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Santos, Telma Saraiva. Avaliacdo e mecanismos de acdo do mediador lipidico
pro-resolucéao lipoxina A4 em modelo murino de artrite induzida por diéxido
de titdnio. 2019. 68 paginas. Dissertacdo de Mestrado (Patologia Experimental) —
Universidade Estadual de Londrina, Londrina, 2019.

RESUMO

A artroplastia total articular do quadril e joelho € um procedimento ortopédico
comum eficaz para o tratamento de pacientes com artrite, aliviando o desconforto
e melhorando o estado funcional. Apesar disso, cerca de 15% desses
procedimentos tendem a falhar devido a liberacdo de nanoparticulas metdlicas,
como o dioxido de titanio (TiO2) gerando um microambiente proé-inflamatorio
articular, que resulta em rejeicao da protese e necessidade de revisdo cirlrgica.
Atualmente, as terapias disponiveis para pacientes com artrite incluem
medicamentos como anti-inflamatorios néo esteroidais, corticosteroides e
opidides, que apresentam eficacia limitada e oferecem efeitos adversos intensos,
tendo isso em vista, uma alternativa terapéutica € a lipoxina A4 (LXAs), um
mediador lipidico pro-resolucdo gerado a partir do &cido araquidénico (AA) que
atua na faixa de nanogramas, com propriedades analgésica, anti-inflamatoria e
resolutiva. Portanto, o presente estudo tem por objetivo avaliar os efeitos
protetores da LXAs em modelo experimental de artrite induzida por TiO2. Para
isso, camundongos foram tratados com LXA4 (0,1, 1 ou 10 ng/animal) ou veiculo
(etanol) 24 h apos a injecdo de TiO:z intra-articular, durante 30 dias. Os resultados
obtidos demonstram que a LXAs4 reduziu a hiperalgesia mecanica induzida por
TiO2 de maneira dose-dependente, além de atuar na redugdo de edema e
recrutamento de leucocitos induzidos por TiO2, sem induzir toxicidade. A LXAs4
atuou na modulacdo de citocinas como TNF-a, IL-1B3, IL-6 e IL-10, bem como
reestabeleceu a capacidade antioxidante (niveis de GSH e ABTS), induziu
expressédo de Nrf2 e reduziu a expressdo de RANK. Desta forma, o presente
resultado sugere que a LXA4 possui propriedade antioxidante, anti-inflamatoria e
analgésica no modelo de artrite induzida por desgaste de prétese.

Palavras-chave: Mediador lipidico; Artrite; Artroplastia; Resolucéo da inflamacao;
dor.




Santos, Telma Saraiva. Evaluation and mechanisms of action of the lipid
mediator pro-resolution lipoxin A4 in murine model of arthritis induced by
titanium dioxide. 2019. 68 pages. Master's degree dissertation (Experimental
Pathology) —Universidade Estadual de Londrina, Londrina, 2019.

ABSTRACT

Total joint arthroplasty and knee is a common orthopedic procedure effective for
the treatment of patients with arthritis, relieving discommodity and improving
functional state. Despite this, about of 15% of these proceedings tend to fail due to
the release of metallic nanoparticles, such as titanium dioxide (TiO2) that creates a
pro inflammatory microenvironment, which results in rejection of the prothesis and
the need for surgical revision. Currently therapies available to patients with arthritis
include drugs such as non-steroidal anti-inflammatory drugs, corticosteroids and
opioids, that have limited efficacy and offer intense adverse effects. In view of this,
a therapeutic alternative is lipoxin A4 (LXAs), a pro-resolution lipid mediator
generated from arachidonic acid (AA) that acts in the range of nanograms, with
analgesic, anti-inflammatory and resolutive properties. Therefore, the present
study aims to evaluate the protective effects of LXA4 in experimental model of
TiO2-induced arthritis. For this, mice were treated with LXAs (0.1, 1 or 10
ng/animal) or vehicle (ethanol) 24h after intra-articular injection of TiO2 for 30 days.
The results demonstrate that LXA4 reduced TiO2-induced mechanical hiperalgesia
in a dose-dependent manner, in addition acting to reduce TiO2-induced edema
and recruitment of leukocytes, without inducing toxicity. LXAs acted on the
modulation of cytokines such as TNF-a, IL-1B, IL-6 and IL-10, as well as the
expression of IL-1B and IL-10. Furthermore, the LXA4 reestablished the antioxidant
capacity (levels of GSH and ABTS), induced Nrf2 expression and reduced RANK
expression. Therefore, the present result suggests that LXA4 possess antioxidant,
anti-inflammatory and analgesic activity in a model of prosthesis wear process-
induced arthritis.

Key words: Lipid mediator; Arthritis; Implant; Arthroplasty; Resolution of
inflammation; Pain.




Figura 1-
Figura 2-
Figura 3-

LISTA DE ILUSTRACOES

Perfil dos mediadores especializados pro-resolugdo....................... 20
Estrutura quimica da Lipoxina A4 (C20H3205) ...c.uvvevniiiiiiiiiiiiiiiins 22
Vias de biossintese da LXAsz PMN (neutrofilos

polimorfonucleares); PLT (plaguetas); LO (lipoxigenase)................. 23




LISTA DE ABEVRIATURAS E SIGLAS

AA Acido araquidénico
AhR Receptor nuclear hidrocarboneto de arila
AINEs Anti-inflamatorios nao esteroidais

ALX/FPR2 Receptor de peptideo formilado tipo 2 ou receptor de LXA4
ATP Trifosfato de adenosina
COX-2 Ciclo-oxigenase-2

DAMPs Padrdes moleculares associados a danos

DHA Acido docosaexaenoico

DNA Acido desoxirribonucleico

EPA Acido eicosapentaenoico

EROs Espécies reativas de oxigénio
fMLP Peptideos formilados

GPCRs Receptores acoplado a proteina G
GRD Ganglios da raiz dorsal

IFN-y Interferon-gamma

IL-1B Interleucina-1p

IL-33 Interleucina-33

IL-6 Interleucina-6

IL-8 Interleucina-8

LOX Lipoxigenase

LPS Lipopolissacarideos

LTBa4 Leucotrieno B4

LXA4 Lipoxina A4

LXBa4 Lipoxina Ba

LXs Lipoxinas

MAPK MAP quinase

MHC Complexo principal de histocompatibilidade
MLPI Mediadores lipidicos pro-inflamatorios
MLPR Mediadores lipidicos pro-resolucao

NF-kB Fator nuclear kappa B




NO
Nrf2
PAMPs
PGE2
PGl2
PMN
PRRs
RANKL
Thl
Th2
TiO2
TNF-a

Oxido nitrico

Fator nuclear eritréide relacionado ao fator 2
Padrbes moleculares associados a patdogenos
Prostaglandinas E2

Prostaglandinas 12

Polimorfonucleares

Receptores de reconhecimento padrao

Receptor ativador do fator nuclear kB ligante

T helper 1
T helper 2
Dioxido de titanio

Fator de necrose tumoral-alpha



o uu A~ W

10
11
12
13
14
15
16
17
18
19
20
21
22
23

24

25

26

1.1
1.2.
1.3.
1.4.
1.5.

2.1.
2.2.

13

SUMARIO
INTRODUGAO ... ..ot 13
INFLAMAGAO ...ttt 13
DOR INFLAMATORIA ..o 15
ARTRITE INDUZIDA POR DIOXIDO DE TITANIO.....ovvveeeeeeeeeeieen, 17
MEDIADORES LIPIDICOS PRO-RESOLUCAO.........cccvvveeiiiir e, 19
LIPOXINA A oo e i 21
OBIETIVOS ..o 26
OBJIETIVOS GERAIS ... 26
OBJETIVOS ESPECIFICOS ..ot 26
REFERENCIAS ..o e 27
ARTIGO PARA PUBLICACAO (LIFE SCIENCES)......ccccoveieeeeiennne. 38
CONCLUSAOD ..o e i 69




O© 00 N O

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

13

1 INTRODUGCAO

1.1. INFLAMACAO

A inflamacéo é uma resposta imunolégica do hospedeiro frente a estimulos
e/ou circunstancias nocivas, como infeccdo causada por patdgenos, corpos
estranhos ou injuria tecidual (Medzhitov, 2008). Essa resposta protetora do
organismo visa a neutralizacdo, remocao de estimulos lesivos, remodelamento e
reparacao tecidual (Flower, 2006; Medzhitov, 2008; Samuelsson, 2012).

