresse oxidativo [restabeleceu os



niveis de GSH e reverteu peroxidacao lipidica (TBARS)], ativacdo do fator de
transcricdo nuclear NF-kB, sem provocar danos renais (niveis séricos de ureia e
creatinina), hepéticos (niveis séricos de aspartato aminotransferase [AST] e alanina
aminotransferase [ALT]) ou géstricos (atividade da mieloperoxidase [MPO]). Desta
forma, demonstrou-se que a 17(R)-RvD1 possui propriedades analgésica e anti-
inflamatérias nos modelos artrite induzida por zimosan e na AG induzida por MSU,

sugerindo que essa molécula possa ser uma possivel candidata ao tratamento dessas
doencas.

Palavras-chave: artrite reumatoide; gota; AT-RvD1; hiperalgesia; inflamacao.
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ABSTRACT

Rheumatoid arthritis (RA) is a progressive autoimmune disease that affects the joints
inducing inflammation in their synovial membranes (synovitis), pain, stiffness, cartilage
destruction, loss of functionality, and physical disability, with a direct impact on the
quality of life and sociability of affected patients. To allow the study of joint inflammatory
parameters similar to phenomenon RA in mice, an intra-articular experimental model
(a.i.) of zymosan, a polysaccharide derived from the cell wall of the yeast
Saccharomyces cerevisiae, was used. Gouty arthritis (GA) or gout is characterized by
an intense articular inflammatory response and severe pain. It is opposed by increased
production and/or low excretion of uric acid, with deposition of monosodium urate
crystals (MSU) in adjacent joints and spaces. The administration of MSU (i.a.) is used
as an experimental model to study pathophysiological mechanisms and new therapies
for the treatment of gout since this model mimetics the conditions of gout sharpening.
Currently, the therapeutic approaches used in the treatment of arthritis have low
efficiency in reducing pain and have numerous adverse effects. 17(R)-Resolvin D1
(17(R)-RvD1) or AT-RvD1l is a pro-resolution lipid mediator generated by the
metabolism of polyunsaturated fatty acids of omega-3, docosahexaenoic acid (DHA)
simultaneously with aspirin treatment. This mediator has anti-inflammatory and
analgesic properties. So far, there are studies demonstrating the therapeutic potential
of lipid mediators, however, there are no studies elucidating the possible effects of
17(R)-RvD1 on the inflammatory process induced by zimosan and MSU, therefore, the
present study aimed to evaluate the analgesic and anti-inflammatory effect and
mechanisms of action of the mediator in the two models of arthritis presented. Mice
were pretreated intraperitoneally (i.p.) with 17(R)-RvD1 at doses of 0.03; 0.3; and 3
ng/mouse, 30 minutes (min) before the i.a. zymosan stimulus (100ug/10uL
saline/mouse), to determine the most effective analgesic dose. Then, the effects of
treatment on thermal hyperalgesia, weight distribution between paws, leukocyte
recruitment, joint edema, histological analyses, and production of IL-1B, TNF-a, IL-6,
and IL-10 cytokines were evaluated. The results showed that the 3ng/mouse a dose of
17(R)-RvD1 showed greater efficacy in reducing mechanical and thermal
hyperalgesia, weight distribution between paws, total and differential recruitment of
leukocytes, joint edema, and levels of pro-infammatory cytokines IL-1B, TNF-a, IL-6,
and anti-inflammatory IL-10. In the GA model, the mice were treated with a 17(R)-RvD1
(0.03, 0.3 or 3 ng/mouseli.p.) 30 min before the a.i. injection of MSU (100ug/10uL
saline/mouse). It was observed that 17(R)-RvD1 at a dose of 3 ng/an before
stimulation, reduced MSU-induced mechanical hyperalgesia in a dose-dependent
manner, thermal hyperalgesia, total and differential recruitment of leukocytes, joint
edema, production of pro-inflammatory cytokines (TNF-a, IL-1B and, IL-6), oxidative
stress (reestablished GSH levels and reversed lipid peroxidation [TBARS]), activation
of NF-kB nuclear transcription factor, without causing kidney damage (serum levels of
urea and, creatinine), liver damage (serum levels of aspartate aminotransferase [AST]



and, alanine aminotransferase [ALT]) or gastric damage (activity myeloperoxidase
[MPO]). Thus, it was demonstrated that 17(R)-RvD1 has analgesic and anti-
inflammatory properties in the zymosan-induced arthritis models and MSU-induced
GA, suggesting that this molecule may be a possible candidate for the treatment of
these diseases.

Key words: rheumatoid arthritis; gout; AT-RvD1; hyperalgesia; inflammation.
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1 INTRODUCAO
1.1 INFLAMACAO

A inflamac&o é uma resposta imune protetora por parte do hospedeiro frente a
um estimulo e/ou circunstancia nociva, como uma injaria tecidual provocada por traumas e
infeccbes causadas por microorganismos (MO) ou corpos estranhos (MAJNO, JORIS, 2004;
MEDZHITOV, 2008). O processo inflamatério, quando ocorre de modo adequado e
controlado, € um processo bioquimico e metabdlico ativo, pré-programado, estereotipado e
autolimitado, e é o Unico mecanismo identificado para restauracéo do tecido apés lesao, para
a resolucao de doencas, promocao da homeostase e manutencédo da sautde (BANNENBERG
et al., 2005; SERHAN et al., 2004, 2007).

Quando um MO penetra no tecido ou o tecido é lesionado, a presenca de
infeccdo ou leséo, induz duas rotas principais: as reacbes vasculares e as respostas celulares,
ambas ativadas por mediadores quimicos derivados das proteinas plasmaticas e de varias
células imunes (exemplos: macréfagos, células dendriticas, mastécitos) (KUMAR, ABBAS,
ASTER, 2013). As manifestacfes externas da inflamacao, chamadas de sinais cardinais, séo:
eritema (rubor ou vermelhidao), calor (temperatura elevada), edema (tumor ou inchaco) e dor
(algia) (MAJNO, JORIS, 2004; KUMAR, ABBAS & FAUSTO, 2005). Quando existe
exacerbacao dos 4 primeiros sinais, pode ocorrer destruicdo de tecidos, formacao de fibrose
e eventual perda da funcao do tecido e/ou 6rgao afetado (ROCHA & SILVA, 1994; MADERNA
& GODSON, 2009).

O processo inflamatoério pode ser agudo ou crdnico. A inflamacéo aguda é de
inicio rapido e de curta duragdo (poucos minutos a poucos dias), e caracteriza-se pela
exsudacédo de liquido e proteinas plasmaticas, e acimulo de leucdcitos, predominantemente
neutrofilos (NE). A inflamacgé&o cronica é persistente, de duracdo mais longa (dias a anos) e
representada pelo influxo de linfécitos e macréfagos (MA) com proliferacdo vascular
associada e fibrose (cicatrizagédo). Entretanto, elas podem se sobrepor (KUMAR, ABBAS,
ASTER, 2013).

Os vasos linfaticos assim como 0s vasos sanguineos, também participam da
resposta inflamatéria. Como o fluxo da linfa € ampliado na inflamacéo, ele tem por finalidade
drenar: o fluido do edema, os leucdcitos e restos celulares do espago extravascular. Em
situacdes em que as reacdes inflamatérias sdo mais extensas, por exemplo, ocasionadas por
microorganismos, 0s vasos linfaticos podem transportar o agente lesivo, contribuindo para
sua disseminacdo (KUMAR, ABBAS, ASTER, 2013).
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A principio, transcorre a fase vascular, onde hd um aumento do fluxo sanguineo
resultante da vasodilatacdo e da permeabilidade vascular, ambos responséveis por recrutar
células sanguineas e proteinas para os sitios de infeccdo ou lesdo. Esse aumento da
capacidade do suporte vascular e aporte sanguineo local, séo as causas do eritema e calor.
A maioria das alteragbes vasculares iniciais s@o iniciadas por mediadores inflamatorios
liberados por células inflamatdrias locais, tais como serotonina, 6xido nitrico (NO), histamina,
prostaglandinas, fator ativador de plaquetas (PAF, do inglés Platelet-Activating Factors),
bradicinina e trombina (KUMAR, ABBAS & FAUSTO, 2005). Como a microcirculagéo torna-se
mais permeavel, o liquido rico em proteinas (exsudato) extravasa para dentro dos tecidos
extravasculares e esse acumulo de liquido forma o edema (KUMAR, ABBAS, ASTER, 2013).
A perda de exsudato faz com que as heméacias figuem mais concentradas, intensificando,

assim, a viscosidade do sangue e reduzindo a velocidade da circulagéo (estase).

Quando o processo de estase é desenvolvido, ha a promocao da fase celular
da resposta inflamatoria. Inicia-se com a marginalizacdo dos leucdcitos, principalmente os
neutrofilos, que se acumulam ao longo da superficie endotelial vascular. O seu contato com
as células endoteliais ativadas via moléculas de adeséao (selectinas e integrinas), ocasiona 0s
processos de rolamento ao longo da parede do vaso, adesdo ao endotélio, transmigracéo
(diapedese) entre as células endoteliais e migracéo dos leucécitos para os tecidos intersticiais,
em direcdo a um estimulo quimiotético (SPECTOR, WILLOUGHBY, 1964; BOTTARO et al.,
1986; KUMAR, ABBAS, FAUSTO, 2005; THEOHARIDES et al., 2007; ABBAS, LICHTMAN,
PILLAI, 2011; KUMAR, ABBAS, ASTER, 2013; MITTAL et al., 2014;).

Ao migrarem em direcdo ao foco inflamatdrio, os leucdcitos devem ser ativados
e exercer suas funcdes, tais como: -fagocitose e destruicdo intracelular e extracelular de
patdgenos e detritos celulares, por substancias produzidas nos fagossomos, incluindo
espécies reativas do oxigénio (EROs) e do nitrogénio (ERNs) (KUMAR; ABBAS; FAUSTO,
2005) e enzimas lisossbmicas. Um mecanismo pelo qual os neutréfilos destroem
microrganismos extracelulares é a formacdo de “armadilhas” extracelulares (NETs-
Neutrophils Extracellular Traps). -Producdo de mediadores, incluindo as citocinas e o0s
metabdlitos do &cido araquidbnico, que amplificam a reagéo inflamatdria, por recrutamento e
ativacéo de mais leucécitos (KUMAR, ABBAS, ASTER, 2013).

Os neutréfilos, leucécitos polimorfonucleares, séo as primeiras células imunes
a migrarem em direc¢éo ao local lesado, sendo cruciais como a primeira linha de protecao do
sistema imunoldgico inato devido as suas funcdes fagociticas e microbicidas (MIYAZAKI,
2000). Inicialmente liberam mediadores lipidicos pro-inflamatérios (MLPI) contribuindo para a
amplificacdo da inflamacdo e podem modificar seu perfil para mediadores lipidicos pro-

resolucdo (MLPR), agindo como agonistas para limitar ativamente a inflamacé&o e promover a
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resolucdo (SERHAN, 2004). Mondcitos que se diferenciam em macréfagos nao-flogisticos
(leucdcitos mononucleares), responsaveis pela limpeza dos debris celulares e os neutroéfilos
flogisticos, que fagocitam sem prorrogar a inflamacgédo também s&o recrutados para o local
inflamatorio (MIYAZAKI, 2000; SAVILL & DRANSFIELD, 2002), no entanto, nem sempre esse
processo de recrutamento celular segue essa sequéncia temporal, pois ndo é sempre que um
processo inflamatdério € resolvido, podendo perdurar (KUMAR, ABBAS, ASTER, 2013).

O sistema imune inato é capaz de reconhecer uma série de tipos de patégenos
distintos, tais como bactérias, virus e fungos, através dos padrdes moleculares associados a
patégenos (PAMPS) ou pelos padrdes moleculares associados a danos (DAMPs) mediante
receptores especificos nas células conhecidos como receptores de reconhecimento de
padrées (PRRs, do inglés Pattern-Recognition Receptors). Esses receptores sdo expressos
por uma variedade de células imunoldgicas, incluindo macréfagos, mondcitos, células
dendriticas e neutrdfilos, possibilitando assim uma resolu¢gdo mais veloz do problema
(TAKEUCHI et al., 2010; ABBAS, LICHTMAN, PILLAI, 2011; KAWAI, AKIRA, 2011).

Dentre os PRRs, podemaos citar os receptores tipo Toll (TLRs, do inglés Toll like
receptors), dos quais a ativacdo resulta em uma cascata de sinalizacdo complexa,
promovendo a ativagcao do fator de transcrigdo nuclear kB (NF-kB) e consequente secrecéo
de citocinas pré-inflamatorias, como o fator de necrose tumoral alfa (TNF- a), interleucina beta
(IL-1B), interleucina 33 (IL-33), interleucina 6 (IL-6) e quimiocinas (VERRI et al., 2006;
MEDZHITOV, 2008; LIN; KAKKAR; LU, 2016). As citocinas sao polipeptidios capazes de
regular a morte celular de tecidos inflamados, modificar a permeabilidade vascular, recrutar
células sanguineas para o foco inflamatorio e induzir a producao de proteinas de fase aguda
(TAKEUCHI et al., 2010). Além disso, como demonstrado por Cunha et al. (2005), as citocinas

também mediam a hiperalgesia inflamatéria em camundongos.

Uma vez que a inflamagéo aguda tenha cumprido o seu papel em vetar o
agente lesivo, inumeros desfechos que abrangem progresséo para inflamagéo crénica, como
acOes de reparo (cicatrizagdo e fibrose) ou resolucdo completa comegam a sobrevir a
inflamacdo (COTRAN et al., 1999). A lesdo celular e tecidual suscita eventos que tem por
finalidade conter a inflamacdo excessiva e iniciar o processo de cura. O reparo €
frequentemente combinado de regeneracdo e formacgéo de cicatrizes por deposicdo de
coldgeno. Pode haver graus variados de reparo por regeneracgéo e cicatrizagdo dependendo
do tipo de tecido lesionado, da extenséo e intensidade da inflamacdo (KUMAR; ABBAS;
FAUSTO, 2005). Este episodio € acompanhado pela mudanga de classe de MLPI, como as
prostaglandinas (PGs) e leucotrienos (LTs) para a biossintese de MLPR, como as lipoxinas
(LXs) (LEVY et al., 2001), bem como o aparecimento de novas familias de mediadores pro-

resolucdo biossintetizados em exsudatos a partir de precursores de &cidos graxos poli-
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insaturados do dmega-3 e 6 (PUFAs), originando as lipoxinas, resolvinas, protectinas e
maresinas, moléculas com ac¢des analgésicas e anti-inflamatérias (SERHAN et al., 2000,
2002; HONG et al., 2003).

1.2 DOR INFLAMATORIA

No decorrer da evolucao, a dor, ou seja, a detec¢do de um estimulo nociceptivo
e a transmissdo dessa informacao nociceptiva para interpretacao no cortex cerebral, foi uma
das estratégias resguardadas a fim de conferir ao individuo a capacidade de autopreservacao.
Esta interpretacdo considera que a deteccao de estimulos dolorosos € crucial para o
reconhecimento de situacdes que possam causar danos ou regular aquelas ja presentes em
uma lesdo, assegurando a integridade corporal e perpetuacdo das espécies. Embora
evolutivamente vantajosas, as sensa¢fes nociceptivas agudas e as de natureza duradoura
(dor crénica), levam a diminuicdo das atividades diarias com significativa perda da qualidade
de vida do individuo. Dores continuas compdem um extenso risco a salde publica, podendo
desencadear pensamentos e comportamentos depreciativos a integridade fisica e mental,
além de praticas suicidas (CALATI et al., 2015).

A dor é uma sensac¢do complexa, definida segundo a Associacao Internacional
para o Estudo da Dor (IASP) como uma experiéncia sensitiva e emocional desagradavel
associada, ou semelhante aguela associada, a uma lesao tecidual real ou potencial (RAJA et
al.,, 2020). Portanto, o limiar nociceptivo modifica-se de acordo com as experiéncias
emocionais vividas, estado de humor, atencdo (BUSHNELL et al., 2013) e expectativas em
relacdo a intensidade do estimulo (WIESER et al., 2014). Todavia, as definicbes mais
modernas da fisiologia da dor enfatizam na sensibilizacdo periférica de nociceptores,
sensibilizacdo espinal, plasticidade neural e mudanca de fenoétipo neuronal e de células do
sistema imune (MOGIL et al., 2000; WOOLF & SALTER, 2000; SCHOLZ & WOOLF, 2002;
REICHLING & LEVINE, 2009).

O fendbmeno doloroso, inicia-se com a captacdo de estimulos (natureza térmica,
guimica ou mecanica), sensibilizacdo (agcédo de substancias quimicas, exemplos: acetilcolina,
bradicinina, histamina, serotonina, leucotrieno, substancia P, fator de ativacdo plaquetério,
radicais acidos, ions potassio, prostaglandinas, tromboxano, interleucinas, fator de necrose
tumoral (TNFa), fator de crescimento nervoso (NGF) e monofosfato ciclico de adenosina
(AMPc) (BEDBROOK, 1976; PIOTROWSKI & FOREMAN,1986; CAMPBELL et al., 1989) e
ativacdo dos receptores especificos para a dor, localizados nas terminagfes de fibras
nociceptivas aferentes periféricas Ad (delta) e C. Essas fibras, sofrem alteragées nas suas

membranas, permitindo a deflagracdo de potenciais de acdo até o sistema nervoso central
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(SNC), onde h4 a interpretacdo da resposta dolorosa no cértex cerebral (BESSON & PERL
1969; LOEWENSTEIN 1971; LEVINE & TAIWO 1994; FERREIRA et al., 2009). As fibras A3
séo mielinizadas e as fibras C ndo sdo mielinizadas e possuem a capacidade de transmitir
estimulos dolorosos em diferentes velocidades. As fibras Ad, em funcdo da presenca da
bainha de mielina, transmitem o estimulo doloroso de forma rapida (35-75 m/s) e causam
sensacao dolorosa intensa semelhante a pontada, mas de forma passageira, enquanto as
fiboras C sdo responsaveis pela transmissao lenta (5-30 m/s) da dor (RANG et al., 1991).
Quando ativadas, causam sensacao semelhante a queimacao persistente (ROBBINS, 2005)
e sdo responsaveis pela sensacéao de coceira (FEIN et al., 2011).

