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Santos, Telma Saraiva. ATIVIDADE TERAPEUTICA E MECANISMOS DE
ACAO DO MEDIADOR LIPIDICO PRO-RESOLUGAO LIPOXINA A4 E DO
POLIFENOL CURCUMINA NA DOR E INFLAMAGCAO EM MODELO ANIMAL
DE ARTRITE POR COMPONENTE DE PROTESE. 2022. 127 paginas. Tese de
doutorado (Patologia Experimental) — Universidade Estadual de Londrina,
Londrina, 2022.

RESUMO

Lipoxina A4 (LXA4) é um mediador lipidico pro-resolu¢ao (MLPR) e a curcumina
€ um polifenol com importante efeito anti-inflamatério e a com fungbes anti-
inflamatdrias e resolutivas na inflamacgao. Nos avaliamos os efeitos de ambos os
tratamentos na artrite induzida por diéxido de titanio (TiO2). Camundongos foram
estimulados com TiO2 (3mg) na articulagéo do joelho e vinte e quatro horas apés,
os animais foram tratados diariamente com curcumina (100ul de 10 ou 100
mg/kg, via oral) ou com veiculo (20% tween 80 em salina), e com administragéo
de LXA4 (0,1, 1 ou 10 ng/animal) ou veiculo (etanol 3,2% em salina) a cada dois
dias, por 30 dias. A hiperalgesia mecénica e térmica, inflamacao e dosagens
foram realizadas para avaliar os efeitos dos tratamentos. O tratamento com LXA4
também reduziu a hiperalgesia mecanica e térmica, dano histopatologico, edema
e recrutamento de leucocitos sem induzir toxicidade. LXA4 reduziu a migragéo
de leucdcitos e modulou a producédo de TNF-a, IL-1B, IL-6 e IL-10. Esses efeitos
foram explicados pela ativagédo reduzida do fator nuclear kappa B (NF-kB) nos
leucdcitos do liquido sinovial. A LXAs melhorou os parametros antioxidantes
(niveis reduzidos de glutationa [GSH] e 2,2-azino-bis 3-etilbenzotiazolina-6
sulfonato [ABTS], expresséo do fator nuclear eritréide 2 relacionado ao fator 2
[Nrf2]) reduzindo a detecgédo de espécies reativas de oxigénio [ROS] induzida
por TiO2. Demonstramos o aumento da marcag¢ao do receptor ALX/FPR2 em
neurénios TRPV1 positivos induzidos por TiO2. O tratamento com LXAs modulou
negativamente a ativagao neuronal e a resposta a capsaicina (agonista TRPV1)
e AITC (agonista TRPA1) de neurbnios do GRD, além de reduzir expresséo de
TRPV1 e TRPA1 induzida por TiO2, bem como TRPV1 colocalizado com p-NFkB,
indicando ativagao neuronal. A curcumina reduziu a hiperalgesia mecanica e
térmica, edema e alteragdes histopatologicas (pela coloragdo de hematoxilina-
eosina [HE]) na articulagao do joelho induzida por TiO2. A curcumina também
reduziu o recrutamento de leucdcitos (atividade de MPO e NAG, contagem total
e diferencial), nivel de IL-13 e estresse oxidativo (peroxidagao lipidica [TBARS],
anion superoxido [reducao de nitroazul tetrazélio], bem como deteccdo de ROS
e NO) induzido por TiO2 na articulagao do joelho e liquido sinovial. A curcumina
inibiu a ativacdo neuronal induzida por TiO2 e responsividade a capsaicina e
AITC em neurbnios DRG, diminuindo a marcagao de TRPV1 em neurénios GRD,
bem como TRPV1 colocalizado com p-NFkB. Concluindo, a curcumina e o LXA4
podem ter como alvo leucdcitos recrutados e neurdnios nociceptivos aferentes
primarios para exercer atividades analgésicas e anti-inflamatérias em um modelo
de inflamagao semelhante ao observado em pacientes com inflamacgao induzida
por protese.



Palavras-chave: mediador lipidico; artrite; artroplastia; polifenol; dor,
inflamacéo.

Santos, Telma Saraiva. THERAPEUTIC ACTIVITY AND MECHANISMS OF
ACTION OF THE PRO-RESOLUTION LIPID MEDIATOR LIPOXIN A4 AND
POLYPHENOL CURCUMIN IN PAIN AND INFLAMMATION IN AN ANIMAL
MODEL OF ARTHRITIS BY PROSTHESIS COMPONENT. 2022. 127 pages.
PhD thesis (Experimental Pathology) — Universidade Estadual de Londrina,
Londrina, 2022.

Lipoxin A4 (LXA4) is a specialized pro-resolving mediator (SPM) and curcumin is
a polyphenol with important anti-inflammatory effect and with anti-inflammatory
and resolutive roles in inflammation. We evaluated the effects of both treatments
in titanium dioxide (TiOz2)-induced arthritis. Mice were stimulated with TiO2 (3mg)
in the knee joint and twenty-four after, the animals were treated daily with
curcumin (100ul of 10 or 100 mg/kg, orally) or with vehicle (20% tween 80 in
saline), and with LXA4 (0.1, 1, or 10ng/animal) or vehicle (ethanol 3.2% in saline)
administration every other, for 30 days. Mechanical and thermal hyperalgesia,
inflammation, and dosages were performed to assess the effects of treatments.
LXA4 treatment also reduced mechanical and thermal hyperalgesia,
histopathological damage, edema, and recruitment of leukocytes without toxicity.
LXA4 reduced leukocyte migration and modulated the production of TNF-a, IL-
18, IL-6, and IL-10. These effects were explained by reduced nuclear factor
kappa B (NF-kB) activation in synovial fluid leukocytes. LXAs improved
antioxidant parameters (reduced glutathione [GSH] and 2,2-azino-bis 3-
ethylbenzothiazoline-6 sulfonate [ABTS] levels, nuclear factor erythroid 2-related
factor 2 [Nrf2] expression) reducing reactive oxygen species [ROS] detection
induced by TiO2. We show the increase of ALX/FPR2 receptor staining in TRPV1
positive neurons induced by TiO2. The treatment with LXAs down-modulated
neuronal activation and response to capsaicin (TRPV1 agonist) and AITC
(TRPA1 agonist) of DRG neurons. LXA4 reduced TiO2-induced TRPV1 and
TRPA1 expression, as well TRPV1 co-stained with p-NFkB, indicating neuronal
activation. Curcumin also reduced mechanical and thermal hyperalgesia, edema,
and histopathological alterations (using hematoxylin-eosin stain [HE]) in the knee
joint induced by TiO2. Curcumin also reduced leukocyte recruitment (MPO and
NAG activity, total and deferential count), IL-18 level, and oxidative stress (lipid
peroxidation [TBARS], superoxide anion [nitroblue tetrazolium reduction], ROS
and NO detection) induced by TiO2 in knee joint sample and synovial fluid.
Curcumin inhibited TiO2-induced neuronal activation and responsiveness to
capsaicin and AITC activation on DRG neurons, decreasing TRPV1 staining in
DRG neurons, as well TRPV1 co-stained with p-NFkB. Concluding, curcumin and
LXA4 might target recruited leukocytes and primary afferent nociceptive neurons
to exert analgesic and anti-inflammatory activities in an inflammation model
resembling that observed in patients with prosthesis inflammation.

Keywords: lipid mediator; arthritis; arthroplasty; polyphenol; pain, inflammation.
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1. INTRODUGAO

1.1.  INFLAMAGCAO

A inflamagao é uma resposta de células imunes e seus produtos frente
a estimulos e/ou circunstancias nocivas, como infecgdo causada por patégenos,
corpos estranhos ou injuria tecidual (MEDZHITOV, 2008). A resposta
inflamatéria visa a neutralizacdo e remocdo de estimulos lesivos,
remodelamento e reparagao tecidual (FLOWER, 2006; MEDZHITOV, 2008;
SAMUELSSON, 2012a). O processo inflamatério é altamente regulado,
autolimitado e indispensavel para a manutencao da saude, uma vez que visa o
reestabelecimento da homeostase (SERHAN, 2007).

A resposta inflamat6ria aguda é caracterizada por uma série de eventos
vasculares e celulares que culminam na geragdo de cinco sinais cardinais
classicos: eritema (rubor), edema, calor e dor (algia) decorrentes do aumento da
permeabilidade do endotélio vascular com extravasamento de células imunes e
componentes séricos. Quando exacerbados, esses sinais podem culminar na
destruicao de tecidos, fibrose e perda da fungéo tecidual (TAKEUCHI; AKIRA,
2010).

A resposta imune inata e adaptativa comecgou a ser desvendada em
1908 a partir de achados dos pesquisadores llya Metchnikoff e Paul Ehrlich, que
descreveram os tipos e fungdes das células imune, rendendo um prémio Nobel
em Fisiologia no mesmo ano (SCHMALSTIEG; GOLDMAN, 2008). Na resposta
imune inata leucoécitos como macrofagos, células dendriticas, neutrdfilos, células
NK, dentre outros, iniciam o processo inflamatorio a partir do reconhecimento de
antigenos por meio de receptores denominados receptores de reconhecimento
de padrdes (PRRs) especificos para epitopos conservados de micro-
organismos, que ndo estao presentes nos hospedeiros, denominados padrdes
moleculares associados a patégenos (PAMPs), e moléculas enddgenas
liberadas por células danificadas, denominadas padrdes moleculares associados
a danos (DAMPs), (JANEWAY, 1989). Receptores do tipo Toll (TLR) estédo
presentes em insetos e vertebrados e participam do reconhecimento
principalmente de bactérias e seus produtos, assim como acidos nucleicos virais
(BERNARD; TEDGUI, 1992). Também existem sensores intracelulares

denominados receptores do tipo NOD que reconhecem fragmentos de
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peptideoglicano e proteina (FRITZ et al., 2006; INOHARA et al., 2005). Além
disso, os receptores do tipo NOD também sao importantes para formacao do
inflamassoma, um complexo multiproteico intracelular que atua na ativagéo da
protease caspase-1, responsavel por processar a pro-interleucina 1 (IL-1) em
uma forma madura ativa e liberada (IL-1) (MARIATHASAN; MONACK, 2007).

A partir do reconhecimento de PAMPs ou DAMPs, ocorre ativagao das
células imunes inatas que culminam no aumento da transcrigdo de genes de
citocinas pro-inflamatérias como fator de necrose tumoral-a (TNF-a), IL-1B e
interleucina-6 (IL-6), quimiocinas (AKIRA, 2011; SHELDON; OWENS; TURNER,
2017), e aminas vasoativas como histamina e serotonina, que promovem
alteragao do fluxo sanguineo com aumento do extravasamento de liquidos e
permeabilidade endotelial, conduzindo neutréfilos para o foco inflamatorio,
caracterizando os eventos vasculares inflamatérios (MCDONALD et al., 2010).
A partir desses eventos ocorre a fase celular da inflamacgéo, caracterizada pela
marginalizacdo de leucdcitos que entram em contato com células endoteliais
ativadas por meio de moléculas de adesdo, promovendo rolamento, adeséo e
transmigracao de leucécitos do vaso sanguineo em direcdo ao foco inflamatério
(SPECTOR; WILLOUGHBY, 1964). A atracao e direcionamento dos neutrofilos
ao foco inflamatério infeccioso ou nao infeccioso € dependente de moléculas
quimioatraentes locais como C5a e peptideos formilados (fMLP), bem como
moléculas adjacentes (provenientes do endotélio vascular, por exemplo), como
interleucina-8 (IL-8) e leucotrieno B4 (LTB4) (FOXMAN; CAMPBELL; BUTCHER,
1997). Apos a chegada dessas células para o sitio da lesao/infec¢ao ocorre a
destruicdo de antigenos e precede as respostas adaptativas (MEDZHITOV,
2007).

Inicialmente os estudos cerca da resposta inflamatéria se concentravam
nas fases iniciais da resposta, esclarecendo os mecanismos e moléculas que
participam dessa etapa, como citocinas, quimiocinas e mediadores lipidicos proé-
inflamatoérios (MLPI). Os MLPI produzidos a partir do acido araquidénico (AA),
como prostaglandinas E2 e 12 (PGE2 e PGI2) (FLOWER, 2006) e LTB4
(MALAWISTA et al., 2008), em conjunto com mediadores locais como histamina,
produtos do complemento (C5a, C3b) e as quimiocinas atuam como
quimiotaticos para neutrofilos que respondem através da diapedese das vénulas
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para combater lesdes e agentes invasores (FLOWER, 2006; MALAWISTA et al.,
2008).

Apesar da identificagcdo de MLPI terem aberto um novo caminho para o
desenvolvimento de ferramentas terapéuticas usadas no tratamento de doencas
inflamatorias, essas moléculas também demonstraram diversos efeitos
colaterais, como por exemplo: os anti-inflamatérios nao esteroidais (AINEs) que
aumentam a incidéncia de sangramentos gastrointestinais (GOLDSTEIN;
CRYER, 2015) e anti-TNFs que aumentam a incidéncia de infecgbes (MINOZZI
et al., 2016). Diante disso, posteriormente foi demonstrado que o AA era
substrato na biossintese de moléculas protetoras e anti-inflamatérias como as
lipoxinas (LXs), e ndo apenas na sintese de prostaglandinas e leucotrienos,
trazendo a tona um novo conceito de que a etapa seguinte do processo
inflamatoério, denominada resolugédo € um processo ativo (LEVY et al., 2001;
SERHAN; HAMBERG; SAMUELSSON, 1984b).

Dentre os possiveis desfechos da inflamacgao, a resolugéo ocorre quando
a lesao é limitada e de curta duragao, ou quando ha pouca destruicido tecidual,
restaurando o local da inflamagcdo aguda e retornando a normalidade. A
presenca de ceélulas apoptdticas, como neutréfilos, associados a producéo de
PGE2 induz uma troca de classe, de MLPI para mediadores lipidicos pré-
resolugéo (MLPR) (LEVY et al., 2001). O processo resolutivo se caracteriza pelo
decaimento espontaneo dos mediadores inflamatérios locais com retorno da
permeabilidade vascular normal, encerramento da infiltragdo leucocitaria, morte
celular (apoptose de neutrofilos, por exemplo), remog¢ao de edema e de agentes
estranhos e debris celulares no sitio inflamatério, promovendo retorno da
homeostasia (SERHAN, 2007).

Quando a inflamagcdo nao € controlada pode culminar em diversas
doengas de ampla ocorréncia, como doengas cardiovasculares, metabdlicas e
doencas inflamatodrias classicas, como artrite e doenga periodontal, bem como
cancer (NATHAN; DING, 2010; SERHAN, 2010).

1.2. DOR INFLAMATORIA

Como citado anteriormente, a dor € um dos sinais cardinais da inflamacéao

caracterizada pela percepgdo desagradavel de uma sensagao nociceptiva e
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segundo a Associagao internacional para o Estudo da Dor (IASP) ela pode ser
definida como uma experiéncia sensitiva e emocional desagradavel associada,
ou semelhante aquela associada, a uma lesdo tecidual real ou potencial
(DESANTANA et al., 2020).

A nocicepgao confere ao individuo a capacidade de autopreservacao,
onde a percepc¢ao dolorosa permite a identificacdo de situagbes que possam
causar danos ou controlar aquelas ja existentes em uma lesdo. As sensagdes
nociceptivas agudas, e principalmente as crbnicas causam diminuicdo na
qualidade de vida e sua persisténcia é fator de risco consistente na saude publica
(CALATI et al., 2015)

A dor pode ser classificada como: fisioldgica, inflamatéria ou neuropatica.
A dor fisioldgica é gerada por um estimulo nocivo, enquanto a dor inflamatoria é
resultante de injuria tecidual e/ou ativagdo das células imunes, ja a dor
neuropatica esta associada a uma lesdo e ma adaptacao do sistema nervoso.
As dores com origem inflamatoria compdem transtornos clinicos que afetam
pacientes, podendo cronificar-se e permanecem sem terapia realmente eficazes
na grande maioria dos casos. Esses processos s&o caracterizados por estados
de hipersensibilidade no foco ou gatilho da lesdo e na area adjacente (WOOLF;
SALTER, 2000).

A sensacado dolorosa esta ligada a interagdes moleculares e celulares
entre sistema nervoso e imunoldgico. Nessa interagdo, células imunes liberam
mediadores que modulam a atividade dos neurbnios nociceptores e a
sensibilidade a dor, enquanto os nociceptores liberam neuropeptideos e
neurotransmissores que atuam nas células imunes inatas e adaptativas para
modular suas fung¢des. Diante disso, a sinalizagao neuronal pode definir o padrao
das respostas imunes e contribuir para o desenvolvimento de doencas
inflamatdrias locais e sistémicas (PINHO-RIBEIRO; VERRI; CHIU, 2017).

Os neurdnios aferentes primarios especializados que detectam estimulos
quimicos, térmicos e mecanicos nocivos s&o denominados nociceptores
(LEVINE; FIELDS; BASBAUM, 1993). Os nociceptores inervam os tecidos
periféricos, como pele, articulagdes, trato respiratério e gastrointestinal, sendo
os primeiros a responder a patégenos e lesdes teciduais (PINHO-RIBEIRO;
VERRI; CHIU, 2017). A sensibilizagdo dos nociceptores sensoriais €

denominada hiperalgesia, onde ha uma resposta aumentada a um estimulo que
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normalmente € doloroso, ou alodinia, que € a dor gerada por um estimulo que
normalmente nao provoca dor (VERRI et al., 2006b). Diversos mediadores
podem sensibilizar diretamente os neurdnios nociceptivos, como por exemplo,
endotelina, substancia P e prostaglandinas (FERREIRA; NAKAMURA, 1979;
FERREIRA; ROMITELLI; DE NUCCI, 1989; HENRY, 1976).

Os corpos celulares desses neurdnios sdo encontrados no ganglio da raiz
trigeminal e dorsal (GRD), que fornecem inervagao sensorial para varios tecidos.
Por meio de receptores especializados, canais e vias sintéticas ajudam a definir
a especificidade de subtipos de nociceptores especificos, que permitem a
deteccdo e sinalizagdo de estimulos nocivos agudos e cronicos
(SCHUMACHER; GUAN; HELLMAN, 2016).

Os trés principais neurdnios/ fibras axonais sensoriais do sistema nervoso
periférico sdo as fibras AB, Ad (delta) e C que respondem e transmitem
informacdes sensoriais (D’MELLO; DICKENSON, 2008; MILLIGAN; WATKINS,
2009). Os neurdnios nociceptivos fibra C sdo neurdnios ndo mielinizados que
apresenta conducido lenta e sdo sensiveis principalmente a capsaicina e
frequentemente medeiam a sensibilidade a dor térmica. Ja os neurdnios A e Ad
s&o neurdnios que apresentam uma condug¢do mais rapida e sao mielinizados,
frequentemente mediando a sensibilidade mecanica (PINHO-RIBEIRO; VERRI,
CHIU, 2017). As fibras Ad e C estdo associadas a inflamagdo e apds
sensibilizagdo podem transduzir em impulsos elétricos, estimulos mecéanicos,
térmicos ou quimicos que séo transmitidos ao sistema nervoso central (RANG;
BEVAN; DRAY, 1991). Deste modo, estimulos dolorosos agudos sao detectados
inicialmente pelos nociceptores e retransmitidos para os niveis espinais,
supraespinais e para multiplas areas do cortex que estdo associadas com a
percepgao consciente da dor (MILLIGAN; WATKINS, 2009).

Apos o inicio da percepcdo sensorial que acontece na periferia,
posteriormente ocorre a transdugao destas informacdes para o corno dorsal da
medula espinal, onde terminam as extremidades dessas fibras. Os corpos
celulares desses neurdnios encontram-se nos ganglios trigeminais e nos GRD,
dependendo da localizagao da interagao estimulo/sistema.

A dor &€ um sintoma presente na maioria das doencgas inflamatorias,
podendo até mesmo levar a perda da fungao de tecidos e/ou 6rgaos afetados.

Durante a inflamagdo ocorre a ativagdo de mecanismos responsaveis pela
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indugcdo de edema, migragdo de leucocitos e hiperalgesia. A producdo de
espécies reativas de oxigénio (EROs) e citocinas pré-inflamatérias possuem
participagdo na resposta inflamatoéria e no desenvolvimento da dor (SERHAN,
2014).

A dor inflamatéria tem como origem a interagdo do tecido comprometido
com o0s neurdnios sensoriais nociceptivos periféricos (HARDY; WOLFF;
GOODELL, 1950) que sao sensibilizados por mediadores proé-inflamatorios,
como IL-1B3, TNF- a, LTB4, PGE2, ATP e C5a, que por sua vez séao liberados
pelas células lesionadas apds reconhecimento de agentes estranhos por células
de defesa residentes como macréfagos (FERREIRA, 1993; RIBEIRO et al.,
2000). A associagao desses eventos, coopera com o aumento da sensibilidade
neuronal a estimulos que em condi¢des naturais produzem dor moderada ou dor
alguma. Essa sensibilizagdo neuronal € uma caracteristica importante da dor
inflamatdria, e o bloqueio deste fenédmeno representa o principal mecanismo de
acao dos analgeésicos e anti-inflamatorios comercializados (CUNHA et al., 1992;
FERREIRA, 1993; SACHS et al., 2002; WATKINS et al., 1995).

Os neutrofilos desempenham um papel essencial na manutencéo da dor
inflamatdria (CUNHA et al., 2008), produzindo citocinas pré-inflamatérias como
IL-1B, TNF-q, interleucina-33 (IL-33), dentre outras (VERRI et al., 2006a). Apos
o estimulo nocivo, uma cascata de citocinas proé-inflamatoérias antecedem a
liberacdo de aminas simpaticas e PGE2 que levam a sensibilizagdo dos
nociceptores (BRAZ et al., 2014; SCHOLZ; WOOLF, 2002).

A dor decorrente de processos inflamatérios pode ser associada a
diversas doencgas, onde a exacerbacao ou persisténcia desse sinal € a principal
causa de procura por atendimento médico (Mogil et al., 2000; Woolf e Salter,
2000; Scholz e Woolf, 2002; Verri et al., 2006; Guerrero et al., 2008; Braz et al.,
2014).

1.3.  CANAIS ENVOLVIDOS NA NOCICEPCAO

Terminais nervosos nociceptores expressam canais idnicos controlados
por ligante e voltagem, incluindo receptor de potencial transitorio vanildide tipo 1
(TRPV1), receptor de potencial transitorio anquirina 1 (TRPA1), Nav1.7, Nav1.8
e Nav1.9 (PINHO-RIBEIRO; VERRI; CHIU, 2017). Nav1.7, Nav1.8 e Nav1.9 sédo
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canais de sodio controlados por voltagem presentes em neurénios nociceptivos,
modulam a geragéo de potencial de acéo e s&o criticos para a despolarizagéo
dos neurénios nociceptivos, mediando o inicio da sinalizagao da dor (DIB-HAJJ;
WAXMAN, 2014).