O processo inflamatério é altamente regulado, autolimitado e indispensavel
para a manutencdo da saude, promovendo a homeostase (Serhan, 2007).
Classicamente a resposta inflamatéria aguda é caracterizada por cinco sinais
cardinais: eritema (rubor), edema, calor e dor (algia) que refletem no aumento da
permeabilidade do endotélio vascular com extravasamento de células imunes e
componentes séricos. Quando exacerbados, esses sinais podem culminar na
destruicdo de tecidos, fibrose e perda da funcao tecidual (Takeuchi e Akira, 2010).

A inflamacdo inicia-se por meio do reconhecimento de padrdes moleculares
associados a patégenos (PAMPs) e moléculas enddgenas liberadas por células
danificadas, denominadas padrdes moleculares associados a danos (DAMPS),
por receptores de reconhecimento padrdo (PRRs) presentes em leucdécitos, dando
inicio aos eventos vasculares e celulares da inflamacdo. ApOs este
reconhecimento ocorre uma sequéncia de sinalizacBes intracelulares que
culminam no aumento da transcricdo de genes de citocinas pro-inflamatorias
como fator de necrose tumoral-a (TNF-a), Interleucina-13 (IL-1B) e interleucina-6
(IL-6), quimiocinas e proteinas envolvidas na modulacdo da sinalizacdo de PRRs
(Medzhitov, 2008; Takeuchi e Akira, 2010).
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A principio ocorrem eventos vasculares inflamatérios, mediados por aminas
vasoativas como histamina e serotonina, que consistem na alteracdo do fluxo
sanguineo com aumento do extravasamento de liquidos e permeabilidade endotelial,
guiando neutroéfilos para o foco inflamatério (Mcdonald et al., 2010). A partir desses
eventos ocorre a fase celular da inflamagéo, caracterizada pela marginalizacédo de
leucécitos que entram em contato com células endoteliais ativadas por meio de
moléculas de adeséo, promovendo rolamento, adeséo e transmigracao de leucdécitos
do vaso sanguineo em direcdo ao foco inflamatorio (Spector e Willoughby, 1964). A
atracdo e direcionamento dos neutrofilos ao foco inflamatorio infeccioso ou néo
infeccioso é 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
et al., 1997).

A resposta inflamatéria pode ser dividida em duas fases, a iniciacdo e a
resolugéo. Os estudos iniciais se concentravam no esclarecimento dos mecanismos
e moléculas que sao produzidas durante a fase da iniciagdo, demonstrando a
geracdo de varias classes de moléculas, como citocinas, quimiocinas e eicosanoides
(Cotran et al.,, 1999). Os mediadores lipidicos pro-inflamatérios (MLPI) e
eicosanoides 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
guimiocinas atuam como quimiotéticos para neutréfilos que respondem através da
diapedese das vénulas para combater lesdes e agentes invasores (Flower, 2006;
Malawista et al., 2008).

Apesar da identificacdo 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 ndo esteroidais (AINES) que aumentam a
incidéncia de sangramentos gastrointestinais (Goldstein e Cryer, 2015) e anti-TNFs

gue aumentam a incidéncia de infec¢des (Minozzi et al., 2016).
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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 resolucdo é um processo ativo (Serhan et al., 1984b; Levy et al., 2001).

O processo denominado resolucdo, dentre os possiveis resultados da
inflamacédo, ocorre quando a lesdo é limitada e de curta duragdo, ou quando héa
pouca destruicdo tecidual, restaurando o local da inflamacéo aguda e retornando a
normalidade (Cotran et al., 1999). A presenca de células apoptoéticas, como
neutrdfilos, associados a producdo de PGE: induz a troca de classe de MLPI para
mediadores lipidicos pré-resolucdo (MLPR) (Levy et al., 2001). A resolucao envolve
0 decaimento espontaneo dos mediadores quimicos locais com retorno da
permeabilidade vascular normal, encerramento da infiltracdo leucocitaria, morte
celular (apoptose de neutrofilos, por exemplo), remocdo de edema e de agentes
estranhos e debris celulares no sitio inflamatoério (Cotran et al., 1999).

Quando a resposta protetora ndo € controlada e ndo elucida o processo
inflamatorio este pode culminar em diversas doencas de ampla ocorréncia, como
doencas cardiovasculares, metabdlicas e doencas inflamatoérias classicas, como

artrite e doenca periodontal, bem como cancer (Nathan e Ding, 2010; Serhan, 2010).

1.2. DOR INFLAMATORIA

A nocicepcdo confere ao individuo a capacidade de autopreservacdo, onde a
percepcao dolorosa permite a identificacdo de situacdes que possam causar danos
ou controlar aquelas j4 existentes em uma lesdo. As sensacdes nociceptivas
agudas, e principalmente as cronicas causam diminuicdo na qualidade de vida e sua
persisténcia € fator de risco consistente na saude publica (Calati et al., 2015).
Portanto, € de suma importancia o estudo e entendimento da compreenséo da dor,
bem como os mecanismos fisiologicos e seus agentes envolvidos, principalmente na
dor inflamatoria.

De acordo com a Associacdo Internacional para o Estudo da Dor, ela é
definida como “uma experiéncia sensorial e emocional desagradavel associada a
dano tecidual real ou potencial” (D'mello e Dickenson, 2008). A dor pode ser

classificada como: fisiologica, inflamatéria e dor neuropética. A dor fisiol6gica é
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gerada por um estimulo nocivo, a dor inflamatéria é resultante de injuria tecidual
e/ou ativacdo das células imunes e a dor neuropatica esta associada a uma lesao e
ma adaptagdo do sistema nervoso. As dores com origem inflamatéria compdem
transtornos clinicos que afetam pacientes, podendo cronificar-se e permanecem sem
terapia realmente eficazes na grande maioria dos casos. Esses processos Sao
caracterizados por estados de hipersensibilidade no foco ou gatilho da lesédo e na
area adjacente (Woolf e Salter, 2000).

A percepc¢ao consciente da dor envolve interacdo do sistema nervoso central
e periférico, por meio da ativacao de receptores especificos e vias neuroanatbmicas
gue promovem essa comunicacdo (Peirs e Seal, 2016). O inicio da percepc¢ao
sensorial acontece na periferia, onde verifica-se a resposta a estimulos por meio de
neurdnios aferentes primérios e posteriormente transducgdo destas informacgdes para
0 corno dorsal da medula espinal, onde terminam as extremidades dessas fibras. Os
corpos celulares desses neurbnios encontram-se nos ganglios trigeminais e nos
ganglios da raiz dorsal (GRD), dependendo da localizacdo da interagéo
estimulo/sistema. Os trés principais neurénios/ fibras axonais sensoriais do sistema
nervoso periférico sao as fibras AB, AS e C que respondem e transmitem
informagdes sensoriais (D'mello e Dickenson, 2008; Milligan e Watkins, 2009).

As fibras Ad (delta) e C estéo associadas a inflamacéo e apos sensibilizagao
podem transduzir em impulsos elétricos, estimulos mecanicos, térmicos ou quimicos
gue sao transmitidos ao sistema nervoso central (Rang et al., 1991). Deste modo,
estimulos dolorosos agudos sao detectados inicialmente pelos nociceptores e
retransmitidos para 0s niveis espinais, supraespinais e para multiplas areas do
cértex que estdo associadas com a percepc¢ao consciente da dor (Milligan e Watkins,
2009). Apesar dos nociceptores desempenharem um papel na percepcédo e
transmissdo da informacdo dolorosa suas fungfes extrapolam seu papel primério.
Moléculas como trifosfato de adenosina (ATP), fMLP e lipopolissacarideos (LPS)
ativam diretamente a atividade nociceptiva (Chiu et al., 2013).

A dor é um sintoma presente na maioria das doencas inflamatorias, podendo
até mesmo levar a perda da funcdo de tecidos e/ou oOrgaos afetados. Durante a
inflamacédo ocorre a ativagcdo de mecanismos responsaveis pela inducdo de edema,
migracdo de leucdcitos e hiperalgesia (resposta aumentada a estimulos dolorosos).

A producdo de espécies reativas de oxigénio (EROSs) e citocinas pro-inflamatérias
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possuem participacdo na resposta inflamatéria e no desenvolvimento da dor
(Serhan, 2014).