Sobretudo, o processo de nocicepcdo abrange a transducdo, conducéo,
transmissao e percepcao dos estimulos nocivos por diferentes tratos nervosos ascendentes
e descendentes que regulam esse processo. De modo geral, a sensibilizacao periférica por
um estimulo nociceptivo suscita um mecanismo ascendente que se traduz na despolarizacéo
de nociceptores de primeira ordem e a conduc¢ao do impulso nervoso até o corno da raiz dorsal
da medula espinal. Nesta area, mediante neurotransmissores excitatorios (peptideo
relacionado ao gene da calcitonina [CGRP], substancia P, neurocinina A e glutamato)
(SCHOLZ & WOOLF, 2002; BRAZ et al., 2014), acontece a transmissao da informacao para
nociceptores de segunda ordem ou interneurdnios, em dire¢cdo a estruturas supra-espinais.
Por fim, a percepcéo da dor é o fornecimento da informacéo referente ao estimulo inicial,
através de sinapses no cortex somatosensorial, sobre a localizacao e intensidade do estimulo
e abrange ainda o componente emocional do processo doloroso (MILLAN, 1999; MOGIL et
al., 2000; WOOLF & SALTER, 2000; SCHOLZ & WOOLF, 2002; REICHLING & LEVINE, 2009;
TODD, 2010).

Desta forma, faz-se necessario compreender os mecanismos fisiolégicos e os
agentes envolvidos na percepcao da dor, em especial a dor inflamatoéria. A dor inflamatoria é
originada pela acdo de mediadores inflamatérios (IL-1B, TNF- a, leucotrieno B4 [LTB4],
prostaglandina E2 [PGEZ2], prostaciclina 12 [PGI2], adenosina trifosfato [ATP], C5a, dopamina
e epinefrina) (FERREIRA et al., 1988; CUNHA et al., 1992; FERREIRA et al., 1993; WATKINS
et al., 1995; MOGIL et al., 2000; WOOLF & SALTER, 2000; SCHOLZ & WOOLF, 2002;
GUERRERO et al., 2006; VERRI et al., 2006; BRAZ et al., 2014) e a atuagdo de EROs e ERNs
formadas no local da inflamacdo, em seus receptores presentes na membrana dos
nociceptores periféricos (HARDY et al., 1950) que favorecem a dor (WANG et al., 2006;
NDENGELE et al., 2008; KEEBLE et al., 2009).

Estes mediadores séo liberados pelas células lesionadas, pelo reconhecimento
de um elemento estranho por células de defesa residentes, como, por exemplo, 0s
macrofagos (FERREIRA, 1993; RIBEIRO et al., 1997, 2000). Por altera¢des funcionais em
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células endoteliais (como por exemplo, dilatacdo e aumento da permeabilidade), ativacao de
componentes plasmaticos (calicreina e sistema complemento) e recrutamento de células de
defesa adicionais ao foco inflamatério. Ademais, um fator usual para a persisténcia da dor
inflamatoria é a presenca de neutréfilos (CUNHA et al., 2008).

Todos estes eventos associados contribuem para o aumento da sensibilidade
neuronal (hiperalgesia) a estimulos que em condi¢Bes naturais produzem dor moderada ou
dor alguma (alodinia). Essa sensibilizacdo do neurdnio € uma caracteristica importante da dor
inflamatdria, sendo que o blogueio deste fenébmeno representa o principal mecanismo de agéo
dos analgésicos e anti-inflamatérios comercializados para o uso humano e veterinario
(CUNHA et al., 1992, FERREIRA et al., 1993; WATKINS et al., 1995; LORENZETTI et al.,
2002; SACHS et al., 2002).

1.2.1 Artrite induzida por Zimosan

A artrite € um termo amplo definida por um distlrbio musculoesquelético
associado a um processo inflamatério existente nas articulacdes e tecidos adjacentes, que
causam um conjunto de sinais e sintomas como dor, edema e rigidez articular e reducao do
movimento, podendo resultar em dor crénica e levar o individuo a alteracBGes articulares
permanentes (SPRANGERS et al., 2000; BEUKELMAN et al., 2017). Essa alteracdo pode

atingir pessoas de todas as idades, racas e sexo (CONTE et al., 2008).

Ha mais de 100 tipos distintos de artrite e condi¢des associadas, sendo que as
mais relevantes para a saude publica abrangem: (1) osteoartrites — doenca articular
degenerativa acompanhada de alteracdes das estruturas 6Osseas vizinhas (artrose ou
osteoartrose), (2) artrite inflamatéria e autoimune — engloba a artrite reumatoide e a idiopatica
juvenil e esta associada ao descontrole do sistema imune que, erroneamente, acomete as
articulagbes, (3) metabolica — que inclui a artrite gotosa, na qual ocorre o acumulo de acido
arico nas articulagdes em forma de cristais — e por fim, a (4) infecciosa — iniciada por acdo de
um microorganismo como bactéria, fungo ou virus (CONTE et al.,, 2008; MATHEW,
RAVINDRAN, 2014; WILSON; SASEEN, 2016).

A artrite reumatoide (AR) € uma doenga autoimune progressiva que afeta as
articulagbes induzindo uma inflamacgao em suas membranas sinoviais (sinovite), dor, rigidez,
destruicdo das cartilagens, perda da funcionalidade e incapacidade fisica, com impacto direto
na qualidade de vida e na sociabilidade dos pacientes afetados (ASQUITH et al., 2009;
CROSS et al., 2014).

A proliferagdo de sinovidcitos residentes permitem que ocorra uma
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neovascularizacdo da membrana sinovial e infiltracdo de macréfagos e fibroblastos, além de
um influxo de linfécitos B e T, plasmadcitos, mastocitos, células dendriticas e neutrdéfilos
(GORONZY; WEYAND, 2005). A camada sinovial hiperplasiada, também chamada de
“pannus”, contribui para a destruicdo dos ossos e cartilagens dentro da articulagcdo. Desta
maneira, as primeiras citocinas produzidas no liquido sinovial séo a IL-18 e o TNF-a, que por
sua vez, induzem varias outras citocinas da cascata pro-inflamatoria (SIEBERT et al., 2015;
GUAZELLI et al., 2018). Para permitir o estudo desse fenbmeno inflamatorio articular em
camundongos, foi utilizado um modelo experimental intra-articular de zimosan, um
polissacarideo derivado da parede celular da levedura Saccharomyces cerevisiae. As
alteracdes induzidas pelo zimosan na articulagcéo se assemelham a artrite reumatoide (AKIRA;
TAKEDA, 2004; GUAZELLI et al., 2018).

Neste modelo, a hiperalgesia articular € ativada pela via TLR2 que recruta a
proteina adaptadora MyD88. Esta via de sinalizagdo leva a ativagdo de fatores de transcricao,
como o NF-kB, que desencadeiam a producdo de mediadores inflamatoérios, incluindo as
citocinas TNF-qa, IL-1B e IL-6 e as quimiocinas CXCL1 e CXCL3 (AKIRA; TAKEDA, 2004;
GUERRERO et al., 2012) (Figura 1). O sistema complemento, endotelina-1 (ET-1) e produtos
do acido araquidénico, como por exemplo, a PGE2 e LTB4 também estdo envolvidos na
inflamacdo induzida por zimosan. Este Ultimo, por sua vez, contribui para a atividade
guimiotatica de neutrofilos e producdo de mais citocinas (GUERRERO et al., 2007;
GUERRERO et al., 2012; GUAZELLI et al., 2018). A endotelina participa da inflamacéao
articular atuando através de receptores acoplados a proteina G e modulando o recrutamento

de neutrdfilos, formacdo de edema e producédo de TNF-a e quimiocinas (CONTE et al., 2008).

Zimosan
S e PP

a® & =
N

TLR2 I

myDss R

‘ NF-kB

Sensibilizacdo dos
Nociceptores

Figura 1- Fisiopatologia da artrite induzida por Zimosan. Papel da sinalizacdo de TLR2/MyD88
com participacdo do NF-kB na dor artritica pela estimulacdo de TNF-a, IL-18, IL-6 e CXCL1,
gue por sua vez, promovem a producgéo de prostaglandinas e aminas simpatomiméticas (AS).
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Fonte: Adaptado de GUERRERO, 2011

Os tratamentos clinicos convencionais utilizados na AR sdo baseados em
glicocorticoides e AINES, para a inflamacdo aguda, e para terapia de manutencéo,
medicamentos antirreuméticos como o0 metotrexato, hidroxicloroquina, sulfasalazina e
agentes imunobioldgicos isolados ou combinados. Estes, apresentam reducao dos sintomas
articulares e extra articulares e inibem a progressao radiografica. Entretanto, ndo sao todos
0s pacientes que respondem aos medicamentos antirreumaticos e uma grande parcela, ndo

tolera o tratamento.

Além disso, essas abordagens farmacoldgicas geralmente apresentam
inconveniéncias significativas, como necessidade de altas doses, alto custo e frequéncia de
administracado e potenciais efeitos indesejaveis como alteracdes renais, hepaticas e cardiacas
a que estdo associados a suas comorbidades. Desta forma, ha a necessidade de desenvolver
pesquisas pré-clinicas com foco em terapias alternativas, como agentes biolégicos para o
tratamento da artrite reumatoide (SIEBERT et al., 2015) com objetivo de reduzir a dor
inflamatdria e proporcionar uma melhora na qualidade de vida dos individuos afetados pela

doenca.

1.2.2 Artrite Gotosa

A artrite gotosa ou gota € desencadeada por um desbalanco no metabolismo
do &cido urico, levando a um quadro de hiperuricemia (niveis séricos de urato>7mg/dL
(420umol/L), com formacédo de cristais de urato monossédico (MSU) (DALBETH, 2016) e
deposicéo articular e periarticular de MSU, principalmente nas articulages distais, pois as
baixas temperaturas facilitam a precipitagdo dos cristais, causando inflamacéo articular e dor
intensa (MARTINON, GLIMCHER, 2006; ZHU, PANDYA, CHOI, 2007-2008). A quantidade de
urato no organismo depende do equilibrio entre a ingestdo alimentar, sintese e taxa de
excrecdo (HOCHBERG et al., 2003).

A AG é considerada uma doenca inflamatdria prototipica, pois induz a ativagao
do sistema imunolégico inato (MCGONAGLE, MCDERMOTT, 2006). Clinicamente é
caracterizada por episodio agudos de inflamacéo articular usualmente afetando uma Unica
articulacéo, intercalada com periodos assintoméaticos de duracéo variavel. Constitui uma das
condi¢cbes agudas mais dolorosas experimentadas pelos seres humanos. Quando tratada, a
gota possui carater autolimitante, com resolucdo em até 7-10 dias. Em camundongos, a
resolucdo é ainda mais rgpida, em torno de 24-36 horas, pois o0s cristais sdo rapidamente

degradados pelas ureases (AMARAL, 2012). Se ndo tratada, progride para o acimulo de urato
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nos tecidos moles, com ataques recorrentes e destruigdo progressiva de varias articulacoes,
cartilagens e ossos e limitacdes de movimentos (SCHLESINGER, THIELE, 2010). Outras
complicacdes incluem depdésitos renais de acido Urico que contribuem com a formacao de

calculos renais e inducgao de insuficiéncia renal (DALBETH, 2016).

As tendéncias dietéticas (consumo excessivo de carnes e bebidas alcodlicas),
estilo de vida (sedentarismo), sindrome metabdlica (resisténcia a insulina), aumento da
prevaléncia da obesidade (KAHN, 1988; SAAG, MIKULS, 2005; SAAG, CHOI., 2006; HAK,
CHOI, 2008), hipertensdo e hipertrigliceridemia (CHOI, MOUNT, REGINATO, 2005)
associados ao aumento da expectativa de vida podem explicar a crescente incidéncia da gota
principalmente nos paises desenvolvidos e em desenvolvimento (ARROMDEE et al., 2001;
KRAMER, CURHAN, 2002; KUO et al., 2015), tanto na populagdo masculina onde é
prevalente (principalmente apds 70 anos) (KUO et al., 2015) quanto na feminina (comum apés
a menopausa devido a reducdo dos niveis de estrégeno, pois esse hormonio regula a

eliminacao do acido urico pelos rins) (HAK et al., 2010).

Os cristais de MSU ao serem fagocitados por macrofagos sinoviais residentes,
desencadeiam uma resposta inflamatéria, promovendo a montagem e ativacdo do
inflamassoma NLRP3, um complexo citosolico multiproteico que exerce atividade na
maturacao da citocina pré-inflamatéria IL-18 (MARTINON & Glimcher 2006; BROZ & DIXIT,
2016). Em resumo, a fisiopatologia da AG integra dois estimulos independentes. O primeiro
estimulo (primming ou sinal 1), atua na expressao de todos 0s constituintes necessarios para
formacéo e ativacao do inflamassoma (NLRP3, ASC e pr6-CASPASE-1) bem como o produto
do substrato da caspase-1 ativada, pré-IL-1B (BURNS et al., 2003). A expressao de todos
estes elementos é dependente da ativacdo do NF-kB e as suas vias de sinalizacdo

downstream.

A origem do sinal 1 presente na natureza ainda nao foi inteiramente elucidada,
contudo, essa ativacdo € dependente de receptores do tipo Toll (LIU-BRYAN et al., 2005;
MARTINON & TSCHOPP, 2005). Dentre os provaveis candidatos pode-se apontar: as
proteinas endégenas ligantes de TLR (em particular TLR2 e TLR4) (LIU-BRYAN et al., 2005),
proteinas S100A8 e S100A9 (HOLZINGER et al., 2014), fator estimulante de colénias de
granuldcitos-macrofagos (GM-CSF) (AN et al., 2014), proteina do complemento C5a (AN et
al., 2014; KHAMENEH et al., 2017) e acidos graxos livres de cadeia longa (FFAs) (JOOSTEN
et al., 2010). Até mesmo a IL-18 junto com esses ligantes, participa da ativacgao,

proporcionando um loop de auto amplificacdo (SO, MARTINON, 2017), (Figura 2).

O segundo estimulo (sinal 2), catalisa a montagem do inflamassoma ativando-

0. Este estimulo é mais especifico que o sinal 1 e direciona diretamente a agregacédo e
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polimerizagdo pdés-transcricional e translacional dos componentes do inflamassoma, ou seja,
propicia a clivagem da pré-caspase-1 em caspase-1 que ativada cliva a pro-IL-13 em IL-1
madura (MARTINON et al., 2006, SO & MARTINON, 2017). Os mecanismos pelos quais a
ativacdo do NLRP3 ocorre ndo sdo completamente compreendidos. Entre eles destacam-se
a ativacao do NLRP3 por perturbagées no equilibrio ibnico celular, em particular pelo efluxo
de potéassio e influxo de calcio (PETRILLI et al., 2007; YARON et al., 2015), com geracao de
espécies reativas de oxigénio nas mitocéndrias, com aumento de MSU mediado pelo
leucotrieno B4 (AMARAL et al., 2012), contribuindo com a ativacdo da kinase 7 (Nek7). Nestas
condicbes, Nek7 se liga diretamente ao inflamassoma, ativando-o (HE et al., 2016; SCHMID-
BURGK et al.,, 2016; SHI et al.,, 2016), (Figura 2). Interessantemente, a ativacdo do
inflamasoma NLRP3 por cristais de MSU também € correlacionada ao rompimento do
fagolisossomo e a liberagédo de seu contetdo no espaco citosélico (MARTINON et al., 2006;
DUEWELL et al., 2010). Dentre os integrantes fagolisossomais, as enzimas catepsina B e L

induzem a ativacdo de NLRP3.

SINAL 1 SINAL 2
1T . ‘ ®
TLR A :‘ ‘-
Ve
Cristais de MSU A
Efluxo K* Fagolisossomo
EROs /
\ / o &
ele
pSD. NF-xB "6 "o o R :

g L ] e e

[ ] L A

> 'G 2 Cateps:ni LT

o - Componentes
- by inflamassoma =
1 A
\\ ‘LA L '-. C
‘ — > v ae ,
M " \ Montagem/ativagdo Caspase-1
genes inflamassoma

[z 50@ % prgj-inﬂama?érios ‘| -
: pro-IL-1f
A

1
!
,’ [}
’ pro-IL-1p
—» Alivago/Via de sinalizagdp ———]| Inibigio -= ===} NLRP3 @e=ASC .o pro-Caspase-1 e Caspase-1 @@ pro-IL-1f @ IL-1f

Figura 2 - Fisiopatologia da artrite gotosa. O 1° sinal, € mediado por vias de ativacdo do NF-kB,
como aquelas ativadas por um membro da familia de receptores semelhantes a Toll (TLR). Essa
cascata de sinalizagdo induz a expreséo de genes pro-inflamatorios, dentre eles os componentes do
inflamassoma NALP3 e a pro-IL-1B. O 2° sinal, consiste no reconhecimento e fagocitose dos cristais
de MSU por macrofagos residentes sinoviais. Os cristais, ap6s fagocitose rompem o fagolisossomo
liberando catepsina. A catepsina junto com EROs derivadas das mitocondrias e o efluxo de potéssio,
levam a montagem e ativacdo do inflamassoma NALP3. A junc@o do receptr NOD NALP com a
molécula adaptadora ASC e a pro-caspase-1, a partir dos estimulos, clivam a pro-caspase-1 em
caspase-1, que por vez, cliva a pro-IL-1p, liberando IL-1B madura.
Fonte: ZANINELLI, 2018
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A IL-183 € a principal citocina na fisiopatologia da AG, promove vasodilatacéo e
leva ao recrutamento de mondcitos e neutréfilos (responsavel pela expressdo de moléculas
de adesao) para locais de injuria tecidual, uma resposta de extrema importancia no combate
a infecgBes e restauracao da homeostase, além de ser responsavel pelas dores excruciantes
da doenca pois sensibilizam os nociceptores estimulando o fen6tipo altamente doloroso. O
recrutamento de neutréfilos € um marcador das doencgas reumaticas (FATTORI et al., 2016)
e de fato é o tipo celular predominante no liquido sinovial de pacientes durante os ataques
inflamatdrios da gota (MITROULIS et al., 2013). Entretanto, a secrecao prolongada de IL-13
pode resultar na producdo de enzimas degradantes da matriz de cartilagens e 0ssos
(SCHLESINGER, THIELE, 2010).