Dentre os principais receptores/canais que foram identificados e
caracterizados em nociceptores que detectam estimulos inflamatorios nocivos,
podemos citar os canais TRPV1 e TRPA1 (SCHUMACHER; GUAN; HELLMAN,
2016). Ambos os canais sdo membros da familia TRP de canais catiénicos néo
seletivos, e sao tetrameros formados por subunidades com seis dominios
transmembranas e poros catidnicos seletivos que frequentemente apresentam
alta permeabilidade ao calcio (LATORRE; ZAELZER; BRAUCHI, 2009). Esses
canais desempenham papel integral na dor e inflamagéao neurogénica por meio
da ativagao do nervo sensorial. Os nervos sensoriais de pequeno diametro, fibras
Ad e C foram o local de descoberta para TRPV1 e TRPA1 (FERNANDES;
FERNANDES; KEEBLE, 2012).

O TRPV1 foi inicialmente relatado como um integrador de multiplos
estimulos nocivos por meio da demonstracdo de que diversos produtos da
inflamacédo podem ativar esse canal, como por exemplo, prétons, bradicinina
(SCHUMACHER, 2010; TOMINAGA et al., 1998), derivados de dopamina (DE
PETROCELLIS et al., 2004; HUANG et al., 2002), fator de crescimento do nervo
(WINTER et al., 1988) entre outros (SCHUMACHER, 2010) . Esse canal tem sido
associado a estados hiperalgésicos térmicos e mecanicos (GHILARDI et al.,
2005).

Os canais TRP vaniloides sao divididos em seis membros, no entanto,
apenas o TRPV1 da subfamilia TRPV & de fato ativado por vanildides, incluindo
a capsaicina, componente pungente das pimentas (FERNANDES;
FERNANDES; KEEBLE, 2012). Historicamente, a capacidade da capsaicina de
ativar neurdnios sensoriais foi determinada na década de 1960 (JANCSO;
JANCSO-GABOR; SZOLCSANYI, 1967) sendo s6 posteriormente descrita a
presenca de receptor de capsaicina na membrana de nervos sensoriais
(SZOLCSANYI; JANCSO GABOR, 1976). Posteriormente, veio a confirmacao
de que o calor acima de 43°C e pH acima de 5,9 também ativam TRPV1
(TOMINAGA et al., 1998). No entanto, a administragcado repetida ou exposigao
prolongada a capsaicina pode dessensibilizar o receptor de TRPV1
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(SZOLCSANYI; JANCSO-GABOR; JOO, 1975) e em altas doses destroem
seletivamente os nervos sensoriais C e A9, impedindo completamente a ativagcéo
nervosa (SZALLASI et al., 1995).

O TRPA1 desempenha um papel importante complementar ao TRPV1 no
desenvolvimento e manutencdo de estados de dor inflamatéria, corroborando
com relatos de que o TRPA1 é ativado por mediadores inflamatorios endégenos
e exogenos (KOIVISTO et al., 2014). Esse canal tem sido associado a modelos
de dor inflamatdria, hipersensibilidade mecanica e ao frio (GARRISON;
STUCKY, 2014). O 6leo de mostarda foi identificado como classico agonista de
TRPA1, e induz inflamagao de maneira semelhante a capsaicina (FERNANDES;
FERNANDES; KEEBLE, 2012).

Com relagao a populacado neural que expressa esses canais, 97% dos
neurdnios sensoriais que expressam TRPA1 também expressam TRPVA1,
enquanto apenas 30% dos neurbnios TRPV1 positivos expressam TRPA1
(STORY et al., 2003). Diante disso, ambos os canais possuem interagdes, e
agonistas de TRPV1 e TRPA1 sdo capazes de pelo menos em partes
dessensibilizar as vias de TRPV1 e TRPA1 de maneira heteréloga (RUPAREL
et al., 2008).

Diante do papel do TRPV1 e TRPA1 na sinalizagdo da dor inflamatoria,
tem sido explorado o desenvolvimento de antagonistas de alta afinidade para
ambos. Inibidores enddgenos desses canais incluem mediadores lipidicos
envolvidos na resolugao, como resolvinas (Rv) (XU et al., 2010) e maresinas
(MaR) (FATTORI et al., 2019; SERHAN et al., 2012b) . A inibigdo completa de
ambos os canais, no entanto, pode resultar em efeitos colaterais indesejados,
como hipotermia ou inibicao da dor aguda protetiva (NASH et al., 2012), devido
a expressdo desses canais em tipos celulares neuronais e ndo neuronais
(FERNANDES; FERNANDES; KEEBLE, 2012).

1.4. DIOXIDO DE TITANIO

Diversos produtos desenvolvidos atualmente s&o a base de
nanoparticulas (NP) e sdo amplamente aplicados na industria. O titanio é
considerado um dos elementos mais abundantes e biodisponiveis, sendo
considerado o segundo metal mais abundante (DAR; SAEED; WU, 2020).
Aproximadamente quatro milhdes de toneladas de didxido de titanio (TiO2) sao
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consumidas anualmente no mundo (ORTLIEB, 2010). O TiO2 é um p6 branco e
inodoro que vem sendo explorado por suas amplas aplicacbes biomédicas
devido a suas caracteristicas, como biocompatibilidade, foto estabilidade,
propriedades antioxidantes e disponibilidade (FEI YIN et al., 2013).

Essa nanoparticula € amplamente usada na industria na fabricagcéo de
tintas, revestimentos, plasticos, papéis, medicamentos, produtos farmacéuticos,
produtos alimenticios, cosméticos, protetor solar e cremes dentais (KAIDA et al.,
2004; WANG; SANDERSON; WANG, 2007; WOLF et al., 2003). Além disso
também sdo comumente usados como componente de préteses articulares,
especialmente préteses de quadril e joelho (JACOBS et al., 1991; SUL, 2010).

Nanoparticulas como o TiO2 pode ser absorvido pelo corpo por via
respiratéria, digestiva, injecao intravenosa ou dérmica (DAR; SAEED; WU,
2020). Uma vez absorvidas na circulagao sistémica, elas podem ser distribuidas
para todos os 6rgaos e tecidos do corpo (SHI et al., 2013a).

Apesar disso, esses compostos sdo capazes de interagir e prejudicar
fungdes biologicas. Grande parte dos efeitos biolégicos negativos do TiO2
através da inducado do estresse oxidativo tem sido associado a producdo de
espécies reativas de oxigénio que s&do associadas em grande parte a danos
celulares (DAR; SAEED; WU, 2020).

Diversos estudos vém sendo realizados acerca da seguranca do uso de
TiO2, empregando diferentes vias de administragao para avaliagdo desse efeito
toxico, como, inalagao, exposi¢cao dérmica, via oral, intragastrica, intraperitoneal
ou intravenosa (SHI et al., 2013a). Em um estudo de toxicidade, doses altas de
TiO2 (entre a faixa de 0,3 a 2.000 mg/kg) via intraperitoneal demonstraram
migragao e acumulo de nanoparticulas no bago, figado, rins e pulmdes (CHEN
et al., 2009). Diante dos estudos acerca da toxicidade do TiO2 pela sua atividade
oxidante, foi possivel observar que altas concentracdes de TiO2 estédo
relacionadas ao alto nivel de estresse oxidativo que conduz dano celular,
enquanto concentragdes menores se relacionam mais com a inducdo de
resposta inflamatéria por vias sensiveis a EROs (WANG et al., 2009).

A toxicidade e capacidade inflamatéria do TiO> na articulagdo foi
demonstrada por Wang e colaboradores (WANG et al.,, 2009), onde a
administracdo de 20mg/kg de TiO:2 intra-articular demonstrando alteracdes
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histopatolégicas no coragéo, pulmao e figado. Além disso, foi observado a
inducéo do estresse oxidativo e producéo de citocinas na articulagdo exposta.

A estimulagéo intratecal (i.t.) com TiO2 demonstrou promover aumento da
capacidade quimiotaxica, expressdo de complexo principal de
histocompatibilidade classe 2 em células superficiais e aumento da secregao de
oxido nitrico (NO) e TNF-a em macréfagos pulmonares (LIU et al., 2010). Os
feitos lesivos do TiO2 sao estudados principalmente por meio de duas vias de
sinalizagao, via fator nuclear kappa B (NF-kB) e MAP quinase (MAPK) (WU;
TANG, 2018). As nanoparticulas de TiO2 também causam lesdo apds atravessar
a membrana celular, produzindo estresse oxidativo e inflamacéo, danificando o
acido desoxirribonucleico (DNA) e levando a apoptose (MAKUMIRE et al., 2014;
SHI et al., 2013b).

1.5.  ARTRITE INDUZIDA POR DIOXIDO DE TITANIO

O processo inflamatdrio articular croénico pode acarretar alteragoes
morfoldgicas caracterizadas pela destruicdo da superficie de suporte articular,
evoluindo de maneira a necessitar de artroplastia, uma cirurgia de substituicdo
parcial ou total da articulagdo que tem como objetivo melhorar a qualidade de
vida do paciente e do estado funcional articular (ARDEN; NEVITT, 2006;
BRUYERE et al., 2012; LAWRENCE et al., 2008).

A artroplastia total articular do quadril e joelho € um procedimento
ortopédico comum (KANE et al., 2005) e eficaz para o tratamento de pacientes
com osteoartrite, artrite reumatoide, fraturas e necrose avascular que
apresentam niveis altos de dor (NUNEZ et al., 2007) , aliviando o desconforto e
melhorando o estado funcional (CALLAHAN et al., 1995). O crescimento da
demanda por cirurgias de substituigdo articular nos ultimos anos deve-se a alta
prevaléncia de artrite e maior necessidade de mobilidade e qualidade de vida
(KREMERS et al., 2015). Em 2010, cerca de 7 milhdes de estadunidenses ja
haviam realizado a substituigdo total do joelho ou quadril e acredita-se que até
2030 mais de 3 milhdes irdo realizar tais procedimentos (KREMERS et al., 2015;
KURTZ et al., 2007). Entre os anos de 2008 e 2015 foram feitas 189.457 cirurgias
de artroplastia parcial e total de quadril e joelho pelo Sistema Unico de Saude
(SUS-Brasil), gerando grandes gastos econdmicos anuais (MACIEJ SERDA et

al., 2018). Apesar da artroplastia ser um procedimento de sucesso na medicina
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moderna, cerca de 10-15% desses procedimentos tendem a falhar (Harris,
2001).

As préteses metalicas podem apresentar efeito nocivo a longo prazo
devido a liberagdo de nanoparticulas, que ativam macréfagos residentes no
espaco periprotético, estimulam a producdo de mediadores por essas células,
como o ligante do receptor ativador do fator nuclear kB ligante (RANKL),
citocinas pré-inflamatérias (TNF-a, IL-1B e IL-6), bem como produgédo de EROs
(DORNER et al., 2006). Estes mediadores promovem a ativagdo do NF-kB, o
qual é responsavel pela manutencdo do processo inflamatério asséptico no
tecido (COBELLI et al., 2011; WANG et al., 2010; WOOLEY et al., 2002). O
microambiente pré-inflamatério induz osteoclastogénese e ativagdo de
osteoclastos, promovendo reabsor¢cdo Ossea e ostedlise em 5-20% dos
pacientes com artroplastia (HARRIS, 2001). A ativacao do sistema imune pelas
nanoparticulas metalicas resulta na rejeicdo da protese e necessidade de
revisao cirurgica. Atualmente, as terapias mais utilizadas para tratamento desses
casos sdo os AINEs, corticosteroides e opidides; medicamentos que apresentam
eficacia limitada e oferecem efeitos adversos intensos (ZOBDEH et al., 2022).

Como mencionado, umas dessas nanoparticulas amplamente usadas na
fabricacao de préteses metalicas é o TiO2, e o modelo animal de artrite cronica
relacionada ao uso de protese induzida por TiO2 foi recentemente padronizada,
demonstrando que a administragao intra-articular de 3 mg de TiO2 induz dor
cronica durante 30 dias e intenso recrutamento de leucdocitos com degradacgéo
de proteoglicanos, estresse oxidativo e produgdo de citocinas inflamatorias
(BORGHI et al., 2018). Com isso em vista, o modelo animal de artrite induzida
por TiO2 proporciona melhor compreensao dos mecanismos celulares e
moleculares relacionado ao processo inflamatério asséptico mediado por
particulas liberadas no espaco periprotético, bem como serve como ferramenta

de estudo para alvos terapéuticos.

1.6. MEDIADORES LIPIDICOS PRO-RESOLUCAO

A resposta inflamatoria em excesso é vista atualmente como componente
frequente de doencgas crénicas a qual preocupa a saude publica, como
sindromes metabdlicas, doengas vasculares e outras. Os pontos endoégenos de
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controle da inflamagdo trazem uma nova perspectiva a respeito de novas
abordagens terapéuticas (SERHAN, 2014).

Por muitos anos a resolugdo da inflamacgao era tida apenas como uma
simples diluicdo dos mediadores inflamatorios, levando consequentemente ao
restabelecimento da fungéo tecidual (SERHAN, 1994). No entanto, hoje esta
claro que a inflamagdo excessiva ou descontroladas € decorrente do
desequilibrio entre mediadores lipidicos pré-inflamatérios e especializados
(BUCKLEY; GILROY; SERHAN, 2014a). Charles Serhan identificou as
moléculas com a capacidade de resolver a inflamacgao ativamente, denominadas
MLPR (BANNENBERG et al., 2005; SERHAN et al., 2000, 2002, 2009)

Esses MLPR séao biosintetizados a partir de acidos graxos 6mega-6, como
AA, ou Omega-3, como acido eicosapentaenoico (EPA), &cido
docosapentaenoico (DPA) e acido docosahexaenoico (DHA). Diante das
diferengas estruturais, os MLPR foram divididos em familias; as LXs, derivadas
do AA), as Rvs, derivadas do EPA [série E] ou derivadas de DHA/DPA [série D]),
as protectinas (PDs, derivadas de DHA/DPA) ou as MaRs, derivadas de
DHA/DPA) (CHIANG; SERHAN, 2017; SERHAN, 2017a; SERHAN et al., 2015)
(Figura 1).

Figura 1- Perfil dos mediadores lipidicos pro-resolugao.

Precursor ACidO ACidO ACidO
araquidonico  eicosopentaendico docosahexaendico
 Famili Libox Resolvinas Resolvinas Protectinas
Famitia 1poxinas (E) D) e neuropeotectinas

Ol

LXA4 RVE1 RVD1 RVD2 ¢ PD1/NPD1

Fonte: adaptado (SERHAN, 2010).

A descoberta dos MLPR possibilitou o interesse nas vias de resolucéo e
nos mecanismos imunes envolvidos na homeostase, uma vez que essas
moléculas atuam como agonistas que estimulam os eventos celulares da

resolugdo, como a interrupgdo no influxo de polimorfonucleares (PMN) e
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remocao de restos apoptéticos por macrofagos (MADERNA; GODSON, 2009),
além de reduzir os eicosanoides pro-inflamatoérios (SERHAN; CHIANG, 2013).

Os MLPR atuam nos receptores acoplados a proteina G (GPCRs) para
que tenham seus efeitos. A dose necessaria de MLPR para cessar a inflamacéao
esta na faixa de pico a nanomolar (SERHAN, 2017b; SERHAN; CHIANG; DALLI,
2015). Esses mediadores podem ser agonistas, inibidores ou agonistas
alostéricos de receptores especificos expressos por células imunes ou neurdnios
para modular a resposta do hospedeiro (PAMPLONA et al., 2012; PARK, 2015;
SERHAN et al., 2009; XU et al., 2010). Além disso, alguns MLPR estimulam a
biossintese de outras familias de MLPR. Por exemplo, RvE1 estimula a produgcao
de LXA4 no pulmao de camundongos (LEVY; SERHAN, 2014).

Além das caracteristicas analgésicas, anti-inflamatoérias, resolutivas e
imunomoduladora, esses MLPR ndo possuem atividade imunossupressora e
apesar da meia-vida curta em meio aquoso (AURSNES et al., 2015), apresentam
efeito biolégico duradouro, na faixa de dias (SERHAN et al., 2012a), fazendo
destas moléculas fortes candidatas a testes clinicos. De fato, a RvE1 derivada
do EPA alcangou a clinica como RX-10045® para testes no tratamento da
sindrome do olho seco, contribuindo para melhora significativa dos pacientes de
maneira dose-dependente (Clinicaltrials.gov identificagdo NCT00799552) (LEE,
2012; NORLING; PERRETTI, 2013).

Huang e colaboradores (HUANG et al., 2011) demonstraram que o
tratamento i.t. com RvD1 produz efeito analgésico durante 30 dias em modelo
de dor pds-operatoria. Um unico pré-tratamento com MaR1 demonstrou efeito
analgésico durante 5 dias (FATTORI et al., 2019). Corroborando com esses
achados Allen e colaboradores demonstraram que o tratamento com MaR1
apresentou efeito analgésico de 14 dias apds tratamentos repetidos (ALLEN et
al., 2020). Com relacédo ao efeito desses mediadores em células imunes, a
producéo inicial de MLPR é seguida pelo recrutamento de uma subpopulagéo
distinta de macrofago pro-resolugdo que se correlaciona com a resolugao da
inflamagéo (BANNENBERG et al., 2005).

Dentre os mecanismos de acdo dos MLPR estdo; inibicdo de NF-kB
(BUCKLEY; GILROY; SERHAN, 2014b), com consequente diminuicdo de
marcadores inflamatorios, como proteina C reativa, fibrinogénio, IL-103, IL-6 e
TNF-a (BUFFON et al., 1999; LIUZZO et al., 1999) e quimiocinas como CXCL1

13



O© 0 I N »n b~ W N =

N NN N N N N N o e e e e e e e
N N kA WD = DO O NN R WD = O

e CXCL3 (BUCKLEY; GILROY; SERHAN, 2014b), indugédo de mudanga de
classe de macrofagos do fendtipo M1 para M2, resposta que promove mudanga
do padrao T helper 1 (Th1) para T helper 2 (Th2), gerando um ambiente pro-
resolugdo (BUCKLEY; GILROY; SERHAN, 2014b; DALLI; SERHAN, 2016).

Na artrite, ja foi demonstrado que a deficiéncia de 12/15-lipoxigenases,
enzimas chave na sintese de SPMs e esta relacionada a resultados piores em
modelo de artrite de transferéncia de soro em camundongos K/BxN (KRONKE
et al., 2009). Evidéncias demonstraram a diferenga entre o estado da doenga na
artrite e os niveis de mediadores lipidicos (ARNARDOTTIR et al., 2016;
HASHIMOTO et al., 2007; JIN et al., 2018), onde o desequilibrio nos niveis
desses mediadores se correlaciona com a agressividade ou patogénese da
doenca, indicando a importancia na producédo desses mediadores para controlar
o estado da doenga (ARNARDOTTIR et al., 2016). Tendo em vista as
propriedades, mecanismos de acgao, efeitos e estudos em animais de
experimentacdo, os MLPR sao fortes candidatos terapéuticos para diversas
doengas inflamatérias e uso em testes clinicos (FATTORI; AMARAL; VERRI,
2016).

1.7. LIPOXINA A4

A Lipoxina A4 (LXA4) (Figura 2) e a Lipoxina B4 (LXB4) foram os primeiros
mediadores lipidicos a serem descritos por Serhan em 1984 (SERHAN;
HAMBERG; SAMUELSSON, 1984a). As LXs sao eicosanoides derivados de
lipoxigenases a partir do AA; um acido graxo 6mega-6 liberado e mobilizado no
processo inflamatério (SAMUELSSON, 2012b; SHIMIZU, 2009). Sua biossintese
se da via eventos metabdlicos transcelulares durante a interagdo de leucocitos
com células da mucosa e dentro dos vasos durante interagdes plaqueta-
leucocitos (SERHAN, 2007; SERHAN; SAVILL, 2005).
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Figura 2- Estrutura quimica da LXA4 (C20H3205).

_~~_~COOH

Fonte: (HAN et al., 2016).

A formacéo da LXA4 pode acontecer através de duas vias de biossintese
diferentes, de forma independente ou simultdnea na circulagdo sanguinea
(FIORE; SERHAN, 1990). A primeira via acontece em eosindfilos, mondcitos ou
células epiteliais, e nessa via ocorre a insergao de O2 ao grupo hidroxila do
carbono 15 do AA, reacdo catalisada pela 15-Lipoxigenase. O produto
intermediario 15S-H-(p)-ETE é liberado destas células, entrando em PMN ou
monaocitos, onde 5-Lipoxigenase gera 5S,6S, 15S-epoxitetraeno que entdo é
hidrolisado dentro destas células por LXA4 hidrolase, dando origem a LXA4
bioativa (SERHAN; HAMBERG; SAMUELSSON, 1984a). Outra via de
biossintese da LXA4 resulta da geracédo de LTA4 a partir do AA por meio de 5-
LOX nos leucécitos ou células epiteliais que posteriormente é liberada, captada
pelas plaquetas e sofre metabolismo pela 12-LOX para produgcdo de LXA4
(EDENIUS; HAEGGSTROM; LINDGREN, 1988; FIORE; SERHAN, 1990)
(Figura 3).
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Figura 3- Vias de biossintese da LXA4. PMN (neutrdfilos polimorfonucleares); PLT (plaquetas);
LO (lipoxigenase).
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Fonte: Adaptado de (ROMANO et al., 2015). Polimorfonucleares (PMN), plaquetas (PLT),
lipoxigenase (LO).

A LX atua na faixa de pico e nanogramas, possui agbées como limitagao
do recrutamento, da quimiotaxia e da adesao de PMN, encerrando a leséo
tecidual causada por essas células (MORRIS et al., 2009; SERHAN; SAVILL,
2005). Os membros da familia das LXs atuam mediante interagao ligante-
receptor, sinalizando através de dois receptores, um receptor nuclear
hidrocarboneto de arila (AhR) ou 0 GPCR conhecido como receptor de peptideo
formilado tipo 2 ou receptor de LXAs4 (ALX/FPR2), que foi o primeiro receptor
eicosanoide derivado da lipoxigenase (LOX), isolado e clonado em tecidos
humanos e animais (SERHAN, 1997). Em humanos o receptor ALX esta
presente em PMN, mondcitos, células T e células residentes como macréfagos,
sinoviais, fibroblastos e células epiteliais intestinais (CHIANG et al., 2006). De
fato, em modelo de artrite induzida por soro K/BxN, camundongos que nao
expressam o receptor ALX/ FPR2 exibem maior gravidade da doenga (DUFTON
et al., 2010).
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O papel da LXA4 na resolucéo dos sinais de dor induzida pela inflamacao
ja foi demonstrado em modelos murinos, onde houve diminuigao da hiperalgesia
térmica com baixas doses de 10 ug/kg administrados por via intravenosa (i.v.)
ou 0,3 nmol i.t. (SVENSSON; ZATTONI; SERHAN, 2007). Posteriormente foi
observado que a LXA4 atenua liberagdo de citocinas pelos astrocitos espinhais
e suprime a hiperalgesia mecéanica no mesmo modelo, com administragao de
0,1-1 pli.t. de LXA4 (SERHAN et al., 2003).