A dor inflamatoria tem como origem a interagéo do tecido comprometido com
0S neurdnios sensoriais nociceptivos periféricos (Hardy et al., 1950) que sao
sensibilizados por mediadores pré-inflamatérios, como IL-1B8, TNF- a, LTB4, PGE-,
ATP e Cba, que por sua vez sdo liberados pelas células lesionadas apos
reconhecimento de agentes estranhos por células de defesa residentes como
macrofagos (Ferreira, 1993; Ribeiro et al.,, 2000). A associacdo desses eventos,
coopera com o aumento da sensibilidade neuronal a estimulos que em condi¢cdes
naturais produzem dor moderada (hiperalgesia) ou dor alguma (alodinia). Essa
sensibilizagdo do neurdnio € uma caracteristica importante da dor inflamatéria, e o
bloqueio deste fendmeno representa o principal mecanismo de acdo dos
analgeésicos e anti-inflamatorios comercializados (Cunha et al., 1992; Ferreira, 1993;
Watkins et al., 1995; Lorenzetti et al., 2002; Sachs et al., 2002).

Os neutrofilos desempenham um papel essencial na manutencdo da dor
inflamatoria (Cunha et al., 2008), produzindo citocinas pré-inflamatérias como IL-183,
TNF-a e interleucina-33 (IL-33) (Verri et al., 2006). Apds o estimulo nocivo, uma
cascata de citocinas proé-inflamatorias antecedem a liberagcdo de aminas simpaticas
e PGE2 que levam a sensibilizagdo dos nociceptores (Scholz e Woolf, 2002; Braz et
al., 2014).

A dor decorrente de processos inflamatérios pode ser associada a diversas
doencas, onde a exacerbacgdo ou persisténcia da dor é 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.  ARTRITE INDUZIDA POR DIOXIDO DE TITANIO

O processo inflamatério articular crénico pode acarretar em alteracoes
morfolégicas caracterizadas pela destruicdo da superficie de suporte articular,
evoluindo de maneira a necessitar da substituicdo parcial ou total da articulacéo,
cirurgia denominada artroplastia, com o objetivo de melhorar a qualidade de vida do
paciente (Verri et al., 2010; Maioli et al., 2015; Ferreira et al., 2017).

A artroplastia total articular do quadril e joelho é um procedimento ortopédico

comum (Kane et al., 2005) e eficaz para o tratamento de pacientes com osteoartrite,
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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., 1994). O crescimento da demanda por cirurgias de substituicdo
articular nos ultimos anos deve-se a alta prevaléncia de artrite e maior necessidade
de mobilidade e qualidade de vida (Maradit Kremers et al., 2015). Em 2010, cerca de
7 milhdes de estadunidenses ja haviam realizado a substituicdo total do joelho ou
guadril e acredita-se que até 2030 cerca de 11 milhdes irdo realizar tais
procedimentos (Agency for Healthcare Research and Quality- AHRQ, 2016).

Estima-se que aproximadamente 189.457 cirurgias de quadril e joelho séo
realizadas a cada trés anos pelo Sistema Unico de Salde (SUS-Brasil), gerando
grandes gastos econdmicos anuais (Verri et al., 2010; Maioli et al., 2015); (Ferreira
et al., 2017). Apesar da artroplastia ser um procedimento de sucesso na medicina
moderna, cerca de 10-15% das artroplastias tendem a falhar (Harris, 2001).

As proteses podem apresentar efeito nocivo, devido a liberacdo de
nanoparticulas metalicas, que ativam macrofagos 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 proé-
inflamatorias (TNF-a, IL-18 e IL-6), bem como producdo de EROs. Estes mediadores
promovem a ativagdo do fator nuclear kB (NF-kB), o qual é responsavel pela
manutencdo do processo inflamatério asséptico no tecido periprotético (Wooley et
al., 2002; Wang et al., 2010; Cobelli et al., 2011). O microambiente pré-inflamatério
induz osteoclastogénese e ativacdo de osteoclastos, promovendo reabsor¢cdo 6ssea
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 um novo procedimento cirurgico. Clinicamente, as terapias mais
utilizadas sé@o os AINESs, corticosteroides e opibdides; medicamentos que apresentam
eficacia limitada e oferecem efeitos adversos intensos (Wooley et al., 2002; Cobelli
etal., 2011).

As nanoparticulas sé@o particulas com diametros inferiores a 100 nm que
foram rapidamente incorporadas pelo mercado de consumo, dentre elas a
nanoparticula de diéxido de titanio (TiO2). Esta é extensamente fabricada, sendo
caracterizada como um p6 branco e inodoro amplamente usadas em alimentos,
bebidas, cosméticos e medicamentos devido as suas propriedades quimicas e

fisicas unicas (Weir et al., 2012; Martirosyan e Schneider, 2014).
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A forma como o TiO: afeta as fungbes imunes até entdo € pouco esclarecida.
Sabe-se que macréfagos sdo as primeiras células da linha de defesa na tentativa de
limpar o TiO2 por meio da fagocitose, protegendo contra potenciais danos (Frohlich,
2015). Estudos demonstram que a exposicdo a TiO2 pode causar ativacdo da
resposta imune, com aumento da producdo de EROs e fatores inflamatorios como
NF-kB, IL-1B, TNF-a e interferon-y (IFN-y) (Schanen et al., 2009; Sang et al., 2012).

Estudos in vitro comprovam a citotoxicidade e genotoxicidade do TiO2 pela
inducdo da apoptose, inflamacdo e inducdo de EROs. In vivo também foi
evidenciado que nanoparticulas de TiO2 podem se acumular em 6rgaos importantes
como baco, figado, rim, pulmao, cérebro e coracdo causando lesées (Chang et al.,
2013; Shi et al., 2013). Liu et al. (2010) demonstraram que a estimulagéo intratecal
com TiO2 promove aumento da capacidade quimiotaxica, expressdo de complexo
principal de histocompatibilidade (MHC) classe 2 em células superficiais e aumento
da secrecado de oxido nitrico (NO) e TNF-a em macréfagos pulmonares. Em estudo
toxicoloégico de nanoparticulas de TiO2 duas vias de sinal de imunidade sdo mais
amplamente estudadas, o NF-kB e MAP quinase (MAPK) (Wu e Tang, 2018). As
nanoparticulas de TiO2 também causam lesé&o apoés atravessar a membrana celular,
produzindo estresse oxidativo e inflamacéo, danificando o &cido desoxirribonucleico
(DNA) e levando a apoptose (Shi et al., 2013; Makumire et al., 2014).

O modelo de artrite cronica relacionada a protese induzida por TiO:2 foi
recentemente padronizado por Borghi et al. (2018), onde a administracdo intra-
articular de 3 mg de TiO2 induz dor crénica durante 30 dias e intenso recrutamento
de neutréfilos com degradacao de proteoglicanos, estresse oxidativo e producéo de
citocinas inflamatoérias. Com isso em vista, 0 modelo de artrite induzida por TiO2 é
promissor, podendo assim proporcionar melhor compreensdo dos mecanismos
celulares e moleculares relacionado ao processo inflamatoério asséptico mediado por

particulas liberadas no espaco periprotético.

1.4. MEDIADORES LIPIDICOS PRO-RESOLUCAO

A resposta inflamatoria em excesso é vista atualmente como componente
frequente de doencas crbnicas a qual preocupa a saude publica, como sindromes

metabdlicas, doencas vasculares e outras (Serhan, 2014). Os pontos enddégenos de
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controle da inflamagcdo trazem uma nova perspectiva a respeito de novas
abordagens terapéuticas (Serhan, 2014).

A identificacdo de mediadores lipidicos biossintetizados a partir do acido
graxo essencial 6mega-3 com propriedade pro-resolucdo evidenciou que a
resolucdo da resposta inflamatoéria aguda pode ser considerada uma resposta ativa
programada e nao simplesmente um processo passivo de diluicdo de
guimioatraentes (Serhan et al., 2000; Serhan et al., 2002).

Os MLPR abrangem diversas familias de mediadores incluindo mediadores
biossintetizados a partir do AA como as LXs, a partir do &cido eicosapentaenoico
(EPA), como as resolvinas da série E, e a partir do acido docosaexaenoico (DHA),
como resolvinas, protectinas e maresinas, que apresentam estruturas quimicas,
receptores e mecanismos de acéo distintos (Serhan, 2010; Chiang e Serhan, 2017)
(Figura 1).

Figura 1- Perfil dos mediadores especializados pro-resolugéo.
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Fonte: adaptado de Serhan (2010).

Charles Serhan foi o primeiro a descrever os MLPR e seus impactos na
resolugéo da inflamagéo (Serhan, 2014; 2017). A descoberta dos MLPR possibilitou
0 interesse nas vias de resolugcdo e nos mecanismos imunes envolvidos na
homeostase, uma vez que essas moléculas atuam como agonistas que estimulam
0s eventos celulares da resolucdo, como a interrupcdo no influxo de
polimorfonucleares (PMN) e remocdo de restos apoptéticos por macréfagos
(Maderna e Godson, 2009), além de reduzir os eicosanoides pro-inflamatorios
(Serhan e Chiang, 2013).