Existente no foco inflamatério, em consequéncia da producéo de IL-1B e LTB4
(AMARAL et al., 2012), o reconhecimento dos cristais de MSU por neutréfilos predispde a
degranulacdo (POPA-NITA et al.,, 2007) e a formacdo de armadilhas extracelulares de
neutrofilos, processo titulado NETose (MITROULIS et al., 2011). A formacdo de NETs
depende da producdo de EROs e de moléculas que regulam a necroptose pela via RIPK3
(DESAI et al.,, 2016). Uma vez formados, agregados celulares contendo NETs podem
degradar rapidamente uma ampla gama de citocinas pré-inflamatérias e, em modelos
experimentais, a inibicdo de NETSs resulta na persisténcia de uma grave inflamacdo gotosa.
No entanto, quando a formacao de NETs nao é prejudicada, a inflamacéao articular é resolvida
espontaneamente apoés 3 dias (SCHAUER et al., 2014).

Estes dados demonstram que os neutréfilos apresentam um papel duplo na
inflamacdo gotosa: na fase inicial, o recrutamento de neutréfilos atua na amplificacdo da
resposta inflamatoria e depois limitam a progresséo da doenca e iniciam o processo resolutivo
da AG (SO, MARTINON, 2017). Além do mais, a expressao da proteina Anexina-1 (AnxAl),
uma potente inibidora da fosfolipase A2, também é expressa em neutréfilos, macréfagos e
outros tipos de células e exerce suas fun¢des por meio da ligagéo e da ativagdo do receptor
de formilpeptideo 2/receptor de lipoxina A4 (FPR2 / ALXR) (PERRETTI & FLOWER, 2004). O
AnxAl modula varios eventos biolégicos importantes durante a resolugédo da inflamacéo:
reduz o recrutamento e a transmigracdo de granuldcitos, induz a apoptose de neutrofilos e
eferocitose, aumenta o recrutamento de mondcitos nao flogisticos (SUGIMOTO, 2016;
PERRETTI & D’ACQUISTO, 2009) e atua na promogéo da resolugdo em modelo de gota em
camundongos (GALVAO et al., 2017).

Nos dias atuais, os medicamentos empregados na AG, sdo os que tratam o

ataque agudo e os que controlam a hiperuricemia, reduzindo a concentragdo corporal de acido
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urico (PEREZ et al., 2009). O alopurinol, por exemplo, atua inibindo a atividade da enzima
xantina oxidase hepatica (XOD), ou seja, reduzindo os niveis séricos de &cido Urico. No
entanto, o alopurinol ndo é capaz de controlar ataques agudos de gota (DUBCHAK, FALASCA
2010), e pode induzir varios efeitos colaterais, como febre, erup¢cfes cutaneas, reacdes
alérgicas, hepatite e nefropatia (UMAMAHESWARI et al., 2014). Deste modo, farmacos anti-
inflamatorios ndo esteroidais (AINES) (por exemplo, indometacina), corticoides e farmacos
alcaléides (por exemplo, colchicina) sdo regularmente manuseados como abordagens de
tratamento de primeira linha para a inflamacdo aguda da artrite gotosa (CRONSTEIN,
TERKELTAUB, 2006; PASCHKE et al., 2013). No entanto, essas classes de medicamentos
induzem efeitos adversos graves, como gastrite, desequilibrio hormonal, diarreia,
sangramento, disfuncdo renal e problemas cardiovasculares (FARKOUH, GREENBERG,
2009; NEOGI, 2011). Terapias imunobioldgicas, antagonista do receptor de IL-13, conhecido
como Anakinra, também sao Uteis no tratamento de ataques de artrite gotosa, mas o alto custo
restringe seu uso clinico (DUBCHAK, FALASCA, 2010; NEOGI, 2011). Por conseguinte, tem
crescido o interesse na pesquisa de novos medicamentos, compostos e ou moléculas para
tratar a dor e inflamacao na AG (NEOGI, 2011; SABINA et al., 2011; DE SOUZA et al. 2012;
RUKDEE et al., 2015; ZHAO, HUANG 2015; XU et al., 2016).

1.3 MEDIADORES L IPiDICOS PRO-RESOLUCAO

Mediadores pro-resolucdo apresentam um papel enddégeno crucial e de
regulacdo ativa no processo inflamatério. Sdo uma familia de lipidios que incluem as
resolvinas, protectinas, maresinas e lipoxinas. As lipoxinas sdo formadas a partir de acido
araquidénico (AA, 20: 4 n-6) (SERHAN et al., 2011; MAS et al., 2012) e os demais lipideos
derivados da transformacéo dos acidos graxos poli-insaturados essenciais (PUFAS) de cadeia
longa do 6mega-3 (SOMMER & BIRKLEIN, 2010), (Figura 3). Os dois principais acidos graxos
essenciais do w-3 presentes no 6leo de peixe sdo: 0 acido eicosapentaenoico (EPA, C20: 5)
e acido docosaexaenoico (DHA, C22: 6). Embora tenham sido primeiramente identificados na
resolucdo do processo inflamatério, esses mediadores desempenham acgdes indispensaveis

na defesa do hospedeiro, manuten¢éo da dor e remodelamento tecidual (SERHAN, 2014).

Dentre as funcBes compartilhadas dos mediadores, sobressaem ativacéo de
macréfagos ndo-flogisticos. Essas células de defesa realizam a reducdo de expresséo de
citocinas pro-inflamatdrias, a eferocitose dos corpos apoptoticos de neutréfilos e remocao dos
debris inflamatorios e infecciosos, promovendo a resolugéo inflamatoria (SERHAN et al.,
2000; 2002; 2014). Em adigdo as caracteristicas analgésicas, anti-inflamatdrias, resolutivas e

imunomoduladoras, os MLPR (exemplos: resolvinas e protectinas) ndo possuem atividade
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imunossupressora, 0 que posiciona essas moléculas como fortes candidatas a testes clinicos
em contraposi¢do aos tratamentos atuais que aumentam a susceptibilidade as infecgdes.
Apesar dos MLPR apresentarem tempo de meia-vida extremamente curto, na faixa de
segundos em meio aquoso (AURSNES et al., 2015), eles apresentam um efeito bioldgico
duradouro, na faixa de dias (SERHAN et al., 2012). Estes dados encorajam e dao suporte
para o uso dos MLPR e de seus isolados em testes clinicos. De fato, a Resolvina E1, derivada
do EPA, atingiu a clinica como RX-3 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 &
PERRETTI, 2013).

-
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Figura 3 - Metabolismo dos acidos graxos essenciais do w-3. MLPR derivados da transformacao
dos PUFAs de cadeia longa do w-3 presentes no éleo de peixe : EPA e DHA.
Fonte: Adaptado de AURSNES et al., 2015., 2014; BARDEN et al., 2016.

As resolvinas sdo uma familia de mediadores lipidicos derivados do EPA,
classificada em série E (RVE) e do DHA, em série D (RvD) (SERHAN et al., 2000; 2002; HONG
et al., 2003). O DHA é o precursor de dois grupos de resolvinas, referidas como as séries 17S
e 17R, que sdo produzidas por distintas rotas biossintéticas durante a fase de resolucéo
inflamatdria (SERHAN et al., 2002; HONG et al., 2003). O DHA enddgeno é convertido in vivo
por lipoxigenases (LOX) para o 17S-hidroxi contendo uma série de quatro resolvinas,
conhecida como resolvina D1-D4 (SERHAN et al., 2002; HONG et al., 2003). Especificamente,
a biossintese da RvD1 envolve oxigenac¢des sequenciais por 15-lipoxigenase (15-LOX) e 5-

lipoxigenase (5-LOX). No entanto, no caso do tratamento com aspirina, ocorre a acetilacdo da
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ciclo-oxigenase-2 (COX-2) resultando na producéo de 17R-hidroxi-DHA, que na oxigenacdo
subsequente por 5-LOX gera a Resolvina D1 induzida por aspirina (AT-RvD1), também
conhecida como 17-epi-RvD1 ou 17(R)-resolvina D1 (17-R-RvD1) (SERHAN et al., 2002;
SERHAN & CLISH, 2003; SERHAN, 2004). A 17(R)-RvD1, também pode ser produzida
endogenamente na auséncia de aspirina por vias alternativas envolvendo as enzimas do
citocromo P450 (SERHAN, 2014).

Os SPMs da série das RVDs séo capazes de modular a producao de IL-18 em
macrofagos, inibindo o priming e reprimido a ativacao do inflamassoma NLRP3, limitando a
inflamacdo e acelerando a resolucdo. Este achado é importante porque a IL-1f inicia a
cascata inflamatéria ativando, entre outros processos a desgranulacdo de neutrofilos,
expressao de moléculas de adesao, liberacao de outras citocinas e quimiocinas, incluindo IL-
6, TNF-a e MCP-1, uma resposta conhecida como “tempestade de citocinas” (LOPATEGI et
al., 2019). Demonstrou-se que as RvDs exibem ag¢des anti-inflamatdrias em modelo animal
de isquemia/reperfuséo renal (DUFFIELD et al., 2006), em doencas inflamatérias como colite,
periodontite e asma através da capacidade de reduzir o recrutamento de neutréfilos e
eosinofilos, e estimulam mondcitos e macréfagos a realizar fagocitose de microrganismos e

células apoptdticas sem liberar mediadores pro-inflamatérios (SERHAN et al., 2008).

O mecanismo de acdo dessas moléculas isoladas dos mediadores lipidicos
esta relacionado com a inibicdo do NF-kB e consequentemente inibicdo de componentes pro-
inflamatérios derivados desse fator de transcricdo, como citocinas (IL-1B, TNF-a, IL-6 e
interleucina 8 [IL-8]) e quimiocinas (CXCL1, CXCL3), o que culmina na inibicdo do
recrutamento de neutrofilos e ativacdo de células da glia como astricitos e micréglia
(BUCKLEY; GILROY; SERHAN, 2014; SERHAN et al., 2015). Assim, acompanhado da
inibicdo da resposta pro-inflamatoria, os mediadores lipidios pro-resolugdo aumentam a
resposta anti-inflamatoria e regeneracéo tecidual. Esse mecanismo é decorrente do aumento
da expressdo 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 macréfagos (BUCKLEY et al., 2014; SERHAN et al.,
2015).

1.3.1 17(R)-Resolvina D1

A 17(R)-Resolvina D1 [17(R)-RvD1] é produzida localmente em resposta a
estimulos inflamatérios (Figura 4). Possui potente agdo anti-inflamatéria, diminui infiltracdo
leucocitéria total, promove a resolugéo inflamatéria (SERHAN et al., 2002, HONG et al., 2003),
€ antinociceptiva (ABDELMOATY et al., 2013), suprime a atividade mediada por TRPV3 em
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gueratindcitos (BANG et al., 2012), resiste a rapida inativacao por eicosanoides oxirredutores
e é mais resistente a desidrogenacgéo e, portanto, um analogo mais estavel da resolvina D1
(SERHAN et al., 2011). Seus efeitos bioldgicos foram atribuidos ao receptor de proteina G
acoplados aos receptores GPR32 e ao peptideo formil 2 (FPR2 / ALX), utilizando Gi e
possivelmente Ggq como transdutores de sinal (CHIANG et al., 2006; BACK et al., 2014).
Ambos 0s receptores sdo expressos em células polimorfonucleares e endoteliais (SERHAN
et al.,, 2002; HONG et al., 2003), mas o GPR32 ainda néo foi identificado em roedores
(ABDELMOATY et al., 2013).

J/ ‘\~
(DHA)
“___“_ Aspirina: COX-2

\acetilagio

17(R)-H(p)DHA

COOH

5-LOX: oxigenacgdo
OH
acido 75, 8R, 175-tri-hidroxi-4Z, 9E, 11E, 13Z, 15E, 19Z-docosahexaenoico

17(R)-RvD1
ou AT-RvD1

Figura 4 - Biossintese e estrutura quimica da 17(R)-Resolvina D1. Ela é originada do DHA, depende
do tratamento com a aspirina , ou seja, a COX-2 acetilada por aspirina origina a 17-R-hidroxi-DHA, que
na oxigenacao subsequente por 5-LOX gera a 17(R)-RvDL1.

Fonte- Adaptado de SERHAN et al., 2002; SERHAN & CLISH, 2003; SERHAN, 2004

Suas caracteristicas anti-inflamatorias e pro-resolutivas foram explanadas em
varios modelos experimentais de doencas inflamatérias, incluindo peritonite (NORLING et al.,
2011; CHIANG et al., 2012), obesidade (TITOS et al., 2011), lesdo pulmonar aguda (WANG
et al., 2011a), diabetes (HELLMANN et al., 2011), leséo de nervo periférico (HUANG et al.,
2011), sepse (CHIANG et al., 2012), dor inflamatéria (BANG et al., 2012), artrite induzida por
CFA (LIMA-GARCIA et al., 2011; XU & JI 2011), asma (ROGERIO et al., 2012), fibrose
idiopatica pulmonar (MASAKIYO et al., 2015) e em modelo de endometriose em ratos
(DMITRIEVA, SWESS, SHIRLEY ., 2014).

Abdelmoatty e colaboradores (2013) mostraram que o pré-tratamento com
injecd@o intra-tecal de 17(R)-RvD1 reduz a hipersensibilidade mecanica e edema de pata,
atenua significativamente a liberagdo de TNF-a induzida por carragenina, além de diminuir
tanto a sua liberacédo induzida por IFN-y quanto por LPS em culturas de astrocitos primarios
espinais de ratos (ABDELMOATTY et al.,, 2013). Lima-Garcia e colaboradores (2011)
demonstraram que a administracdo sistémica de 17(R)-RvD1l causou efeitos anti-
hiperalgésicos (mecénica) pronunciados e de longa duragdo quando avaliados num modelo

de dor inflamatoéria e artrite induzida por Complexo Adjuvant de Freud (CFA) em ratos (LIMA-
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GARCIA et al, 2011). Os mesmos autores mostraram também que 0S mecanismos
subjacentes as acdes anti-hiperalgésicas foram principalmente associados a inibicdo de
mediadores pré-inflamatérios e pré-nociceptivos, como TNF-a e IL-18, e através do bloqueio

da expressao de COX-2 e ativagao de NF-kB.

De acordo com Bento e colaboradores (2011), o tratamento sistémico com o
epimero 17(R)-RvD1, bloqueou significantemente a atividade enzimética de mieloperoxidase
(MPO) no modelo experimental de colite induzida por DSS (sulfato dextrano de s6dio) e TNBS
(acido 2,4,6-trinitrobenzenossulfénico), reduzindo danos no tecido do célon e sugerindo um
comprometimento da infiltracdo de PMN da mucosa epitelial intestinal no modelo experimental
de colite (BENTO et al., 2011). Algumas evidéncias indicam que citocinas e quimiocinas
podem regular positivamente a expressao de moléculas de adesdo (ESSANI, et al., 1995;
STOCKER, et al., 2000), que sao criticas para a adesdo e transmigracdo de leucdcitos
sanguineos para o tecido inflamado (DANESE, et al., 2005). Neste artigo, demonstrou-se que
a 17(R)-RvD1 diminuiu os niveis das citocinas TNF-a e IL-1B, das quimiocinas MIP-2 e
CXCL1/KC, a expressao do mRNA para as moléculas de adesao VCAM-1 (vascular), ICAM-
1 (intercelular) e LFA-1 e inibiu a fosforilagdo do NF-kB no c6lon de camundongos com colite
induzida por DNN.

A administracdo de 17(R)-RvD1 desde o inicio do tratamento de fibrose
pulmonar induzida por bleomicina em camundongos, atenuou a infiltracdo alveolar
neutrofilica, teor de colageno pulmonar, IL-1B, TGF-B1, fator de crescimento de tecido
conjuntivo (CTGF), e expressdo mRNA de colageno tipo |, juntamente com posterior reducao
na fibrose histologicamente detectavel (YATOMI et al., 2015). Dmitrieva e coloboradores
(2014), mostraram que a 17(R)-RvD1 em modelo de endometriose em ratos, diminuiu
significativamente a permeabilidade vascular no tecido endometrial ectépico e a gravidade da
hiperalgesia vaginal (DMITRIEVA et al., 2014)

As terapias vigentes aplicadas na artrite induzida por zimosan e na gota até
entdo sao restritas a medicamentos que apresentam diversos efeitos colaterais, eficacia
limitada, despesa elevada e toxicidade na maioria dos casos. Deste modo, é imprescindivel a
realizacdo de estudos e pesquisas visando o desenvolvimento de novos farmacos e
tratamentos capazes de amenizar a inflamag&o e dor articular com menor ocorréncia de
efeitos indesejaveis. Assim, torna-se possivel conter as doencgas possibilitando a melhoria no

bem-estar dos pacientes.

Até o momento, ha trabalhos demonstrando que os mediadores lipidicos
apresentam promissor potencial terapéutico, no entanto, ndo existem estudos elucidando os

possiveis efeitos e mecanismos de ac¢édo da 17(R)-Resolvina D1 no modelo de artrite induzida
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por zimosan e na gotosa induzida por MSU. Tendo em vista essas informacoes, este trabalho
avaliou o efeito e mecanismo de acao analgésico e anti-inflamatoério do mediador lipidico pro-
resolucdo 17(R)-Resolvina D1 no modelo de gota induzida por cristais de urato monossodico
(MSU) e no modelo de artrite induzido por zimosan em camundongos.



527

528

529
530
531

532

533
534

535
536
537
538
539

540
541

542
543
544
545
546
547

548
549

550
551

32
2 OBJETIVOS
2.1 OBJETIVOS GERAIS
Avaliar os efeitos analgésico e anti-inflamatério e mecanismos de acdo da
17(R)-resolvina D1 em modelo de artrite induzida por zimosan e ha artrite gotosa induzida por
cristais de urato monossoédico (MSU) em camundongos.