Trabalhos confirmam que a LXA4 pode suprimir fungdes como a
apresentacao de antigeno e promover mudancga do padréo de citocinas Th1 para
Th2 (LIAO et al., 2013; PARKINSON, 2006), bem como inibir a translocacéo
nuclear de NF-kB (SHI et al., 2017). Além do mais, possui forte papel
antioxidante com inibicdo do estresse oxidativo (CUI et al., 2018), pela indugao
da expressao de fator nuclear eritrdide relacionado ao fator 2 (Nrf2) e heme-
oxigenase (HO), corroborando com trabalhos que apontam uma neuroprotegao
com redugao de escore neurolégico (WU et al., 2013). Outro achado indica uma
protecdo da LXAs na perda de memoria induzida pelo peptideo B-amiloide
(PAMPLONA et al., 2012; PRUSS et al., 2013).

Existem evidencias de que a LX pode ter impacto nas doencas articulares
inflamatorias, pois foi observado que a LXAs; inibe a liberagdo de
metaloproteinases da matriz e citocinas por fibroblastos sinoviais humanos
(SODIN-SEMRL et al., 2000). Também ja foi observado aumento da expressao
de ALX/FPR2 em pacientes acometidos por artrite reumatoide (HASHIMOTO et
al.,, 2007). O tratamento com LXA; também demonstrou efeito protetor em
modelo de artrite induzida por zimosan (CONTE et al., 2010). Tratamento local
com LXA4 reduz o edema e o recrutamento de leucocitos de maneira
dependente do receptor, pois o tratamento com BOC-1, um antagonista do
receptor ALX/FPR2, anula os efeitos do LXA4. Além disso, o tratamento com
BML-111, um potente agonista de ALX/FPR2, também diminui o recrutamento
de células imunes para a articulagéo do joelho (CONTE et al., 2010; ZHANG et
al., 2008). Portanto, os diversos estudos a respeito da LXA4 e seu efeito em
modelos inflamatorios levaram a avaliagao da eficacia da LXA4 no modelo animal

de artrite induzida de proétese.
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1.8. PRODUTOS NATURAIS POLIFENOLICOS

Produtos naturais fazem parte do cotidiano e necessidades basicas, como
comidas, roupas, remedios e outros fins industriais durante muitas décadas. O
uso de plantas ou parte delas para fins médicos sao datados a mais de 2mil anos
a.C (ALVES; ROSA, 2007; HUANG; CAIl; ZHANG, 2010). Os polifenéis sao
considerados os principais agentes responsaveis pelas fungbdes biologicas
desses produtos naturais (KUMAR; PRUTHI; GOEL, 2015).

Existem diversos compostos fendlicos presentes em plantas medicinais e
comestiveis, como flavonoides, curcuminoides, bioflavonoides, chalconoides,
acidos fendlicos, dentre outros (PERVEEN et al., 2017). Os biofenois naturais
sdo um grupo amplo que compreende mais de 8 mil moléculas encontradas no
reino vegetal. Suas moléculas apresentam um ou mais anéis aromaticos com um
ou mais grupos hidroxilas. Os polifendis vegetais incluem nao flavonoides ou
flavonoides. Dentre os mais estudados devido as suas propriedades saudaveis,
como a curcumina que € encontrado no rizoma da Curcuma longa, assim como
quercetina e miricetina, flavonoides presentes no cha, cebola, cacau e vinho
(BRAVO, 1998). Especula-se que a ingestao dietética média de polifendis seja
de cerca de 1 g/dia (LERI et al., 2020).

A atividade antioxidante de polifendis depende da estrutura de seus
grupos funcionais e o numero de grupos hidroxila influencia em varios
mecanismos antioxidantes como por exemplo, eliminagdo de radicais livres, e
capacidade de quelacao de ions metalicos (HEIM; TAGLIAFERRO; BOBILYA,
2002). Essa atividade antioxidante se relaciona com a supressao da formagao
de EROs por inibicdo de envolvidas em sua producgao, eliminagcdo de EROs e
regulacdo ou protecdo das defesas antioxidantes (MISHRA et al., 2013).
Também ja foi descrito a atividade de polifendis na inibicdo da atividade de
xantina oxidase (NIJVELDT et al., 2001). Além disso, alguns estudos
demonstraram o efeito do resveratrol em disturbios neurodegenerativos por sua
acao antioxidante, protegendo contra o declinio de memaria (ZHAO et al., 2013).

Grande parte do efeito biologico estudo dos polifendis é atribuido as
propriedades antioxidantes, porém esses compostos apresentam outros efeitos
importantes (LERI et al., 2020), como por exemplo, a redugédo da agregagao de
peptideos/proteinas em conjuntos mieloides associados a doengas como
Alzheimer e diabetes mellitus tipo 2 (STEFANI; RIGACCI, 2014).
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Com relacéo aos efeitos anti-inflamatérios dos polifendis, essa atividade
se da principalmente pela eliminagao de radicais livres, regulagao de atividades
de células inflamatodrias e modulagao das atividades de enzimas envolvidas no
metabolismo do AA como fosfolipase A2, LOX e Ciclo-oxigenases (COX), bem
como modulando outras moléculas proé-inflamatérias como o NF-kB
(SANTANGELO et al.,, 2007). Resveratrol e curcumina possuem fortes
propriedades anti-inflamatérias e antioxidantes e exercem efeitos
condroprotetores em culturas de condrécitos e explantes de cartilagem e
modelos animais de osteoartrite. Foi demonstrado que esses polifendis eliminam
EROs e ativam o sistema de defesa antioxidante em condrécitos e suprimem a
inflamagéao ao inibir as vias de sinalizagédo proé-inflamatérias (ANSARI; AHMAD;
HAQAQI, 2020).

1.9. CURCUMINA

A curcumina foi descoberta cerca de dois séculos atras, quando Vogel e
Pelletier isolaram um composto amarelo dos rizomas da Curcuma longa, onde
em 1842 conseguiram obter uma preparagéo pura do que antes era uma mistura
de resina e 6leo de agafrao (GUPTA et al., 2012; VOGEL, 1842). A estrutura
quimica da curcumina foi identificada como diferuloilmetano, ou 1,6-heptadieno-
3,5-diona-1,7-bis (4-hidroxi-3-metoxifenil)-(1E, 6E) em 1910 por Milobedzka e
Lampe, posteriormente possibilitando a sintese do composto (GUPTA et al.,
2012) (Figura 4).

Figura 4- Estrutura quimica da Curcumina.

! NS N l
HO OH

OCH, H,CO
Fonte: (SHARIFI-RAD et al., 2020).

Embora tenha sido consumida por milhares de anos em paises asiaticos
como tempero dietético e para cura de doengas, as caracteristicas bioldgicas da
curcumina comecaram a ser exploradas apenas a partir de 1949, onde

Schraufstatter e colegas demonstraram que a curcumina era um componente
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biolégico ativo que possuia propriedades antibacterianas (SCHRAUFSTATTER;
BERNT, 1949).

A curcumina é utilizada como suplemento em diversos paises, por
exemplo, no Japao é servido no cha, na Tailandia é usado em cosméticos, na
China é usado como corante, na Coréia € servido em drinks, na Malasia € usado
com antisséptico, e no Estados Unidos é usado como conservante e corante em
molho de mostarda, queijo, manteiga e batata fritas. A sua comercializagao é
feita em diferentes formas, como capsulas, comprimidos, pomadas, bebidas
energéticas, sabonetes e cosméticos (GUPTA et al., 2012).

A curcumina foi definida como uma substancia segura pelo FDA,
demonstrando que nao possui efeitos toxicos aparentes. De acordo com comités
especialistas, o valor de digestdo diaria adequada da curcumina € 0 a 3 mg/kg.
A ingestdo de até 12g por dia de curcumina ndo demonstrou efeitos nocivos
sobre individuos (LAO et al., 2006). Este composto é praticamente insoluvel em
agua, e sua estabilidade em solugdo aquosa depende do pH; a exposi¢ao a luz
solar acelera sua degradagéo (PRIYADARSINI, 2009).

A curcumina mostrou regular diversas moléculas de sinalizag&o celular,
podendo causar regulagdo negativa ou positiva dependendo do alvo e do
contexto celular (GUPTA et al., 2012). Dentre os principais alvos da curcumina
podemos citar os fatores de transcricdo pro-inflamatorios NF-kB, proteina
ativadora-1 e transdutor de sinal e ativador de proteinas de transcricao (STAT),
sendo responsaveis pela regulacédo da expressao de genes que contribuem para
tumorigénese, sobrevivéncia celular, proliferagdo celular, angiogénese, dentro
outras fung¢des. A curcumina demonstrou regular negativamente esses fatores
de transcrigdo (SHISHODIA; SINGH; CHATURVEDI, 2007).

Foi demonstrado o efeito citotoxico da curcumina em células tumorais pela
inducao do apoptose. Ja foi elucidado também o efeito da curcumina na inibigéo
da progressao do cancer em diversas etapas no processo de tumorigénese
(DUVOIX et al.,, 2005). Curiosamente, a curcumina demonstrou sensibilizar
tumores a quimioterapia, inibindo em partes, vias que levam a resisténcia ao
tratamento (GOEL; AGGARWAL, 2010).

Alguns trabalhos demonstraram os efeitos anti-inflamatorios da curcumina
pela redugao do recrutamento de leucécitos e diminuigdo da ativagao de NF-kB
(FATTORI et al., 2015; WANG et al., 2018). Além de reduzir o edema articular
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em artrite induzida por colageno (WANG et al., 2019). A modulagao de citocinas
pré-inflamatérias como TNF-a e IL-13 também foi demonstrado em diferentes
modelos (FATTORI et al., 2015; RINKUNAITE et al., 2021; WANG et al., 2019).
Em modelo de inflamagao induzida por particula de titénio, foi observado que o
tratamento com curcumina modula a polarizagdo de macrofagos, aumentando o
numero macroéfagos perfil M2, bem como os niveis de IL-10, reduzindo o numero
de macréfagos inflamatoérios M1 e citocinas pro-inflamatérias IL-6 e TNF-a (LI et
al., 2017).

O papel da curcumina na dor inflamatdria foi explorado em modelo de dor
induzida por anion superoxido, onde 10mg/kg de curcumina reduziu a
hiperalgesia térmica e mecanica, bem como o comportamento de dor
espontanea (FATTORI et al., 2015). Além disso, tratamento com curcumina
também reduziu a dor éssea induzida por cancer (ZHAO et al., 2021). No modelo
de osteoartrite foi observado que a curcumina reduz a dor e a progressao da
doenga (ZHANG et al., 2016). O efeito analgésico da curcumina em modelo de
colite induzida por sulfato sédico de dextrana (DSS) foi atribuido a redugao da
expressao de TRPV1 em GRDs (YANG et al., 2017).

Diversos estudos tém explorado o efeito antioxidante da curcumina, onde
a eliminagao de radicais livres foi demonstrada em varios estudos in vitro. A
curcumina inibe completamente a produgao in vitro de anions superoxido,
peroxido de hidrogénio e radical nitrito por macréfago de ratos (JOE; LOKESH,
1994). A inibicdo da peroxidagao lipidica em preparagédo de microssomas de
figado de ratos também ja foi demonstrada (PULLA REDDY; LOKESH, 1992). O
efeito antioxidante da curcumina em modelo de nefropatia foi atribuido a
diminuigcéo do estresse oxidativo no rim, aumentando antioxidantes via Nrf2/HO-
1 (DI TU et al., 2020). Essa via de sinalizagéo ja foi demonstrada ser regulada
pela curcumina na medula espinal em modelo de injuria (JIN; BOTCHWAY; LIU,
2021). A administracédo de curcumina durante 28 dias demonstrou reduzir a dor
neuropatica por meio do aumento da enzima superéxido dismutase (SOD),
glutationa peroxidase (GSH), bem como catalase, além disso, foi observado
inibicdo da atividade de NF-kB e niveis de citocinas como TNF-a, IL-13 e IL-6
(ZHANG et al., 2020). Além dos trabalhos acerca do efeito terapéutico da

curcumina em modelos animais, também tem sido explorado em testes clinicos,
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1  principalmente para pacientes com osteoartrite (PAULTRE et al., 2021; ZENG et
2 al, 2021).
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2. OBJETIVOS

2.1.

OBJETIVO GERAL

Avaliar os efeitos analgésicos, anti-inflamatérios e antioxidantes da

curcumina e LXA4 em modelo animal de artrite induzida por dioxido de titanio,

um modelo de inflamagao e dor induzida pelo uso de prétese.

2.2.

OBJETIVOS ESPECIFICOS

Avaliar os efeitos do tratamento com LXAs na redugao da Hiperalgesia
mecanica, térmica e edema articular induzida por TiO;

Analisar o efeito da LXA4 nas alteragdes histopatologicas articulares e
recrutamento leucocitario induzido por TiOg;

Verificar toxicidade hepatica e renal, e lesdo gastrica do tratamento
crénico com LXAg4;

Analisar o efeito da LXA4 na modulacéo da producgao de TNF-qa, IL-1(3, IL-
6 e IL-10;

Avaliar os efeitos do tratamento com LXA4 no estresse oxidativo (ensaios
de GSH e ABTS; expressao de Nrf2, niveis de EROs) induzido por TiOg;
Analisar o efeito da LXA4 na ativacdo de NF-kB induzido por TiOg;
Verificar a expressédo de ALXR/FPR2, TRPV1 e TRPA1, bem como
ativacao de NF-kB em neurénios do GRD no modelo e modulacédo apés
tratamento com LXAg;

Avaliar os efeitos do tratamento com curcumina na reducdo da
hiperalgesia mecanica, térmica, edema e alteragdes histopatoldgicas no
modelo de artrite induzida por TiO;

Analisar os efeitos da curcumina na modulagdo do recrutamento
leucocitario, estresse oxidativo (ensaios de TBARS e NBT; detecgcao de
EROs e NO) e produgéo de IL-1B induzido por TiOz;

Avaliar o efeito da curcumina na expressao e ativagdo de TRPV1 e

TRPA1, bem como ativacdo de NF-kB em neurénios do GRD;
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Abstract

Lipoxin A4 (LXA4) is a specialized pro-resolving mediator (SPM) with anti-
inflammatory and pro-resolutive roles in inflammation. We evaluated the effects and
mechanisms of action of LXA4 in titanium dioxide (TiO.) arthritis, a model of prosthesis-
induced joint inflammation and pain. This aim was not pursued before, as far as we know.
Mice were stimulated with TiO; (3mg) in the knee joint followed by LXA4 (0.1, 1, or
10ng/animal) or vehicle (ethanol 3.2% in saline) administration. Pain-like behavior,
inflammation, and dosages were performed to assess the effects of LXA4 in vivo. LXA4
reduced mechanical and thermal hyperalgesia, histopathological damage, edema, and
recruitment of leukocytes without liver, kidney, or stomach toxicity. LXA4 reduced
leukocyte migration and modulated cytokine production (TNF-a, IL-1p, IL-6, and IL-10).
These effects were explained by reduced nuclear factor kappa B (NF-«B) activation in
macrophages recruited. LXA4 improved antioxidant parameters [reduced glutathione
(GSH) and 2,2-azino-bis 3-ethylbenzothiazoline-6-sulfonate (ABTS) levels, nuclear
factor erythroid 2-related factor 2 (Nrf2) mRNA and Nrf2 protein expression] reducing
reactive oxygen species (ROS) fluorescent detection induced by TiO; in synovial fluid
leukocytes. We show the increase of lipoxin receptor (ALX/FPR2) in transient receptor
potential cation channel subfamily V member 1 (TRPV1)" DRG nociceptive neurons
upon TiO; inflammation. LXA4 reduced TiOz-induced TRPV1 and transient receptor
potential ankyrin 1 (TRPAT) mRNA expression and protein detection, as well TRPV1
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co-stained with p-NF-kB, indicating neuronal activation. The treatment with LXA4 down-
modulated neuronal activation and response to capsaicin (a TRPV1 agonist) and AITC (a
TRPA1 agonist) of DRG neurons. Concluding, LXA4 might target recruited leukocytes
and primary afferent nociceptive neurons to exert analgesic and anti-inflammatory
activities in an inflammation model resembling that observed in patients with prosthesis
inflammation.

Keywords: Lipoxin A4, TiO2, ALX/FPR2, inflammation, TRPV1, and ROS.

1 Introduction

Total joint replacement recovers joint function, reduces pain, and improves life
quality (1-4). Total knee arthroplasty is a recurrent procedure for joint replacement,
which is expected to increase in the coming years (5,6). In Europe, 2.5 million knee
arthroplasties were recorded from 1975 to 2018 (7), and by the year 2030, 3.5 million
procedures are expected in the United States (8). Despite the success of arthroplasty,
deterioration of prosthetic components is the most associated complication. This event is
characterized by the release of metallic nanoparticles that promote osteolysis and, thus,
arthroplasty revision (8—10).

TiO> is widely used in the production of orthopedic prostheses (11). However, these
molecules are the main triggers in prosthesis wear process-induced arthritis. Resident
macrophages are activated and release tumor necrosis factor-alpha (TNF-o) and
interleukin-1 beta (IL-1B) upon TiO2 phagocytosis (12). Intra-articular (i.a.)
administration of TiO: induces chronic arthritis and phenocopies the articular
inflammation and pain caused by the release of prosthesis components upon the wearing
process (13). The available therapies for prosthesis-induced arthritis patients lay on non-
steroidal anti-inflammatory drugs (NSAIDs), corticosteroids, and opioids. These drugs
promote tolerance and offer several adverse effects or addiction (14,15), affecting life
quality and economic expenses (16,17). Therefore, investigating novel candidates for
prosthesis-induced arthritis treatment is crucial. If a novel therapy presents different side
effects, it might benefit patients that current treatments and their side effects cannot cover.

Lipoxin A4 (LXA4) is a specialized pro-resolving lipid mediator (SPM) derived
from arachidonic acid (18). This endogenous molecule plays anti-inflammatory and
resolutive roles in inflammation (19,20). LXA4 acts on the range of nanograms,
diminishing cellular recruitment, chemotaxis, and polymorphonuclear adhesion, thus,
controlling inflammatory tissue damage (21). LXA4 properties depend on reducing pro-
inflammatory cytokine levels, and inhibiting apoptosis in acute liver failure model for
example (22). LXA4 reduces inflammatory pain by suppressing mechanical and thermal
hyperalgesia (23,24). LXA4 is a potent antioxidant via nuclear factor erythroid 2-related
factor 2 (Nrf2)-dependent antioxidant mechanisms in several animal models resulting in
blockade of reactive oxygen species (ROS) generation (25-29). Furthermore, LXA4
inhibits nuclear factor kappa B (NF-kB), accounting for an essential anti-inflammatory
mechanism (22,30-32). LXA4 acts through G protein coupled receptors (GPCR) for
LXA4 (ALXR), also known as FPRL1 and FPR2 (33-35) The activation of ALX/FPR2
receptor explain most of the anti-inflammatory, pro-resolving, and protective actions of
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LXA4(21,34,36). The multiple sites of actions and cellular mechanisms demonstrate that
LXA4 has relevant properties for therapeutic development (21). Some of the LXA4
mechanisms are relevant in the disease development in TiO: articular inflammation such
as oxidative stress and cytokine production (13). Therefore, we reason that LXA4 merits
investigation of its anti-inflammatory and analgesic activities in the context of prosthesis
wearing process released components like TiO2, which we pursued in the present study.

2 Materials and Methods

2.1 Animals

Male Swiss (20-25 g) mice were used. Mice were housed in standard clear plastic
cages with free access to water and food, a light/dark cycle of 12/12h, and a controlled
temperature (21°+1°C). Animals were acclimated to the testing room at least one hour
before the experiments, and all behavioral testing was performed between 9 a.m. and 5
p.m. Animal care and handling procedures were developed accordingly to the
International Association for Study of Pain (IASP) guidelines and with the approval of
the Londrina State University Ethics Committee on Animal Research and Welfare
(process number 11147.2016.40). All efforts were made to minimize the number of
animals used and their suffering.

2.2 Experimental procedures

The experiments dedicated to determining the disease phenotype upon LXA4
treatment were summarized in Fig. 1; protocol 1. Parameters were pain, inflammation,
oxidative stress, and histopathological alterations. Mice (n=6 per group per experiment)
were stimulated in the right knee joint with an i.a. injection of TiO; (3 mg/10 pl/ knee
joint), as previously described (13). Twenty-four hours after (post-treatment) TiO»
stimulus, mice were treated with LXA4 (0.1, 1, or 10 ng) or vehicle (3.2% ethanol/saline)
[100ul per animal, intraperitoneal (i.p.)]. Mechanical hyperalgesia and edema were
evaluated twenty-four hours after TiO> stimulus, before and after LXA4 treatment (1, 3,
5, 7, and twenty-four hours after LXA4 treatment on the first day and every other day
from the 2nd to the 30th day). The dose and treatment time were chosen based on the
results of mechanical hyperalgesia. After defining the most effective dose of LXA4 (10
ng/animal), the thermal hyperalgesia was evaluated every three days for 30 days.
Articular edema was analyzed for 30 days, and knee joint lavages were collected on the
30th day for leukocyte recruitment analysis. The stomach was collected to determine
toxicity after chronic treatment, on the 30th-day post-induction, assess myeloperoxidase
(MPO) activity (stomach ulceration), and blood samples were used to assess serum levels
of aspartate transaminase (AST), alanine transaminase (ALT) (liver damage), urea, and
creatinine (renal damage). The knee joints of 12 mice per group were collected for
histopathology analysis [hematoxylin-eosin stain (HE)].

The 2nd day after stimulus injection was chosen to elucidate the potential
mechanisms of this lipid mediator in the early stages of TiOz-induced pain and
inflammation (Fig. 1; protocol 2). The peak of inflammation was already achieved by the
2nd day, and higher leukocyte numbers omparing with the 30th day post-TiO injection.
Therefore, on the 2nd day, the knee joint was used to determine leukocyte recruitment;
cytokine levels as per enzyme-linked immunosorbent assay (ELISA) (TNF-a, IL-18, IL-
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6, and IL-10); oxidative stress as per GSH and 2,2-azino-bis(3-ethylbenzothiazoline-6-
sulfonate) (ABTS) measurement and Nrf2 mRNA expression by reverse transcriptase-
quantitative real-time polymerase chain reaction (RT-qPCR). Synovial fluid leukocytes
were also collected for p-NF-kB and Nrf2 staining by immunofluorescence; and total
ROS using the probe 2’,7’—dichlorofluorescein diacetate (DCF-DA) assay. Ipsilateral
dorsal root ganglia (DRG) (corresponding to L4-L6 segments) were also dissected 2 days
after TiO2 to determine calcium influx imaging using confocal microscopy: transient
receptor potential cation channel subfamily V member 1 (TRPV1) mRNA expression by
RT-qPCR and TRPVI1, transient receptor potential ankyrin 1 (TRPAI), ALX/FPR2
receptor, and p-NF-«kB staining by immunofluorescence. All experimental conditions
were standardized by our laboratory as previously published (13,37-39) and in
preliminary experiments performed for this manuscript.