[y

o uu A~ W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26

27
28
29
30
31

21

Além das caracteristicas analgésicas, anti-inflamatérias, resolutivas e
imunomoduladora, esses MLPR nao possuem atividade imunossupressora e apesar
da meia-vida curta em meio aquoso (Aursnes et al.,, 2015), apresentam efeito
biologico duradouro, na faixa de dias (Serhan et al., 2012), fazendo destas
moléculas fortes candidatas a testes clinicos. De fato a resolvina E1 derivada do
EPA alcancou 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 identificacdo NCT00799552) (Lee, 2012; Norling e
Perretti, 2013).

A dose necesséria de MLPR para cessar a inflamacao esta na faixa de pico a
nanomolar (Serhan et al., 2015; Serhan, 2017). Esses mediadores atuam pela
ativacdo de receptores acoplado a proteina G (GPCRs) e fosforilagdo de moléculas
para transducéo de sinal (Serhan, 2014).

Dentre os mecanismos de acdo dos MLPR estdo a inibicdo de NF-kB
(Buckley et al., 2014), com consequente diminuicdo de marcadores inflamatorios,
como proteina C reativa, fibrinogénio, IL-1B, IL-6 e TNF-a (Buffon et al., 1999; Liuzzo
et al., 1999) e quimiocinas como CXCL1 e CXCL3 (Buckley et al., 2014), inducao
mudanca de classe de macrofagos do fenétipo M1 para M2, resposta que promove
mudanca do padrdo T helper 1 (Thl) para T helper 2 (Th2), gerando um ambiente
pro-resolucdo (Buckley et al., 2014; Dalli e Serhan, 2016). Ademais, modulam a dor,
promovem remodelagéo tecidual e reduzem lesao tecidual (Chiang e Serhan, 2017,
Serhan et al., 2018). Tendo em vista as propriedades, mecanismos de ac¢éao, efeitos
e estudos em animais de experimentacdo, os MLPR sdo fortes candidatos
terapéuticos para diversas doencas inflamatorias e uso em testes clinicos (Fattori et
al., 2016).

1.5. LIPOXINA A4

A Lipoxina A4 (LXA4) (Figura 2) e a Lipoxina B4 (LXB4) foram os primeiros
mediadores lipidicos reconhecidos (Serhan, 2005), sendo descritos pela primeira vez
por Serhan em 1984 (Serhan, 2014). As LXs sao eicosanoides derivados de
lipoxigenases a partir do AA; um acido graxo dmega-6 liberado e mobilizado no

processo inflamatério (Samuelsson et al., 1987; Shimizu, 2009). Sua biossintese se
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da via eventos metabdlicos transcelulares durante a interacdo de leucocitos com
células da mucosa e dentro dos vasos durante interacdes plaqueta-leucécitos
(Serhan, 2005; 2007).

Figura 2- Estrutura quimicada Lipoxina A4 (C20H3205).
Lipoxina As
HO OH
-"-"-;*:-xa-"'?‘:?;v}' S COOH
N~ CH3

1
OH

Fonte: Adaptado de Han et al. (2016).

A formagédo da LXAs pode acontecer através de duas vias de biossintese
diferentes, de forma independente ou simultanea na circulacdo sanguinea (Fiore e
Serhan, 1990). A primeira via acontece em eosindfilos, mondcitos ou células
epiteliais, e nessa via ocorre a insercao de O2 ao grupo hidroxila do carbono 15 do
AA, reacao catalisada pela 15-Lipoxigenase. O produto intermediario 15S-H-(p)-ETE
€ liberado destas células, entrando em PMN ou mondcitos, onde 5-Lipoxigenase
gera 5S,6S, 15S-epoxitetraeno que entdo € hidrolisado dentro destas células por
LXA4 hidrolase, dando origem a LXA4 bioativa (Serhan et al., 1984a). Outra via de
biossintese da LXA4 resulta da geracdo de LTA4 a partir do AA por meio de 5-
Lipoxigenase nos leucocitos ou células epiteliais que posteriormente € liberada,
captada pelas plaquetas e sofre metabolismo pela 12-Lipoxigenase para producao
de LXA4 (Edenius et al., 1988; Fiore e Serhan, 1990) (Figura 3).
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Figura 3- Vias de biossintese da LXA4s. PMN (neutréfilos polimorfonucleares); PLT (plaquetas); LO
(lipoxigenase).
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Fonte: Adaptado de Romano et al. (2015).

A LX atua na faixa de pico e nanogramas, possui acdes como limitacdo do
recrutamento, da quimiotaxia e da adesdo de PMN, cessando a lesdo tecidual
causada por essas células (Serhan, 2005; Morris et al., 2009). Os membros da
familia das LXs atuam mediante interacdo ligante-receptor, sinalizando através de
dois receptores, um receptor nuclear hidrocarboneto de arila (AhR) ou o GPCR
conhecido como receptor de peptideo formilado tipo 2 ou receptor de LXAs
(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 macrofagos, 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
doenca (Dufton et al., 2010)

O papel da LXA4 na resolucdo dos sinais de dor induzida pela inflamacéo ja
foi demonstrado por Svensson et al. (2007) em modelos murinos, onde houve
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diminuicdo da hiperalgesia térmica com baixas doses de 10 ug/kg administrados por
via intravenosa (i.v.) ou 0,3 nmol intratecal (i.t.). Posteriormente Abdelmoaty et al.
(2013) demonstraram que a LXA4 atenua liberacdo de citocinas pelos astrocitos
espinhais e suprime a hiperalgesia mecéanica no mesmo modelo, com administracéo
de 0,1-1 pli.t. de LXA4.

A LXA4 possui acdo anti-inflamatoria, inibindo a quimiotaxia e diapedese de
neutrofilos em vénulas pos capilares e consequente entrada em tecidos inflamados
(Serhan, 1999), ja tendo sido demonstrada a inibicdo da aglomeracao de integrinas
e motilidade de neutrdfilos, reduzindo a inflamacédo aguda (Patcha et al., 2004). Em
contrapartida, atua na estimulacdo da quimiotaxia e aderéncia de mondcitos para o
local da inflamacdo, sem a inducdo de degranulacdo de neutroéfilos ou liberacdo de
EROs, eventos esses essenciais para o processo de cicatrizacdo e depuragao do
local inflamado, caracteristico de um estado pro-resolutivo (Maddox et al., 1997
Godson et al., 2000). Em modelos de doencas inflamatoérias crénicas a LXAs reduz o
influxo de PMN e expressdo de ciclo-oxigenase-2 (COX-2) em modelo de
periodontite (Pouliot et al., 2000) e possui efeito protetor no controle da destruicdo
O0ssea mediada por inflamacdo também em modelo de periodontite em coelhos com
maior expressao de 15-lipoxigenase do tipo 1 (Serhan et al., 2003). Conjuntamente,
ja foi demonstrado seu papel na reducao de fibrose renal (Borgeson et al., 2011).

Trabalhos confirmam que a LXA4 pode suprimir fungdes como a apresentacao
de antigeno e promover mudanca do padrdo de citocinas Thl para Th2 (Parkinson,
2006; Liao et al., 2013; Shi et al., 2017), bem como inibir a translocagéo nuclear de
NF-kB (Shi et al., 2017). Além do mais, possui forte papel antioxidante com inibicao
do estresse oxidativo (Cui et al., 2018), pela inducéo da expressdo de Fator nuclear
eritroide  relacionado ao fator 2 (Nrf2) e heme-oxigenase, corroborando com
trabalhos que apontam uma neuroprotecao com reducéo de escore neuroldgico (Wu
et al., 2013). Outro achado indica uma protecdo da LXAs na perda de memoria
induzida pelo peptideo -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 LXA4 inibe a liberagdo de metaloproteinases
da matriz e citocinas por fibroblastos sinoviais humanos (Sodin-Semrl et al., 2000).
Também ja foi observado aumento da expressdo de ALX/FPR2 em pacientes
acometidos por artrite reumatoide (Hashimoto et al., 2007), além do tratamento com

LXAs atenuar a artrite experimental induzida por zimosan (Conte et al., 2010).
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1  Portanto, os diversos estudos a respeito da LXAs e seu efeito em modelos
2 inflamatérios levaram a avaliacdo da eficacia da LXA4 no modelo murino de artrite
3 induzida de TiOx2.
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2. OBJETIVOS

2.1.

OBJETIVOS GERAIS

Avaliar os efeitos e mecanismos analgésicos e anti-inflamatérios da LXA4 em

modelo de artrite induzida por didxido de titanio.