2.2 OBJETIVOS ESPECIFICOS

Avaliar o efeito do tratamento com a 17(R)-RvD1 no modelo de artrite induzida

por zimosan, sobre 0s parametros:

. Hiperalgesia mecanica e térmica;

. Distribuicdo de peso entre as patas dos animais;

. Recrutamento leucocitario e sinovite na cavidade articular;
. Edema sinovial;

. Producéao de citocinas (TNF-a, IL-1B, IL-6 e IL-10).

Avaliar o efeito do tratamento com a 17(R)-RvD1 no modelo de gota, sobre os

parametros:
. Hiperalgesia mecanica e térmica;
. Recrutamento leucocitario e sinovite na cavidade articular;
. Edema sinovial;
. Producéo de citocinas (TNF-a, IL-1pB, IL-6);
. Parametros de estresse oxidativo (GSH e TBARS);
. Ativacao do fator de transcricdo nuclear NF-kB;
. Toxicidade renal (Ureia e Creatinina), hepatica (AST e ALT) e gastrica

(atividade de MPO).
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3 MATERIAS E METODOS

3.1 ANIMAIS EXPERIMENTAIS

Foram utilizados camundongos Swiss machos (20-25 g), provenientes do
Biotério Central da Universidade Estadual de Londrina (UEL), os quais foram mantidos no
Biotério do Departamento de Ciéncias Patoldgicas da UEL pelo menos dois dias antes dos
experimentos. No biotério, 0os animais permaneceram sob ciclo claro/escuro (12/12h) em
ambiente climatizado com temperatura controlada (22—25 °C), com exaustao de ar e livre
acesso a agua e racao. Os animais foram divididos em gaiolas de polipropileno padréo
medindo 41 X 34 X 16 CM (Insight®) de acordo com 0s grupos experimentais (n=6). Foram
adaptados ao ambiente e condicBes experimentais por pelo menos 60 minutos e foram
utilizados apenas uma vez. Os camundongos foram anestesiados com isoflurano a 5% (Abbot,
Abbott Park, IL, EUA) por inalacédo e eutanizados por deslocamento de cervical seguida de
decapitaco. Este projeto foi avaliado e aprovado pela Comissdo de Etica no uso de Animais
desta Universidade, pelo Oficio Circular n°103/2013, processo de numero 1415.2018.99 e de
acordo com as diretrizes da Associacao Internacional para o Estudo da Dor (IASP). Todos os

esforcos foram feitos para minimizar o nimero de animais utilizados e o sofrimento.

3.2 MODELO EXPERIMENTAL DE ARTRITE INDUZIDA POR ZIMOSAN

A artrite inflamatéria foi induzida em camundongos Swiss machos pela injecao
i.a. (articulacdo fémur-tibial direita) de 100 ug de zimosan em 10 uL de salina (controle
positivo). Para cada teste, um grupo recebeu 10 uL de solu¢do contendo apenas salina, como
controle negativo. Para a administragéo de salina e zimosan, 0s animais foram anestesiados

com isoflurano.

3.3 MODELO EXPERIMENTAL DE DOR E INFLAMAGAO INDUZIDO POR CRISTAIS DE URATO
MONOSSODICO (MSU)

A artrite gotosa foi induzida em camundongos Swiss machos pela inje¢éo intra-
articular (articulacao fémur-tibial direita) de 100 ug dos cristais de urato monossodico (MSU)
em 10 L de salina (controle positivo), conforme padronizado pelo nosso laboratério (RUIZ-
MIYAZAWA, et al., 2018). Para cada teste, um grupo recebeu10 pL de solugdo contendo
apenas salina, como controle negativo. Para a administragdo de salina e MSU os animais

foram anestesiados com isoflurano.
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3.4 TRATAMENTO DOS ANIMAIS

Trinta minutos antes da injecdo intra-articular de Zim ou MSU, os animais
receberam um pré-tratamento, via intra-peritoneal (i.p.) com o mediador lipidico pré-resolucéo

17(R)-Resolvina D1 nas doses de 0,03; 0,3 ou 3 ng/an (diluido em salina) ou veiculo (salina).

3.5 AVALIACAO DA HIPERALGESIA MECANICA PELO TESTE DE PRESSAO CRESCENTE

O limiar nociceptivo dos animais foi avaliado pela verséo eletronica do método
de von Frey, primeiramente descrito por von Frey (FREY, 1896) e modificado por CUNHA et
al. (2004), com auxilio de um anestesidmetro eletrénico (Modelo 1601C, Life Science
Instruments). Em uma sala silenciosa, com temperatura controlada, os camundongos seréao
acomodados em caixas de acrilico com piso de grade metalica, 30 min antes do inicio do
teste. Este teste consiste na aplicacdo de pressédo pontual crescente na pata posterior do
animal com uma ponteira de polipropileno (didmetro de 0.5 mm2) associada a um
analgesimetro eletrénico (Insight®). A pressdo necessaria para evocar o movimento de
retirada da pata pelo animal é registrada automaticamente em gramas (g). Essa reacao é
considerada nociceptiva, pois é modulada por analgésicos utilizados clinicamente em
humanos (Verri et al., 2008). Os resultados obtidos foram calculados através da diferenca
entre a média de 2 medigdes apds o estimulo com zimosan (100 ug/10 pL/an) nos intervalos
de1,3,5e7hecomMSU (100 pg/10 uL/na), nos intervalos de 1, 3,5, 7 € 15 h e e a média
de 2 medi¢Bes antes do estimulo (valor basal). Apés ser determinado o melhor tempo de pré-
tratamento pela curva tempo-resposta, o tratamento com 17(R)-RvD1 foi realizado meia hora

antes da injecao i.a de zimosan e MSU.

3.6 AVALIACAO DAS MUDANGAS NA DISTRIBUIGAO DO PESO DAS PATAS (SWB)

A inflamacéo periférica unilateral produz mudancas na distribuicéo do peso da
pata em dire¢do a pata ndo lesada [LABOUREYRAS et al., 2009]. Mudancas na distribuicéo
do peso das patas foram avaliadas usando o aparelho SWB (modelo BIO-SWB-TOUCH-M,
Bioseb, Franca). Em uma sala silenciosa e com temperatura controlada, os camundongos
foram colocados em uma caixa de acrilico, onde sdo mantidos confortavelmente enquanto
suas patas traseiras descansam em duas placas de sensores separadas. Os animais foram
ambientados por pelo menos quatro dias consecutivos antes do teste comportamental. O
animal estimulado ao se levantar, faz um ajuste natural ao grau de dor, adaptando a
distribuicdo do peso na pata traseira ndo lesada, e o valor do peso aplicado em cada sensor

€ mostrado na tela LCD da unidade de controle. Os camundongos foram testados antes
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(valores basais) e apds o tratamento com 17(R)-RvD1 e estimulo com zimosan (100 ug/10
pL/animal, i.a.). Os resultados sdo expressos pela razdo da pata direita/esquerda, que foi
calculada usando a média de duas medi¢des em O (valor basal), 1, 3, 5 e 7 h apés a injecao
de Zim.

3.7 AVALIACAO DA HIPERALGESIA TERMICA

Os camundongos foram colocados no aparelho de placa quente (EFF 361;
Insight, Ribeirao Preto, SP, Brazil) mantida a 52°C (MAOLI et al., 2015). O primeiro reflexo
ipsilateral de retirada da pata (comportamento nociceptivo) foi registrado anteriormente a
injecdo i.a. Apods o pré-tratamento com 17(R)-RvD1, 30 min antes do estimulo com o zimosan
(1,3,5e7h)eMSU (1, 3, 5, 7 e 15 h), novas medidas foram realizadas apés os estimulos.
A laténcia maxima (cut-off) foi estabelecida em 20 segundos para evitar danos nos tecidos
(LAVICH et al., 2005).

3.8 AVALIACAO DO EDEMA ARTICULAR

As alteracfes no volume da articulacdo fémur-tibial direita foram determinadas
utilizando um paquimetro (medidor de espessura). A medida do volume da articulacdo do
joelho dos animais foi avaliada antes do estimulo (tempo 0) inflamatério com zimosan (100
Mg/10 uL sal/an, i.a.) nos intervalos de 1, 3, 5 e 7h apés o estimulo e com oMSU (100 ug/10
ML sal/an, i.a.) em medidas unicas 1, 3, 5, 7 € 15h apds o estimulo. Os resultados foram
calculados através da diferenca entre as medicdes apds o estimulo e a medicdo antes do
estimulo (basal) (CONTE et al., 2008).

3.9 DETERMINAGAO DO RECRUTAMENTO E PERFIL LEUCOCITARIO NA CAVIDADE ARTICULAR
POR MICROSCOPIA

As células presentes na articulagdo dos animais foram coletadas na 7° hora
apos estimulo com zimosan e na 15° h apds o estimulo com MSU. Para avaliar a contagem
de células total e diferencial, as cavidades articulares foram lavadas 3 vezes com 3,3 uL de
solucdo salina com EDTA 1 mM. A contagem total de células foi realizada em camera de
Neubauer em solucdo de Turk (usada para lisar eritrocitos) e o diferencial (100 células por
lamina) em preparagfes de citocentrifuga, coradas pelo método pandtipo rapido (Laborclin,
Pinhais, PR, Brasil) com um microscopio 6ptico (Olympus CX31RTSF, Toqui, Japéo). Os
resultados foram expressos como leucdcitos totais, células polimorfonucleares e

mononucleares (células x 104 / articulagédo fémur-tibial).
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3.10 ANALISES HISTOLOGICAS DAS ARTICULACOES

As amostras das articulagbes fémur-tibiais obtidas de camundongos pré-
tratados com 17(R)-RvD1 e estimulados intra-articularmentes com zimosan e coletados 7h
apos o estimulo ou MSU e coletados 15 h apds o estimulo, foram fixadas em formaldeido
tamponado a 10%. Apos descalcificagdo em solucdo a 4% de &cido etilenodiamino tetra-
acético e acido cloridrico por 4 semanas. As amostras foram processadas, coradas com
hematoxilina — eosina (H & E) para analise posterior em microscopio optico (Olympus OX31,
Olympus, Japéo; amplificacdo original, 40), conectadas a uma camera digital (Lumenera
Infnityl, Ottawa, Canada). Usando a ferramenta do software ImageJ 1.44 (dominio publico:
http://rsb.info.nih.gov/ij/), imagens histoldgicas RGB foram analisadas usando % células por

area.

3.11 AVALIAGAO DA PRODUGAO PERIFERICA (LOCAL) DE CITOCINAS

Apoés estimulo com zimosan e MSU, ambos nas concentragées 100 ug/10 uL
sal/an, i.a, as amostras de tecido articular foram coletadas para a dosagem das citocinas,
TNF-a, IL-1B, IL-6, IL-10. As amostras foram trituradas e homogeneizadas em salina. Apds a
homogeneizacdo, as amostras foram centrifugadas (3000 RPM, 4°C, 10’) e o sobrenadante
foi utilizado para avaliar os niveis das citocinas por kit comercial de ELISA (enzyme-linked
immunosorbent assay). Placas de 96 pocos foram incubadas overnight & 4°C com anticorpos
contra as proteinas de interesse (10 pg/mL). No dia seguinte, as placas foram lavadas e
incubadas por 2 horas com solucdo de bloqueio no intuito de evitar ligacbes inespecificas.
Apoés esse bloqueio e lavagem das placas, as curvas-padrdo em varias diluicdes e as
amostras foram adicionadas e incubadas a 4°C por 24 horas. As placas foram lavadas tampao
e os anticorpos policlonais biotinilados adicionados (100 uL/pog¢o). Apés a incubacdo em
temperatura ambiente por 1 hora, as placas foram lavadas e 50 pyL de avidina-HRP
adicionada. Em seguida (trinta minutos apdés), 50 pyL do reagente colorido OPD (solugéo 0,4
mg OPD - 0,4 uL H202 — 1 mL tampao) foi adicionado e as placas foram mantidas no escuro,
em temperatura ambiente, por 15-20 min. A reacdo enzimética foi interrompida com H2S0O4
(1 M, 50 uL pogo -1) e as absorbancias foram determinadas em 450 nM. Os resultados foram
obtidos comparando a densidade Optica com as densidades das curvas padrdes (TAKTAK &
LEE, 1991). Os resultados foram expressos em picograma (pg) de citocina por miligrama (mg)

de tecido.
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3.12 AVALIACAO DO ESTRESSE OXIDATIVO PELOS NIVEIS DE GLUTATIONA REDUZIDA (GSH)

Foram determinados os niveis de glutationada reduzida (GSH) na articulagcéo
fémur-tibial dos camundongos. O GSH faz parte do sistema antioxidante endégeno e seus
niveis sdo um parametro de estresse oxidativo (CASAGRANDE et al., 2006). As articulacdes
fémur-tibiais foram coletadas ap6s 15 horas do estimulo com MSU (100 ug / 10 pL salina /
animal, i.a.) e os niveis de GSH foram determinados como descrito previamente
(CASAGRANDE et al., 2006). Os homogenatos foram misturados com 25 pL de &cido
tricloroacético a 50%, agitados 3 vezes durante 15 minutos e centrifugados (15 min, 1500q, 4
° C) e o sobrenadante resultante foi adicionado a 200 pL de tampé&o Tris (0,2 M; pH 8,2) e 10
pL (0,01 M DTNB). Ap6s 5 min de incubagdo a temperatura ambiente, a absorbancia foi
medida a 412 nm (RUIZ-MIYAZAWA et al., 2015). Foi utilizada uma curva padrédo de GSH, e

os resultados séo expressos como GSH (nmol por mg de proteina).

3.13 AVALIAGAO DO ESTRESSE OXIDATIVO ATRAVES DA PEROXIDAGAO LIPIDICA (TBARS)

Os niveis de substancias reativas ao acido tiobarbitirico (TBARS),
principalmente malondialdeido (MDA), foram quantificados espectrofotometricamente
conforme descrito anteriormente (FATTORI et al., 2017). Amostras de articulacdo fémur-tibial
direita foram coletadas apds 15 horas do estimulo com MSU. Utilizou-se o acido tricloroacético
10% para precipitacao das proteinas do homogenato, seguido de centrifugacao (1000xg, 3’,
4°C). O sobrenadante livre das proteinas foi separado e o acido tiobarbitirico 0,67% foi
adicionado. A mistura foi mantida em banho-maria a 100 °C por 15’. O (MDA), produto
secundario da peroxidacao lipidica foi determinado pela diferenca entre as absorbancias a
535 e 572 nm utilizando espectrofotdbmetro de microplacas. Os resultados foram
demonstrados como substancias reativas do acido tiobarbittrico (TBARS) nmol de MDA por
miligrama de proteina (GUEDES et al., 2006).

3.14 ENSAIO DE IMUNOFLUORESCENCIA POR MICROSCOPIA CONFOCAL

Lavados articulares dos animais foram coletados 15 h apés a injecdo de MSU
(100 pg, i.a.) na articulagéo fémur-tibial usando PBS 1X/2 mM EDTA/ 0.5% BSA (50 uL). As
células foram centrifugdas (5 min, 4 © C, 300 g) e incubadas com tampé&o de bloqueio (PBS, 2
% BSA, 0,1 % Triton) durante 1 h em gelo. Apés a centrifugacao, as células foram incubadas
com os anticorpos primarios anti-rat CD11b (1:200, Bio-Rad, #MCA711G) e anti-mouse
phospho-NFkB (1:200, #sc-136, 548; Santa Cruz Biotechnology, Dallas, TX, USA) por mais 1

h em gelo. Apé6s duas lavagens em PBS, as células foram ressuspensas em PBS e incubadas
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com anticorpos secundarios: Alexa Fluor 488 goat anti-rat (1:500, #A-11001; Thermo Fisher
Scientific, Waltham, MA, USA) e Alexa Fluor 647 goat anti-rat (1:500, #A-21247; Thermo
Fisher Scientific, Waltham, MA, USA). Hoechst 33342, trhydrochloride trihydrate (Thermo
Fisher Scientifc, 1:1000) foi usado para a coloracdo nuclear. As imagens representativas
escolhidas e as andlises quantitativas foram realizadas usando microscopio Confocal (SP8,
Leica, Microsystems, Mannheim, Germany). A intensidade de fluorescénica foi quantificada
em campos selecionados aleatoriamente de diferentes grupos por um avaliador cego. Os
resultados séo apresentados como intensidade de fluorescéncia (pixels em tons de cinza)
para a proteina alvo e como uma razéo da intensidade de fluorescéncia por nimero de células

de cada campo.

3.15 MARCADORES DE LESAO RENAL (UREIA / CREATININA)

Amostras de sangue foram coletadas por puncao cardiaca e adicionadas em
microtubos 15 h apés o estimulo com MSU, foram centrifugadas (200 xg, 10 min, 4 ° C). O
soro resultante foi separado e, para avaliar os niveis de ureia e creatinina como indicadores
de nefrotoxicidade, as amostras de soro foram processadas de acordo com as instrucdes do
fabricante (Labtest Diagndstico SA, Brasil), sendo apresentados como U/L de ureia e

creatinina.

3.16 MARCADORES ENZIMATICOS DE LESAO HEPATICA (AST/ALT)

As amostras de sangue coletadas por puncdo cardiaca e depositadas em
microtubos 15h apds o estimulo com MSU, foram centrifugadas (200 g, 10 min, 4 ° C) e 0 soro
foi separado. Para determinar as atividades enzimaticas da AST e ALT, as amostras de soro
foram processadas de acordo com as instru¢ées do fabricante (Labtest Diagnostico S.A.,

Brasil). Os resultados foram apresentados como U/L.