The peritonitis model induced by TiO> was used to mimetic the inflammation and
evaluate the NF-kB activation in macrophage and if the treatment with LXA4 could
modulate this activation (Fig. 1; protocol 3). For this, mice were injected intraperitoneally
with TiO2 (30 mg/500 pul) and, twenty-four hours after (post-treatment) TiO> stimulus,
mice were treated with LXA4 (10 ng) or vehicle (saline) (100ul per animal, i.p.). After
twenty-four hours, peritoneal washes were collected in FACS buffer (10mL per animal),
and the cells were used to count leukocyte recruitment and cytokine production by
adhered macrophage and flow cytometry.

2.3 Drugs, Reagents, and Antibodies

Materials were obtained from the following sources: saline solution (NaCl 0.9%;
Frenesius Kabi Brasil Ltda, Aquiraz, CE, Brazil), LXA4, > 95% purity, was purchased
from Cayman Chemical (Ann Arbor, MI, USA) and pure TiO2, MW 79.90, was purchased
from Synth (Diadema, SP, Brazil). ELISA kits for measurement of TNF-a, IL-1f3, IL-6,
and IL-10 were from eBioscience (Thermo Fisher Scientific, VIE, Austria). DCF-DA was
purchased from Sigma-Aldrich (#D6883; San Luis, MO, EUA). Hank's Balanced Salt
Solution (HBSS) was from Thermo Fisher Scientific (Waltham, MA, USA). The
fluorescent antibodies were: anti-phospho NF-kB p65 (#sc-136548; Mouse, Santa Cruz
Biotechnology, Dallas, TX, USA); anti-Nrf2 (#sc-722; Rabbit, Santa Cruz
Biotechnology, Dallas, TX, USA); FcR Blocking Reagent (Miltenyi Biotec, Cambridge,
MA, USA); Ghost Dye™ Red 780 (Tombo, San Diego, CA, USA); PE anti-mouse CD45
antibody (#103106; Rat, BioLegend, San Diego, CA, USA); FITC anti-mouse CD45
antibody (103107; Rat, BioLegend, San Diego, CA, USA); FITC anti-mouse CD4
(#100406; Rat, BioLegend, San Diego, CA, USA); PerCP anti-mouse F4/80 antibody
(#123126; Rat, BioLegend, San Diego, CA, USA); anti-capsaicin receptor antibody
(#ab5566; Guinea pig, Merck Millipore, Burlington, MA, USA); anti-FPRL1/FPR2
antibody (#NLS1878ss; Rabbit, Novus biologicals, Englewood, CO, USA); anti-
TRPA1/TSA antibody (#ab58844; Rabbit, Abcam, Cambridge, MA, USA); anti-mouse
secondary antibody (Alexa Fluor 647-Goat, #115-605-003; Jackson ImmunoResearch,
West Grove, PA, USA) and (Alexa Fluor 488-Goat anti-mouse; #A 11001, Thermo Fisher
Scientific, Waltham, MA, USA); anti-rabbit secondary antibody (Alexa fluor 488-Goat,
#A-11008; Thermo Fisher Scientific, Waltham, MA, USA); anti-rabbit secondary
antibody (Alexa fluor 647- Goat, #A32733; Thermo Fisher Scientific, Waltham, MA,
USA); anti-Guinea pig secondary antibody (Alexa Fluor 488- Goat, #A11073, Thermo
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Fisher Scientific, Waltham, MA, USA). Hoechst 33342, trihydrochloride trihydrate was
from Thermo Fisher Scientific (Waltham, MA, USA). 4',6-Diamidine-2'-phenylindole
dihydrochloride (DAPI) was from Thermo Fisher Scientific (Waltham, MA, USA). The
panoptic kit for differential counts of recruited leukocytes was from Laborclin (Pinhais,
PR, Brazil). Neurobasal-A medium (NBM) was purchased from Life Technologies
(Thermo Fisher Scientific); Dispase II was from RocheApplied Sciences (Indianapolis,
IN, USA); 4-(2-hydroxyethyl)-1- piperazine ethane sulfonic acid (HEPES)-buffered
saline was from Millipore Sigma (Burlington, MA, USA); and Fluo-4 a.m. was from
Invitrogen (#F14201, Carlsbad, CA, USA).

2.4 Evaluation of articular mechanical hyperalgesia

The knee joint mechanical hyperalgesia was evaluated. Mice were allowed to
habituate to the apparatus for at least one h during three consecutive days before the
measurements. Animals are placed in acrylic cages with a wire grid floor, and the
stimulation was performed when the animals were quiet and with the four paws on the
grid floor. This method consists of an electronic pressure meter with a force transducer
fitted with a polypropylene tip (Electronic von Frey aesthesiometer; Insight instruments,
Ribeirao Preto, SP, Brazil). We used a large tip (4.15mm?2) to evaluate knee joint pain to
exclude the subcutaneous effect (40). An increased perpendicular force was applied to
the central area of the plantar surface to induce flexion of the tibiofemoral joint, followed
by hind paw withdrawal. A digital aesthesiometer recorded the maximal intensity of the
force applied [in grams (g)] when the paw was withdrawn. The test was performed in the
time points of 1, 3, 5, 7, and twenty-four hours on the first day after LXA4 treatment and
every other day from the 2nd to the 30th. The investigators were blinded to the treatment
groups. The results were expressed as the mechanical withdrawal threshold in g.

2.5 [Evaluation of articular thermal hyperalgesia

For the heat hyperalgesia test, mice were allowed to habituate to the apparatus for
at least two hours during three consecutive days before the measurements. After
habituation, a baseline measurement was obtained. To measure pain sensitivity to a heat
stimulus (heat hyperalgesia), we placed mice on a glass plate of a Hargreaves apparatus
(Model 390G, IITC Life Science, Woodland Hills, CA, USA). A radiant heat source was
used to stimulate the paw by gradually increasing the temperature of the plantar surface.
The test was performed after LXA4 treatment and every three days until the 30th. The
pain threshold was determined as the latency (in seconds) to evoke a response of paw
withdrawal: paw flinches or licking. In this experiment, the device was set to 30% radiant
heat source intensity and a cut-off time of 15s of exposure to prevent tissue damage.

2.6 Articular edema measurements

Articular edema of the tibiofemoral joint was assessed through measurements of
the transverse diameters using a caliper (Digmatic Caliper, Mitutoyo Corporation,
Kanagawa, Japan). The edema was determined for each mouse knee joint by the
difference indicated times post-stimulus and zero time. The test was performed at the time
points of 1, 3, 5, 7, and twenty-four hours on the first day after LXA4 treatment and every
other day from the 2nd to the 30th. The results were expressed as A mm/joint.

45



—

— O 0O 00 3N LN KW

—_— —_ —
\S]

DN DN = = = = e e
— O O 00 3N LNk~ W

22

23
24
25
26
27
28
29
30
31
32
33
34
35

36

37
38
39
40
41
42

2.7 Leukocyte migration

The total and differential counts of recruited leukocytes to the knee joint cavity
were determined on the 2nd, and 30th day, as previously described (14). Briefly, knee
joint cavities were washed with saline containing EDTA (50ul of solution/ 3 washes of
3.33ul), which was recovered to evaluate total and differential cell counts. The peritonitis
model collected the peritoneal washes (10mL of FACS buffer) on the 2nd day after
stimulis to evaluate the counts. Total cell counts were performed in the Neubauer chamber
using Turk’s solution, and differential cell counts (100 cells per slide) were performed in
slices stained with the panoptic kit under a light microscope (Olympus CX31RTSF,
Tokyo, Japan). Results were expressed as total leukocytes, polymorphonuclear, and
mononuclear cells (cells x 10°/ synovial cavity and cells x 109/ cavity).

2.8 Liver and kidney toxicity assay

Blood samples were collected on the 30th day post TiO stimulus, centrifuged (0.4
rcf, 20 min, 4°C), and the serum was separated to assess the safety of treatment with
LXA4. AST and ALT were used as markers of hepatotoxicity, and acetaminophen was
used as a positive drug control (650 mg/kg, i.p.), diluted in sterile saline once). Urea and
creatinine levels were used to evaluate nephrotoxicity, and diclofenac was a positive drug
control (200 mg/kg, orally, diluted in sterile saline, once) (41). The samples were
processed according to the manufacturer’s instructions (Labtest Diagndstico S. A.,
Brazil). Results were presented as U/mL (AST and ALT) or mg/dL (urea and creatinine)
of serum.

2.9 MPO activity

On the 30th-day post-TiO> injection, samples of the stomach were harvested in 50
mM KoHPO4 buffer (pH 6.0) containing 0.5% hexadecyl trimethylammonium bromide
(HTAB) and kept at — 80 °C until use. Frozen samples were homogenized using a tissue
turrax (Tissue-Tearor 985370, BioSpec Products, Bartlesville, OK, USA) and centrifuged
(2 min, 16,000g, 4 °C), and the resulting supernatant was assayed using a
spectrophotometer (Multiskan GO Microplate Spectrophotometer, Thermo Fisher
Scientific, Vantaa, Finland) for MPO activity determination at 450 nm. Briefly, 15uL of
the sample was mixed with 200pL of 50 mM phosphate buffer (pH 6.0) containing 0.167
mg/mL O-dianisidine dihydrochloride and 0.0005% hydrogen peroxide. The MPO
activity of samples was compared to a standard curve of neutrophils. Indomethacin (2.5
mg/kg, i.p., diluted in tris/HCI buffer, for 7 days) was used as positive drug control for
stomach damage (42). The results were presented as MPO activity (number of neutrophils
x 10% mg of tissue).

2.10 Histopathological analysis

Joints were collected on the 30th day and fixed in 10% buffered formaldehyde.
After decalcification in 20% EDTA disodium salt solution (pH 7,4) for 48 hours, the
samples were processed for paraffin embedding. The tibiofemoral joint tissues were cut
(10 um) and stained with HE. The sections were examined, blinded, and scored by a
pathologist in light microscopy. The score was determined by summing of synovial
hyperplasia, inflammatory infiltrate, and vascular proliferation score, as described
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previously (39) Briefly, the degrees of the following parameters were: (a) synovial
hyperplasia (from 0 = no pannus formation, to 3 = most severe pannus formation); (b)
inflammatory infiltrate (from 0 = no inflammation, to 3 = most severe inflammation; and
(c) angiogenesis (from 0 = no vascular proliferation, to 3 = most severe proliferation).
Vascular proliferation was considered the number of capillary blood vessels. The final
score was determined by summating all three parameters (a—c), resulting in a score for
each sample expressed as the mean of six samples accordingly to the groups.

2.11 Cytokine measurement

Knee joint samples collected on the 2nd day were homogenized in 500uL of buffer
containing protease inhibitors. Samples were centrifuged (3000 rpm x 15 min x 4°C).
TNF-a, IL-1pB, IL-6, and IL-10 levels were determined from the supernatant by ELISA.
The results were expressed as pg of cytokine/mg of protein.

2.12 Synovial fluid leukocytes immunofluorescence

Knee joint cavities were washed in the 2nd day with FACS buffer (PBS and 0.5%
BSA) containing EDTA (2mM), which was recovered to immunofluorescence assay as
previously described with modifications (43). Samples were fixed with 4%
paraformaldehyde for 30 min on ice. Then, samples were centrifuged (10 min, 4°C, 300g)
and incubated with blocking buffer (PBS, 0.3% Triton) with bovine serum albumin (BSA)
3% for 1h and incubated with primary antibodies [anti-p-NF-xB p65 (1:200) or anti-Nrf2
(1:200)] overnight (4°C). On the following day, samples were washed and incubated with
secondary antibodies conjugated with Alexa Fluor 647-Goat anti-mouse (1:500) or Alexa
Fluor 647-Goat anti-rabbit (1:500), and DAPI (1:500) was used as a nucleus marker. The
samples were resuspended in PBS, placed on slides, and let to dry out at room temperature
overnight. Imaging was performed using a confocal microscope (Leica TCS SP8, Leica,
Wetzlar, Germany) with a 63x objective (p-NF-«kB p65) and a 63x objective with a zoom-
in of 1.5 (Nrf2). Images were processed using Leica EL6000 software (Leica, Wetzlar,
Germany). The fluorescence intensity of p-NF-kB p65 of the different groups was
quantified in randomly selected fields and analyzed from the mean fluorescence measured
with the LAS X software (Leica Microsystems). The percentage of positive cells per field
of Nrf2 was quantitated manually considering the following equation: total number of
Nrf2+ cells times 100, divided by the total number of DAPI" cells. Results were expressed
as fluorescence intensity (p-NF-«kB p65) and percentage of positive cells per field (Nrf2).

2.13 Flow cytometry

Mice have injected an i.p. injection of TiO2 (30 mg/500 pl), and twenty-four hours
after (post-treatment) TiO, stimulus, mice were treated with LXA4 (10 ng) or vehicle
(saline) (100ul per animal, i.p.). After twenty-four hours, peritoneal washes were
collected in FACS buffer (10mL per animal), and cells were centrifuged for 10 min at
300 g; the supernatant was discarded, and the pellet was resuspended in 200 pl of FACS
buffer. The cell suspension was incubated on ice with mouse FcR Blocking Reagent for
10 min and then incubated for 30 min on ice with the following antibodies: anti-CD45-
PE (1:200), anti-CD45-FITC (1:200), anti-F4/80-PerCP (1:200), anti-CD4 FITC (1:200)
and ghost dye red (1:200). After the incubation, cells were fixed with 2% PFA for 30
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minutes at room temperature followed by permeabilization with FACs with 0,5% de
Triton and the intracellular staining with anti-p-NF-kB p65 (1:200) overnight. On the
following day, cells were washed and incubated with secondary antibody Alexa Fluor
488 Goat anti-Mouse (1:500) for 1h. Cells were centrifuged for 10 min at 300 g, and the
pellet was resuspended in 200 pl of FACS 2% PFA. FACS assay was performed using
Guava® easyCyte™. Data were analysed and plotted using FCS express software
Results were expressed as cells x 10%/ cavity.

2.14 Antioxidant capacity measurement

The knee joint collection on the 2nd day was processed as previously described
(44-46), and the levels of synovial GSH were determined using a spectrophotometric
method. Frozen samples of knee joints were homogenized in cold 0.02 M EDTA. The
homogenate was treated with 50% trichloroacetic acid and centrifuged (15 min x 1,500
g). The resulting supernatant received 0.4 M Tris-HCI, pH 8.9; next, samples were vortex-
mixed, and 10 mM dithiobis nitrobenzoic acid was added, followed by vortex-mixing.
After these procedures, samples could stand for 5 minutes before being read at 412 nm.
The standard curves requested in the test were prepared using different concentrations of
GSH. The results were presented as nmols of GSH / mg of protein. The free-radical
scavenging ability was determined using the ABTS assay (44,46). ABTS was diluted with
phosphate buffer saline at pH 7.4 to an absorbance of 0.80 at 730 nm. Subsequently, 1.0
mL of diluted ABTS solution was mixed with 20uL of the supernatant. After 6 min, the
absorbance was measured at 730 nm. The results were equated against a standard Trolox
curve (1.5-30 pumol/L, final concentrations). The results are expressed as Trolox
equivalents per milligram of protein.

2.15 Total intracellular ROS detection

The DCF-DA fluorescent probe was used to determine the presence of ROS. Knee
joint cavities were washed on the 2nd day with FACS buffer (PBS and 0.5% BSA)
containing EDTA, which was recovered to DCF-DA assay. The recovered articular fluids
were seeded on Nunc™ Glass Bottom Dishes for 30 min at 37°C. Samples were then
loaded with 10 uM of DCF-DA for 30 min 37°C, washed with HBSS, and imaged in a
Confocal Microscope (TCS SP8, Leica Microsystems) with a 63x objective. Total
intracellular ROS detection was analyzed from the mean fluorescence measured with the
LAS X software (Leica Microsystems).

2.16 RT-qPCR

Total RNA was extracted from knee joints and DRGs (L4-L6) on the 2nd day using
the SV Total RNA Isolation System (Promega). The purity of total RNA was measured
using a spectrophotometer (Multiskan GO Microplate Spectrophotometer, Thermo Fisher
Scientific, Vantaa, Finland), and the wavelength absorption relationship (260/280) was
between 1.8 and 2.0 for all preparations. Reverse transcription of total RNA to cDNA and
qPCR was carried out using GoTaq® 2-Step RT-qPCR System (Promega) and specific
primers. The qPCR reaction was performed in a StepOnePlus™ Real-Time PCR System
(Applied Biosystems®). The relative gene expression was measured using the
comparative 2—(AACq) method. Table 1 shows the primer sequences. The expressions of
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B-actin mRNA were used as the reference gene, and the results were expressed as mRNA
expression (normalized to B-actin).

2.17 Calcium imaging experiments

DRGs samples (L4-L6) were collected on the 2nd day, and calcium imaging was
performed as previously described (37) DRGs were dissected into NBM, dissociated in
1 mg/ml collagenase A and 2,4 U/ml de dispase II in HEPES for 20 minutes at 37°C.
After trituration with decreasing size glass Pasteur pipettes, DRG cells were centrifuged
over a 10% BSA gradient, plated on laminin-coated cell culture dishes. DRGs were then
loaded with 1.2 uM of Fluo-4 a.m. in NBM, incubated for 30 min 37°C, washed with
HBSS, and imaged in a Confocal Microscope (TCS SP8, Leica Microsystems). DRG
plates were recorded for 6 min to evaluate TRPV1 and TRPA1 activation, which was
divided into 2 min of initial reading (0-120s, baseline values), followed by stimulation
with 100 nM capsaicin (a TRPV1 agonist, 120-240s) or 100 uM AITC (a TRPAT1 agonist,
120-240s), and 40 mM of KCI (240-360s), activates all neurons. Only the KCI-responsive
cells were considered in the analyses of capsaicin-responsive or allyl isothiocyanate
(AITC)-responsive cells. Calcium flux was analyzed from the mean fluorescence (KCI
responsive neurons) measured with the LAS X software (Leica Microsystems).

2.18 DRG immunofluorescence

For immunofluorescence, DRGs of L4-L6 segments from Swiss were collected on
2nd day and maintained in 4% paraformaldehyde (PFA, for twenty-four hours), then in
30% sucrose (twenty-four hours) and 30% sucrose + OCT (1:1) (twenty-four hours)
before inclusion with Optimum cutting temperature reagent (Tissue-Tek 1, O.C.T.
Compound, TA018, ProSciTech, Australia) and 10 um sections were cut in a cryostat and
processed for immunofluorescence. After that, the slides were incubated with blocking
buffer (PBS, 0.3% Triton) with bovine serum albumin (BSA) 3% for 1h and incubated
with primary antibodies anti-TRPV1 (1:500); anti-FPRL1/FPR2 antibody (ALX/FPR2
receptor; 1:200); anti-TRPA1/TSA (1:100); anti-p-NF-«B p65 (1:200)] overnight (4°C).
On the following day, the slides were washed and incubated with secondary antibodies
conjugated with Alexa Fluor 488- Goat Anti-Guinea pig (1:500); Alexa Fluor 647 Goat
anti-Rabbit (1:500); Alexa Fluor 488 Goat anti-Rabbit (1:500); Alexa Fluor Goat anti-
Mouse (1:500). Hoechst 33342, trihydrochloride trihydrate (1:500) and DAPI (1:500) was
used for nuclear staining. Imaging was performed using a confocal microscope (Leica
TCS SP8, Leica, Wetzlar, Germany) with a 20x objective with a zoom-in of 1.0. Images
were processed using Leica EL6000 software (Leica, Wetzlar, Germany). The results are
expressed as the number of positive cells per area and percent of positive cells (double
stained), manually quantitated.

2.19 Statistical analysis

Data were analyzed using GraphPad Prism statistical software (GraphPad Software,
Inc., USA-500.288, version 8.0). The results were presented as means £ SEM for
parametric data and medians and interquartile ranges for non-parametric data. To this end,
we used Shapiro—Wilk normality test and Brown-Forsythe homogeneity test. For in vivo
experiments, an of 6, 8, or 10 mice in each group per experiment and represent two
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separate experiments depending on the methodology (indicated in the figure legends). /n
vitro experiments with DRG samples were performed using an n of 4 pools [DRGs (L4-
L6) of 10 mice to form 1 pool] per group and represent two separate experiments. Two-
way repeated-measures analysis of variance (ANOVA) followed by Tukey’s post-test
was used to compare all groups and doses when responses were measured at different
times after the stimulus injection. The analyzed factor were treatments, time, and time
versus treatment interaction. Parametric results were evaluated by one-way ANOVA
followed by Tukey’s post-test for data from a single time point. Kruskal-Wallis followed
by Dunn post-test or two-way were used for non-parametric results. P<0.05 was
considered significant.

3. Results

3.1. Treatment with LXA4 reduces TiO:z-induced articular mechanical
hyperalgesia, thermal hyperalgesia, and edema in mice

A dose-response curve was performed to assess the potential analgesic and anti-
inflammatory effects of LXA4 in TiO2-induced arthritis. Treatment started twenty-four
after TiO; i.a. injection. We could still observe significant analgesia by the 24™ hours
after LXA4 treatment, which was reduced by the 48" hours (data not shown). Therefore,
treatments with LXA4 were performed every 48h. The injection of 3 mg/joint of TiO>
induced mechanical hyperalgesia, and treatment with LXA4 reduced the mechanical
hyperalgesia in a dose-dependent (0.1, 1, or 10 ng/ animal, 100ul i.p.) manner. The most
effective dose was 10 ng/animal, which was chosen for the following experiments (Fig.
2A). TiO; also induced thermal hyperalgesia, which was reduced by LXA4 10 ng/animal
treatment. The reduction of thermal hyperalgesia was observed from the 4" day onwards,
with complete inhibition from the 7" to the 30" day (Fig. 2B).

We also investigated if the treatment with LXA4 reduces knee joint edema. The
dose of 10 ng/animal of LXA4 significantly reduced TiOz-induced articular edema 24h
after the first treatment, with persistent anti-inflammatory effect until the 30" day of
arthritis (Fig. 2C). The saline-injected group did not develop edema (Fig. 2C).

3.2 LXAjsreduces TiO:z-induced joint histopathology changes and inhibits
leukocyte recruitment to the articular space

Mice were treated with LXA4 (10ng/ animal, i.p., every 48h) or vehicle (ethanol
3.2% in saline) twenty-four hours after TiO> (3mg) i.a. injection. On the 30 day, the knee
joint was collected for HE histopathology evaluation (Fig. 3A-G). LXA4 reduced TiO»-
induced synovial hyperplasia, inflammatory infiltrates, and vascular proliferation
observed in the histopathological index analyses (Fig. 3A). Treatment with a vehicle
showed no effect on TiOz-induced histopathological changes.