2.2.

OBJETIVOS ESPECIFICOS

Avaliar o efeito da LXA4 nos seguintes parametros:

Hiperalgesia mecéanica e edema articular;

Toxicidade hepéatica e renal;

Lesao gastrica;

Recrutamento leucocitario para a cavidade articular;

Expressao de citocinas (pro-I1L-183, IL-10);

Producéao de citocinas (TNF-a, IL-1B, IL-6 e I1L-10);

Parametros de estresse oxidativo (ensaios de GSH e ABTS; expressao
de Nrf2);

Degradacédo 6ssea (expressédo de RANK);
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Abstract

Aims: To evaluate the effect and mechanisms of Lipoxin A4 in TiO2-induced chronic

arthritis in mice, a model resembling prosthesis and implant inflammation.

Methods: Mice were stimulated with 3 mg of TiO2 on the knee joint. After 24h, mice
were treated with LXA4 (0.1, 1 or 10 ng/animal) or vehicle (ethanol) over 30 days.
The disease phenotype, treatment toxicity, leukocytes recruitment, oxidative stress,
cytokines production and mRNA of receptor activator of nuclear fator kappaB (RANK)
were evaluated (2" and 30" days of treatment).

Key Findings: LXAs reduced TiO2-induced mechanical hiperalgesia in a dose-
dependent manner. LXAs reduced the TiO2-induced edema and recruitment of
leukocytes, without inducing toxicity. LXA4 modulates cytokine such as TNF-a, IL-183,
IL-6 and IL-10. Furthermore, the LXA4 reestablished the antioxidant capacity (GSH
and ABTS assays) by increasing expression of Nrf2 and reducing bone resorption
through mRNA RANK expression.

Significance: Lipoxin A4 ameliorates titanium dioxide (TiOz)-induced arthritis by
reducing pain and inflammation in mice with reduction of leukocytes migration

cytokines production and increment of antioxidant capacity.

Key words: Lipid mediator; Arthritis; Implant; Arthroplasty; Resolution of

inflammation; Pain.
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INTRODUCTION

Several inflammatory, autoimmune, infectious or traumatic conditions may
cause destruction of bone surfaces. The occurrence of these processes on major
joints, responsible for large-bodied movements, may lead to arthritis. In this sense, it
is expected that many patients worldwide require medical procedures consisting on
total or partial joint replacement by metal prostheses (arthroplasty) [1]. Arthroplasty is
a successful orthopedic procedure that enables improvement in the life quality of
patients suffering from osteoarthritis, inflammatory arthritis or tumors, which relieves
pain and improve the functional state [2; 3]. Studies have shown that, approximately,
11 million patients will perform an arthroplasty until 2030 [4]. Although arthroplasty is
considered a successful surgical technique, 10-15% of the procedures tend to fail
due to the release of metallic nanoparticles in the periprosthetic space, which results
in rejection of the prosthesis and need of a novel surgery and prosthesis replacement
[5].

The titanium dioxide (TiO2) nanoparticle is a white, odorless powder widely
used in the production of orthopedic prostheses and various other products [6]. This
molecule is the major component involved on prosthesis wear process-induced
arthritis. This condition occurs mainly by recognition of TiO2 debris by macrophages
its activation and consequent release of tumor necrosis factor alpha (TNF-a), as
demonstrated in a case report [7]. In fact, Borghi et al. [8] demonstrated in a mice
experimental model that intra-articular administration of TiO2 induces chronic arthritis.
In fact, this model allows the understanding of cellular and molecular mechanisms
involved in TiO2-induced mechanical hyperalgesia, edema, histopathological
alterations, degradation of proteoglycans, oxidative stress and production of
inflammatory cytokines.

Currently, the available therapies for patients with prosthesis-induced arthritis
are non-steroidal anti-inflammatory drugs (NSAIDs), corticosteroids and opioids;
drugs that have limited efficacy and offer intense adverse effects [9; 10], affecting,
significantly the life quality and generating great economic expenses [11; 12].
Therefore, the investigation of novel drugs is necessary for the treatment of
prosthesis-induced arthritis.

Lipoxin A4 (LXAs4) is a specialized pro resolving lipid mediator (SPRLM)

derived from arachidonic acid by sequential actions of lipoxygenases [13]. This
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molecule plays an important and relevant anti-inflammatory and resolutive role on
inflammatory processes [14]. LXA4 is described as active on the range of nanograms
by limitation of cellular recruitment, chemotaxis and polymorphonuclear adhesion,
therefore, ceasing the tissue damage induced by these cells [15]. In addition, LXA4
reduced serum levels of cytokines such as TNF-a and interleukin-6 (IL-6) [16].
Furthermore, LXA4 reduced inflammatory-induced pain by suppressing mechanical
[17] and thermal hyperalgesia [18] with small doses of LXAs4. This lipid mediator is
also described as having strong anti-oxidative activity by blocking the generation of
reactive oxygen species (ROS) [19] and increasing nuclear factor erythroid 2-related
factor 2 (Nrf2) and heme-oxygenase (HO) expression levels [20]. Another important
role of LXAs is the stimulation of chemotaxis and adhesion of monocytes for
clearance and healing of the inflamed site [21], in addition to the regulation of Th2
response [22] and inhibition of nuclear factor kappa B (NF-kB) activation in different
cell types [23; 24; 25]. In this sense, LXA4 is a promising candidate with analgesic
and anti-inflammatory properties. Therefore, the aim of our study was to evaluate the
analgesic, anti-inflammatory and antioxidants proprieties of LXA4 on TiO2-induced

arthritis in mice.

MATERIAL AND METHODS

Experimental Procedures

In the first part of experiments, mice (n = 6 per group per experiment) were
stimulated in the right joint with an intra-articular (i.a.) injection of TiO2 (3 mg/10ul,
l.a.) per knee joint as described by Borghi et al. [8]. Twenty-four hours after TiO2
stimulus, mice were treated with LXA4 at 0.1ng, 1ng, 10 ng or vehicle (3.2% ethanol
plus saline) (100ul per animal, intraperitoneal, i.p.). Mechanical hyperalgesia and
edema were evaluation started 24h after TiO2 stimulus, before and after LXA4
treatment (1h, 3h, 5h, 7h and 24h after LXA4 treatment in the first day and every two
days from 2" to the 30" days) [8]. The dose and time of treatment were chosen base
on the results of mechanical hyperalgesia. LXA4 was administrated every two days at
the dose of 10 ng/animal, and analyzes were performed on the 2" and 30" days
after stimulus. Time points were selected based on the analgesic effect of LXA4 and
also in order to elucidate the potential of this lipid mediator in the early and late

stages of TiO2-induced pain and inflammation. In order to detect any toxic effects of
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chronic LXA4 treatment in tissues, at 30" day post-treatment stomach samples were
collected to assess myeloperoxidase (MPO) activity and blood samples to assess
serum levels of aspartate transaminase (AST), alanine transaminase (ALT), urea and
creatinine. The knee joint was washed for leukocytes recruitment analysis. The entire
knee joint was used to determine the levels of cytokine, by enzyme-linked
immunosorbent assay (ELISA) (TNF-a, IL-1B, IL-6 e IL-10); mRNA expression by
reverse transcriptase-quantitative real time polymerase chain reaction (RT-gPCR);
oxidative stress by the measurement of reduced glutathione (GSH) concentration
and free-radical scavenging ability (ABTS) assay, and, mRNA expression of Nrf2. In
addition, receptor activator of nuclear factor kappa B (RANK) mRNA expression
assay was used to evaluate the mRNA expression of molecule involved in bone

resorption.

Animals

Male Swiss mice weighing between 20 and 25 g from Universidade Estadual
de Londrina (Londrina, Parana, Brazil) were used in this study. All mice were housed
in standard clear plastic cages with free access to water and food, light/dark cycle of
12/12h and controlled temperature (21°+1°C). Mice were acclimatized to the testing
room at least 1 h before the experiments and all behavioral testing was performed
between 9 a.m. and 5 p.m. Animal care and handling procedures were in accordance
with the International Association for Study of Pain (IASP) guidelines and were
approved by the Universidade Estadual de Londrina 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.

Chemical compounds

Materials were obtained from the following sources: saline solution (NacCl
0.9%; Frenesius Kabi Brasil Ltda, Aquiraz, CE, Brazil), Lipoxin As (LXA4), = 95%
purity, was purchased from Cayman Chemical (Denver, CO, USA) and Titanium
dioxide (TiOz; pure, MW 79,90; purchased from Synth, Diadema, SP, Brazil).