3.17 [ENSAIO DE TOXICIDADE NO ESTOMAGO (ATIVIDADE DA MIELOPEROXIDASE [MPO])

Amostras de estdbmagos dos animais foram coletados 15 h apos a injecdo de
MSU (100 pug, i.a.) na articulagdo fémur-tibial. O recrutamento de neutréfilos para o tecido do
estdmago foi avaliado pelo ensaio colorimétrico da cinética da MPO (enzima mieloperoxidase)
(BRADLEY et al., 1982; CASAGRANDE et al., 2006). As amostras foram homogeneizadas
em tampao K2HPO4 gelado (400 pL, 50 mM, pH 6,0) contendo HTAB (0,5% massa / volume),
e os homogenatos foram centrifugados (16,100 g x 2’ x 4 ° C). Os sobrenadantes (30 pL)

foram misturados com tampao K2HPO4 (200 uL, 50 mM, pH 6,0) contendo dicloridrato de o-
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dianisidina (0,0167%, p / v) e peroxido de hidrogénio (0,015%, v / v). A absorvancia foi
determinada apés 5’ a 450 nm (espectrofotometro de microplacas GO Multiskan, Thermo
Scientific, Vantaa, Finlandia). Os resultados da atividade de MPO foram expressos como o
numero de neutréfilos por mg de tecido usando como comparagcdo uma curva padrao de
neutrofilos (400-196.000 células)

3.18 ANALISE ESTATISTICA

Os resultados dos parametros hiperalgésicos estdo apresentados como média
+ EPM (erro padrdo da média) de mensuracdes realizadas em 6 animais por grupo com 2
repeticdes. Fora utilizado ANOVA de duas vias seguida do pOs-teste de Tukey para comparar
0s grupos e doses em todos os tempos (curvas) quando as respostas hiperalgésicas foram
mensuradas em diferentes tempos apos a administracdo do estimulo. Para os demais ensaios
foi utilizada ANOVA de uma via seguido pelo pos-teste de Tukey para experimentos com
tempos especificos. Foram consideradas significativas diferencas para P < 0,05 para ambas

as analises.

Referéncias do texto ndo ficam mais no final da metodologia?
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4 ARTIGOS PARA PUBLICACAO

Os resultados e discussfes obtidos no mestrado em Ciéncias da Saude, foram
realizados no Laboratério de Dor, Inflamacdo, Neuropatia e Cancer (LADINC), da
Universidade Estadual de Londrina e est@o descritos em dois artigos cientificos.

4.1 ARTIGO 1

O presente trabalho segue as normas da revista Life Sciences, com qualis-
periédico A1 em Medicina 1 e fator de impacto de 3.647. Os resultados parciais estdo descritos
no artigo intitulado “17(R)-Resolvin D1 ameliorates zymosan-induced experimental arthritis in

mice exerting anti-inflammatory and analgesic effects”.
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4.2 17(R)-ReESOLVIN D1 AMELIORATES ZYMOSAN-INDUCED EXPERIMENTAL ARTHRITIS IN MICE EXERTING

ANTI-INFLAMMATORY AND ANALGESIC EFFECTS

Ketlem C. Andrade?’, Fernanda C. Ambrosio®, Marilia F. Manchope®, Telma S. Saraiva’, Anelise Franciosi?,
Tiago H. Zaninelli*, Ana P. L. Pereira’, Rubia Casagrande?, Waldiceu Ap. Verri Jr”

!Department of Pathology, Biological Science Center, Londrina State University, Rod. Celso Garcia Cid, PR 445,
Km 380, Londrina, Parana State 86051-990, Brazil

2Department of Pharmaceutical Sciences, Health Science Center, Londrina State University, University Hospital,
Londrina, Parana State 86039-440, Brazil*Autor correspondente:

* Correspondence: Waldiceu A. Verri Jr. Departamento de Ciéncias Patoldgicas, Universidade Estadual de
Londrina-UEL, Rod. Celso Garcia Cid, km 380, PR 445, 86057-970, Cx. Postal 10.011, Londrina, Parana, Brazil.
Fax: +55 43 33714387, Tel: +55 43 33714979; waldiceujr@yahoo.com.br; waverri@uel.br.

ABSTRACT

Aims: Rheumatic diseases affect the life quality of thousands of people in the world, among the symptoms of
arthritis. Rheumatoid arthritis (RA) is an autoimmune disease that causes synovitis in the joints, pain, stiffness,
destruction of cartilage, loss of function, and physical disability commonly occur. To allow the study of this joint
inflammatory phenomenon in mice, an experimental model induced by intra-articular injection of zymosan, a
polysaccharide derived from the cell wall of the yeast Saccharomyces cerevisiae, was used. Thus, inflammatory
parameters appear similar to the period of acute RA. 17(R)-Resolvin D1 (17(R)-RvD1) or Aspirin-triggered
Resolvin D1 (AT-RvD1) is a pro-resolution lipid mediator with anti-inflammatory and analgesic properties. This
study aimed to evaluate the effects and mechanisms of action of 17(R)-RvD1 in a model of zymosan-induced
arthritis in mice.

Main methods: Von frey was used to measure mechanical hyperalgesia, hot plate for thermal hyperalgesia, SWB
for the changes in paw weight distribution, caliper for joint edema, for the count of leukocyte infiltrate was
determined in a Neubauer chamber, the histopathological lesion stained with hematoxylin-eosin (H&E) for later
examination under an optical microscope cytokine determined by ELISA.

Key findings: Treatment with 17(R)-RvD1 reduced zymosan-induced mechanical hyperalgesia in a dose-
dependent manner. The dose of 3 ng per mouse (intraperitoneally) decreased thermal hyperalgesia, changes in paw
weight distribution, knee joint volume (edema), the histopathological lesion (synovitis), leukocyte recruitment,
and levels of cytokines (IL-1B, TNF-a, IL-6, and 1L-10).

Significance: Therefore, the data suggest that 17(R)-RvD1 have analgesic and anti-inflammatory properties, and
therefore might be a novel candidate for the treatment of rheumatoid arthritis.

Chemical compounds: 17(R)-RvD1 (PubChem CID: 16126783).

Keywords: Rheumatoid arthritis, Synovitis, Aspirin-triggered Resolvin D1, SPM

1. Introduction
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Rheumatoid arthritis is a progressive autoimmune disease that damages the joints by promoting an
inflammatory process in their synovial membranes (synovitis). Pain, stiffness, cartilage destruction, loss of
functionality, and physical disability are among the symptoms associated with this disease, which directly impact
the quality of life of the affected patients [1,2]. The proliferation of resident synoviocytes is accompanied by
neovascularization, and the infiltration of macrophages, neutrophils, and other cells [3]. Recruitment of
inflammatory cells, especially neutrophils is one of the major elements associated with joint tissue damage due to
the production of pro-inflammatory mediators and reactive oxygen species (ROS) [4,5]. The first cytokines to
reach the synovial fluid are IL-1p and TNF-a, which in turn induce several other cytokines in the pro-inflammatory
cascade, in addition to leukocytes recruitment [6,7].

The animal model of zymosan-induced arthritis (Z1A) mimics the inflammatory phenomenon of the period
of acute rheumatoid arthritis [7,8], withal on the overlapping mechanisms. The model consists of an intra-articular
injection of zymosan (Zym), a polysaccharide derived from the cell wall of the yeast Saccharomyces cerevisiae.
The administration of zymosan into the joint is also characterized by significant joint edema and infiltration of
inflammatory cells, characterized by the early neutrophil influx, followed by mononuclear cells and hyperplasia
[9]. The role of neutrophils in the pathogenesis of tissue lesions in arthritis has long been recognized [10]. In this
model, joint hyperalgesia is activated by the TLR2 pathway that recruits the adapter protein MyD88. This signaling
pathway leads to the activation of transcription factors, such as NFkB, which trigger the production of
inflammatory mediators, including the cytokines TNF-a, IL-1p, and IL-6 [8,9]. Those cytokines also contribute to
the chemotactic activity of neutrophils and the production of more cytokines [7,11,12].

Conventional clinical treatments used to treat rheumatic disease are based on non-steroidal anti-inflammatory
drugs (NSAIDs), corticosteroids, antirheumatic drugs, such as methotrexate, and immunobiological agents alone
or in combination. In the case of rheumatoid arthritis, there is a reduction in joint and extra-articular symptoms
and inhibition of radiographic progression. However, not all patients respond to antirheumatic drugs and a large
portion do not tolerate treatment [13]. Besides, these pharmacological approaches generally present significant
inconveniences, such as the need for high doses, which is usually accompanied by high costs [13,14], and frequent
potential unwanted side effects, such as renal, hepatic, and cardiac changes to which they are associated with their
comorbidities [13].

Resolvin RvD1 [17(S)-resolvin D1] is produced from docosahexaenoic acid in the site of inflammation by
leukocytes and endothelial cells [15,16]. Biosynthesis of RvD1 requires 5- and 15-lipoxygenases, whereas the final
step in the production of its stable analog 17(R)-Resolvin D1 requires aspirin- acetylated COX2 [16], raising the
name of aspirin-triggered Resolvin D1(AT-RvD1). Compelling evidence has shown that 17(R)-RvD1 has a potent
anti-inflammatory action, it reduces inflammatory signs, including pain and edema (total leukocyte infiltration)
with the effectiveness of low doses [17,18].

Since there are no data in the literature that demonstrate the effect of 17(R)-RvD1 on the inflammatory
process induced by zymosan, the present study aimed to evaluate the effects and mechanisms of action of this

specialized pro-resolving lipid mediator in the model of zymosan-induced arthritis in mice.

2. Material and methods
2.1 Experimental mice

In this study, Swiss mice (male 20 — 25 g) provided by the State University of Londrina (Parana, Brazil) were
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used to perform all experiments. Mice were kept in standard plastic cages measuring 41x34x16 cm (Insight®),
according to the experimental groups (n=6). All behavior testing was performed in a room with the temperature-
controlled, light-dark cycle of 12/12 h, and had water and food ad libitum. All experiments with mice occurred
between 9:00 AM and 5:00 PM. The animals were acclimatized in the testing room at least 1 h before the
experiments and were used only once. Mice were anesthetized with isoflurane 5 % (Abbot, Abbott Park, IL, USA)
by inhalation overdose, and terminally euthanized by cervical dislocation followed by decapitation at the end of
experiments described in the following sections. All experiments with mice were performed following the
guidelines of the International Association for Study of Pain (IASP) and the Brazilian Council on Animal
Experimentation (CONCEA). All animals were used according to the study protocols approved and registered by
the Ethics Committee on Animal Use of the State University of Londrina (CEUA-UEL process number:

1415.2018.99). All efforts were made to use the minimum possible number of mice.

2.2 Knee joint inflammation and pharmacological treatment

Joint inflammation was induced by intra-articular (i.a.) injection of 100 pg/ cavity of zymosan from
Saccharomyces cerevisiae (Sigma, St. Louis, MO), in 10 pL of sterile saline into the right knee joint cavity [19].
Control animals received an injection of an equal volume of sterile saline. Animals were pretreated with 0.03; 0.3;
or 3 ng/ mouse (diluted in saline, intra-peritoneal, i.p.) of 17(R)-RvD1 (Cayman Chemicals Company, Michigan,

USA) 30 minutes before zymosan injection.

2.3 Assessment of evaluation of knee joint hypersensitivity

The mechanical hypersensitivity of the femorotibial joint was evaluated using an electronic version of the
von Frey apparatus (Insight instruments, Ribeirao Preto, SP, Brazil) [9,20], coupled to a digital analgesimeter
[21,22]. In a quiet, temperature-controlled room, mice were placed in acrylic cages (12 cm x 10 cm x17 cm) with
wire grid floors, at least 30 min before the start of testing. Animals were habituated during four consecutive days
in 60 minutes sessions before the behavioral testing. To exclude the subcutaneous effect for the evaluation of knee
joint hypersensitivity, it used a large polypropylene tip (4.15 mm? area size). An increased perpendicular force
was applied to the central area of the plantar surface of the hind paw to induce flexion of the femorotibial joint.
The mechanical force was applied when the animals were quiet and with the four paws on the grid floor. The upper
limit pressure was 15 g. The positive response was considered after the withdrawal of the hind paw. After
withdrawal, the intensity of the pressure (grams) was automatically recorded, with the final response value being
obtained by the average of two measurements. The test was performed for 1, 3, 5, and 7 h after ZIA. The
investigators were blinded to the treatment. After determining the best pretreatment time by the time-response

curve, treatment with 17(R)-RvD1 was carried out half an hour before intraarticular injection of zymosan.

2.4 Evaluation of changes in paw weight distribution

Unilateral peripheral inflammation produces changes in weight-bearing distribution, dislocating weight
toward the non-injured paw [23]. Changes in rear member weight distribution were evaluated using the Static
Weight Bearing (SWB) apparatus (model BIO-SWB-TOUCH-M, Bioseb, France). In a quiet, temperature-
controlled room, mice were gently placed into an acrylic chamber, where the animal is comfortably maintained

while their hind paws rest on two separate sensor plates. Mice were habituated for at least four consecutive days
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before the behavioral testing. The animal stands and makes a natural adjustment to the degree of pain by adapting
weight distribution on the non-injured rear paw, and the value of the weight applied on each sensor is displayed
on an LCD screen of the control unit. Mice were tested before (baseline values) and after treatment and stimulus.
Each measurement consists of the weighted average in each sensor in 10 seconds of acquisition. The results are
expressed by the right/left paw ratio, which was calculated using the mean of two measurements at 0 (baseline

value), 1, 5, and 7 h after zymosan injection. The investigators were blinded to the treatments or groups.

2.5 Thermal hyperalgesia test

Animals were placed on a hot plate apparatus (Insight, Ribeirao Preto, SP, Brazil) at a constant temperature
of £ 1°C [24]. The endpoint was characterized by the removal of the paw followed by flinching or licking the paw.
The reaction time was registered when the following responses were observed: jumping, clear paw flinching, or
paw licking. Maximum latency until end-point was set at 20 s to avoid tissue damage. The results are expressed
by total withdrawal latency (in seconds) of measurements obtained 1, 3, 5, and 7 h after stimulus [25]. The

investigators were blinded to the treatment.

2.6 Knee joint edema measurements
Knee joint edema for each mouse was determined using an analog caliper (Digmatic Caliper, Mitutoyo
Corporation, Kanagawa, Japan) by the difference between values before (basal), and 1, 3, 5, and 7 h after ZIA.

The edema value is represented as mm/joint [26]. The investigators were blinded to the treatment.

2.7 Histological analysis

Tibiofemoral samples obtained from zymosan-stimulated mice treated with 17(R)-RvD1 were collected 7 h
after injection of zymosan (i.a.) and fixed in 10% buffered formaldehyde. After decalcification in 4%
ethylenediaminetetraacetic acid solution and hydrochloric acid for 4 weeks the samples were processed, stained
with hematoxylin-eosin (H&E) for later examination under an optical microscope (Olympus OX31, Olympus,
Japan; original magnification, 40), connected to a digital camera (Lumenera Infnityl, Ottawa, Canada). Results
are expressed as leukocytes infiltrate (cell/field) counted at the inflammatory foci using the 40x objective. Using
the threshold tool on ImageJ 1.44 software (public domain: http://rsh.info.nih.gov/ij/), histological RGB images

were analyzed using % cell per area.

2.8 In vivo leukocyte migration in the joint cavity by microscopy

In vivo leukocyte migration in the knee joint wash was collected 7 h after the injection of the inflammatory
stimulus. Briefly, the articular cavities were washed 3 times with 3.3 pL of saline solution with 1 mM EDTA [27],
which was recovered to evaluate total and differential, cell counts. The total number of leukocytes was determined
in a Neubauer chamber diluted in Turk's solution (used to lyse erythrocytes). Differential cell counts (100 cells per
slice) were performed in slices stained with the panoptic kit (Laborclin, Pinhais, PR, Brazil) under a light
microscope (Olympus CX31RTSF, Tokyo, Japan). Results were expressed as total leukocytes,

polymorphonuclear, and mononuclear cells (cells x 10%/knee joint).

2.9 Cytokine production



942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975

45

Peripheral cytokines dosage was performed in samples of femorotibial joints collected 7 h after zymosan
injection. IL-1B, TNF-a, IL-6, and IL-10 levels were determined by ELISA using eBioscience Kits (eBioscience,
San Diego, CA, United States) accordingly with manufacturer instructions. Reading was performed at 450 nm
(Multiskan GO Microplate Spectrophotometer, Thermo Scientific, Vantaa, Finland). The results were obtained by
comparing the optical density with the densities of the standard curves [28] and are expressed as picograms (pg)

of each cytokine/ 100 mg of tissue [29].

2.10 Statistical Analysis

The results are presented as means + SEM (standard error of the mean) of measurements made of six mice
in each group per experiment. Experiments were conducted twice. Experiments were conducted twice. Data were
analyzed using the software GraphPad Prism 6.01. Two-way repeated-measures analysis of variance (ANOVA),
followed by Tukey’s post hoc, was used to compare all groups and doses when responses were measured at
different time points after the stimulus injection. When an analysis was performed at a single time point, one-way
ANOVA followed by Tukey’s post hoc was used. Statistical differences were considered significant when P <

0.05.