Leukocyte recruitment to the knee joint is a hallmark of arthritis (47). To investigate
the effect of LXA4 on leukocyte recruitment 30 days post-TiO2 stimulus, knee joint
washes were collected to evaluate the total number of leukocytes, mononuclear and
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polymorphonuclear cells. The injection of TiO; significantly increases the number of
leukocytes recruited to the knee joint 30™ day after the stimulus (Fig. 3H-J). Our results
show that the treatment with LXA4 at 10 ng/animal reduced TiOz-induced recruitment of
total leukocyte (Fig. 3H), mononuclear (Fig. 3I), and polymorphonuclear cells (Fig. 3J).

3.3 LXAj4 does not induce liver, kidney, or stomach damage

Thirty days after TiO2 stimulis, serum samples and stomach were collected to
evaluate whether the chronic treatment with LXA4 would induce gastric, hepatic, or renal
damage, which are common side effects of non-steroidal anti-inflammatory drugs (48).
Toxicity was assessed through the concentrations of AST, ALT, urea, creatinine, and
MPO activity (Fig. 4). The treatment with 10 ng/animal of LXA4 did not modify the serum
concentration of AST, ALT (Fig. 4A and B), urea, creatinine (Fig. 4C and D), or MPO
activity in the stomach compared with positive controls (Fig. 4E). Therefore, our data
suggest that chronic treatment does not induce detectable gastric, hepatic, or renal
lesion/damage.

3.4 LXAj4reduces TiOz-induced macrophage recruitment, cytokines production,
and NF-kB activation in mice

In the following experiments, we opted to reduce the treatment period to investigate
the inflammatory and pain mechanisms of LXA4. We considered that figures 2-4
established the beneficial effect of LXA4 treatment during a chronic period and that
inflammation and pain achieved significant development by the second day of arthritis.
This approach allowed us to reduce the suffering of animals and, investigate the
mechanisms involved in LXA4 post-treatment of ongoing TiO; arthritis.

Given the role of recruited leukocytes in inflammatory pain and oxidative burst
(49), we next assessed the efficacy of LXA4 in modulating TiOz-induced leukocyte
recruitment after a single treatment. In this case, recruitment was evaluated on the 2™ day
(Fig. 5A-C) to further support that this time point is adequate and mimics all inflammatory
features of TiO: arthritis together with the pain and edema observed in Fig. 2. The
injection of TiO: significantly increased the number of total leukocytes recruited on the
27 day after the stimulus (Fig. 5A-C). Our results show that the treatment with LXA4 at
10 ng/animal reduced TiOz-induced recruitment of total leukocyte (Fig. 5A),
mononuclear (Fig. 5B), and polymorphonuclear cells (Fig. 5C). These data show that
most leukocytes recruited to the joint were mononuclear cells (90%). Compared with the
30% day data (Fig. 5A-C), 10.6-fold more leukocytes migrated in the knee joint on the 2"
day, indicating that this time point is suitable for investigating inflammatory mechanisms.
It was noticeable that on the 2" day, higher mononuclear cells than neutrophil counts
were already established, which is an unusual cellular profile and deserves further
investigation of the pathophysiological mechanisms underlying it in future studies.

The potential of LXA4 to modulate pro-inflammatory cytokine (TNF-a, IL-1f, and
IL-6) and anti-inflammatory cytokine (IL-10) production in the joint tissue was evaluated
on the 2" day (Fig. 5D-G). The i.a. injection of TiO> induced a significant increase in the
levels of TNF-a (Fig. 5D), IL-1p (Fig. SE), and IL-6 (Fig. 5F). A single treatment with
LXA4 was enough to reduce the levels of these pro-inflammatory cytokines induced by
TiO; (Fig. 5D-F). Thus, the role of LXA4 in reducing the production of essential cytokines
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unveils one of its mechanisms, reducing pain, edema, and recruitment of leukocytes (50).
Besides, IL-10 production was also increased by LXA4 (Fig. 5G), evidencing this lipid
mediator’s anti-inflammatory and immunoregulatory capacity with a single treatment.

Synovial fluid leukocytes were collected on the 2" day, and the phosphorylated (p)
form of NF-kB was determined by immunofluorescence assay (Fig. SH). Treatment with
LXA4 inhibited the fluorescence intensity of the p-NF-kB p65 subunit induced by TiO»
(Fig. 5SH). Therefore, these data suggest that inhibition of NF-«kB activation is, at least,
one of the mechanisms by which LXA4 ameliorates TiO2-induced inflammation and pain
due to the importance of this transcription factor to cytokine production (Fig. 5D-G) and
leukocyte recruitment (Fig. SA-C).

The number of recovered cells in synovial washes was insufficient to perform a
flow cytometry to demonstrate the mainly recruited cellular type, so, to enable this
explanation, we standardized a peritonitis model to mimic the TiOz-induced
inflammation. We performed a dose-response of TiO; (data not shown), and the dose of
30 mg per animal was sufficient to induce leukocyte recruitment to the cavity. We
performed a single treatment with 10 ng of LXA4, sufficient to reduce the leukocyte
recruitment (Fig. 6A-C). The following experiments were performed to elucidate the
macrophage roles in TiOz-induced inflammation and the number of cells with NF-xB
activation. To this, we performed flow cytometry, demonstrating the total leukocyte
recruited (CD45+ cells) (Fig. 6D) cells induced by TiO2. We show that TiO increased
NF-xB activation in macrophage cells (NF-kB* F4/80" cells) (Fig. 6F and G), which
represents 85% of the total (NF-kB* CD45" cells) cells (Fig. 6E and G), and the LXA4
treatment reduced this activation.

Our previous results demonstrated that mononuclear cells were the most recruited
leukocyte after TiO2 injection is mononuclear cells. Therefore, we evaluated the ratio of
macrophages and lymphocytes recruited, and the modulation by LXA4. Our data shows
that TiO, increased the number of macrophages [CD45" F480" (Fig.7A)] and
lymphocytes CD45" CD4" (Fig. 7B)], and the treatment with LXA4 reduced the number
of macrophages (Fig. 7A), but not the lymphocytes (Fig. 7B) recruited. The proportion of
macrophages represents 70% of the total leukocyte recruited, and lymphocytes represents
10% of total population (Fig. 7C). This data corroborated with the elucidation of
macrophage roles in TiO2-induced inflammation and pain, and the modulation by LXA4.

3.5 LXAj inhibits oxidative stress improving antioxidant capacity in mice

Knee joint samples were collected on the 2nd day, and the parameters of the
antioxidant capacity were determined by GSH and ABTS assay (Fig. 8A and B). It has
already been demonstrated in other models that TiO; induces the production of ROS and,
consequently, oxidative stress in various organs (51-53). Herein, we show that TiO»
stimulus reduced the levels of endogenous antioxidants as observed in free radical
scavenging ability and GSH levels (Fig. 8A and B) in the knee joint tissues. On the 2nd
day, a single treatment with LXA4 significantly restored the levels of ABTS and GSH
(Fig. 8A and B), demonstrating that treatment with LXA4 reestablished the antioxidant
ability to scavenge free radicals such as ABTS cationic radical and positively up-regulates
the endogenous antioxidant GSH. GSH is up-regulated by the transcription factor Nrf2
(54), and we observed that LXA4 increases the Nrf2 mRNA expression (Fig. 8C). Then,
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as these phenomena were observed in the knee joint tissue and recruited leukocytes have
a major role in those alterations, we analyzed the recruited leukocytes.

ROS production was measured in the synovial fluid leukocytes using DCF-DA
probe, which, when oxidized, generates a fluorescence product (DCF) proportional to
overall intracellular ROS levels. We observed that treatment with LXA4 inhibited DCF
fluorescence intensity (Fig. 8D), demonstrating that treatment with LXA4 inhibits TiO»-
induced production of ROS (Fig. 8D). Articular fluids were collected on the 2nd day, and
Nrf2 was determined by immunofluorescence assay (Fig. 8E). Supporting the qPCR data,
we observed that treatment with LXA4 increased the percentage of positive cells per field
of Nrf2 (Fig. 8E).

3.6 TiO; increases the ALX/FPR2 receptor expression on nociceptive TRPV1*
neurons.

LXA4 acts through ALX/FPR2 receptor in peripheral tissues and regulates cellular
responses of interest in inflammation and resolution (21). ALX/FPR2 receptor is
expressed in tissues and cell types such as immune cells, fibroblasts, epithelial cells, and
astrocytes (21,24). The effect of LXA4 in reducing mechanical and thermal hyperalgesia
indicates that it could, eventually, act on nociceptor neurons. To suggest a neuronal effect
of LXA4 it was necessary to determine if TiO: increse the expression of ALX/FPR2
receptor and whether the expression in TRPV 1 nociceptive neurons. These were our next
steps. We investigated the expression of ALX/FPR2 receptor in the DRG by performing
an immunofluorescence staining for ALX/FPR2 receptor and TRPV1, which is a TRP
channel expressed by nociceptive C-fibers (Fig. 9). Our data show that TiO2 incresed the
expression of ALX/FPR2 receptor in the DRG of mice (Fig. 9A and C). We also found
that TiO2 increases the percent of double positive ALXR/TRPV1 cells, indicating
nociceptor sensory neurons express ALX/FPR2 receptor, which is enhanced in this
population in TiO; inflammation (Fig. 9B and C). Thus, suggesting that nociceptive
TRPV1" neurons are targets to the action of LXA4 during TiO»-induced arthritis. The
treatment with LXA4 didn’t modifed the expression of ALX receptor in DRG.

3.7 LXAjsreduces TiOz-induced TRPV1 activation and expression on DRG
neurons

Considering the results of Fig. 9, our next step was to assess neuronal activation,
which was performed using calcium influx quantitation by a fluorescent probe in DRG
neurons (55). We investigated whether DRG neurons from TiO»-stimulated mice would
present an increase in the baseline calcium levels and response to capsaicin (TRPV1
agonist) stimulation compared to saline-injected controls mice, and the ability of LXA4
to modulate this response (Fig. 10). DRG neurons from vehicle-treated mice presented a
higher baseline level of calcium influx than saline mice or LXAy-treated DRGs (Fig. 10A-
C). These data suggest that LXA4 reduces the activation of DRG neurons in TiO2-induced
inflammation because the increase in calcium influx is indicative of DRG neuron
activation (Fig. 10A-C). Notably, in addition to the diminished basal level of calcium,
LXA4 treatment also reduced the responsiveness of DRG neurons to capsaicin, which is
a TRPVI1 agonist (Fig. 10A-C). The treatment reduced 50% of of the number of
responsiveness neurons to capsaicin, increased by TiO; (Fig. 10D). Corroborating with
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the reduction of neuronal activation and diminished response to capsaicin, we
demonstrated that treatment with LXA4 inhibited the increase of TRPV1 (Fig. 11B)
mRNA expression induced by TiO, as wells as TRPV1 staining in the DRG (Fig. 11A
and C). Therefore, LXA4 inhibits TiOz-induced DRG protein detection, mRNA
expression, and activity of a critical ion channel (TRPV1) to nociceptor sensory neurons
sensitization (56), which resulted in a functional outcome of reduced neuronal
responsiveness and pain upon LXA4 treatment.

We also investigated whether TRPV 1" neurons co-expressed p-NF-«kB in the TiO>-
induced DRG as a marker of neuronal activation. The immunofluorescence assay shows
that the intra-articular injection of TiO; increased the percent of TRPV1* neurons co-
stained with p-NF-«B, and the treatment with LXA4 can reduce it (Fig. 12A and B). Thus,
it further corroborates that TRPV1* neurons are activated in TiO; inflammation, and
LXA4 treatment reduces their activation.

3.8 LXA4reduces TiO:-induced TRPA1 activation on DRG neurons

TRPA1" neurons in dorsal root ganglion are involved in inflammation-induced
hyperalgesia in peripheral tissues (57—60). Therefore, to further explore the neuronal
mechanism involved in the model and the role of LXA4 we investigated whether LXA4
modulates TRPA1 channels in TiO»-induced arthritis. For this, we investigated whether
DRG neurons from stimulated mice would increase calcium levels in response to AITC
(a TRPA1 agonist) stimulation and the modulation by LXA4 (Fig. S1). We observed that
LXA4 treatment reduced the responsiveness of DRG neurons to AITC induced by TiO:
(Fig. S1A-C). The treatment reduced 37% of the number of responsiveness neurons to
AITC, increased by TiO; (Fig. S1D). Moreover, TRPA1 staining was enhanced in DRG
neurons in the TiO> group, and one treatment with LXA4 reduced the TRPA1 stained
neurons (Fig. S2A and S2C). The co-staining of TRPA1 with p-NF-kB showed that TiO>
did not induce the TRPA1 nociceptive neurons activation (Fig. S2B and S2C). These data
show the importance of both ion channels in this model of inflammatory pain and that
expression and activation of TRPV1 and TRPA1 channels and inflammatory pain.

4 Discussion

LXAs administration reduced chronic ongoing TiOz-induced joint edema,
mechanical and thermal hyperalgesia, leukocyte recruitment, and histopathological
changes. LXA4 activity was explained by reducing pro-inflammatory cytokines (TNF-a,
IL-1pB, and IL-6) and increasing anti-inflammatory cytokine IL-10. Corroborating with
these data, LXAs4 reduced NF-kB activation in synovial fluid leukocytes. In the
inflammatory context, we demonstrated that macrophages are mainly recruited cell
induced by TiO, and the NF-xB activation is majority in these cells. The IL-10
production in vivo by macrophage is increased after LXA4 treatment. In the disease
context, a single treatment with LXA4 significantly restored free-radical scavenging
ability (ABTS) and GSH levels. It reduced the production of ROS, accompanied by
increased Nrf2 mRNA expression in the knee joint tissue and protein staining in synovial
fluid leukocytes supporting an antioxidant effect. Thus, demonstrating that LXA4 has
anti-inflammatory and antioxidant effects in TiOz-induced arthritis. Moreover, we show
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that TiO2 injection increased ALX/FPR2 receptor expression on TRPV1 neurons. LXA4
decreased TiOz-induced DRG mRNA expression and protein staining of pain-related ion
channel TRPV1. In terms of neuronal function, LXA4 reduced the activation of DRG
neurons, observed by low baseline levels of calcium influx in DRG, and lessened
responsiveness to TRPV1 activation by capsaicin stimulation.

Intra-articular administration of TiO; induces a response that resembles prosthesis
joint inflammation and pain (13). Pain is a cardinal symptom of joint inflammation and
is directly related to the decision to seek medical care, limitation of limb function, and
quality of life (61). Therefore, the development of novel therapeutics effective for optimal
pain management is critical in prosthesis wear process-induced arthritis. TiO; arthritis is,
in principle, an aseptic inflammation and the opposite of septic arthritis as that induced
by intraarticular injection of Staphylococcus aureus. Evidence demonstrates that limiting
the endogenous production and action of LXA4 by genetic deletion of 5-lipoxygenase and
antagonizing the ALX/FPR2 receptor with BOC-2, respectively, improve the immune
response against S. aureus by avoiding the down-regulation of dendritic cells’ recruitment
by LXA4 (62). However, we are demonstrating a beneficial effect of exogenous LXA4
treatment in aseptic prosthesis arthritis, and endogenous LXA4 has a detrimental role in
septic arthritis. Further exemplifying aseptic inflammatory conditions, LXA4 levels were
decreased in synovial fluid patients with rheumatoid arthritis and osteoarthritis,
suggesting that downmodulation of LXAj4 is a permissive factor to chronic joint diseases
with high and low inflammation profiles (63).

Prosthesis wear process particles, such as TiO», activate macrophages to produce
various pro-inflammatory mediators, growth factors, and pro-inflammatory lipids
(49,64), and these molecules orchestrate the inflammatory response (65). LXA4 and
agonists of ALX/FPR2 receptors can down-regulate those inflammatory mechanisms.
LXA4 inhibited synoviocyte proliferation as well as decreased the levels of IL-6, IL-1,
and TNF-a in rheumatoid arthritis (66). Of interest, LXA4 downregulates TNF-o—directed
neutrophil trafficking (67). ALX/FPR2 agonist (AT-01-KG) reduced neutrophilic
inflammation, CXCL1, and IL-1B production and enhanced neutrophil apoptosis in a
model of gout arthritis (68). LXA4 diminishes pain in the non-compressive lumbar disc
herniation model through inhibition of pro-inflammatory cytokines (TNF-a, and IL-1p)
up-regulation of IL-10 and transforming growth factor-beta (TGF-) (30). Treatment with
LXA4 also increases anti-inflammatory cytokine (TGF-f and IL-10) levels after
exposition to ultra-violet light (69). IL-10 restricts the polarization of M1 macrophages
and blocks the IL-33/ST2 axis during arthritis (70), inhibits neutrophil recruitment, matrix
metalloproteinases activity, edema (71) and pain (72). We show that LXA4 reduced TNF-
a, IL-1B, and IL-6 levels and increased IL-10 levels in TiO»-induced arthritis, and that
production is by macrophages recruited during the inflammatory process. Thus, reducing
pro-inflammatory cytokines and increasing anti-inflammatory cytokines, which
orchestrate the inflammatory and nociceptive responses, might contribute to LXA4
alleviation of leukocyte recruitment, edema, and mechanical and thermal hyperalgesia.

Oxidative stress has an essential role in inflammatory pain (73). Reactive oxygen
and nitrogen species (ROS and RNS, respectively) produced during inflammation
contribute directly to nociceptor neuron activation (74). TiO induces lipid peroxidation,
DNA damage, and protein breakdown, corroborating there is oxidative stress (75). LXA4
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increases antioxidant capacity via Nrf2 in varied models (25,29,69,76). Herein we
demonstrated the in vivo antioxidant effect of LXA4 and induction of Nrf2, explaining
the mechanism of protection against oxidative stress by increasing endogenous
antioxidants as per GSH and ABTS assays. GSH is a downstream target of Nrf2 activity
(77), and our data on GSH together with the literature (25,69), guided the choice of
investigating Nrf2. Furthermore, LXA4 did not induce gastric, hepatic, or renal damage
indicating its safety compared to common side effects of non-steroidal anti-inflammatory
drugs.

Administration of TiO» particles bypasses the chronic awaiting of prosthesis
wearing and reduces the number of animals used to investigate this condition in terms of
mechanisms and novel treatments. Chronic inflammation is responsible for peri-
prosthetic osteolysis and aseptic loosening of the prosthesis (78,79). Macrophage-like
synoviocytes are resident cells in the synovium lining. They are responsible for the
phagocytosis of prosthetic wear particles, production of pro-inflammatory cytokines,
such as IL-1PB and TNF-a, triggering inflammation, recruitment of immune cells, and
activation of fibroblast-like synoviocytes (80,81). There are a significant number of
macrophages infiltrate into peri-implant tissues during aseptic loosening (82). Total
leukocytes in the synovial cavity were higher in the early stage (2nd day) than in late
stage (30th day). We also observed higher counts of mononuclear cells than neutrophils
on the 2nd day post-TiO, administration, which is unexpected, considering the leukocyte
recruitment kinetics of most inflammatory responses. We show that the macrophage is
mainly recruited cell in the TiO2-inflammation and apper to be a crutial target to the LXA4
anti-inflammatory effects. Further studies are necessary to investigate the underlying
mechanisms for this specific leukocyte kinetics in TiO> arthritis. LXA4 reduced
inflammatory cytokines production induced by TiO, which lined up well with the
reduced p-NF-«kB staining in synovial fluid leukocytes. NF-kB exerts its transcription
factor activity and regulates the expression of various genes encoding pro-inflammatory
cytokines, which have been shown to play essential roles in inflammation. Diminished
NF-kB activation reduces the production of pro-inflammatory cytokines and
downmodulates inflammatory reactions (83). Our findings corroborate prior evidence that
LXA4 inhibits NF-kB in other disease models (22,30,84). Furthermore, LXA4 suppresses
the LPS-induced proliferation of RAW264.7 macrophages by targeting the NF-xB
pathway (85). The treatment with LXA4 reduced LPS-evoked TNF-a production and
inhibited NF-xB activation in a coculture system using RAW264.7 cells and human colon
carcinoma cell line (Caco-2) (86). We confirm that this NF-«kB activation is increased in
macrophage, that represent the major-activated cell and is inhibed by LXA4 treatment.

In arthritis, synovial fluid cells are crucial in the production of ROS, which can
increase the level of NF-kB-dependent pro-inflammatory cytokines and promote the
formation of an amplification loop that feeds back to further elevation of additional ROS
(87). Prosthesis wear particles can induce oxidative stress in macrophage culture (88). On
the other hand, LXA4 treatment increases nuclear translocation of Nrf2 in cardiomyocytes
(89). In cultured cortical astrocytes exposed to oxygen-glucose deprivation/ recovery
insults, LXA4 reduced oxidative stress by enhancing Nrf2 pathway (29). We show that
LXA4 inhibits TiO»-triggered ROS generation and enhances Nrf2 in synovial fluid
leukocytes. Altogether, these data indicate that LXA4 enhances Nrf2, and reduces
cytokine, ROS production, and, importantly, NF-kB activation, which TiO2 triggered.
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The modulation of p-NF-xB and Nrf2 by LXA4 can also involve their competition to bind
to CREB (cAMP-responsive element-binding protein) (54).

LXA4 has an analgesic effect in various conditions, ranging from acute
inflammation (23,24) to neuropathic pain (90). Our data show that LXA4 has an analgesic
effect over ongoing prothesis-wearing-like chronic arthritis (30 days) at 10 ng/animal
dose. LXA4 reduced mechanical and thermal hyperalgesia and provided a 2-days long-
lasting analgesia per treatment. The lipid mediator maresin 1 (MaR1) reduces the
activation of DRG neurons and TRPVI mRNA expression in Complete Freund’s
Adjuvant paw inflammation (37). In inflammatory pain, resolving D2 (RvD2) is a potent
TRPV1 and TRPAL1 inhibitor in DRG neurons (91). Thus, some SPM can modulate ion
channels to induce analgesia suggesting this mechanism should also be investigated for
LXA4 in TiO2-induced arthritis. However, to that end, we first needed to ascertain if the
expression of ALX/FPR2 receptor was increased in TiOz-induced arhtritis. We observed
that ALX/FPR2 receptor staining was increased in TiOz-induced arthritis, and more
specifically, TRPV1" nociceptive neurons express ALX/FPR2 receptor and that TiO;
inflammation enhances the ALXR*/TRPV1" neurons. Thus, DRG TRPV1" neurons are
likely more susceptible to LXA4 action during TiO> arthritis than uninflamed conditions,
supporting the analgesic effect. A single post-treatment with LXA4 reduced ongoing DRG
neuronal activation (baseline calcium levels) and prevented capsaicin-induced TRPV1
activation of DRG neurons. Explaining the diminished neuronal activation by LXAu, this
SPM reduced TiO:-induced TRPV1 mRNA expression and protein staining (and co-
stained with p-NF-kB p65) in DRG neurons. To our knowledge, this is the first work to
demonstrate that LXA4 reduces TRPV1 channel mRNA expression and protein staining
in DRG neurons, which resulted in diminished TRPV1 activity, causing analgesia.
TRPV1 is expressed by approximately 54% of DRG neurons, and TRPATI is expressed
by approximately 22% of DRG neurons. Most of the TRPA1 channels are co-expressed
with TRPV1 in DRG neurons (92), and there is evidence that they can also dimerize as a
mechanism of nociceptor sensitization (93). Those TRPA1 channels that are not co-
expressed with TRPV1 represent a sub-population of neurons involved in neuropathic
pain and not in inflammatory pain (93). Corroborating the literature about the role of
TRPA1 in pain and its interaction with TRPV1(58,92,93), as well as the present results
on TRPV1, and we also observed that TiO» enhances the neuronal activation to TRPA1
agonist, and TRPAL1 staining, but not indicate neuronal activation. The activation of
TRPA1 agonist and TRPA1 staining were inhibited by LXA4 treatment. Thus, the
mechanism of action of LXA4 depends, at least in part, on the down-modulation of
essential ion channels involved in nociceptor neuronal sensitization and chronic pain (94),
and the neuronal activation of TRPV1* neurons. Our study also contributes to building
the concept that targeting ion channels is part of the mechanisms of action of SPM.