Evaluation of articular mechanical hyperalgesia
The knee joint mechanical hyperalgesia was evaluated. Mice were placed in

acrylic cages with a wire grid floor, and the stimulations were performed only when
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the animals were quiet and with the four paws on the grid floor. This method consists
of an electronic pressure-meter, with force transducer fitted with polypropylene tip
(Eletronic von frey Analgesimeter; Insight instruments, Ribeirao Preto, SP, Brazil). To
evaluate knee joint pain it was used a large tip (4.15 mm?), to exclude subcutaneous
effect [1]. An increase perpendicular force was applied to the central area of the
plantar surface of the hind paw to induce flexion of tibiofemoral joint followed by hind
paw withdrawal when joint was injured. A digital analgesimeter recorded the intensity
of the force applied (in grams) when the paw was withdrawal. The test was
performed at the times 1, 3, 5, 7 and 24h in the first day after LXA4 treatment and
every two days from 2" to the 30" days. The investigators were blinded to the

treatment groups. The results were expressed as withdrawal mechanical threshold in

grams (Q).

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
times 1, 3, 5, 7 and 24h in the first day after LXA4 treatment and every two days from

2" to the 30" days. The results were expressed as A mm/joint.

Liver and kidney toxicity assays

Blood samples were collected at 30" day post TiO2 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, intraperitoneal (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). The samples were processed according to the manufacturer’s
instructions (Labtest Diagnostico S. A., Brazil). Results were presented as U/mL
(AST and ALT) or mg/dL (urea and creatinine) of serum.

Myeloperoxidase activity
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On the 30" day, samples of the stomach were harvested in 50 mM K2HPO4
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, 15 pL
of sample was mixed with 200 uL 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. The results were presented as MPO

activity (number of neutrophils x 108/ mg of tissue).

Evolution of leukocyte migration

The total and differential counts of recruited leukocytes to the knee joint cavity
were determined on 2" and 30" as previously described [11]. Briefly, knee joint
cavities were washed with saline containing EDTA, which was recovered to evaluate
total and differential cell counts. Total cell counts were performed in Neubauer
chamber using Turk solution, and differential cell counts (100 cells per slide) were
performed in slices stained with the panoptic kit (Laborclin, Pinhais,PR, Brazil) under
a light microscope (Olympus CX31RTSF, Tokyo, Japan). Results were expressed as
total leukocytes, polymorphonuclear, and mononuclear cells (cells x 10% synovial

cavity).

Cytokine measurement

Knee joint samples collection on the 2" day were homogenized in 500 pL of
buffer containing protease inhibitors. Samples were centrifuged (3000 rpm x 15 min
x 4°C). TNF-q, IL-1B, IL-10 and IL-6 levels were determined from the supernatant by
ELISA, using eBioscience kits (Thermo Fisher Scientific, Vienna, Austria). The results

were expressed as pictograms (pg) of cytokine/mg of protein.

GSH assay
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The levels of synovial GSH were determined using a spectrophotometric
method on 2™ day [26; 27; 28]. 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, and next, samples were vortex-mixed, and 10 mM dithiobisnitrobenzoic acid was
added, followed by votex-mixing. After these procedures, samples were allowed to
stand for 5 minutes before being read at 412 nm. The preparation of standard curves
requested in the test were made using different concentrations of GSH. The results

were presented as nmols of GSH/mg of protein.

ABTS assays

After the knee joint collection at 2" day, the samples were homogenized with
500 pL of 1.15% KCI, centrifuged (10 min x 200 g x 4°C) and the supernatants were
used. The free-radical scavenging ability to the sample was determined using the
ABTS assay [27; 28]. For the ABTS assay, ABTS reagent was diluted in 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 in 20 uL 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 umol/L, final concentrations). The results are expressed as

Trolox equivalents per milligram of protein.

RT-qPCR

To assess the mRNA expression of genes, the knee joint was dissected on 2"d
and 30™ days after TiO2. Samples were homogenized in TRIzol reagent®. Total RNA
was extracted by 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
GoTag® 2-Step RT-gPCR System (Promega) and specific primers, A no-reverse
transcription control was applied for cDNA production (running the samples without
adding reverse transcriptase enzyme) and a no-template control (NTC) was carried
out for gPCR (running the gPCR reaction without cDNA). The gPCR reaction was
performed in a StepOnePlus™ Real-Time PCR System (Applied Biosystems®). The
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relative gene expression was measured using the comparative 2-(AACq) method.
The primers sequences are presented on Table 1. The expressions of
glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and B-actin mRNA were used
as the reference gene, and the results were expressed as mRNA expression
(normalized to GAPDH or 3-actin).

Statistical analysis

Data were analyzed using GraphPad Prism statistical software (GraphPad
Software, Inc., USA-500.288, version 7.0). The results were presented as means +
SEM of measurements made on six mice in each group per experiment and are
representative of two separate experiments. Two-way repeated measures analysis of
variance (ANOVA) followed by Tukey’s post test was used to compare all groups and
doses at all times when responses were measured at different times after the
stimulus injection. Differences between responses were evaluated by one-way
ANOVA followed by Tukey’s post test for data of single time point. P<0.05 was

considered significant.

RESULTS

LXA4 reduces TiO,-induced articular mechanical hyperalgesia and joint edema
in a dose-dependent manner

Firstly, it was verified rather or not LXA4 reduce articular mechanical hyperalgesia
and edema induced by intra-articular stimulus with TiO2. The injection of 3 mg/joint of
TiO2 induced mechanical hyperalgesia (Fig. 1A) and edema (Fig. 1B) at all evaluated
time points. Mice were treated with LXA4 (0.1, 1 or 10 ng/ animal, 100ul i.p.) or
vehicle (ethanol plus saline). Animals were treated 24h after TiO: i.a. injection and
subsequently on alternate days, once it was observed that LXAs analgesia effect
decreased 2 days after the treatment. Therefore, on day 3 after TiO: injection the
second treatment was carried (Fig. 1A). LXAs reduces hyperalgesia in a dose-
dependent manner, where the dose of 0.1 ng/animal did not reduce TiO2-induced
articular mechanical hyperalgesia, except in the 18th day, demonstrating that at this

dose LXA4 has no analgesic effect. The doses of 1 and 10 ng/animal reduced TiO2-
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induced articular mechanical hiperalgesia in 24 h and from the 2" to 30" days. The
dose of 1 and 10 ng/animal were statistically different compared to the other doses
and the stimulated group. Therefore, LXA4 presented a dose—response with maximal
effect with the dose of 10 ng/animal, which was chosen for the next experiments. The
dose of 10 ng/animal of LXA4 reduced TiO2-induced articular edema 24h after TiO:
i.a. injection at day 1 until 30" day. The reduction of edema by a dose of 10
ng/animal of LXA4 was statistically different compared to the stimulus (Fig. 1B). The
saline group did not demonstrate mechanical hyperalgesia (Fig. 1A) or edema (Fig.

1B). The vehicle did not change any of the evaluated parameters (Fig. 1A and 1B).
LXA, does not induce liver or kidney damage, or stomach lesions

At 30" day the serum samples and stomach were collected to evaluated if a chronic
treatment with LXA4 would induce gastric, hepatic and renal damage, by assessing
the concentrations of AST, ALT, urea, creatinine and MPO activity, (Supplementary
Fig. 1). The treatment with LXA4 did not modify the serum concentration of AST
(Supplementary Fig. 1A), ALT (Supplementary Fig. 1B), creatinine (Supplementary
Fig. 1C), ureia (Supplementary Fig. 1D) and MPO activity in stomach (Supplementary
Fig. 1E). Thus, chronic 30 days treatment with 10 ng/animal of LXA4 did not induce
detectable gastric, hepatic or renal lesion/damage. Positive control groups
demonstrates that the assays used may serve as selective markers of tissue injury
[8; 27].

LXAs reduces TiOz-induced recruitment of total, polymorphonuclear and
mononuclear leukocytes to the knee joint

Leukocytes recruitment to the knee joint is a hallmark of rheumatic diseases [29]. To
investigate the effect of LXA4 on leukocyte recruitment on 2" and 30" days post-
TiO2 stimulus, knee joints washes were collected from the knee joints to evaluate the
total number of leukocytes, polymorphonuclear cells and mononuclear cells (Fig. 2).
Importantly, there was a significant increase in the number of total of leukocytes
recruited to the joint in stimulated group when compared to the saline group in 2"
(Fig. 2A) and 30" days after stimulus (Fig. 2D). Importantly, the treatment with LXA4
at 10 ng/animal reduced TiO2-induced recruitment of total leucocyte (Fig. 2A and 2D),
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mononuclear cells (Fig. 2B and Fig. 2E) and polymorphonuclear (Fig. 2C and Fig. 2F)

at all evaluated time points.