3. Results
3.1. Treatment with 17(R)-RvD1 reduces in a dose-dependent manner the zymosan-induced mechanical
hyperalgesia, thermal hyperalgesia, and change in rear member weight distribution

A dose-response curve was performed, evaluating the behavior of mechanical hyperalgesia using the digital
analgesimeter (von Frey) at the intervals of 1, 3, 5, and 7 hours after the stimulus, in addition to the baseline
measurement (time 0), for comparison purposes (Fig. 1A). Animals received treatment via intraperitoneal (i.p.)
with 17(R)-RvD1, at doses of 0.03; 0.3; or 3 ng / mouse, 30 minutes before the injection with zymosan (100ug /
10ul / intra-articular joint [i.a.]). The zymosan injection (i.a.) induces mechanical hyperalgesia at all times
analyzed. The animals treated with 0.03 ng or 0.3 ng per mouse, significantly reduced mechanical hyperalgesia
from the 3 to the 7" hour analyzed. However, treatment with dose at 3 ng/mouse, significantly reduced mechanical
hyperalgesia at all times (1% to the 7™ hour) analyzed. Therefore, the dose of 3 ng was chosen for the following
experiments. Next, we evaluated the effects of 17(R)-RvD1 in thermal hyperalgesia and rear member weight
distribution using a nonreflexive method (static weight-bearing). The animals were pretreated with 17(R)-RvD1
(3 ng/ mouse i.p.) 30 min before ZIA (100 pg i.a.). The thermal threshold was measured 1, 3, 5, and 7 hours after
the stimulus, and weight distribution in the time points of 1, 3, and 7 hours after Zym injection. Zymosan-induced
a reduction in the thermal threshold (Fig. 1B) and changes in rear members weight-bearing (Fig. 1C). Importantly,
the treatment with 3 ng per mice with 17(R)-RvD1 decreased thermal hyperalgesia (Fig. 1B) and restore static
weight-bearing (Fig. 1C).
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Fig. 1. 17(R)-RvD1 reduces zymosan-induced knee joint mechanical hyperalgesia in a dose-dependent manner,
decreases heat thermal hyperalgesia, and restores rear member weight distribution. (A) Effect of 30 min
pretreatment with different doses of 17(R)-RvD1 (0.03; 0.3, or 3 ng, i.p.) on mechanical hyperalgesia (von Frey)
induced by ZIA (100 ug/ 10 ul sal/ cavity, i.a.). Mechanical hyperalgesia was assessed 1, 3, 5, and 7 h after
treatment. The results are presented as mean = SEM of 6 animals per group *p < 0,05 compared to the saline group,
# p < 0,05 compared to the zymosan group. (Two - way Anova and Tukey’s t test). (B) Heat thermal hyperalgesia
was evaluated in a hot plate apparatus (1, 3, 5, and 7 h after stimulus), and (C) rear member weight-bearing was
evaluated in a static weight-bearing (SWB, 1, 3, and 7 h after stimulus). Results of thermal hyperalgesia and the
weight ratio of left/right rear paw are presented as mean + SEM of 6 animals per group *p < 0.05 vs saline group;

#p < 0.05 vs zymosan group. (One - way Anova and Tukey’s t test).

3.2. 17(R)-RvD1 reduces edema and articular leukocyte recruitment

We next evaluate the effect of 17(R)-RvD1 in reducing ZIA joint edema and leukocyte recruitment. Animals
were pretreated with 17(R)-RvD1 (3 ng/i.p.) 30 min before injection with zymosan (100 pg, i.a.). ZIA joint edema
(Fig. 2A) and the number of recruited leukocytes (Fig. 2B - D). The other, 17(R)-RvD1 the reduction in edema
(Fig. 2A), leukocyte recruitment was observed in total leukocytes (Fig. 2B), polymorphonuclear (Fig. 2C), and

mononuclear (Fig. 2D) cells.
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Fig. 2. 17(R)-RvD1 reduces edema and leukocyte recruitment. Effect of treatment with 17(R)-RvD1 (3 ng/ mouse,
i.p.) 30 min before injection with ZIA (100 pg, i.a.) in the formation of edema (A), recruitment of total leukocytes
(B), polymorphonuclear (C), and mononuclear cells (D) in the synovial cavity. The results are presented as mean
+ SEM of 6 animals per group *p < 0,05 compared to the saline group, # p < 0,05 compared to the zymosan group.

(One-way Anova and Tukey’s t test).

3.3. 17(R)-RvD1 reduces zymosan-induced synovitis
Mice were pre-treated with 17(R)-RvD1 (3 ng/ mouse, i.p.) 30 min before intra-articular injection with ZIA.
Seven hours after the stimulus, the knee joint was sampled for H&E histological analysis. As observed in Fig. 4(A

- D), 17(R)-RvD1 reduces ZIA inflammatory infiltrate and synovitis.
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Fig. 3. 17(R)-RvD1 reduces zymosan-induced synovitis. Animals were pretreated with 17(R)-RvD1 (3 ng/ mouse,
i.p.) 30 min before injection of zymosan (100 pg / cavity, i.a). Seven hours after the stimulus, the tibiofemoral
joints were collected for H&E histological analysis. (A - C). 17(R)-RvD1 reduced inflammatory infiltrate and
synovitis. ImageJ software was used to perform the image analyses (% cell per area, area highlighted in red in (a
- ¢) (Original magnification 400x) by a total score of inflammatory cells per field (D). Results are presented as
mean + SEM of 6 animals per group *p < 0.05 versus saline group; #p < 0.05 versus zymosan group. (One-way
ANOVA followed by Tukey’s t test).

3.4. 17(R)-RvD1 modulates the production of IL-1f, TNF-a, IL-6, and I1L-10

We next evaluate the effects of 17(R)-RvD1 in the production of the pro-inflammatory cytokines IL-1pB, TNF-
a, IL-6, and anti-inflammatory cytokine IL-10. The levels of cytokines were evaluated using ELISA commercial
kits (Fig. 5). Animals stimulated with zymosan (100 pg / 10 puL sal/ mouse, i.a.) and vehicle showed a significant
increase in IL-1pB (Fig. 5A), TNF-a (Fig. 5B), IL-6 (Fig. 5C), and 1L-10 (Fig. 5D) when compared to the saline-
injected group. On the other hand, animals treated with 3 ng of 17(R)-RvD1 have reduced the levels of IL-1f (Fig.
5A), TNF-a (Fig. 5B), IL-6 (Fig. 5C), and IL-10 (Fig. 5D), when compared to the stimulated group.
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Fig. 4. 17(R)-RvD1 reduces peripheral production of zymosan-induced cytokines. Effect of treatment with 17(R)-
RvD1 (3 ng /mouse i.p.) 30 min before the stimulus with Zym (100 pg / 10 pL sal/ mouse, i.a.) on the levels of
(A) IL-1B, (B) TNF-a, (C) IL-6, and (D) IL-10 per mg of tissue. Samples of the femorotibial joint were collected
after 7 hours of stimulation. The results are expressed as mean + EPM of 6 animals per group * p < 0.05 compared

to the saline group, # p < 0.05 compared to the zymosan group. (Anova One-way and Tukey’s t test).

4. Discussion

In the present study, the effects of 17(R)-Resolvin D1 were evaluated in a model of zymosan-induced
arthritis. Compelling evidence demonstrates that the available pharmacological therapies for rheumatic diseases
are usually accompanied by unwanted side effects and long-term usage-associated toxicity. Therefore, in the
pharmacological field, there is a constant effort in the develop novel therapies capable of controlling symptoms
and did not offer major side effects. In this study, we aimed to demonstrate the potential of 17(R)-RvD1 to the
treatment of acute arthritis induced by zymosan.

The zymosan-induced arthritis animal model is important for the development of new anti-inflammatory and
analgesic drugs. Intra-articular zymosan stimulation induces hyperalgesia, joint edema, leukocyte recruitment into
the tissue, synovitis, and release of pro-inflammatory cytokines TNF-a and, IL-1p [7]. Thus, the first step of this
study was to assess whether the 17(R)-RvD1 lipid mediator has an analgesic effect in an animal model of zymosan-
induced arthritis. Additionally, different doses of the molecule were tested to determine the dose capable of
reducing mechanical hyperalgesia more effectively. The results obtained, demonstrate that the treatment with
17(R)-RvD1 reduced the mechanical hyperalgesia induced by zymosan, and the dose of 3 ng per mouse being
considered the most effective and, therefore, chosen for the other experiments. In addition to corroborating with
data in the literature on the anti-hyperalgesic actions of this mediator [18].

Through the production and release of various pro-inflammatory mediators such as ET-1, eicosanoids,
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cytokines, metalloproteinases, and reactive oxygen and nitrogen species, the presence of neutrophils contributes
to tissue damage in rheumatoid arthritis [30,31]. Recruited neutrophils also participate in hyperalgesia induced by
zymosan releasing hyperalgesic molecules [11,32-35]. 17(R)-RvD1 reduced zymosan-induced arthritis as
observed by an increase in the mechanical and thermal threshold and right/left rear paw ratio on SWB. Here, we
interrogated pain by using an electronic analgesimeter, a reflexive (hot plate), and nonreflexive (SWB) methods
of pain measurements that most likely will result in the development of better analgesic drugs [36,37].

This study showed that pretreatment with 17(R)-RvD1 at a dose of 3 ng/mouse reduces joint edema, a
leukocyte migration to the inflammatory focus, and histopathological damage to the joint. Therefore, inhibition of
leukocyte recruitment to the inflammatory focus by 17(R)-RvD1 may be a mechanism that contributes to the
reduction of mechanical hyperalgesia and inflammation induced by zymosan. Leukocyte recruitment induced by
zymosan was evaluated directly in the joint lavage. These results are in line with previous studies that relate the
protective potential of 17(R)-RvD1 to attenuated leukocyte recruitment (neutrophil alveolar infiltration) in a
bleomycin-induced pulmonary fibrosis model [38].

The ability to reduce joint edema because of diminution leukocyte infiltration is similar to that found by Cox
Jr et al. They found in the model of acute hyperoxic lung injury treatment with 17(R)-RvD1 decreases pulmonary
edema (lung wet/dry ratio) and regulates enhances the resolution of hyperoxia-induced tissue inflammation which
contributed to histological damage to the lung [39]. In a murine experimental model of asthma, the pro-resolving
actions of 17(R)-RvD1reduces for airway leukocytes infiltration and, improves airway mucus metaplasia, both
responsible for histopathological changes and damage to the lungs [40]. Besides, one of the mechanisms already
demonstrated for 17(R)-RvD1 is the specific TRPV3 block, leading to analgesia [41], once that activation of the
peripheral ion channel TRPV3 contributes to the sensation of pain thermal and chemical [42—44]. With this in
mind, the thermal hyperalgesia induced by zymosan was evaluated and its reduction was observed after treatment
with a lipid mediator.

Another relevant result demonstrated in our study was that treatment reduces the production of anti and pro-
inflammatory cytokines. Cytokines are synthesized by different cells in response to a variety of stimuli and are
related to cartilage destruction and the course of arthritis, as mentioned earlier. Some of these mediators are
responsible for the progression and chronicity of the disease [45,46]. The first cytokine released in inflammation
is TNF-o, which triggers the release of IL-6 and IL-1p. Therefore, it is important to control pro-inflammatory
cytokines during the inflammatory process [45].

In summary, in this study was demonstrated that treatment with 17(R)-RvD1 decreased the production of
these three specific mediators and, also, there was a reduction in the anti-inflammatory cytokine IL-10. The release
of 1L-10 shows that the beneficial effects of 17(R)-RvD1 do not appear to depend on IL-10 anti-inflammatory
properties. This result can be related to previous reports that showed that the treatment with RvD2 leads to a
reduction in IL-10 protein levels in the cecal ligation and puncture model, showing that the IL-10 elevation is not
a general feature for resolvins and can be an organ and tissue-dependent [47]. Thus, the effects here observed
corroborate with mechanisms of action of other SPMs also derived from DHA. Zambalde and collaborators also
demonstrated the anti-inflammatory and pro-resolving effects of 17(R)-RvD1 in a cell model of patients with
severe asthma, showing significant results in reducing the cytokines TNF-a and IL-10 [48].

In this study, we demonstrated that 17(R)-RvD1 improves the inflammatory pain induced by Zymosan. It

inhibited hyperalgesia mechanical and thermal, the formation of joint edema, leukocyte recruitment, and presented
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anti-inflammatory action in a murine model of zymosan arthritis, presenting a preclinical profile for the control of

this disease.

5. Conclusion

The present study shows that the n-3 PUFA-derived mediators 17(R)-Resolvin D1 are effective in
attenuate zymosan-induced arthritis in mice. Our results showed that their beneficial actions were mainly
associated with their ability to inhibit PMN infiltration, synovitis, and reduce proinflammatory cytokines. Taken
together, our findings strongly suggest that the precursor of resolvins of the D series, 17(R)-RvD1 possesses
analgesic and anti-inflammatory properties and it could be useful as therapeutic agents for inflammatory pain

control in arthritis.
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4.3 ARTIGO 2

O presente trabalho segue as normas da revista International
Immunopharmacology, com qualis-periédico B1 em Medicina 1 e fator de impacto de 3.943.
Os resultados estdo descritos no artigo intitulado “The pro-resolving lipid mediator Aspirin-
triggered Resolvin D1 attenuates gouty arthritis in mice via inhibition of NF-kB activation in
CD11b" cells”.
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Abstract

The contemporary understanding of the inflammation resolution process shed light on the role of specialized pro-
resolving lipid mediators. Those omega-3 polyunsaturated fatty acids-derivates orchestrate the process, and
actively reestablish tissue homeostasis. Aspirin-triggered Resolvin D1 (AT-RvD1) or 17(R)-Resolvin D1 is a
docosahexaenoic acid-derivate, which has been pointed to have anti-inflammatory and analgesic properties. AT-
RvD1 has been shown to reduced inflammation, leukocyte recruitment, and NF-kB activity in models of
inflammatory pain, its effect was not yet evaluated in the context of gouty arthritis. Therefore, in this study, we
evaluate the action of AT-RvD1 on pain and inflammation induced by intra-articular injection of monosodium
urate crystals (MSU) in a mouse model of gouty arthritis. Mice were treated with AT-RvD1 (0.03; 0.3; or 3 ng/
mouse/intra-peritoneal [i.p.]) 30 minutes before an intra-articular (i.a.) injection of MSU (100ug/10puL of
salina/cavity). The painful and inflammatory phenotype of the disease, expression of cytokines, stress oxidative
parameters, and toxicity was evaluated 15 hours after the stimulus. Treatment with AT-RvD1 reduced MSU-
induced mechanical hyperalgesia in a dose- and time-dependent manner. Moreover, the treatment also reduced
thermal hyperalgesia, knee joint edema, histopathological lesion, leukocyte recruitment (total cells,
polymorphonuclear cells and, mononuclear cells), pro-inflammatory cytokine production (IL-1p, TNF-a and, IL-
6), oxidative stress (GSH, TBARS), and the NF-«kB activation in CD11b* cells (phospho-NF-«kB p65 fluorescence
intensity, phospho-NF-kB p65 % positive cells and, CD11b fluorescence intensity). Importantly, no gastric,
hepatic, or renal toxicity was observed. Thus, we demonstrate that AT-RvD1 has analgesic, antioxidant, and, anti-
inflammatory properties in the animal model, without demonstrate any toxicity. Therefore, our data suggest that

this molecule may be a novel candidate for the treatment of gouty arthritis.

Keywords: 17(R)-Resolvin D1, Gout, SPMs, Inflammation, MSU

1. Introduction
Arthritis is a general term to refer to diseases with inflammatory characteristics that affect primarily joints and
periarticular tissues. As inflammatory diseases, arthritis induces pain, edema, and joint stiffness mediated by the

inflammation[1]. Stimulus with varied natures causes arthritis. In the case of gouty arthritis, monosodium urate
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crystals (MSU) are the cause of inflammation. Gouty arthritis is a prototypical inflammatory disease, as it induces
intermittent non-inflammatory and inflammatory periods. Gout arthritis is clinically characterized in the acute
flares of joint inflammation, which self-resolve in an interval of up to 7-10 days [2]. Gouty flares are described as
one of the most painful acute conditions experienced by human beings [3,4]. Gouty arthritis is initiated by an
accumulation of MSU crystals in the joints and periarticular tissues. Since the synovial fluid is an ultrafiltrate of
the plasma in the joints, which present lower temperature than the core of the body, allows MSU crystals formation
and precipitation [5,6]. MSU crystals are formed upon high blood levels of uric acid, in general, >7mg/dL [7].
Imbalances in uric acid metabolism include known and unknown genetic causes, eating habits, and consumption

of alcoholic beverages [8-10].

Once formed, MSU crystals undergo phagocytosis by resident macrophages and the rupture of
phagolysosomes release cathepsins that activate the NLRP3 (NACHT, LRR, and PYD domains-containing protein
3) machinery [11,12]. Upon activation, NLRP3 complex with the accessory molecule ASC, and pro-caspase-1,
which is a cleavage in the active form, caspase-1. Activated caspase-1, cleaves pro-1L-1f into the mature for IL-
1B [11,12]. The mature IL-1pB amplifies the inflammation by recruiting additional leukocytes, such as monocytes
and neutrophils. In gouty arthritis, neutrophils play an important role in the joint lesion and pain signaling.
Recruited and resident cells upon crystals phagocytosis, produce a series of pro-inflammatory mediators, such as
cytokines (IL-1B, TNF-a), reactive oxygen (ROS), and nitrogen (RNS) species, among others [13-16]. The
production of IL-1p for instance activates the transcription factor NF-«B [5,11,17,18].

This activity is reciprocal because NF-kB signaling stimulates the expression of more pro-1L-1p, as well as
inflammasome components NLRP3/ASC/pro-caspase-1 [13,19]. In turn, NF-xB enhances the expression of other
cytokines such as TNF-a and IL-6. Cytokines (IL-1p, TNF-o, IL-6) are involved in the recruitment of neutrophils,
edema formation, and increase the sensitivity of nociceptor sensory neurons, causing pain, which might be
described as mechanical and thermal hyperalgesia [20,21]. ROS also activates the translocation of NF-xB,
increasing inflammation [5,11,22]. Moreover, ROS can directly sensitize nociceptor neurons and contribute to the
development of inflammatory hyperalgesia [17]. Importantly, both ROS and MSU are well-known activators [11]
NLRP3 inflammasome [5,11,22].

Specialized pro-resolving lipid mediators (SPMs) have essential endogenous roles in the resolution of
inflammatory processes through engagement, at nanomolar concentrations, of cognate G- protein-coupled
receptors [23]. SPMs are synthesized from arachidonic acid (a polyunsaturated omega-6 fatty acid), and the
metabolites of omega-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Arachidonic
acid, EPA, and DHA undergo metabolization by lipoxygenases and hydrolases originating the four main classes
of SPMs: lipoxins, resolvins, protectins, and maresins [24,25]. SPMs were identified in the resolution phase of the
inflammatory process acting in the induction of non-phlogistic macrophages - that phagocyte neutrophil apoptotic
bodies, reducing pro-inflammatory cytokines and removing inflammatory and infectious debris. In addition to pro-
resolution effects, SPMs have roles in host defense, pain, and tissue remodeling [24]. Importantly, despite
orchestrating the inflammation resolution process, SPMs do not have immunosuppressive activity [24]. Further,

SPMs show a long-lasting biological effect [26], contrasting with their short half-life, in the range of seconds in
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an aqueous medium [27]. Furthermore, the action of SPMs seems to be associate with the modulation of cellular
function and profile, therefore is a rationale that not all their effects are immediate.