We demonstrated that LXA4 has therapeutic effects against ongoing chronic TiO>
arthritis, favorably altering knee joint pathology. Figure 13 is a schematic representation
of the mechanism of action of LXA4 in TiOz-induced arthritis. TiO; triggered the
production of cytokines and ROS to induce inflammation and pain. The activation of NF-
kB in macrophage cells and down-modulation of Nrf2 are mechanisms occurring, at least,
in synovial fluid leukocytes that amplify inflammatory cytokines and oxidative stress
pathways in response to TiO2, which LXA4 targets. We further observed that LXA4
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attenuated the staining of nociceptor neuron sensitization-related ion channels named
TRPV1 and TRPAI, unveiling a hitherto unknown nociceptor neuron mechanism of
LXA4. To sum up, this study demonstrated that LXA4 is a promising approach to treating
complications related to prosthesis-induced inflammation and pain by inhibiting the
activation of synovial fluid leukocytes and primary afferent nociceptor sensory neurons.
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Figure 1. Experimental design. Protocol 1 of 30 days experimental design. Mice were
treated for 30 days with LXA4 (0.1, 1, 10 ng/ animal, i.p.) or vehicle (ethanol) starting
twenty-four hours after i.a. injection of TiO2 (3mg/ joint), and mechanical hyperalgesia
and edema were evaluated 1, 3, 5, 7, 24 h (day 1) and subsequently every two days until
the 30th day. Thermal hyperalgesia was evaluated on day one and every three days until
the 30th. On the 30th day, the knee joint was collected for histopathological analysis and
toxicity assay, and the knee joint washes to leukocyte recruitment. Protocol 2 of 2 days
experimental design. Mice were treated with a single treatment of LXA4 (10ng/ animal)
starting twenty-four hours after i.a., injection of TiO2 (3mg/ joint), and on the 2nd day,
knee joint wash was collected for leukocyte recruitment, knee joint cytokine levels, NF-
kB phosphorylation, and oxidative stress (GSH, ABTS, ROS assay, and Nrf2 expression
and activation). On the 2nd day of the model, DRGs samples (L4-L6) were collected for
calcium imaging (TRPV1 and TRPA1 agonists) and dissected for immunofluorescence
(ALX/FPR2 receptor co-stained with TRPV1; TRPVI1 and p-NF-kB co-staining with
TRPV1 and TRPAL1), and RT-qPCR. Protocol 3 of TiOz-induced peritonitis. Mice were
induced with an i.p. injection of TiO2 (30 mg/500 pl), and after twenty-four hours, the
animals received treatment with LXA4 (10 ng/animal) or vehicle (saline) (100ul per
animal, i.p.). Peritoneal washes were collected on the 2nd day to count total leukocytes
recruited and flow cytometry for lymphocytes, macrophages and p-NF-«kB activation.
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Figure 2. LXA4 inhibits TiO-induced articular mechanical hyperalgesia, thermal
hyperalgesia, and edema in the knee joint. Mice were treated for 30 days with LXA4 (0.1,
1, 10 ng/ animal, i.p.; 48 h intervals) or vehicle (ethanol) starting twenty-four hours after
i.a. injection of TiO2 (3mg/ joint) and mechanical hyperalgesia (A) was evaluated 1, 3, 5,
7,24 h (day 1) and subsequently every two days until the 30th day. Thermal hyperalgesia
(B) was evaluated on day one and every three days until the 30th. Results are expressed
as mean + SEM, n= 6 mice per group per experiment and are representative of two
separate experiments (*p< 0.05 vs. saline group; #p<0.05 vs. TiO2 group; **p < 0.05 vs.
TiO2 and LXA4 (10ng) groups; fp< 0.05 vs. TiO2 and LXA4 (10 and 1 ng) groups),
repeated measures two-way ANOVA followed by Tukey’s post-test. Edema (C) was
evaluated 1, 3, 5, 7, 24 h (day 1) and subsequently every two days until the 30th day.
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Figure 3. LXA4 reduces TiOz-induced histopathological damage and recruitment in the
knee joint. Mice were treated with LXA4 (10ng/ animal, i.p.) or vehicle (ethanol) twenty-
four hours after TiO2 (3mg) i.a. injection and on alternate days for 30 days. On the 30th
day, the knee joint was collected and stained with HE. Histopathological index (A) and
analysis (B-G). The panel shows: saline (B and C), TiO> treated with vehicle (D and E),
and TiO; treated with LXA4 (F and G). The representative image demonstrated the
invasive pannus (arrowhead); leukocyte infiltration (arrow), and angiogenesis (asterisk).
Original magnification 10x (B, D and F) and 40x (C, E and G). Results are expressed as
mean = SEM, n=12 mice per group per experiment, two independent experiments
(*p<0.05 vs. saline group; #p<0.05 vs. TiO2 group, Kruskal-Wallis followed by Dunn’s
post-test). On the 30th day, knee joint washes were collected to count total leukocytes
(H), mononuclear (I), and polymorphonuclear cells (J). Results are expressed as mean +
SEM, n=6 mice per group per experiment, two independent experiments (*p<0.05 vs.
saline group; #p<0.05 vs. TiO2 group, one-way ANOVA followed by Tukey’s post-test).

69



O 00 1 N D B~ W N

—_— —
—_ O

o,
(3mg/ joint)
—

=)
3

TiO,
(3mg joint)
—

50 O,
(3mgf joint)
—

Tio,
(3mgf joint)
—_—

1000 TO,
(3mg/ joint)
Rl Ll

@
S

800

@
3

600

a
S

400

AST (U/L of serum)
ALT (U/L of serum)

200

N
S

200

Urea (mg/dL of serum)
Creatinine (mg/dL of serum)
Myeloperoxidase Activity
(N° of Neutrophils X10%/mg of tissue)

0
Saline 0 10
LXA, (ng)

0
Saline 0 10
LXA4 (ng)

o
Saline 0 10
LXA4 (ng)

0
Saline_0 10
LXA4 (ng)

Saline 0 10

LXA, (ng)

Acetaminophet
Acetaminophen
Diclofenac
Diclofenac

Indomethacin

Figure 4. LX A4 chronic treatment does not induce toxicity. Mice were treated for 30 days
with LXA4 (10 ng/ animal, i.p.) starting twenty-four hours after i.a. injection of TiO2 (3
mg/ joint), and serum and stomach were collected. AST (A), ALT (B), urea (C), and
creatinine (D) serum levels and MPO activity in the stomach (E) were determined to
evaluate treatment toxicity. As positive drug control for gastric, hepatic, and renal
toxicity, indomethacin (2.5 mg/kg, i.p., diluted in tris/HCl buffer, for 7 days),
acetaminophen (650 mg/kg, i.p., diluted in saline), and diclofenac (200 mg/kg, p.o.,
diluted in saline) were used, respectively. Results are expressed as mean £ SEM, n=6
mice per group per experiment, two independent experiments (*p<0.05 vs. all groups,
one-way ANOVA followed by Tukey’s post-test).
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Figure 5. LXA4 modulates TiOz-induced mononuclear cells and cytokine production,
reducing NF-kB activation. Mice received a single treatment of LXA4 (10ng/ animal)
starting twenty-four hours after i.a. injection of TiO2 (3mg/ joint), and on the 2nd day,
knee joint washes were collected to count total leukocytes (A), mononuclear (B), and
polymorphonuclear cells (C). The knee joint was collected, and TNF-a (D), IL-1B (E),
IL-6 (F), and IL-10 (G) were measured by ELISA. Knee joint washes were used to
perform an immunofluorescence assay. Panel (E) show the representative images of p-
NF-kB p65 (red) with nuclear staining by DAPI, and the quantitation. Fluorescence
intensity (E) was analyzed by a confocal microscope at 63x magnification. Results are
expressed as mean = SEM, n=6 mice per group per experiment, two independent

experiments (*p<0.05 vs. saline group; #p<0.05 vs. TiO2 group, one-way ANOVA
followed by Tukey’s post-test).
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Figure 6. Treatment with LXA4 reduces NF-«kB activation in macrophages induced by
Ti0,. TiOz-induced peritonitis was induced with an i.p. injection of TiO2 (30 mg/500 pl),
and after twenty-four hours, the animals received treatment with LXA4 (10 ng) or vehicle
(saline) (100ul per animal, i.p.). Peritoneal washes were collected on the 2nd to count
total leukocytes recruited (A), mononuclear (B), and polymorphonuclear cells (C). Flow
cytometry for total leukocyte cells [CD45" cells (D)], macrophages (CD45" F4/80" cells),
and p-NF-kB p65 [CD45" p-NF-kB * cells and F4/80" p-NF-kB * cells (E and F)]. Panel
(G) shows the gates. Results are expressed as mean = SEM, n=10 mice per group per
experiment, two independent experiments (*p<0.05 vs. saline group; #p<0.05 vs. TiO:
group, ** p<0.05 vs. all groups) one-way ANOVA followed by Tukey’s post-test).
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Figure 7. TiO; increases macrophage and lymphocyte cells that, in part, are modulated
by LXA4. TiOz-induced peritonitis was induced with an i.p. injection of TiO2 (30 mg/500
ul), and after twenty-four hours, the animals received treatment with LXA4 (10 ng) or
vehicle (saline) (100ul per animal, i.p.). Peritoneal washes were collected on the 2nd to
flow cytometry for total leukocyte cells [CD45" cells, macrophages [CD45" F4/80" cells
(A)], and lymphocyte [CD45" CD4 * cells (B)]. Panel (C) shows the gates. Results are
expressed as mean £ SEM, n=10 mice per group per experiment, two independent
experiments (*p<0.05 vs. saline group; #p<0.05 vs. TiO group, ** p<0.05 vs. all groups)
one-way ANOVA followed by Tukey’s post-test).
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independent experiments (*p<0.05 vs. saline group; #p<0.05 vs. TiO, group, one-way
ANOVA followed by Tukey’s post-test).
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Figure 9. TiO; increases the ALX/FPR2 receptor expression on nociceptive neurons. On
the 2nd day of the model, DRGs samples (L4-L6) were dissected for TRPV1 and
ALX/FPR2 receptor staining by immunofluorescence technique. Panels (A and B) shows
the quantitation analyses by the number of ALX/FPR2 receptor-positive cells per area
(A) and co-stained with TRPV1 (as a percent of positive cells) (B). Panel (C) shows the
representative images of TRPV 1" cells (green), ALX/FPR2 receptor-positive cells (red),
and the merge of double labeling of TRPV1 and ALX/FPR2 receptor on DRG (20x
magnification with 1.0 zoom in). Results are expressed as mean + SEM, n=8 mice per
group per experiment, two independent experiments (*p<0.05 vs. saline group; #p<0.05
vs. TiO2 group, one-way ANOVA followed by Tukey’s post-test).
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Figure 10. LXA4 reduces TiOz-induced TRPV1 activation on DRG neurons. Mice
received a single treatment of LXA4 (10ng/ animal) starting twenty-four hours after i.a.
injection of TiO> (3mg/ joint), and on the 2nd day, the DRGs samples (L4-L6) were
collected for calcium imaging using Fluo-4 a.m. probe. The fluorescence intensity traces
of calcium influx from the representative DRG fields, responsive for KCI (240-s mark,
activates all neurons), during the 6 min of recording was shown in panel (A). Panel (B)
displays the mean fluorescence intensity of calcium influx of the baseline (0-s mark) and
that following the stimulus with capsaicin (120-s mark, a TRPV1 agonist). Panel (C)
shows representative fields of DRG neurons (baseline fluorescence, the fluorescence after
capsaicin, and after KCI). Panel (D) shows Venn Diagram comparing the percent of
neurons population with capsaicin activation (red) that had responded to KCl stimulation
(grey). Results are expressed as mean = SEM, n = 4 DRG seeded plates (each plate is a
neuronal culture pooled from 10 mice) per group per experiment, two independent
experiments (*p<0.05 vs. saline group; #p<0.05 vs. TiO> group, two-way ANOVA
followed by Tukey’s post-test).
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Figure 11. LXA4 inhibits TiO2-induced TRPV1 expression in DRG neurons. On the 2nd
day of the model, DRGs samples (L4-L6) were dissected for TRPV1 staining by
immunofluorescence analysis and mRNA expression by RT-qPCR. Panels [(A) -
quantitation and (C) — representative images] show the number of positive cells per area
TRPV1 (green) with nuclear staining by Hoechst 33342 on DRGs (20x magnification
with 1.0 zoom in). Panel (B) shows the DRG RT-qPCR data, demonstrating that LXA4
reduced TiOz-induced TRPV1 mRNA expression. Results are expressed as mean + SEM,
n=8 mice per group per experiment, and RT-qPCR used n=6 mice per group per
experiment, two independent experiments (*p<0.05 vs. saline group; #p<0.05 vs. TiO:
group, one-way ANOVA followed by Tukey’s post-test).
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Figure 12. LXA4 reduces NF-kB activation in TRPV1 positive neurons induced by TiOx.
On the 2nd day of the model, DRGs samples (L4-L6) were dissected for TRPV1 and p65
p-NF-kB staining by immunofluorescence technique. Panel (A) shows the quantitation
analyses by percent of positive cells co-stained with p65 p-NF-kB. Panel (B) shows the
representative images of TRPV 1+ cells (green), p65 p-NF-«B positive cells (red), and the
merge of double labeling of TRPV1 and NF-kB in DRG samples (20x magnification with
1.0 zoom in). DAPI performed the nuclear staining. Results are expressed as mean +
SEM, n=8 mice per group per experiment, two independent experiments (*p<0.05 vs.
saline group; #p<0.05 vs. TiO, group, one-way ANOVA followed by Tukey’s post-test).
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Figure 13. Mechanism of action of LXA4 in TiO»-induced arthritis. (1) LXA4 treatment
reduces chronic articular pain induced by TiO:. (2) LXA4 reduces leukocyte recruitment
to the knee joint at early and late TiO:-induced arthritis stages, histopathological
alterations, oxidative stress, and IL-1p, TNF-o, and IL-6 production, and increases
endogenous antioxidants and IL-10 production. These anti-inflammatory findings were
supported by the (3) decreased NF-«kB activation in macrophage cells. (4 and 5) LXA4
increases the Nrf2 mRNA expression and activation, which were reduced by TiO.. (6).
We also demonstrated that LXA4 reduces the activation of DRG neurons in TiO»-
inflammation by decreasing the baseline neuronal activation and capsaicin/AITC-induced
calcium influx (7) and increasing TRPV1 mRNA expression and protein staining (and
co-stained with p-NF-kB*), and TRPA1 staining induced by TiO>. TRPV 1" nociceptive
neurons express ALX/FPR2 receptor, and that TiO, inflammation enhances the ALXR"/
TRPV1". Finally, all these mechanisms explain the analgesic (1) and anti-inflammatory
(2) effects of LXA4 in this animal model of prosthesis-wearing process released
components (e.g., TiOz)-induced arthritis.

79



1 Table 1. Primer sequences for RT-qPCR

Gene Sense Antisense

Nrf2  5-TCACACGAGATGACGTTAGGGCAA-3’ 5"-TACAGTTCTGGGCGGCGGACTTTAT-3’
Trpvl 5'-TTCCTGCAGAAGAGCAAGAAGC-3’ 5'-CCCATTGTGCAGATTGAGCAT-3’

g;tin 5'-AGCTGC GTTTTACACCCTTT-3' 5'-AAGCCATGCCAATGTTGTCT-3'
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Figure S1. LXA4 reduces TiOz-induced TRPA1 activation on DRG neuron. Mice
received a single treatment of LXA4 (10ng/ animal) starting twenty-four hours after i.a.
injection of TiO> (3mg/ joint), and on the 2nd day, the DRGs samples (L4-L6) were
collected for calcium imaging using Fluo-4AM probe. The fluorescence intensity traces
of calcium influx from the representative DRG fields, responsive for KCI (240-s mark,
activates all neurons), during the 6 min of recording was shown in panel (A). Panel (B)
displays the mean fluorescence intensity of calcium influx of the baseline (0-s mark) and
that following the stimulus with AITC (120-s mark, a TRPA1 agonist). Panel (C) shows
representative fields of DRG neurons (baseline fluorescence, the fluorescence after AITC,
and after KCI). Panel (D) shows Venn Diagram comparing the percent of neurons
population with AITC activation (red) that had responded to KCI stimulation (grey).
Results are expressed as mean = SEM, n =4 DRG seeded plates (each plate is a neuronal
culture pooled from 10 mice) per group per experiment, two independent experiments
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I (*p<0.05 vs. saline group; #p<0.05 vs. TiO> group, two-way ANOVA followed by
2 Tukey’s post-test).
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Figure S2. LXA4 inhibits TRPA1 expression induced by TiO>. On the 2nd day of the
model, DRGs samples (L4-L6) were dissected for TRPA1 and p65 p-NF-«B staining by
immunofluorescence technique. Panels (A and B) shows the quantitation analyses of the
number of TRPA1 positive cells per area (A) and TRPA1 cells co-stained with p65 p-NF-
kB (percent of positive cells) (B). The panel (C) shows the representative images of

9  TRPAI1" cells (green), p65 p-NF-kB* cells (red) and merge of double labeling of TRPA1
10 and p-NF-kB in DRG samples (20x magnification with 1.0 zoom in). The nuclear staining
11 was performed by DAPI. Results are expressed as mean £ SEM, n=8 mice per group per
12 experiment (*p<0.05 vs. saline group; #p<0.05 vs. TiO, group, one-way ANOVA
13 followed by Tukey’s post-test).

0N N KW

82



5. ARTIGO 2

Como trabalho de qualificagdo de doutorado apresentado ao programa de
pos graduagédo em Patologia experimental, é apresentado o segundo artigo
realizado no Laboratério de Dor, Inflamagéo, Neuropatia e Cancer (LADINC)
intitulado “Curcumin ameliorates TiO2-induced arthritis by reducing leukocyte
recruitment, oxidative stress, and TRPV1 neuronal activation”, a ser
submetido na revista Inflammation research (IF: 6.9) sob autoria de Telma
Saraiva-Santos, Mariana M. Bertozzi, Victor Fattori, Tiago H. Zaninelli, Camila
R. Ferraz, Marilia F. Manchope, Soraia M. Pierotti, Anelise Franciosi, Kenji
W. Ruiz-Myiazawa, Sérgio M. Borghi, Rubia Casagrande and Waldiceu A.
Verri Jr1.
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Abstract

Objective and design To investigate the effects of curcumin in titanium dioxide (TiO>)-
induced chronic arthritis in mice.

Treatment Curcumin (10 or 100 mg/kg, orally, daily) or with vehicle (20% tween 80 in
saline) for 30 days starting 24 h after TiO: injection.

Methods: Chronic arthrithis was induced upon intra-articular injection of TiO> (3
mg/mouse). Mechanical hyperalgesia was determined using electronic version of von
Frey filaments and thermal hyperalgesia using Hargreaves apparatus, edema,
histopathological alterations (using hematoxylin-eosin stain [HE]), leukocyte
recruitment, and oxidative stress (TBARS and NBT assays) were evaluated on 30" day.
On the 2nd day, we determined the leukocyte recruitment, IL-1p levels, oxidative stress
(ROS and NO levels), neuronal activation, and response to capsaicin and AITC using
calcium influx imaging; and TRPV1 and TRPAI staining by immunofluorescence assay
on DRG neurons.

Results Curcumin treatment reduced mechanical and thermal hyperalgesia, articular
edema and histopathological alterations induced by TiOz. Curcumin also reduced
leukocyte recruitment, IL-1P level, and oxidative stress induced by TiO,. Curcumin
inhibited TiOz-induced TRPV1 (by capsaicin stimulation) and TRPA1l (by AITC
stimulation) activation, decreasing TRPV1 staining and co-stained with p-NFkB in DRG
neurons.

Conclusion Curcumin ameliorates TiO2-induced chronic arthritis by reducing knee joint
leukocyte recruitment, oxidative stress, and reducing the activation of TRPV1-positive

DRG neurons.

Keywords Curcumin, Arthroplasty, Pain, Aseptic inflammation, TRPV1, ROS.
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1. Introduction

Pain is a debilitating symptom of arthritis and the leading cause of patients seeking
medical care [1,2]. The activation of primary sensory neurons transmits the nociceptive
information to the spinal cord resulting in nociceptive sensation [3]. In this context,
transient receptor potential (TRP) channels are expressed in the peripheral nerves and
neurons, contributing to intracellular calcium regulation in acute and chronic pain. These
channels have been studied as target mechanisms for developing novel analgesics in
cancer, neuropathic and chronic pain [4-6].

Osteoarthritis and rheumatoid arthritis are common worldwide disorders with a
significant prevalence. Despite current treatments show efficacy for a fraction of patients,
many other patients still report pain and functional limitations [7,8]. Upon long lasting
and uncontrolled inflammation, knee replacement is an alternative to recover from joint
destruction, reduce pain, and improve life quality [9-11]. Total knee arthroplasty is a
recurrent joint replacement procedure that is expected to increase substantially in the
coming years [12]. This procedere is projected to grow by 673% from 2005 to 2030 in
the USA, making a total of pproximately 3.5 million surgeries [13]. However, despite the
success of joint prostheses, the deterioration of the prosthetic components is the most
associated complication. Release of metallic nanoparticles in the periprosthetic space
promotes osteolysis and the requirement for arthroplasty revision [14—16].

The titanium dioxide (TiO2) nanoparticle is widely used in pharmaceutical
products and orthopedic prostheses [17]. This molecule is the crucial component involved
in prosthesis wear process-induced arthritis. Resident macrophages recognize and
internalize the TiO: debris, promoting activation and TNF-o and IL-1f release [18].
Borghi, et al. [19] demonstrated in an experimental mouse model that intra-articular
administration of TiO; induces chronic arthritis, increasing mechanical hyperalgesia,
edema, histopathological changes, and inflammatory parameters. Currently, non-steroidal
anti-inflammatory drugs (NSAIDs), corticosteroids, and opioids are available for patients
with prosthesis-induced arthritis. While effective for a fraction of patients, these
treatments are often expensive [20] show intense adverse effects and should be use with
cautious by patients with commobidities [21]. Therefore, investigating novel drugs with
anti-inflammatory properties and minimum side effects is necessary to treat prosthesis-
induced arthritis.