LXAs modulates TiOz-induced cytokine production

The potential of LXA4 in the modulation of cytokines (TNF-a, IL-18, IL-6 and IL-10)
were analyzed in the joint tissue at the 2" and 30" days post TiO2 stimulus (Fig. 3).
At 2" day, the i.a. injection of TiO2 induced a significant increase in the levels of IL-
1B (Fig. 3B), TNF-a (Fig. 3C) and IL-6 release (Fig. 3D) in the joint compared to the
saline group. Only one treatment with 10 ng/animal of LXA4 was sufficient to reduce
the levels of the cytokines induced by TiOz (Fig. 3B-D) at this time point. In addition,
IL-10 production was also increased by LXAs (Fig. 3E), evidencing the anti-
inflammatory capacity since of this mediator within only one treatment.

In order to evaluate the expression of pro-IL-1B (2" and 30" days) and IL-10
(301" day) mRNA, knee joint samples were collected on 2" and 30" days.
Importantly, the results demonstrated that TiO2 induced a significant increase in the
expression of pro-1L-1B on 2" day (Fig. 3A) which was kept for 28 days (30 days post
TiO2 stimulus) (Fig. 3F), when compared to the saline groups. Conversely, the
treatment with LXA4 significantly inhibited the expression of pro-IL-1B at the 2" and
30" days (Fig. 3A and 3F). Thus, LXAs reduced the expression of an important
cytokine involved in the mechanisms of pain, edema and recruitment of leukocytes
[30; 31]. Furthermore, the levels of IL-10 mRNA were upregulated on the 30" day,
when compared to the other groups (Fig. 3G). Thus, LXAs4 modulates the TiO2-
induced cytokines in a dependent manner of IL-10 release.

LXA4 inhibits TiO2-induced decrease of antioxidant capacity

It has already been demonstrated in other models that the TiO2 nanopatrticles induce
the production of ROS and consequently oxidative stress in various organs [32; 33;
34; 35]. To verify this issue, knee joints samples were collected on the 2" day and
the parameters of the antioxidant capacity of LXA4 were measured by the GSH and
ABTS assay (Fig. 4). TiO2 stimulus reduced levels of endogenous antioxidant as
observed in ABTS free radical scavenging ability (Fig. 4A) and GSH levels (Fig. 4B)

in tissues when compared with saline group. A single treatment with 10 ng/animal of
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LXA4 significantly restored the levels of ABTS (Fig. 4A) and GSH (Fig. 4B) in the joint
tissue, demonstrating that treatment with LXA4 reestablished the ability to eliminate
the ABTS radical and positively regulated GSH levels. In agreement, the treatment
with LXAs induced the expression of Nrf2 mRNA, compared with TiO2 group (Fig.
4C). Thus, the antioxidant effect of LXA4 has already been demonstrated [45].

LXAs reduces TiO2-induced RANK mRNA expression

The levels of RANK, RANKL and OPG also regulate bone resorption. The
interactions of RANKL and RANK induce bone resorption mediated by osteoclasts
[36]. Considering the progressive effects of TiO2, knee joint samples were collected
on the 30" day to evaluate RANK mRNA expression. TiO2 induced an increase of
RANK mRNA expression, which was reduced after LXAs treatments (Fig. 5A).
Therefore, the role of LXA4 in the modulation od osteoclastogenesis has been

described previously [63].

DISCUSSION

Arthroplasty is an effective procedure in improving the quality of life of
patients, relieving discomfort and reestablishing joint mobility [2; 37]. Although this
procedure is considered successful, in about 10-15% of the cases, metallic
nanoparticles, including TiO2, are released and generate a pro-inflammatory
microenvironment, which, most of the times culminates in implant-induced
inflammatory arthritis, prosthetic rejection and the need of surgical revision [5; 9; 10].

In this study, we evaluated the early and late stages of TiO2-induced
inflammation and pain in a mice model of inflammatory chronic arthritis. Thus, we had
chosen the 2" and 30" days after TiO2 stimulus for all analysis. In particular, the
second day was chosen due to the observed analgesic effect of LXA4 after a single
treatment. This period of analysis is important to demonstrate the mechanisms
involved in the LXA4 action for reduction of the initial inflammatory parameters and
the importance of the resolving process at the initial stage. Moreover, the effects and

mechanisms of LXAs treatments were also evaluated in the chronic arthritis model.
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Therefore, we showed that the SPRLM LXA4 ameliorates chronic arthritis induced by
TiO2 in mice. In addition, we have shown that a single treatment with LXA4 reduced
joint pain, edema and leukocytes recruitment to the knee joint induced by TiO-.
Moreover, these effects are related to the reduction of oxidative stress and
production of cytokines in the knee joint tissue.

Among the available therapies for patients with prosthesis-induced arthritis are
corticosteroids, opioids and non-steroidal anti-inflammatory drugs (NSAIDs) [10]. The
dose and chronicity of these drugs may cause side effects such as respiratory failure,
dependence, gastrointestinal disorders, hepatotoxicity and nephrotoxicity [38]. In this
sense, the search for new compounds to save as therapeutic alternative in important.

The present results demonstrated that LXA4 at the dose of 10 ng/animal has
analgesic effect and reduces edema in a dose-dependent manner, our data
corroborate with studies in which LXA4 attenuates carrageenan-induced mechanical
hyperalgesia [17] and edema [18]. Furthermore, we demonstrated that LXA4 is a safe
drug for the treatment of prosthesis-induced arthritis since long-term treatments does
not induce gastric, hepatic or renal damage, unlike the mentioned current available
therapies.

The anti-inflammatory and resolving action of LXAs in this TiO2-induced
arthritis model was demonstrated by the reduction of leukocytes in the joint at the
early and late stages of this chronic arthritis model. The total number of leukocytes in
the synovial cavity was higher at the early stage (2" day) than at the 30" day, mainly
with mononuclear cells at this late stage. The decrease of inflammatory infiltrate was
associated to the decrease in the local cytokines levels. In fact, LXAs treatment
reduced TNF-a, IL-1B8 and IL-6 levels in the early stage of TiO2-induced arthritis, in
addition to the increased expression of IL-10 at 2" and 30" days after stimulus.
Macrophages have a well-described role in the pathophysiology of arthritis,
contributing to oxidative stress at the site and cytokines production (IL-6, IL-18 and
TNF-a). These inflammatory microenvironment promote the recruitment of new cells,
activation of fibroblasts, followed by that production RANKL and macrophage colony
of stimulating factor 1 (M-CSF1), which chronically activate osteoclasts and leading
to bone erosion [39]. In this sense, the LXs act as agonists of resolutive
macrophages, stimulating clearance apoptotic PMN; important process in the

resolution of inflammation [15].
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Cytokines such as IL-1B and TNF-a directly activate nociceptive neurons [30;
40] and amplify immune response. LXAs has a well-described function in the
reduction of cell migration by mechanisms such inhibition of integrins agglomeration
and neutrophil motility [41], which corroborates to damping of leukocyte-endothelium
interactions and reduction of leukocyte diapedesis [42; 43]. These evidences
demonstrate that the reduction of these pro-inflammatory cytokines, which
orchestrate the inflammatory response, may contributed to the inhibition of leukocyte
recruitment to the knee joint and, in consequence, confer analgesic effect and edema
reduction.

The role of LXAs4 in NF-kB inhibition is an important anti-inflammatory
mechanism that was reported in other studies in different cell types [16; 23; 24; 26]. A
previous study reported the action of LXA4 on pain relief in non-compressible lumbar
disc herniation model through inhibition of the production of pro-inflammatory
cytokines such TNF-a and IL-1f and, regulation of IL-10 and TGF-B [44].
Furthermore, the treatment with LXA4 was also demonstrated ameliorating the levels
of anti-inflammatory cytokines (TGF-f3 and IL-10) after exposition to UV light [45]. It is
known that IL-10 restricts polarization of M1 macrophages and blocks the I1L-33/ST2
axis during arthritis [46], inhibits neutrophil recruitment, matrix metalloproteinases
(MMP) activity and edema [47; 48], common features in inflammatory joint diseases,
where LXA4 shown an important action [49].