Resolvins constitute a family of SPMs derived from EPA, E-serie (RVE), and DHA, D-serie resolvins (RvD)
[27,28]. The DHA metabolization pathway gives origin to the 17S and 17(R)-RvD [28,29]. Importantly, treatment
with aspirin leads to changes in COX-2 acetylation, which yields substrate to lipoxygenase activity [28]. Aspirin
triggers the metabolization of DHA into 17R-hydroxy-DHA, which in subsequent oxygenation by 5-LOX results
in the production of Aspirin-triggered RvD1 or 17(R)-RvD1 [28,29]. This molecule can also be produced
endogenously in the absence of aspirin by alternative pathways involving cytochrome P450 enzymes [24].

Among the anti-inflammatory and analgesic effects already described in the literature for exogenous
treatment AT-RvD1, we can mention the reduction in leukocyte recruitment, COX-2 expression, NF-xB activation,
pro-inflammatory cytokine production (e.g., IL-1p and TNF-a), and mechanical and thermal hyperalgesia in a
model of inflammatory pain induced by Complete Freund’s Adjuvant (CFA) [27-33]. This strong evidence
highlights the anti-inflammatory and analgesic properties of AT-RvD1and instigates the evaluation of these
molecules in disease settings. Therefore, the present study aim in unveiling the analgesic and anti-inflammatory

effects, and suitable mechanisms of action of AT-RvDL1 in an animal model of gouty arthritis.

2. Materials and methods
2.1 Animals

The experiments were performed on male Swiss mice (20-25 g) from Londrina State University, Parana,
Brazil. Animals were housed in standard clear plastic cages measuring 41x34x16 cm (Insight®), according to the
experimental groups (n=6), and received food and water ad libitium in temperature-controlled rooms (22-25 °C)
and a light/dark cycle of 12:12 h. All behavior testing was performed between 9 a.m. and 5 p.m. in a temperature-
controlled room. Animals were acclimatized in the testing room at least 1 h before the experiments and were used
only once. Mice were anesthetized with isoflurane 5% (Abbot, Abbott Park, IL, USA) by inhalation overdose, and
terminally euthanized by cervical dislocation followed by decapitation at the end of the experiments as described
in the following sections. Animal care and handling are in accordance with the International Association for Study
of Pain (IASP) and was approved by the Animal Ethics Committee of the Universidade Estadual de Londrina
(CEUA-UEL process number: 1415.2018.99). All efforts were made to minimize the number of animals used and

their suffering. Investigators were blinded to the treatments.

2.2 Evaluation of articular mechanical hyperalgesia

Femoral-tibial joint mechanical hyperalgesia was evaluated with an electronic analgesimeter (Insight®
instruments, Ribeirdo Preto, SP, Brazil) [34,35]. This apparatus consists of a force transducer adapted to a digital
counter that expresses the applied force in grams (g). Mice were accommodated in acrylic cages (12x10x17 cm)
with a metallic grid floor, 1h before the start of the test. Using a disposable polypropylene tip (4.15 mm?) the test
consists of the application of perpendicular force on the central area of the hind paw to induce a flexion movement
of the right femoral-tibial joint, followed by paw withdrawal, as previously described (GUERRERO et al., 2006;
PINTO et al., 2010). This response is considered nociceptive since it is modulated by clinically used analgesics
drugs [38]. The results obtained were calculated through the difference between the average of 2 measurements
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after the stimulus (in the intervals of 1, 3, 5, 7, and 15 h) and the average of 2 measurements before the stimulus
(baseline). Therefore, the dose of 3 ng/mouse was chosen to perform the next experiments.

2.3 Thermal hyperalgesia

Heat thermal hyperalgesia was performed using a hot plate at 52 + 1°C [39]. The endpoint was characterized
by the removal of the paw followed by clear hind paw flinching or licking movements. The reaction time was
registered when the following responses were observed: jumping, clear paw flinching, or paw licking. The results
are expressed as withdrawal latency (in seconds). A cutoff of 20s was set to avoid tissue damage.

2.4 Articular edema

The transverse diameters of the right femoral-tibial joint were measured using an analog caliper (Digmatic
Caliper, Mitutoyo Corporation, Kanagawa, Japan) to determine articular edema. The volume of the animal joints
was evaluated before the inflammatory stimulus (time 0) and 1, 3, 5, 7, and 15h after MSU injection. Results are

expressed as the difference between the measurements after and before the stimulus (baseline) [40].

2.5 Histological analysis

Femoral-tibial joint samples were collected 15h after intra-articular administration of MSU and fixed in 10%
buffered formaldehyde. After decalcification in 4% ethylenediaminetetraacetic acid solution for 4 weeks, the
samples were paraffin-embedded, sectioned, and stained with hematoxylin-eosin (H&E) for later examination
under an optical microscope (Olympus OX31, Olympus, Japan; original magnification, 40), connected to a digital
camera (Lumenera Infnityl, Ottawa, Canada). Results are expressed as leukocytes infiltrate (cell/field) counted at
the inflammatory foci using the 40x objective. Using the threshold tool on ImageJ 1.44 software (public domain:
http://rsh.info.nih.goV/ij/), histological RGB images were analyzed using % cell per area.

2.6 Leukocyte recruitment profile

The recruitment of leukocytes to the femoral-tibial joint was determined 15h after MSU injection. The
articular cavity was washed 3 times with 3.3 pL of saline solution with ImM EDTA [41]. The total number of
leukocytes was determined in a Neubauer chamber diluted in Turk's solution (used to lyse erythrocytes), followed
by differential cell counts (100 cells per slide) in slices stained with the panoptic kit (Laborclin, Pinhais, PR, Brazil)
under a light microscope (Olympus CX31RTSF, Tokyo, Japan). Results are expressed as the number of total
leukocytes, polymorphonuclear, and mononuclear cells (cellsx104/knee joint cavity).

2.7 Cytokine levels

After stimulation with MSU, articular tissue samples were collected for the measurement of proinflammatory
cytokines, IL-1B, TNF-a, and IL-6. The samples were homogenized in saline containing proteases inhibitors,
centrifuged (3000 RPM, 4°C, 10 minutes), and the supernatant was used to assess cytokine levels by commercial
ELISA kit (enzyme-linked immunosorbent assay), following manufactures’ instructions. The results are expressed

in picograms (pg) of cytokine/100 milligram (mg) of tissue [42].

2.8 Lipid peroxidation
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The levels of thiobarbituric acid (TBA)-reactive substances (TBARS), primarily malondialdehyde (MDA),
were quantified spectrophotometrically as previously described [43]. Briefly, the tissue homogenate was reacted
with TBA (0.67%) to form MDA-(TBA), complexes, and the proteins were precipitated with trichloroacetic acid
(TCA, 10%). The samples were incubated for 15min, 100°C in a boiling water bath, and transferred to an ice bath.
MDA, an intermediate product of lipid peroxidation, was determined by the difference between absorbance at 535
and 572 nm using a microplate spectrophotometer reader (Multiskan GO microplate spectrophotometer, Thermo

Scientific, Vantaa, Finland). Results are expressed as lipid peroxidation (AOD A535-A572) per mg of protein [44].

2.9 Reduced glutathione (GSH) levels

For determination of GSH levels, knee joint samples were dissected 15h after intraarticular injection of MSU
(100 pg, i.a.). Homogenates were mixed with 25 pL. of 50% trichloroacetic acid, vortexed three times for 15 min,
centrifuged (15min, 1500g, 4°C), and the resulting supernatant was added to 200 uL of 0.2 M Tris buffer, pH 8.2,
and 10 pL of 0.01 M DTNB. After 5 min of incubation at room temperature, the absorbance was measured at 412

nm. A standard curve of GSH was used, and the results are expressed as nmol GSH per mg of protein [45,46].

2.10 Immunofluorescence assay

Avrticular washes of mice were collected 15h after MSU i.a. injection into the knee joint using a solution of
PBS 1x/2mM EDTA/0.5% BSA (50uL). Cells were then cytocentrifuge (5min, 4°C, 300g) on sterile slides, and
let to dry out at room temperature overnight. Slides were fixed using a solution of paraformaldehyde 4%. After
that, was incubated with a blocking buffer (PBS, 2% BSA, 0.3% Triton) for 1h. Cells were incubated overnight
with primary antibodies anti-rat CD11b (1:200, #MCA711G, Bio-Rad, Hercules, CA, USA) and anti-mouse
Phospho-NF-kB p65 (1:200, #sc-136548; Santa Cruz Biotechnology, Dallas, TX, USA). The secondary antibodies
used were: Alexa Fluor 488 goat anti-mouse (1:500, #A-11001; Thermo Fisher Scientific, Waltham, MA, USA)
and Alexa Fluor 647 goat anti-rat (1:500, #A-21247; Thermo Fisher Scientific, Waltham, MA, USA). Hoechst
33342, trihydrochloride trihydrate (1:500, Thermo Fisher Scientific, Waltham, MA, USA) was used for nuclear
staining. The chosen representative images and quantitative analysis were performed using a confocal microscope
(SP8, Leica, Microsystems, Mannheim, Germany). The intensity of fluorescence was quantified in randomly

selected fields of different groups by a blind evaluator.

2.11 Liver, kidney, and stomach toxicity

Blood samples were collected by cardiac puncture and deposited in microtubes 15h after the stimulus with
MSU. Samples were then centrifuged (200g, 10min, 4°C) and the serum was separated. The serum was used to
determine nephrotoxicity through the levels of urea and creatinine, and Diclofenac was used as a positive control
to kidney damage (200 mg/kg, orally, diluted in sterile saline, once). Serum samples were also used to determine
the enzymatic activities of AST and ALT, indicators of hepatotoxicity, and acetaminophen was used as a positive
control (650mg/kg, intraperitoneal [i.p.], diluted in sterile saline, once). Urea, creatinine, and liver enzymes activity
were determined using commercially available kits according to the manufacturer's instructions (Labtest
Diagnostic S.A., Brazil). The results are presented as U/L of serum.

To determine whether or not AT-RvD1 may induce gastric damage, stomach myeloperoxidase (MPO)

activity was used, considering its activity is increased with gastric damage induced by non-steroidal anti-
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inflammatory drugs [47]. The recruitment of neutrophils to the stomach tissue was evaluated by the colorimetric
assay of MPO Kkinetics. The samples of the stomach were homogenized in cold K;HPO4 buffer (400uL, 50mM,
pH 6.0) containing HTAB (0.5% mass/volume), the homogenates were centrifuged (16,100 gx2minx4°C), and the
resulting supernatant was assayed using a spectrophotometer (Multiskan GO Microplate Spectrophotometer,
ThermoScientific, Vantaa, Finland) for MPO activity determination at 450nm. The MPO activity of samples was
compared to a standard curve of neutrophils. Briefly, 15uL of the sample was mixed with 200uL of 50mM
phosphate buffer (pH 6.0), containing 0.167mg/mL O-dianisidine dihydrochloride and 0.0005% hydrogen
peroxide. Indomethacin (2.5 mg/kg, i.p., diluted in tris/HCI buffer, for 7 days) was used as positive drug control

for stomach damage. The results were presented as MPO activity (number of neutrophils x 104/mg of tissue).

2.12 Statistical Analysis

The results are presented as means + SEM (standard error of the mean) of measurements made on six mice
in each group per experiment and are representative of two separate experiments. Two-way repeated-measures
analysis of variance (ANOVA) followed by Tukey’s post hoc was used to compare all groups and doses at all
times when responses were measured at different times after the stimulus injection. Differences between responses
were evaluated by one-way ANOVA followed by Tukey’s post hoc for data of single time point. Statistical

differences were considered significant when p < 0.05 for both analyzes.

3. Results
3.1 Treatment with AT-RvD1 reduces in a dose-dependent manner the MSU-induced mechanical hyperalgesia,
and thermal hyperalgesia.

A dose-response curve was performed evaluating the analgesic effect of AT-RvD1 (0.03; 0.3; or 3 ng/ mouse,
i.p.), 1, 3,5, 7, and 15 hours after the i.a. stimulus with MSU (100pg/10uL sal/cavity) (Fig. 1A). Baseline values
were determined at the time point zero. The intensity of mechanical hyperalgesia (g) measured in the saline group
did not change significantly between different times. The injection of MSU induced mechanical hyperalgesia at
all analyzed times compared to the saline group. The groups that received treatment with doses of 0.03 and 0.3
ng/mouse of AT-RvD1 showed a reduction in mechanical hyperalgesia from the 3% h to the 7" h after the stimulus.
Treatment with the dose of 3 ng/mouse significantly reduced the mechanical hyperalgesia at all times (1% h to the
15" analyzed after MSU injection. Therefore, the dose of 3 ng/mouse was chosen to perform the next experiments.
Thermal hyperalgesia was evaluated using the hot plate test. Mice were treated with AT-RvD1(3 ng/mouse/i.p. 30
min) before the i.a. injection of MSU (100pg/cavity). MSU reduced the thermal threshold and the treatment with
AT-RvD1 decreased this parameter (Fig. 1B).
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Fig. 1. AT-RvD1 reduces gouty arthritis mechanical hyperalgesia in a dose-dependent manner and thermal
hyperalgesia. Effect of 30 min pretreatment with treated doses of AT-RvD1 (0.03; 0.3; or 3 ng/mouse/i.p.) over
mechanical hyperalgesia induced by i.a MSU injection (100ug/10uL sal/cavity) (A). The effect over thermal
hyperalgesia induced by the injection of MSU (B). Mechanical and thermal hyperalgesia was assessed 1, 3, 5, 7,
and 15 h after treatment. The results are presented as mean + SEM of 6 animals per group *p<0.05 compared to

the saline group, # p<0.05 compared to the MSU group. (Two-way Anova and Tukey’s t test).

3.2 Treatment with AT-RvD1 reduces gouty arthritis joint edema and leukocyte recruitment

The potential of AT-RvDL1 in reducing MSU-induced edema and leukocyte recruitment was evaluated.
Animals were pretreated with AT-RvD1 (3ng/mouse/i.p., 30 min) before injection with MSU (100pg/10pl sal/i.a./
cavity). Edema is one of the inflammation hallmarks (GUERRERO et al., 2006), our data demonstrate that MSU-
induced joint edema, increasing in the joint thickness (Fig. 2A). Importantly, AT-RvD1 decreases MSU-induced
edema at all time points. MUS stimulus-induced leukocyte recruitment to the knee joint cavity (Fig. 2B - D), and
the number of total leukocytes (Fig. 3B), polymorphonuclear cells (Fig. 3C), and mononuclear cells (Fig. 3D) are

reduced in mice treated with AT-RvD1 at 3 ng/mouse.
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1577
1578 Fig. 2. Treatment with AT-RvD1 reduces the joint edema and leukocyte recruitment triggered by MSU. Effect of

1579  treatment with AT-RvD1 (3ng/mouse/i.p.) 30 min before injection with MSU (100ug/10pl sal/i.a./cavity) in joint
1580  edema development (A), and recruitment of total leukocytes (B), polymorphonuclear (C) and mononuclear (D)
1581 cells into the synovial cavity. The results are presented as mean + SEM of 6 animals per group *p<0.05 compared
1582  tothe saline group, # p<0.05 compared to the MSU group. (One-way Anova and Tukey’s t test).

1583

1584 3.3 Treatment with AT-RvD1 reduces MSU-induced synovitis

1585 Animals were pretreated with AT-RvD1 (3ng/mouse/i.p.) 30 min before injection of MSU injection
1586  (100ug/10ul sal/i.a./cavity). At 15 h after the stimulus, the knee joint was collected for H&E histolog evaluation
1587  (Fig. 3A-D). AT-RvD1 inhibited MSU-induced inflammatory infiltrate and synovitis as observed in the
1588 histological index analyses (Fig. 3A-D).
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Fig. 3. AT-RvD1 reduces MSU-induced synovitis. Animals were pretreated with AT-RvD1 (3ng/mouse/i.p.) 30
min before injection of MSU (100ug/10ul sal/i.a./cavity). At 15 h after the stimulus, the femoral-tibial joints were
collected for histological analysis stained with H&E (Fig. 3). AT-RvD1 reduced inflammatory infiltrate as
observed in the histological analysis as indicative of synovitis is presented in panel (A - C). ImageJ software was
used to perform the image analyses (% cells per area, area highlighted in red in (a - ¢) by a total score of
inflammatory cells per field (D). Results are presented as mean + SEM of 6 animals per group *p<0.05 versus
saline group; #p<0.05 versus MSU group. (One-way ANOVA followed by Tukey’s t test).

3.4 Treatment with AT-RvD1 diminishes knee joint levels of IL-1B, TNF-a, and IL-6 cytokines

The potential effect of AT-RvD1 in altering the production of pro-inflammatory cytokines such as IL-1p,
TNF-a, and IL-6 were evaluated using the ELISA method (Fig. 4). Mice were stimulated with MSU (100pg/10pul
sal/i.a./cavity) and treated with vehicle or AT-RvD1. The group stimulated with MSU presented a significant
increase in IL-1p (Fig. 4A), TNF-a (Fig. 4B), and IL-6 (Fig. 4C) levels compared to the saline group. In the group
treated with AT-RvD1 it was observed a reduction of IL-1p (Fig. 4A), TNF-a (Fig. 4B), and IL-6 (Fig. 4C) levels
in comparison to the stimulated group.
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Fig. 4. Treatment with AT-RvD1 reduces knee joint levels of cytokines in gouty arthritis. Mice were treated with
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AT-RvD1 (3ng/mouse/i.p.) 30 min before the stimulus with MSU (100ug/10ul sal/i.a./cavity) and knee joint levels
of IL-1B (A), TNF-a (B), and IL-6 (C) per mg of tissue were analyzed by ELISA. Samples of the femoral-tibial
joint were collected after 15 hours of stimulation. The results are expressed as mean = SEM of 6 animals per group
* p<0.05 compared to the saline group, # p<0.05 compared to the MSU group. (Anova One-way and Tukey’s t
test).