Vegetables, fruits, and drinks (e.g., wine and tea) of the human diet contain a

significant amount of polyphenols. Daily doses of these compounds enhance life quality
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and decrease the risk of many inflammatory diseases [22]. Curcumin is a polyphenol
found in turmeric (Curcuma longa), commonly used as a spice [23]. This polyphenol is
extensively investigated as a therapeutic approach concerning antioxidant, antitumor,
antifungal, anti-inflammatory, and immunomodulatory properties [24—26]. The analgesic
effect of curcumin was demonstrated in an acute model of pain induced by superoxide
anion by reducing pro-inflammatory cytokines and improving antioxidant capacity [27].
Curcumin treatment reduced cancer-induced bone pain in mice [28], osteoarthritis
progression, and pain [29,30]. The analgesic effect of curcumin was demonstrated via
modulation of TRPV1 channels in ulcerative colitis [31] and inhibition of TRPV1-
mediated pain hypersensitivity in the orofacial pain model [32]. Curcumin is a potent
antioxidant acting via the nuclear factor erythroid 2-related factor 2 (Nrf2)-Keapl
pathway, reducing oxidative stress and lipid peroxidation in several animal models [33—
37]. In addition, the anti-inflammatory effects of curcumin were demonstrated by
reducing the cyclooxygenase-2 (COX-2) pathway [38], nuclear factor kappa B (NF-«xB)
activation [39,40], interleukin-1f (IL-1B) [41,42] and tumor necrosis factor-alpha (TNF-
a) levels, and leukocyte recruitment [39,43]. These findings demonstrated the potential
of curcumin to act in different inflammatory diseases, such as TiO: articular
inflammation. Therefore, in this study, we aim to investigate the anti-inflammatory,

antioxidant, and analgesic effects of curcumin in prothesis-induced arthritis.

87



O© 0 I N »n b~ W N =

W W W W W N N N N N DN N N N N e e e e e e e e e
AW N = O 0NN R WD RO O NN N R W N = O

2. Materials and Methods
2.1.Animals
Male Swiss mice weighing 20 to 25g were used. The animals were housed in
standard clear plastic cages with free access to water and food, controlled temperature
(21°£1°C), and a light/dark cycle of 12/12h. Mice were acclimated at least 1 hour before
the experiments in the testing room, and all the behavioral tests were performed between
9 am. and 5 p.m. Animal care and handling procedures were developed accordingly to
the International Association for Study of Pain (IASP) guidelines and with the approval
of the Londrina State University Ethics Committee on Animal Research and Welfare
(process number 21934.2015.55). All efforts were made to minimize the number of

animals used and their suffering.

2.2.Experimental procedures

We performed experiments to evaluate pain, inflammation, oxidative stress, and
histopathological alterations to determine the disease phenotype upon curcumin treatment
(Fig. 1; protocol 1). Mice (n=6 per group per experiment) were treated per oral (p.o.) with
100pl of 10 or 100 mg/kg of curcumin or with vehicle (20% tween 80 in saline) twenty-
four hours after a single intra-articular (i.a.) injection of TiO> (3mg/10ul/knee joint) and
after that, mice were treated daily until the 30" day. A dose-response experiment was
performed to determine the best curcumin dose. The mechanical threshold was evaluated
twenty-four hours after the TiO; stimulus, after curcumin treatment (1h) on the first day
and every other day (from the 2nd to the 30th day). The dose of 100mg/kg of curcumin
was chosen and used in the following experiments based on mechanical hyperalgesia and
edema results. The thermal hyperalgesia was evaluated using Hargreaves apparatus every
three days for 30 days. The edema was evaluated before, after curcumin treatment, and
every other day for 30 days. On the 30th day after the stimulus, knee joints were collected
to evaluate the histopathological index (using hematoxylin-eosin stain [HE]),
myeloperoxidase (MPO) and N-acetyl-beta-D-glucosaminidase (NAG) activity. The
knee joint lavages were collected to determine the leukocyte recruitment, and knee joint
samples were used to evaluate the oxidative stress (lipid peroxidation [TBARS] and
superoxide anion [nitroblue tetrazolium reduction levels).

Based on the previous results that demonstrated an effective reduction of pain and
edema after two days of TiO; injection, the 2nd day of the model was chosen to elucidate

the effects of curcumin treatment in the early stage of TiO:z-induced pain and
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inflammation (Fig. 1; protocol 2). The knee joint washes were collected to quantify the
leukocyte recruitment and oxidative stress (total reactive oxygen [ROS] using the
probe2’,7’—dichlorofluorescein diacetate [DCF-DA] assay, and nitric oxide [NO] species
using the probe 5,6-diaminofluorescein diacetate [DAF-2DA]). The knee joint tissue was
used to measure the IL-1p levels as per enzyme-linked immunosorbent assay (ELISA).
The ipsilateral dorsal root ganglia (DRG) (L4-L6) were collected on the 2nd day of the
model, the calcium influx imaging was determined using confocal microscopy, and
transient receptor potential cation channel subfamily V member 1 (TRPV1), transient
receptor potential ankyrin 1 (TRPA1) and p-NF«xB staining were determined by

immunofluorescence assay.

2.3.Chemical compounds

Curcumin (Santa Cruz Biotechnology, Dallas, TX, USA), pure TiO2, MW 79.90,
was purchased from Synth (Diadema, SP, Brazil) (the particle size was < 1 pm with an
average of 862.2 nm as determined by size distribution analysis [Malvern Instruments
Ltd, UK]). Saline solution (NaCl 0.9%; Frenesius Kabi Brasil Ltda, Aquiraz, CE, Brazil);
ethylenediaminetetraacetic acid disodium salt (EDTA; Synth, Diadema, SP, Brazil).
DCF-DA probe was purchased from Sigma-Aldrich (#D6883; San Luis, MO, EUA).
DAF-2DA probe was purchased from Sigma-Aldrich (#251505-M; San Luis, MO, EUA).
Hank’s balanced Salt Solution (HBSS) was from Thermo Fisher Scientific (Waltham,
MA, USA). The fluorescent antibodies used were: anti-phospho NF«B p65 (#sc-136548;
mouse, Santa Cruz Biotechnology, Dallas, TX, USA); anti-capsaicin receptor antibody
(#ab5566; Guinea pig, Merck Millipore, Burlington, MA, USA); anti-TRPAI1/TSA
antibody (#ab58844; Rabbit, Abcam, Cambridge, MA, USA); anti-mouse secondary
antibody (Alexa Fluor 647-Goat, #115-605-003; Jackson ImmunoResearch, West Grove,
PA, USA); anti-rabbit secondary antibody (Alexa fluor 488-Goat, #A-11008; Thermo
Fisher Scientific, Waltham, MA, USA); anti-Guinea pig secondary antibody (Alexa Fluor
488- Goat, #A11073, Thermo Fisher Scientific, Waltham, MA, USA). 4’,6-Diamidine-2'-
phenylindole dihydrochloride (DAPI) was from Thermo Fisher Scientific (Waltham, MA,
USA). The panoptic kit for differential counts of recruited leukocytes was from Laborclin
(Pinhais, PR, Brazil). Neurobasal-A medium (NBM) was purchased from Life
Technologies (Thermo Fisher Scientific); Dispase II was from RocheApplied Sciences

(Indianapolis, IN, USA); 4-(2-hydroxyethyl)-1- piperazine ethane sulfonic acid
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(HEPES)-buffered saline was from Millipore Sigma (Burlington, MA, USA); and Fluo-
4AM was from Invitrogen (#F14201, Carlsbad, CA, USA).

2.4. Mechanical hyperalgesia

As previously described, the knee joint mechanical hyperalgesia was evaluated by
an electronic version of von Frey’s filaments [44]. In a quiet room with a controlled
temperature, mice were placed in acrylic cages with wire grid floors 15-30 before the start
of testing. The test involves evoking a hind paw flexion reflex with a handheld force
transducer (Electronic von Frey aesthesiometer; Insight instruments, Ribeirao Preto, SP,
Brazil) adapted with a 4.15 mm2 polypropylene tip (to evaluate knee joint pain to exclude
the subcutaneous effect). The investigator was trained to apply the tip perpendicularly to
the central area of the plantar hind paw with a gradual increase in pressure. The gradual
increase in pressure was manually performed in blinded experiments. The upper limit
pressure was 15 g. The end-point was characterized by removing the paw followed by
precise flinching movements. After paw withdrawal, the intensity of the pressure was
automatically recorded, and the final value for the response was obtained by averaging
three measurements. The tests were performed before and after the curcumin treatment
and every other day until the 30th. The flexion-elicited withdrawal threshold is expressed

in grams (g).

2.5. Thermal hyperalgesia

The Hargreaves apparatus (Model 390G, IITC Life Science, Woodland 178 Hills,
CA, USA) was used to assess the articular thermal hyperalgesia. Mice were habituated to
the apparatus for two hours during three consecutive days. After that, a baseline
measurement was obtained before the TiO2 injection. We measure the pain sensitivity to
a heat stimulus (heat hyperalgesia) using a radiant heat source to stimulate the paw by
gradually increasing the temperature of the plantar surface. The tests were performed
before and after the curcumin treatment and every three days until the 30th. The pain
threshold was determined as the latency (in seconds) to evoke a response of paw
withdrawal: paw flinches or licking. In this experiment, the device was set to 30% radiant

heat source intensity and a cut-off time of 15s of exposure to prevent tissue damage.
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2.6. Knee joint edema
The volume of the tibiofemoral joint was measured by the transverse diameters
using a caliper (Digmatic Caliper, Mitutoyo Corporation, Kanagawa, Japan). The edema
was determined for each mouse knee joint by the difference indicated times post-stimulus
and zero time. The test was performed one hour after the curcumin treatment, on the first

day, and every other day until the 30th. The results were expressed as A mm/joint.

2.7. Histopathological analysis

The tibiofemoral joints were collected on the 30th day to assess the
histopathological alterations and fixed in 10% buffered formaldehyde. The
decalcification was performed 48 hours in 20% EDTA (disodium salt solution, pH 7.4).
Afterward, the samples were processed for paraffin embedding, and longitudinal sections
(10 um) were stained with HE. The blinded examination was performed and scored by a
pathologist under a light microscope (Olympus CX31RTSF, 197 Tokyo, Japan). The
histopathological scores were determined by summing synovial hyperplasia,
inflammatory infiltrates, and vascular proliferation scores [45]. The degrees of the
following parameters were: (a) synovial hyperplasia (from 0 = no pannus formation to 3
= most severe pannus formation); (b) inflammatory infiltrate (from 0 = no inflammation
to 3 = most severe inflammation; and (c) angiogenesis (from 0 = no vascular proliferation
to 3 = most severe proliferation). Vascular proliferation was considered the number of
capillary blood vessels. The final score was determined by summating all three
parameters (a—c), resulting in a score for each sample expressed as the mean of nine

samples accordingly to the groups.

2.8. Myeloperoxidase (MPO) and N-acetylglucosaminidase activity (NAG) assays

MPO and NAG were indirect markers of neutrophil and macrophage recruitment,
respectively. The assays were performed as previously described [46]. Briefly, knee joint
samples were collected on the 30th day in 400 pL of 50 mM K2HPO4 buffer (pH 6.0)
containing 0.5% HTAB and then homogenized in ice-cold Tissue-Tearor (Biospec).
Afterward, homogenates were centrifuged (16100g, 2 min, 4 °C), and the supernatants
were collected. For the MPO assay, aliquots of 30 puL of supernatant were placed in a 96-
well plate and mixed with 200 pL of 50 mM K2HPO4 buffer (pH 6.0) containing
0.0167% ortho-dianisidine dihydrochloride and 0.05% H202. The absorbance was

determined after 5 min at 450 nm (Multiskan GO microplate spectrophotometer,
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ThermoScientific, Vantaa, Finland). The MPO activity of samples was compared to a
standard curve of neutrophils and presented as MPO activity. The results were expressed
as MPO activity (neutrophils/mg of tissue).

For NAG activity assay, an adapted colorimetric method was applied. Initially, 10
uL of the supernatant obtained from the MPO activity procedure was separated and added
in a 96-well plate, followed by 40 puL of 50 mM phosphate buffer, pH 6.0. The reaction
was started by the addition of 2.24 mM 4-nitrophenyl N-acetyl--D-glucosaminide. The
plate was subsequently incubated at 37°C for 10min, and the reaction was stopped by
adding 100 puL of 0.2 M glycine buffer, pH 10.6. NAG enzymatic activity was determined
spectrophotometrically at 400 nm (Multiskan GO Microplate, Thermo Fischer Scientific,
Vantaa, Finland), and results were presented as NAG activity (macrophages/mg of

tissue).

2.9.Knee joint recruitment

On the 2nd and 30th day, the knee joint cavities were washed with 50 pl of saline/
EDTA (3 washes of 3.33pul) solution, and the recovered solution was used to evaluate
total and differential cell counts. The total cell counts were performed in the Neubauer
chamber using Turk’s solution, and the samples were cytocentrifuged and the slices
stained with a panoptic kit under a light microscope (Olympus CX31RTSF, 197 Tokyo,
Japan) to evaluate differential cell counts (100 cells per slide). Results were expressed as
total leukocytes, polymorphonuclear, and mononuclear cells (cells x 10°/ synovial

cavity).

2.10 Nitroblue tetrazolium reduction

On the 30th day, the knee joint samples were collected to assess the superoxide
anion production by reducing the redox dye nitroblue tetrazolium (NBT) [19,45]. The
samples were homogenized with 500 pul of saline and centrifuged (10 min, 3,300 g, 4°C).
After, 100 pL of nitroblue tetrazolium solution (1 mg/mL) (NBT, Sigma) was added to
homogenate samples (37°C for 5 min). The supernatant was removed, and the formazan
precipitated was solubilized with KOH and dimethylsulfoxide (DMSO). The optical
density was measured using a microplate spectrophotometer reader (Multiskan GO
Microplate Spectrophotometer, Thermoscientific, Vantaa, Finland) at 600 nm. Results

were presented as NBT reduction (OD/mg of tissue).
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2.11 Lipid peroxidation

As previously described, lipid peroxidation was measured by the levels of
thiobarbituric acid reactive substances (TBARS) [47]. For this, the knee joint samples
were collected on the 30th day, TCA 10% was added to the homogenate, and centrifuged
(3 min, 1000g, 4 °C). The protein-free supernatant was then separated and mixed with
TBA (15 min, 100°C). Malondialdehyde (MDA), an intermediate lipid peroxidation
product, was determined by the difference between absorbance at 535 and 572 nm using
a microplate spectrophotometer reader. The TBARS were corrected per the total protein

concentration and the results presented as TBARS (AOD A535-A572 /mg of protein).

2.12 Cytokine production
The knee joint samples were collected on the 2nd day after the intra-articular
injection of TiO2 to measure the IL-1p production. The samples were homogenized and
centrifugated (3000 rpm x 15 min % 4°C), and the IL-1f levels were determined from the
supernatant by ELISA. Results were expressed as pg of cytokine per 100 mg of tissue.

2.13 Total intracellular reactive oxygen species and nitrogen oxide detection

The DCF-DA and DAF-2DA fluorescent probes were used to determine the
presence of ROS and nitrogen oxide, respectively. On the 2nd day after the TiO; injection,
the knee joint cavities were washed on FACS buffer (PBS and 0.5% BSA) containing
EDTA, which was recovered to DCF-DA and DAF-2DA assay. The recovered articular
fluids were seeded on Nunc™ Glass Bottom Dishes for 30 min at 37°C. Samples were
then loaded with 10 uM (DCF-DA) or (DAF-2DA) for 30 min 37°C, washed with HBSS,
and imaged in a Confocal Microscope (TCS SP8, Leica Microsystems) with a 63x
objective. Total intracellular ROS or NO detection was analyzed from the mean

fluorescence intensity measured with the LAS X software (Leica Microsystems).

2.14 Calcium imaging
On the 2nd day after the TiO; injection, DRG samples (L4-L6 segments) were
collected to evaluate calcium imaging as previously described [48]. DRGs were dissected
into NBM, dissociated in 1 mg/ml collagenase A and 2,4 U/ml de dispase II in HEPES
(20 min at 37°C). After trituration with decreasing-size glass Pasteur pipettes, DRG cells
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were centrifuged over a 10% BSA gradient and plated on laminin-coated cell culture
dishes. The samples were then loaded with 1.2 uM of Fluo-4 a.m. in NBM (30 min at
37°C), washed with HBSS, and imaged in a Confocal Microscope (TCS SP8, Leica
Microsystems). The plates were recorded for 6 min to evaluate TRPV1 and TRPA1
activation, 2 min of initial reading (0-120s, baseline values), followed by stimulation with
100 nM capsaicin (a TRPV1 agonist, 120-240s) or 100 uM AITC (a TRPA1 agonist, 120-
240s), and 40 mM of KCI (240-360s), activates all neurons. Only the KCl-responsive
cells were considered in the analyses of capsaicin-responsive or AITC-responsive cells.
Calcium flux was analyzed from the mean fluorescence (KCI responsive neurons)

measured with the LAS X software (Leica Microsystems).

2.15 DRG immunofluorescence

The DRGs (L4-L6 segments) were collected for immunofluorescence assay on
the 2nd day after TiO; intra-articular injection. The DRGs were dissected, fixed in PFA
4% (twenty-four hours), and processed in 30% sucrose (in PBS) and a solution with
sucrose and OCT (1:1) for twenty-four hours. The samples were frozen in OCT, and the
slide sections of 10 uM were used for staining. The slides were blocked with BSA 3% (in
PBS with 0.3% of triton x-100) for 1 hour. The primary antibodies anti p65 p-NF-xB
(1:200), anti-TRPA1/TSA (1:100) and anti-TRPV1 (1:500) were incubated overnight at
4°C. The secondary antibody Alexa 647 anti-mouse, Alexa 488 anti-guinea pig, and
Alexa 488 anti-rabbit (1:500) were incubated for 2 hours at room temperature. The DAPI
was used as nuclear staining. Imaging was performed using a confocal microscope (Leica
TCS SP8, Leica, Wetzlar, 332 Germany) with a 20x objective with a zoom-in of 1.5.
Images were processed using Leica EL6000 333 software (Leica, Wetzlar, Germany).
The results are expressed as the number of positive cells per area and percent of positive

cells (double stained), manually quantitated.

2.16 Statistical analysis
Data were analyzed using GraphPad Prism statistical software (GraphPad
Software, Inc., USA-500.288, version 8.0). Results are presented as the mean = SEM for
parametric data and medians and interquartile ranges for non-parametric data. To this end,
we used Shapiro—Wilk normality test and Brown-Forsythe homogeneity test. For in vivo
experiments, an n of 6, 9 or 10 mice in each group per experiment represents two separate

experiments depending on the methodology (indicated in the figure legends). The in vitro
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experiments with DRG samples were performed using an n of 4 pools [DRGs (L4-L6) of
10 mice to form 1 pool] per group and represent two separate experiments. Two-way
repeated-measures analysis of variance (ANOVA) followed by Tukey’s post-test was
used to compare all groups and doses when responses were measured at different times
after the stimulus injection. The analyzed factor were treatments, time, and time versus
treatment interaction. Parametric results were evaluated by one-way ANOVA followed
by Tukey’s post-test for data from a single time point. Kruskal-Wallis followed by Dunn
post-test or two-way were used for non-parametric results. P<0.05 was considered

significant.
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3 Results

3.1 Curcumin reduces mechanical and thermal hyperalgesia and knee joint edema

induced by TiO2

We have previously demonstrated that curcumin at 10 mg/kg reduces superoxide
anion-induced inflammation and pain [49]. Based on that study, we first want to
determine the best analgesic dose in this model using curcumin at 10 or 100 mg/kg. The
animals received an intra-articular injection of TiO; (3mg/10ul/animal), and twenty-four
hours after, were treated with 10 or 100 mg/kg of curcumin (100ul; p.o). Intra-articular
injection of TiO> induced mechanical and thermal hyperalgesia for 30 days as well as
knee joint edema (Fig. 2A-C). We observed that curcumin reduced mechanical
hyperalgesia in a dose-dependent manner. Because the dose of 10 mg/kg did not reduce
the mechanical hyperalgesia, curcumin at 100 mg/kg was chosen for the following
experiments (Fig. 2A). We observed that this dose reduced both thermal hyperalgesia
(Fig. 2B) and knee joint edema (Fig.2C) induced by TiO».

3.2 Curcumin reduces TiOz-induced histopathological alterations in the knee joint
TiO2-induced arthritis promotes changes that can be observed as a higher
histopathological score compared with the control group (saline) [19]. Therefore, we
investigated the effects of curcumin treatment on histopathological changes. Curcumin
reduced TiOz-induced synovial hyperplasia, inflammatory infiltrates, and vascular

proliferation observed in the histopathological index analyses (Fig. 3A).

3.3 Curcumin reduces articular neutrophil and macrophage recruitment induced by TiO»

The next step was to investigate whether curcumin could reduce leukocyte
recruitment to the knee joint. For that, knee joint was collected to determine MPO and
NAG activity and knee joint wash collected to determine total number of leukocytes,
mononuclear, and polymorphonuclear cells recruited to the articular cavity. We observed
that TiO; intra-articular injection increased neutrophil (Fig. 4A) and macrophage (Fig.
4B) recruitment on the 30" day, and the treatment with curcumin at 100 mg/kg reduced
it (Fig. 4A and B). We also found that intra-articular injection of TiO; increased the
number of leukocytes recruited to the knee joint 30th day after the stimulus (Fig. 4C-E),
and curcumin treatment at 100 mg/kg reduced TiOz-induced recruitment of total

leukocytes (Fig. 4C), polymorphonuclear (Fig. 4E), and mononuclear (Fig. 4D) cells.
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3.4 Curcumin reduces TiOz-induced oxidative stress

Considering the crucial role of oxidative stress in TiO-induced arthritis [19,45], we
evaluated whether the treatment with curcumin reduces the oxidative stress induced by
TiOa. For this, knee joint samples were collected on the 30th day to determine the
superoxide anion production by reducing the redox dye NBT and lipid peroxidation by
the levels of TBARS. Our data demonstrated that TiO; increased the production of
superoxide anion (Fig. 5A) and lipid peroxidation (Fig. 5B), which were reduced by

curcumin treatment.

3.5 Curcumin reduces leukocyte recruitment, IL-f levels, and oxidative stress in the early
stage of TiO-induced arthritis

Based on the previous results that demonstrated an effective reduction of pain and
edema after two days of TiOz injection (Fig. 2), we next wanted to determine the extent
to which curcumin could be effective in the early stage of TiO-induced pain and
inflammation. For that, we collected samples two days after TiO; injection. To elucidate
the initial anti-inflammatory effects of curcumin, we evaluated the leukocyte recruitment
and IL-1f production on the knee joint. TiO2 increased the number of leukocytes recruited
to the knee joint on the 2nd day after the stimulus (Fig. 6A-C), and macrophages were the
most recruited cell (Fig. 6B). Curcumin treatment at 100 mg/kg reduced TiO»-induced
recruitment of total leukocytes (Fig. 6A), mononuclear (Fig. 6B), and polymorphonuclear
(Fig. 6C) cells, indicating that is effective at this treatment schedule as well.