Oxidative stress is present in arthritis and plays an important role in the
development of inflammatory pain [50]. The reactive oxygen and nitrogen species
produced at the site of inflammation contribute to the manifestation of pain and direct
activation of nociceptive neurons [16; 51]. The TiO2 stimulus triggers a pro-
inflammatory cascade of cytokines and mediators, which culminated in lipid
peroxidation, DNA damage and protein breakdown [52]. There is evidences
demonstrating the action of LXA4 on the inhibition of oxidative stress by improving
diabetes-induced erectile dysfunction [53]. In addition, LXA4 treatment increased
antioxidant capacity and Nrf2 expression on the skin after UV exposure [45]. In a
model of intestinal ischemia-reperfusion, LXA4 treatments showed to mediate Keap1l-
Nrf2 signaling, by promoting the dissociation of Keapl from Nrf2 and its translocation
to the nucleus, culminating in the increase HO-1 gene expression [20] as already

demonstrated in others animal models [54; 55].
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The ABTS assay represent the overall antioxidant ability of a tissue, and GSH
levels directly access the levels of this endogenous antioxidant [56]. In this study, we
demonstrate that the LXAs treatment reestablished the levels of antioxidant
parameters (ABTS and GSH) in the model of arthritis induced by TiO2 in the initial
period, assisting in the resolution process, by modulating Nrf2 expression in the knee
joint. Higher expression of Nrf2 induces GSH expression, inhibit the production of
pro-inflammatory cytokines [57] and increases the production of IL-10 and TGF- [57;
58]. Previous studies with different experimental conditions indicate that Nrf2 is
important to protect tissues from damage induced by TiO2 [59; 60].The induction of
Nrf2 elucidates, in part, the maintenance of endogenous antioxidants and the
reduction of inflammation, a mechanism that protects the joint against the effects of
TiOz and reliefs pain.

Joint destruction due to matrix degradation and excessive bone loss
characterize inflammatory bone diseases such as arthritis [61]. TiO2-induced
cytokines (IL-18 and TNF-a) increase the release of MMP that activates
chondrocytes and osteoclasts [61]. The differentiation of the osteoclasts itself
requires the activation of RANK / RANKL, which results in osteoclastogenesis [62]. It
has already been shown that LXAs suppresses osteoclastogenesis in vitro by
modulating signaling pathways such as the reduction of RANK [63]. LXAs was shown
to inhibit the release of MMP by human synovial fibroblasts [49]. Our data also have
shown that LXA4 reduces TiOz-induced RANK mRNA expression in the joint, which
explains in part the action of LXA4 in decreasing bone degradation. These findings
suggest that LXA4 represents a promising therapeutic approach in the reduction of

prosthesis-induced arthritis pain.

CONCLUSION

Concluding, the present study demonstrated the analgesic, anti-inflammatory
and antioxidant effects of LXA4 in a chronic model of TiO2-induced arthritis in mice.
LXAs attenuates TiOz-induced inflammatory pain, joint edema, recruitment of
leukocytes, inhibition of oxidative stress and cytokines modulation. Thus, this study
demonstrated that an isolated SPRLM, such as LXA4, is a promising approach to the
treatment of complications related to implant-induced inflammation for its efficacy and

safety.
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Table 1: Primers sequences for RT-qPCR
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Gene Sense Antisense
pro-IL-1B | 5-'GAAATGCCACCTTTTGACAGTG-3' 5-TGGATGCTCTCATCAGGACAG-3'
IL-10 5-GCTGGACAACATACTGCTAACC-3 5-CTGGGGCATCACTTCTACCA-3
Nrf2 5- TCACACGAGATGACGTTAGGGCAA- | 5-
3 TACAGTTCTGGGCGGCGGACTTTAT-3
RANK 5 -CTAATCCAGCAGGGA AGCAAAT-3 5 -GACACGGGCATAGAGTCAGTTC-3
Gapdh | 5-CATACCAGGAAATGAGCT TG-3 5'-ATGACATCAAGAAGGTGGTG-3'

B-actin

5-AGCTGC GTTTTACACCCTTT-3

5-AAGCCATGCCAATGTTGTCT-3'
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Figure 1. LXA4 reduces TiO2-induced articular mechanical hyperalgesia and joint edema in a
dose-dependent manner. Mice were treated for 30 days with LXA4 (0,1, 1, 10ng/ animal, i.p.) or
vehicle (ethanol) starting 24h after intra-articular injection of TiO2 (3mg/ joint) and mechanical
hyperalgesia (A) and edema (B) was evaluated 1, 3, 5, 7, 24 h (day 1) and subsequently and every
two days until 30" day. Results are expressed as mean + SEM, n= 6 mice per group per experiment
and are representative of two separate experiments (*p< 0.05 compared to the saline group; #p<0.05
compared to the TiO2 and LXA4 groups), repeated measures two-way ANOVA followed by Tukey’s
post test.
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Figure 2. LXA4 reduces TiOz-induced recruitment of total, polymorphonuclear and
mononuclear leukocytes to the knee joint. Mice were treated with a single treatment (2"¢ day) and
for 30 days with LXA4 (10ng/ animal, i.p.) starting 24h after intra-articular injection of TiO2 (3mg/ joint)
and knee joint wash was collected for count total leucocytes (A and D), mononuclear (C and E) and
polymorphonuclear cells (C and F). Results are expressed as mean + SEM, n=6 mice per group per
experiment, two independent experiments (*p<0.05 compared to the saline group; #p<0.05 compared

to the TiO2 group, one-way ANOVA followed by Tukey’s post-test).
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Figure 3. LXA4 modulates TiOz-induced cytokine production. Mice were treated with a single
treatment (2"d day) and for 30 days with LXA4 (10ng/ animal, i.p.) starting 24h after intra-articular
injection of TiO2 (3mg/ joint) and knee joint was collected. Pro-IL-18 mRNA expression (A and F), IL-
18 measurement (B) TNF-a measurement (C), IL-6 measurement (D), IL-10 measurement and IL-10
MRNA expression (E and G). Results are expressed as mean + SEM, n=6 mice per group per
experiment, two independent experiments (*p<0.05 compared to the saline group; #p<0.05 compared
to the TiO2z group, one-way ANOVA followed by Tukey’s post-test).
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Figure 4. LXA4 inhibits TiO2-induced decrease of antioxidant capacity. Mice were treated with a
single treatment (279 day) with LXA4 (10ng/ animal, i.p.) starting 24h after intra-articular injection of
TiO2 (3mg/ joint) and knee joint was collected. Free-radical scavenging ability (ABTS) assay (A),
reduced glutathione (GSH) concentration (B) and Nrf2 mRNA expression (C). Results are expressed
as mean + SEM, n=6 mice per group per experiment, two independent experiments (*p<0.05
compared to the saline group; #p<0.05 compared to the TiO2 group, one-way ANOVA followed by
Tukey’s post-test).
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Figure 5. LXA4 reduces TiO2-induced RANK mRNA expression. Mice were treated for 30 days
with LXA4 (10ng/ animal, i.p.) starting 24h after intra-articular injection of TiO2 (3 mg/joint) and knee
joint was collected and RANK mRNA expressionwas evaluated (A). Results are expressedas mean +
SEM, n=6 mice per group per experiment, two independent experiments (*p<0.05 compared to the
saline group; #p<0.05 compared to the TiO2 group, one-way ANOVA followed by Tukey’s post-test).
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Supplementary Figure 1. LXA4 does not induce liver or kidney damage, or stomach lesions.
Mice were treated for 30 days with LXA4 (10ng/ animal, i.p.) starting 24h after intra-articular injection of
TiO2 (3mg/ joint) and serum and stomach was collected. AST (A), ALT (B), creatinine (C) and urea
(D), serum levels and MPO activity in the stomach (E) were determined to evaluate treatment toxicity.
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As positive drug control for gastric, hepatic, and renal toxicity, indomethacin (2.5 mg/kg, i.p., diluted in
tris/HCl buffer, during 7 days), acetaminophen (650 mg/kg, i.p., diluted in saline), and diclofenac (200
mg/kg, p.o., diluted in saline, once) were used, respectively.Results are expressed as mean + SEM,
n=6 mice per group per experiment, two independent experiments (*p<0.05 compared to the all
groups, one-way ANOVA followed by Tukey’s post-test).
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5. CONCLUSAO

Em resumo, o presente estudo demonstrou o efeito analgésico, anti-inflamatorio
e efeitos antioxidantes da LXA4 em modelo crénico de artrite induzida por TiO2 em
camundongo. LXAs atenua a dor inflamatdria, edema articular, recrutamento de
leucocitos induzido por TiO2, pela inibicdo do estresse oxidativo, bem como a
expressdo e producdo de citocinas. Desta forma, € possivel que um MLPR isolado,
como a LXAs4 seja uma promissora abordagem para atenuar as complicacoes

relacionadas a inflamacao induzida por implantes.