3.5 Treatment with AT-RvD1 inhibits MSU-induced oxidative stress

Animals were treated and knee joint samples were collected 15h after the stimulus to evaluate the effect of
AT-RvD1 (3ng/mouse/i.p.) on MSU-induced oxidative stress. The stimulus with MSU diminished the levels of
reduced glutathione (GSH) in the joint tissue [Fig. 5A] and treatment with AT-RvD1 restored the levels [Fig. 5A].
In addition to the endogenous antioxidant GSH, we also evaluated the levels of lipid peroxidation products using
TBARS assay. MSU enhanced the levels of lipid peroxidation and AT-RvD1 inhibited this parameter [Fig. 5B].
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Fig. 5. AT-RvD1 decreases oxidative stress caused induced by i.a. injection of MSU. Effect of treatment with AT-
RvD1 (3ng/mouse/i.p., 30min) suppressed reduced glutathione depletion (A) and reduced lipid peroxidation (B).
The results are expressed as mean + SEM of 6 animals per group * p<0.05 compared to the saline group, # p<0.05

compared to the MSU group. (Anova One-way and Tukey’s t test).

3.6 AT-RvD1treatment reduces NF-kB activation and recruitment of CD11b* cells to the knee joint cavity

Mice were treated with AT-RvD1 (3ng/mouse, i.p., 30min), knee joint synovial fluid was collected 15 h after
the stimulus, and cells were stained for CD11b* and phosphorylated (p)-NF-xB (NF-«B activation) [Fig. 6].
Immunofluorescence analysis showed that MSU increased the number of CD11b* and p-NF-«B activation staining

which were inhibited with AT-RvD1 treatment [Fig.6A - C]. Representative images are shown in Fig. 6C.
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Fig. 6. NF-xB activation triggered by MSU was suppressed by AT-RvD1. A synovial lavage was used. Mice were

pre-treated 30 min with AT-RvD1 (3ng/mouse, i.p.) before MSU (100ug, cavity, i.a.). Phospho-NF-xB p65
fluorescence intensity (A) CD11b* fluorescence intensity (B) with HOECHST were analyzed 15 h after stimulus
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with MSU by immunofluorescence in a confocal microscope atx40 magnification. Arrows representative cells
with colocalized fluorescence intensity. Results are presented as mean + SEM of 6 wells per group. *p<0.05 versus

saline group; #p<0.05 versus MSU group. (One- way ANOVA followed by Tukey’s t test.

3.7 Treatment with AT-RvD1 does not induce renal, hepatic, or gastritis injury

The capacity of treatment with AT-RvD1 to cause renal, hepatic, or gastritis injury were evaluated. The
animals were pretreated with AT-RvD1 (3ng/mouse, i.p.) 30 min before i.a. injection with MSU (100ug/10 pL
sal/cavity). At the 15 h after the stimulus, serum samples were collected to analyzes concentrations of urea and
creatinine, both indicators of nephrotoxicity, and concentrations of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT), both indicators of hepatotoxicity. Stomach samples were collected to determine the
activity of the myeloperoxidase enzyme (MPO), as an indirect parameter of neutrophilic inflammation. Animals
were treated with diclofenac (200mg/kg, per oral gavage, diluted in sterile saline once) as a positive control for
kidney injury, acetaminophen as a positive control of liver injury (650mg/kg, orally, diluted in sterile saline
solution, 200mg/mL, once), or indomethacin (2.5 mg/kg, i.p., diluted in TRIS/HCL buffer for 7 days) as a positive
control of gastritis. Treatment with a dose of 3ng/mouse of AT-RvD1, as well as stimulation with MSU, did not
alter serum urea concentrations (Fig. 7A), creatinine (Fig. 7B), AST (Fig. 7C), ALT (Fig. 7D), and gastric MPO
activity (Fig. 7E) when compared to the control. On the other hand, the positive stimulation controls did induce

such markers of tissue injury/toxicity (Fig. 7).
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Fig. 7. Treatment with AT-RvD1 doesn’t induce kidney, hepatic, and gastric damage. Effect of treatment with AT-

RvD1 (3ng/mouse i.p.), administered 30 min before the i.a. stimulus with MSU (100ug/10 pL sal/cavity),
diclofenac (200mg/kg, p.o., diluted in saline) administered only once, or acetaminophen (650 mg/kg, i.p., diluted
in saline, 200 mg/mL), or indomethacin (2.5 mg/kg, i.p., diluted in TRIS/HCL buffer). Serum levels of urea (A),
creatinine (B), AST (C), ALT (D), and MPO activity in the stomach (E) were determined. The results are presented
as mean + SEM of 6 animals per group. *p<0.05 compared to the saline group; #p<0.05 compared to the MSU

group. (One-way Anova and Tukey’s t test).

4. Discussion
The main purpose of pharmacological treatments of the most diverse classes of arthritis is to attenuate the
inflammatory and painful process existing in the joints and periarticular tissues. In this study, the analgesic,

antioxidant, and anti-inflammatory effects of AT-RvD1 were evaluated in the murine model of gout arthritis
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induced by monosodium urate crystals (MSU). We observed for the first time, to our knowledge, that AT-RvD1
effectively reduces gouty arthritis pain, joint edema, and leukocyte recruitment. Mechanistically, AT-RvD1 acts
by reducing cytokine production and oxidative stress, which are linked to the reduction of NF-xB activation in
CD11b" cells.

In the first experiments, the best dose and time of pre-treatments were determined from the response of the
animal to the mechanical stimulus. The selected dose (3ng/mouse) was used to widen the study of AT-RvD1
activities and search for potential mechanisms. The analgesic effect of AT-RvDL1 treatment in gouty arthritis was
observed by a reduction of hypersensitivity to mechanical and thermal stimulation. The analgesia concurred with
anti-inflammatory effects as observed by a reduction of knee joint edema and recruitment of mononuclear cells
(tissue-resident macrophages) and neutrophils to the synovial fluid. Both cell types contribute to the mechanism
of pathogenesis in acute gout [48]. Leukocytes actively contribute to the gout disease by releasing varied mediators
including proteolytic enzymes, pro-inflammatory cytokines (e.g., TNF-a, IL-1p), and ROS, which contribute to
cartilage and bone degradation and joint damage [7,16,49,50]. In summary, our data demonstrate that AT-RvD1,
is responsible for reducing recruitment and leukocyte infiltration (shown in the total and differential cell count
data [ex: neutrophils], and histological images), corroborating with previous studies [52] and, consequently
reducing synovitis and edema formation.

Abdelmoaty et al., showed that the treatment with AT-RvD1 via intrathecal (cerebrospinal fluid) reduces
carrageenan-induced mechanical hypersensitivity in a dose-dependent manner. Accordingly, AT-RvD1, which
have been identified as FPR2/ALX ligands, plays important roles in the regulation of spinal sensitization and pain
processing at least partly through interference with cytokine (TNF-a) release [53]. Other studies have shown that
systemically or intradermally administration of AT-RvD1 reduces Complete Freund’s Adjuvant (CFA)-induced
inflammatory pain, adjuvant-induced, and capsaicin-induced hyperalgesia in rat [54]. These findings corroborate
with the obtained results, once AT-RvD1 attenuates mechanical hyperalgesia also in the gout model.

It is known that the release of several pro-inflammatory mediators, such as prostaglandin E2 and cytokines
such as IL-1B, TNF-a, and IL-6 occurs after a peripheral inflammatory stimulus, which in turn promotes
sensitization of the nociceptor and the attenuation of the nociceptive threshold [55-57], producing increased
sensitivity to painful stimuli [58]. Thus, the reduction in mechanical hyperalgesia observed right after the
administration of AT-RvD1 may be the result of an indirect modulation of nociceptor sensitization, since the
precursor could attenuate the onset of inflammation and, consequently, the release of pro-inflammatory mediators,
decreasing the sensitization of afferent fibers.

Pro-inflammatory cytokines present an essential role in gout [7]. AT-RvD1 inhibited MSU-induced pro-
inflammatory cytokine production (IL-1p, TNFa, and IL-6). These cytokines induce pain, edema, oxidative stress
(NADPH oxidase, superoxide anion, NO), and leukocyte (neutrophils) recruitment [59,60]. Spinal 1 AT-RvD1
reduced TNF, IL-1pB, and IL-6 mRNA and protein levels in the DRG in a neuropathic pain model [61] and the
spinal cord in a model of bone cancer-induced pain [62]. Furthermore, systemic post-treatment of AT-RvD1
decreased the levels of TNF and IL-1p in the rat hind paw in the CFA model [54].

Oxidative stress contributes to the development and maintenance of both peripheral and central sensitization
[63], and also plays an important role in the development of inflammatory pain. Reactive oxygen and nitrogen
species produced in the inflammation site, contribute to the manifestation of pain [64-66] as well as induce the

production of hyperalgesia mediators by activating MAP kinases, PI3K and, NF-«xB [67]. In this sense, several
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studies have demonstrated the relationship between the reduction of oxidative stress and antinociceptive effects
[68,69]. When the superoxide anion and its derivatives are produced during inflammation and released in quantities
beyond what the antioxidant defenses can fight, the imbalance generated leads to the depletion of reduced
glutathione (GSH) levels promoting the oxidation of cysteine, which results in oxidative stress-induced lesioning
of tissues [22]. Moreover, ROS also mediates neutrophil recruitment [70] via ROS-dependent glutathionylation of
neutrophils’ actin [71]. In turn, neutrophils produce ROS upon recognition of MSU crystals [72]. Hither, we show
that AT-RvD1 reduced lipid peroxidation in the joint tissue by the TBARs test and restore the levels of glutathione
(GSH), confirming its antioxidant effects in the MSU-induced gouty arthritis model.

Importantly, RvD1 and AT-RvD1 share some receptors for their actions, both SPMs bind to known G-protein
coupled receptors (GPCR), GPR32 (G protein-coupled receptor 32), and ALX/ FPR2: N-formyl peptide receptor
2 [73], utilizing Gi and possibly Gqg as signal transductions [74]. Both receptors are expressed in human
neutrophils, monocytes, and macrophages, however, GPR32 is not yet identified in rodent tissue [53]. In addition
to acting on FPR2/ALX and GPR32, recent data points to the antinociceptive actions of resolvins also being
mediated through several different transient receptor potential (TRP) channels. RvD1 suppresses TRPAL, TRPV1
and TRPV4 mediated activity in primary afferents [75-77]. Besides, AT-RvD1 suppresses TRPV3 (Transient
receptor potential cation channel subfamily V member 3) mediated activity in keratinocytes, leading to analgesia
[76], once that activation of the peripheral ion channel TRPV3 contributes to the sensation of pain thermal and
chemical [78-80]. With this in mind, the thermal hyperalgesia induced by MSU was evaluated and its reduction
was observed after treatment with a lipid mediator.

NF-kB and NLRP3 inflammasome signaling pathways have pivotal roles in gout [81]. The activation of the
transcription factor NF-kB increases the expression of cytokines and enzymes that produce ROS [81-83].
Cytokines and ROS, in turn, further activate NF-«kB, and this reciprocal circle amplifies the inflammatory response
[84]. Activation of NF-kB also induces the expression of the components of the NLRP3 inflammasomez (NLRP3,
ASC, pro-caspase-1, and pro-IL-1p) [85,86]. The present data support the potential of AT-RvD1 to inhibit
inflammation and pain in an animal model of gout arthritis by blocking NF-kB activation without directly affecting
inflammasome machinery. Other results showed a significant decrease of NF-kB mRNA expression and protein
activation in animals treated with AT-RvD1 compared with dextran sulfate sodium (DSS)-treated animals. These
data suggest that the reduction of NF-kB activation by the DHA-derived mediators could suppress the expression
of adhesion molecules and indirectly reduce PMN infiltration of intestinal mucosa during experimental colitis [87].

Current pharmacological therapies used in gouty arthritis include the control of hyperuricemia and the
treatment of inflammation. Allopurinol is the main medicine used to control uric acid blood levels. Non-steroidal
anti-inflammatory drugs (NSAIDs), alkaloids (colchicine), and biological agents targeting IL-1b signaling.
NSAIDs, such as indomethacin and naproxen are generally used as first-line therapies for acute gout, however,
these medicines may have numerous adverse effects such as gastrointestinal toxicity, renal toxicity, or
gastrointestinal bleeding [87]. In patients with contraindications or who cannot tolerate NSAIDs or corticosteroids,
oral colchicine is frequently the next choice for primary therapy. Colchicine is a potentially toxic drug that also
can result in gastrointestinal effects and bone marrow suppression [88]. In terms of biological agents, for instance,
IL-1 receptor antagonists (IL-1ra) known as Anakinra and uricase are very expensive and have limited application
[89]. Therefore, AT-RvD1 presents benefits compared to current therapies used to treat gout arthritis, since it

presents analgesic and anti-inflammatory properties and did not cause gastric, hepatic, or renal toxicity in the dose
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tested.

In the present study, we demonstrated that AT-RvD1 promotes improvement in inflammatory pain, edema,
and leukocyte recruitment in a murine model of gouty arthritis induced by MSU crystals. The underlying
mechanisms of AT-RvD1 depend on inhibition of oxidative stress and cytokine production, which is directly
related to the diminished recruitment of CD11b* cells, and reduced detection of activated NF-«B in the knee joint
synovial fluid of gouty arthritis mouse. Furthermore, our data elucidate that AT-RvD1 has a safe profile in terms
of gastric, hepatic, or renal toxicity when compared to NSAIDs and therefore can be considered as a novel
therapeutic candidate for the treatment of gouty arthritis.

5. Conclusion

The present study shows that the lipidic mediator AT-Resolvin D1 possesses analgesic and anti-inflammatory
properties in MSU-induced gouty arthritis in mice. The mechanisms of action of AT-RvD1 were attributed to the
decrease of (a) leucocyte recruitment to the synovial cavity and synovitis; (b) proinflammatory/hyperalgesic
cytokines; and inhibition of (c) oxidative stress; (d) NF-xB activation in CD11b* cells. Given the fact that AT-
RvD1 is safe in experimental settings using in vivo and in vitro assays [12,52,54], it could be added as a possible
candidate to control inflammatory gout pain.
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5 CONCLUSAO

Neste estudo, demonstramos que a 17(R)-RvD1 promove melhora na dor
inflamatoria induzida por zimosan e MSU. No modelo de artrite induzida por zimosan, a 17(R)-
RvD1 reduziu os quadros de hiperalgesia mecéanica (dose-dependente) e térmica, distribuicao
de peso entre as patas dos animais, formacéo de edema articular, recrutamento leucocitario

e producéo periférica de citocinas pré-inflamatorias.

No modelo de artrite induzida por cristais de urato monossédico, a 17(R)-RvD1
reduziu os quadros de hiperalgesia mecanica (dose e tempo-dependentes) e térmica,
formacao de edema articular, recrutamento leucocitario, producéo periférica de citocinas pré-
inflamatodrias, niveis de parametros de estresse oxidativo, ativacdo do NF-kB, sem provocar

toxicidade em um modelo experimental murino.

Dados na literatura demonstram a eficacia de acidos graxos do 6émega-3
(PUFAs) em doencas reumaticas (FATTORI et al., 2016), e com o fato de apresentarem
eficacia terapéutica em picogramas, € possivel que os mediadores lipidicos isolados, como a
17(R)-RvD1, possam ser uma nova possibilidade na gestéao de crises de artrite reumatoide e

gotosa, visando a melhora da qualidade de vida de pacientes.
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ANEXO 1

COMISSAO DE ETICA NO USO DE ANIMAIS
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COMISSAO DE ETICA NO USO DE ANIMAIS

OF. CIRC. CEUA N° 62/2018 Londrina, 27 de Abril de 2018.
Prezado (a) professor (a)

Certificamos que o projeto intitulado: “Avaliagio do efeito e mecanismos analgésico e
anti-inflamatério da 17-r-resolvina d1 em modelo de artrite induzida por zymosan e em modelo
de gota induzida por cristais de monourato de sédio (MSU).” protocolo n°1415.2018.99 sob a
responsabilidade de Waldiceu Aparecido Verri Junior, que envolve a produgiio, manutengiio e/ou
utiliza¢iio de animais pertencentes ao filo Chordata, subfilo Vertebrata (exceto o homem) para fins de
ensino, encontra-se de acordo com os preceitos da Lei n° 11.794, de 8 de outubro de 2008, do Decreto
n° 6.899, de 15 de julho de 2009, e com as normas editadas pelo Conselho Nacional de Controle da
Experimentagdio Animal (CONCEA), foi aprovade pela Comissio de Etica no Uso de Animais da
Universidade Estadual de Londrina (CEUA/UEL) em 27/04/2018.

O objetivo do projeto ¢ avaliar o efeito analgésico e anti-inflamatério e mecanismos da 17-R-
resolvina D1 em modelo de artrite induzida por zymosan e em modelo de gota induzida por cristais de
monouraio de sédio (MSU). Grau de invasividade=2

Vigéncia do Projeto 27/04/2018 a 01/08/2018

Espécie/linhagem Camundongo heterogénico / Swiss
Camundongo isogénico / C57BL/6

N° de animais 696+40=736

Peso/ldade 20-25 g/ 2 meses
20-25 g/ 2 meses

Sexo Machos.

Origem Biotério Central da Universidade Estadual de Londrina (Swiss) /
Biotério do Hospital Universitario (C57BL/6)

Amostras a serem coletadas | Lavado articular, articulagiio f€émuro-tibial, tibia, fémur.

Cumpre orientar que caso pretendam-se quaisquer alteragdes no protocolo experimental
aprovado, deve-se submeter o novo protocolo a apreciagio da CEUA/UEL anteriormente & execugéo
das modificagBes.

Coloco-me 4 disposigiio para quaisquer esclarecimentos que se fizerem necessarios. Sem
mais para © momento, subscrevo, cordialmente.

Profa. Dra. Maria Fernanda Rodrigues Graciano
Coordenadora da CEUA/UEL

Ilmo.(a) Sr.(a) l
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