The IL-1p levels were also measured in the knee joint on the 2nd day of the model
(Fig. 6D). We observe that TiO; injection induced IL-1f production on the 2nd day, and
curcumin treatment reduced IL-1f levels (Fig. 6D).

Moreover, the knee joint washes were collected on the 2nd day, and ROS and NO
production were measured in the synovial fluid leukocytes using DCF-DA, and DAF-
2DA probes, respectively. This probe, when oxidized, generates a fluorescence product
(DCF or DAF) proportional to overall intracellular levels of ROS and NO (Fig. 7). The
treatment with curcumin (100mg/kg) inhibited the DCF fluorescence intensity (Fig. 7A
and B) and reduced the DAF fluorescence intensity (Fig. 7C and D) induced by TiO»
injection.

These data demonstrated the anti-inflammatory effects of curcumin in the early stage

of prosthesis-induced arthritis, reducing leukocyte recruitment and IL-1f levels in knee
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joints (Fig. 6). Besides that, curcumin treatment has an antioxidant effect reducing TiO:-

induced production of ROS and NO (Fig. 7).

3.6 Curcumin treatment inhibits TiO2-induced TRPV1 expression and activation in DRG

neurons

Our next steps were then to determine whether TiO; produces neuronal changes and
whether curcumin could reduce that. For that, we perform calcium imaging using the
Fluo4-AM fluorescent. As consistent with data from other animal models [48,50], DRG
neurons from TiO; stimulated mice presented a higher baseline level of calcium influx
than DRG from the saline group (Fig. 8 A-C). Curcumin-treated mice showed reduced
baseline activation of DRG neurons in TiOz-induced inflammation (Fig. 8A-C). In
addition, 82% of DRG neurons from TiO;-stimulated mice were responsive to capsaicin
stimulus while in curcumin-treated animals only 19% (Fig. 8 A-D). This demonstrates that
curcumin reduced 77% of the responsiveness of DRG neurons to capsaicin (Fig. 8D).
Considering these results, we investigated whether curcumin modulates the TRPV1
expression or activation in this animal model. For that, we performed
immunofluoresncece by double staining TRPV1 and pNF-kB. We observed that the TiO»
injection not only increased TRPV1 staining, but also increased the percent of TRPV1-
positive neurons co-stained with p-NFxB. This demonstrates that TRPV1-positive
neurons are activated in this prosthesis-induced arthritis model. Importantly, treatment

with curcumin at 100 mg/kg reduced these parameters (Fig. 9B and C).

3.7 Curcumin treatment inhibits TiO2-induced TRPA1 activation without modulating the

expression in DRG neurons

Since we observed activation of TRPV1-positive DRG neurons, we then investigated
whether curcumin modulates TRPA1 using the same approach as above. Similarly, we
observed that DRG neurons from TiO2-stimulated mice presented a higher baseline level
when compared to saline group. Moreover, we found that in the TiO2-induced group 96%
of the DRG neurons were responsive to AITC stimulus while in the curcumin-treated
group only 35% (Fig. 10 A-D). This demonstrates that curcumin reduced 63% of the
responsiveness of DRG neurons to AITC (Fig. 10D).

Considering these results, we investigated whether curcumin modulates the TRPA1
expression or activation in this animal model. For that, we performed

immunofluoresncece by double staining TRPA1 and pNF-kB. We observed that TRPA1
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staining was increased in DRG neurons of TiO2-stimulated mice when compared to saline
group. However, we did not observe a difference between the stimulated group (TiO:
injection) and control (saline) in NF-«B activation of TRPA1-positive neurons (Fig. 11B
and C). This indicates that while it seems that TiO; increased TRPA1 expression and
responsiveness to AITC, that subpopulation of nociceptors did not show NF-kB activation

in our model.
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S. Discussion

The management of inflammatory pain in prosthesis component-induced arthritis is
relevant to promote joint function re-establishment and improving life quality [51]. In this
sense, new natural product approaches are widely explored as anti-inflammatory and
analgesic, such as curcumin, demonstrating a promising therapeutic [24-26]. In this
study, we demonstrated the beneficial effects of curcumin treatment in TiO»-induced
arthritis. Specifically, we found that curcumin reduced mechanical and thermal
hyperalgesia, knee joint edema, and histopathological alterations associated with TiO:
injection. We also found that curcumin reduced decreased proteoglycan degradation.
These anti-inflammatory and analgesic effects were explained by reduction of oxidative
stress as observed by reduction in superoxide anion production and lipid peroxidation
levels. In addition, we found reduction ROS and NO production in synovial wash
leukocytes, supporting the antioxidant effect. We also demonstrated that curcumin
decreased macrophage and neutrophil recruitment and IL-1p levels in the knee joint. We
additionally explored the analgesic mechanisms in nociceptor sensory neurons. We
demonstrated that curcumin reduced the activation of DRG neurons observed by a lower
baseline levels of calcium influx. On cultured DRG neurons, curcumin-treated animals
also showed reduced TRPV1 and TRPAI1 responsiveness to capsaicin or AITC,
respectively. Additionally, we found that curcumin decreased NF-kB activation on
TRPV1-positive neuron.

Release of metallic nanoparticles as a result of deterioration of the prosthetic
components promotes osteolysis and the requirement for arthroplasty revision [14-16].
As a result, chronic pain is a common symptom in aseptic loosening [52]. We have
previously demonstrated that TiO», one of the major components of prosthesis, induced
chronic inflammatory arthritis in mice [19]. TiO: intraarticular injection induces articular
edema, leukocyte recruitment, histopathological alterations, cartilage erosion and
cytokine production [19,45]. This indicate this model might be useful for the screening
of novel or repurposed drugs for such treatment. We have previously demonstrated that
curcumin inhibits pain-like behavior and mechanical and thermal hyperalgesia in the
superoxide anion-induced pain model [27]. In a CFA-induced pain model, intrathecal
administration of curcumin inhibited glia activation, reducing pain hypersensitivity [53].
Furthermore, the antinociceptive effects of curcumin were also demonstrated in
neuropathic [54-57] and cancer-induced bone pain [28] models. Several clinical trials

have demonstrated the potential analgesic effect of curcumin as a safe and efficient
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treatment for osteoarthritis [58—62]. Based on this, we aimed at testing the effect of
curcumin in our mouse model. In corroboration with the literature, we found that
curcumin reduced TiOz-induced mechanical and thermal hyperalgesia as well as knee
joint edema, indicating that it might be useful for the treatment of such condition.

TRPV1 and TRPA1 are non-selective cation channels in the peripheral and central
nervous systems that receive a calcium influx that promotes pain sensitivity when
activated [63,64]. These pain-related channels were widely investigated as analgesic
targets in different models [6,65,66]. Therefore, we investigated the modulation of the
pain-related-ion channels to elucidate the curcumin analgesic effect in this model.
Curcumin blocks capsaicin-induced TRPV1 activation in the orofacial pain model [32]
and downregulates the colonic expression and phosphorylation of TRPV1 on DRG
neurons in dextran sulfate sodium (DSS)-induced colitis [31]. NF-«B is a transcription
factor that regulates immune and inflammatory responses [67]. NF-«kB activation has been
demonstrated in the pathogenesis of arthritis by regulating different inflammatory genes
[68—70]. In DRG neurons, NF-kB activation regulates the neuronal function and leads to
chronic hyperexcitability [71]. It was demonstrated that the p65 subunit of NF-kB could
upregulate the TRPV1 expression [72]. We show that curcumin inhibited TRPV1 and
TRPAT1 baseline neuronal activation as well as the responsiveness their agonists in
cultured DRG neurons during the early stage of the prosthesis-induced arthritis model.
These findings might explain part of curcumin's analgesic mechanisms being through
targeting these ion channels.

Phagocyte of prosthetic wear debris by macrophages is crucial to developing the
pathophysiology of prosthesis-induced arthritis. After macrophage activation, the release
of inflammatory mediators, such as TNF-o and IL-1P, results in the recruitment,
multiplication, differentiation, and maturation of osteoclast precursors [73]. Our data
show that curcumin treatment reduced these parameters. Moreover, we observed a
reduction in the recruitment of leukocytes (macrophages and neutrophils) to the knee joint
wash after curcumin treatment. In vitro, curcumin contribute to M2 macrophage
polarization in the titanium-induced inflammation model [74]. IL-1p is a crucial cytokine
involved in pain, inflammation, and autoimmune conditions. IL-1B production is
associated with the induction and maintenance of pain in chronic states, suggesting that
the modulation of these cytokine levels can be a therapeutic target [75]. The effect of

curcumin in reducing IL-1 levels was demonstrated in superoxide anion-induced pain
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[76] and in the serum of patients with inflammatory backgrounds [77]. Our data
corroborate these studies showing that curcumin reduced IL-1f levels in the knee joint.
In vivo TiO; stimulus increases superoxide anion production and lipid
peroxidation, leading to oxidative stress in the knee joint [19]. Reactive oxygen and
nitrogen species produced at the site of inflammation contribute to pain and the direct
activation of nociceptive neurons [78]. Here we found that TiO, increased superoxide
anion production and lipid peroxidation. In knee joint was recruited leukocytes, we
observed an increase in ROS and NO levels. Importantly, NO is involved in the
pathogenesis of inflammatory disorders of the joint [79,80]. NO, and superoxide
generates peroxynitrite that contributes to destructive events in cartilage, such as
apoptosis [81,82]. Macrophages and neutrophils express NOX2 that regulates superoxide
anion production that, in turn, will lead to the production of the other ROS and, in the
end, lipid peroxidation [83]. The superoxide anion radical also contributes to
inflammatory hyperalgesia [84]. In RAW 264.7 cells culture, curcumin administration
reduced oxidative stress via Nrf2/Keapl by increasing antioxidant capacity [35]. Based
on that and the fact curcumin is widely recognized as an antioxidant molecule [33,85,86],
we next wanted to determine whether treatment with curcumin could reduce TiO:-
induced oxidative stress. We found that curcumin reduced oxidative stress in the knee
joint tissue and specifically in recruited leukocytes. This is in corroboration with data
demonstrating that curcuminn reduces gp9lphox expression in inflammatory pain
induced by superoxide anion [76], iNOS induction by LPS in the mammary gland [87]
and primary microglia [87]. Altogether, these data elucidate the antioxidant effect of
curcumin by reducing oxidative stress, lipid peroxidation, and superoxide anion

production in prosthesis-induced arthritis.

6. Conclusion

Our data suggest that curcumin treatment ameliorates TiO»-induced chronic arthritis.
Curcumin treatment attenuates TiO:-induced inflammatory pain, knee joint edema,
histopathological alterations, and leukocyte recruitment by decreasing oxidative stress
and IL-1PB levels. We further observed that curcumin attenuates the expression and
activation of TRPV1 nociceptor neuron. Thus, this study demonstrated that curcumin
could be promising approach to treat complications related to implant-induced

inflammation.
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Figures and legends

Experimental design

Protocol 1
. . (30 days)
mechanical and thermal hyperalgesia
and edema knee joint
................................................................. histopathological score
MPO and NAG activity
leukocyte recruitment
Oxidative stress (TBARS and NBT)

TiOZ injection :

(3mg, 10uL, i.a.); i
I — e R e { Protocol 2
-24h 1§82 4 6 8 10 12 14 16 18 20 22 24 26 28 30 days (2 days)
knee joint
leukocyte recruitment
Curcumin cytokine level
(10 or 100mg/kg, 100uL, p.o.) oxidative stress

(ROS and No levels)

DRG neurons
calcium imaging
immunofluorescence

Fig.1 Experimental design. Protocol 1 represents 30 days of experimental design; mice
were treated per oral (p.o.) with curcumin at 10 or 100 mg/kg, or vehicle (20% tween 80
in saline) daily starting twenty-four hours after a single intra-articular (i.a.) injection of
TiO2 (3mg/10ul/knee. Mechanical hyperalgesia and knee joint edema were evaluated
twenty-four hours after the TiO; stimulus, after curcumin treatment (1h) on the first day,
and every other day (from the 2nd to the 30th). The thermal hyperalgesia was evaluated
every three days for 30 days. On the 30th day after the stimulus, knee joints were collected
to evaluate the histopathological alterations, MPO, and NAG activity. The synovial wash
was collected to determine the leukocyte recruitment, and knee joint samples were used
to evaluate the oxidative stress (TBARS and NBT levels). Protocol 2 represents 2 days
of experimental design; knee joint washes were collected to quantify the leukocyte
recruitment and oxidative stress (ROS and NO). The knee joint tissue was used to measure
the IL-1B levels by ELISA. The DRG neurons (L4-L6) were used to determine the
calcium influx imaging using confocal microscopy; TRPV1, TRPAI1, and p-NFxB

staining were determined by immunofluorescence assay.
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Fig. 2 Curcumin reduces TiO:-induced mechanical and thermal hyperalgesia and
articular edema. Mice were treated daily for 30 days with curcumin (10 or 100 mg/kg;
p.o.) or vehicle (20% tween 80 in saline) starting twenty-four hours after TiO> intra-
articular injection (3mg/joint). The articular mechanical hyperalgesia A and edema C
were evaluated before and after curcumin treatment and subsequently every other day for
30 days. Knee joint thermal hyperalgesia were measured on day one and every three days
until the 30th B. Results are expressed as mean + SEM of six mice per group per
experiment and are representative of two separate experiments (*p<0.05 vs. saline group;
#p<0.05 vs. TiO2 and curcumin (10mg/kg) groups, repeated measures two-way ANOVA
followed by Tukey’s post-test.
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Fig. 3 Curcumin reduces articular histopathological changes induced by TiO». Mice were
treated with 100 mg/kg of curcumin (p.o.) or vehicle (20% tween 80 in saline) daily
twenty-four hours after TiO; intra-articular injection (3mg/joint) for 30 days. On the 30th
day, the knee joint was collected and stained with HE and toluidine blue—
histopathological index A and analysis B-G. The panel shows saline B and C, TiO>
treated with vehicle D and E, and TiO; treated with curcumin F and G. The
representative images demonstrated the invasive pannus (arrowhead), leukocyte
infiltration (arrow), and angiogenesis (asterisk). Original magnification 10x B, D and E
and 20x C, E and G. Results are expressed as medians and interquartile ranges of nine
mice per group per experiment, two independent experiments (*p<0.05 vs. saline group;

#p<0.05 vs. TiO2 group, Kruskal-Wallis followed by Dunn’s post-test).
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Fig. 4 Curcumin reduces macrophage and neutrophil recruitment to the knee joint
induced by TiO.. Twenty-four hours after the TiO> injection, mice received daily
treatment with 100 mg/kg of curcumin or vehicle (20% tween 80 in saline) for 30 days.
The knee joint samples and to assess the MPO A and NAG B activity. Knee joint washes
were collected to count total leukocytes C, polymorphonuclear D, and mononuclear E
cells. Results are expressed as mean + SEM of six mice per group per experiment, two
independent experiments (*p<0.05 vs. saline group; #p<0.05 vs. TiO; group, one-way

ANOVA followed by Tukey’s post-test).
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Fig. 5 Treatment with curcumin reduces TiO2-induced oxidative stress. Mice received
curcumin (100 mg/kg, p.o.) or vehicle (20% tween 80 in saline) treatment daily for 30
days after TiO: intra-articular injection, and the superoxide anion production A and lipid
peroxidation levels B were determined on the 30th day. Results are expressed as mean +
SEM of six mice per group per experiment, two independent experiments (*p<0.05 vs.

saline group; #p<0.05 vs. TiO, group, one-way ANOVA followed by Tukey’s post-test).
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Fig. 6 Curcumin reduces TiO-induced leukocyte recruitment and IL-f levels in the knee
joint. Mice were treated with curcumin (100 mg/kg, p.o.) or vehicle (20% tween 80 in
saline) twenty-four hours after TiO: intra-articular injection, and on the 2nd day, knee
joint washes were collected to count total leukocytes A, mononuclear B, and
polymorphonuclear cells C. Knee joints were collected, and ELISA measured IL-1f3

levels D. Results are expressed as mean £ SEM of six mice per group per experiment,
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Fig. 7 Curcumin reduces TiOz-induced oxidative stress induced by TiO.. Mice were
treated with curcumin (100 mg/kg, p.o.) or vehicle (20% tween 80 in saline) twenty-four
hours after TiO; intra-articular injection, and on the 2nd day, knee joint washes were
collected, and DCF-DA or DAF-2DA was added to knee joint wash cells for 30 min.
Intracellular ROS and NO levels from intact cells were analyzed using the brightfield and
green channels in a confocal microscope at 63x magnification. DCF fluorescence
intensity A indicates ROS production, and DAF fluorescence intensity C indicates NO
production, which was quantitated. B representative DCF fluorescence images for the
negative control, TiO2, and curcumin groups. D representative DAF fluorescence images
for the negative control, TiO2, and curcumin groups. Results are expressed as mean +
SEM of six mice per group per experiment, two independent experiments (*p<0.05 vs.

saline group; #p<0.05 vs. TiO2 group, one-way ANOVA followed by Tukey’s post-test).
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Fig. 8 Curcumin inhibits TiO2-induced TRPV1 activation on DRG neurons. Mice were
treated with curcumin (100 mg/kg, p.o.) or vehicle (20% tween 80 in saline) twenty-four
hours after TiO; intra-articular injection, and on the 2nd day of the model, the DRG
samples (L4-L6) were collected for calcium imaging using Fluo-4 AM probe. The
fluorescence intensity traces of calcium influx from the representative DRG fields,
responsive for KCl (240-s mark, activates all neurons), during the 6 min of recording was
shown in panel A. B displays the mean fluorescence intensity of calcium influx of the
baseline (0-s mark) and that following the stimulus with capsaicin (120-s mark, a TRPV1
agonist). C representative fields of DRG neurons (baseline fluorescence, the fluorescence
after capsaicin, and after KCI). D Venn Diagram comparing the percent of neurons
population with increased capsaicin activation (red) that had responded to KCl
stimulation (grey). Results are expressed as mean + SEM, n =4 DRG seeded plates (each

plate is a neuronal culture pooled from 10 mice) per group per experiment, two
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Fig. 9 Curcumin treatment inhibits NF-kB activation in TRPV 1-positive neurons induced
by TiO,. Mice were treated with curcumin (100 mg/kg, p.o.) or vehicle (20% tween 80 in
saline) twenty-four hours after TiO> intra-articular injection. DRGs samples (L4-L6) were
collected on the 2nd day of the model to evaluate TRPV1 and p-NF«B p65 staining by
immunofluorescence. A quantitation analysis by the number of positive cells per area
TRPV1 on DRGs. B percent of positive cells co-stained with p-NFkB p65. C
representative images of TRPV 1-positive cells (green), p-NF«B p65 positive cells (red),
with nuclear staining by DAPI (blue), and the merge of double labeling of TRPV1 and

NF-kB in DRG samples (20x magnification with 1.5 zoom in). Results are expressed as
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(*p<0.05 vs. saline group; #p<0.05 vs. TiO, group, one-way ANOVA followed by
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Fig. 10 Curcumin inhibits TiO2-induced TRPA1 activation on DRG neurons. Mice were
treated with curcumin (100 mg/kg, p.o.) or vehicle (20% tween 80 in saline) twenty-four
hours after TiO: intra-articular injection, and on the 2nd day of the model, the DRGs
samples (L4-L6) were collected for calcium imaging using Fluo-4 AM probe. The
fluorescence intensity traces of calcium influx from the representative DRG fields,
responsive for KCl (240-s mark, activates all neurons), during the 6 min of recording was
shown in panel A. B displays the mean fluorescence intensity of calcium influx of the
baseline (0-s mark) and that following the stimulus with AITC (120-s mark, a TRPA1

agonist). C shows representative fields of DRG neurons (baseline fluorescence, the
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fluorescence after AITC, and after KCl). D Venn Diagram comparing the percent of
neurons population with increased AITC activation (red) that had responded to KCl
stimulation (grey). Results are expressed as mean + SEM, n =4 DRG seeded plates (each
plate is a neuronal culture pooled from 10 mice) per group per experiment, two
independent experiments (*p<0.05 vs. saline group; #p<0.05 vs. TiO2 group, two-way

ANOVA followed by Tukey’s post-test).
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Fig. 11 Curcumin treatment does not reduce TRPAI staining induced by TiO,. Mice
were treated with curcumin (100 mg/kg, p.o.) or vehicle (20% tween 80 in saline) twenty-
four hours after TiO; intra-articular injection, and DRGs samples (L4-L6) were collected
on the 2nd day of the model to evaluate TRPA1l and p-NFxB p65 staining by

immunofluorescence. A quantitation analysis by the number of positive cells per area
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TRPA1 on DRGs. B percent of positive cells co-stained with p-NFkB p65. C
representative images of TRPA 1-positive cells (green), p-NF«B p65 positive cells (red),
with nuclear staining by DAPI (blue), and the merge of double labeling of TRPA1 and
NF-«B in DRG samples (20x magnification with 1.5 zoom in). Results are expressed as
mean = SEM, n=10 mice per group per experiment, two independent experiments
(*p<0.05 vs. saline group; #p<0.05 vs. TiO, group, one-way ANOVA followed by
Tukey’s post-test).
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6. CONCLUSAO

O presente estudo elucidou os efeitos analgésicos, anti-inflamatério e
efeitos antioxidantes do mediador lipidico pré-resolugdo LXAs e do polifenol
curcumina em modelo animal de artrite induzida por TiO2, um modelo de dor e
inflamacé&o induzida pelo uso de protese. Nos demonstramos que o tratamento
com LXA4 reduz a dor inflamatoria, edema articular, recrutamento de leucocitos
induzido por TiO2, pela inibicdo do estresse oxidativo, redug¢ao da producao de
citocinas pré-inflamatérias. Esses efeitos se dao pela redugdo da ativacdo de
NF-kB em macrofagos recrutados, diminuigdo da expressao de Nrf2, bem como
pela diminuicdo da ativagdo neuronal no géanglio da raiz dorsal, atuando na
reducdo da expressdao de TRPV1 nesses neurbnios, possivelmente via seu
receptor ALX/FPR2. Além disso, também demonstramos os potenciais efeitos da
curcumina também na redugdo da dor, edema, reduzindo recrutamento de
leucocitos, estresse oxidativo e atuando via diminuigao da ativacido e expressao
de TRPV1 em neurdnios nociceptivos. Desta forma, € possivel que um MLPR e
um polifenol que sdo amplamente explorados como ferramentas terapéuticas,
como a LXA4 e curcumina, respectivamente, sejam uma promissora abordagem
para atenuar as complicagdes relacionadas a inflamacgé&o induzida por implantes

atuando como importantes anti-inflamatorios, antioxidantes e analgésicos.
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