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CARNEIRO, Jessica Aparecida. Efeito analgésico, anti-inflamatério e
antioxidante da PDX na dor e inflamagao induzidas por anion superéxido em
camundongos. 2024. 121 paginas. Dissertacdo (Mestrado em Patologia
Experimental) — Centro de Ciéncias Bioldgicas, Universidade Estadual de Londrina,
Londrina, 2024.

RESUMO GERAL

As espécies reativas de oxigénio (ERO) sdo fundamentais para a inflamagao.
Contudo, a geracédo exacerbada excede a capacidade antioxidante do organismo,
resultando em injurias teciduais. O uso de moléculas antioxidantes demonstra que
as ERO sdo componentes chave na fisiopatologia da dor inflamatoria. Neste
contexto, o superoxido de potassio (KO2), um doador de anion superoxido, induz
inflamacédo e dor. Os mediadores lipidicos pré-resolugdo (SPMs) sdo moléculas
bioativas derivadas do acido graxos w-6 e w-3 que promovem a resolugao da
inflamagdo. A Protectina DX (PDX) demonstra atividade anti-inflamatoria,
antioxidante, pré-resolutiva e analgésica em diversos modelos. Tendo em vista
essas caracteristicas, nosso objetivo foi avaliar o efeito analgésico, anti-inflamatoério
e antioxidante da PDX em modelo de dor e inflamagédo induzido por KO2 em
camundongos. Camundongos Swiss ou LysM-eGFP machos foram tratados com
PDX (1, 3 ou 10 ng) ou salina estéril via intraperitoneal (i.p.), 1h antes da injecédo de
KO2 (30 pg via intraplantar [i.pl.] ou 1 mg [i.p.]). Excepcionalmente, nos testes
comportamentais de sensibilidade mecanica e térmica basal e de atividade
locomotora, o estimulo ndo foi administrado. O teste de von Frey eletrénico e o teste
manual de filamentos de von Frey foram utilizados para avaliar a hiperalgesia e
alodinia mecanica, respectivamente. A hiperalgesia térmica foi determinada pelo
método de placa quente e pelo teste de Hargreaves. As medidas experimentais
foram feitas nos tempos 0, 0.5, 1, 3, 5 e 7h apds estimulo. A atividade locomotora foi
avaliada por teste de rota-rod nos tempos 0, 0.5, 1, 3, 5 e 7h. A dor manifesta foi
determinada pelo numero de contor¢ées abdominais; o numero de sacudidas de
pata e o tempo de lambida da pata; ao longo de 20 e 30 minutos apds estimulo,
respectivamente. O desbalangco na distribuicdo de peso corporal sobre as patas
traseiras foi avaliado pelo static weight bearing nos tempos 0, 1, 3, 5 e 7h apods
estimulo. O recrutamento leucocitario foi avaliado a partir da coleta de amostras
plantares 7h apds estimulo, com analise em microscopia de luz (coloragdo em
hematoxilina-eosina) e microscopia confocal (imunofluorescéncia). A produgéo de
citocinas (IL-18 e TNF-a) foi avaliada por ELISA, 4h apds estimulo. O estresse
oxidativo foi avaliado pelos ensaios colorimétricos de catalase (coleta 1h apods
estimulo), NBT, ABTS, FRAP e GSH (coleta 3h apds estimulo). A ativagado do canal
TRPV1 e a ativagdo de neurdnios DRG foram avaliadas em microscopia confocal, 5h
apo6s estimulo. O potencial efeito téxico do tratamento agudo com PDX foi avaliado
pelos ensaios de ALT, AST, ureia, creatinina e atividade da mieloperoxidase
estomacal, 7h apoés estimulo. Como resultados, obtivemos que a PDX reduz os
comportamentos de dor analisados (hiperalgesia, alodinia, dor manifesta e
desbalangco na distribuicdo de peso corporal), sem alterar a sensibilidade e
capacidade motora normal dos animais. Como mecanismo, demonstramos que a
PDX inibe a ativacdo de TRPV1 e, consequentemente, do neurbnio DRG,



demonstrando um inédito mecanismo analgésico. Além disso, a PDX diminuiu os
niveis de citocinas pro-inflamatérias (TNF-a e IL-13) e os niveis de anion superoxido,
aléem de aumentar a capacidade antioxidante tecidual, sem alterar os niveis
plasmaticos de ALT, AST, creatinina e ureia, ou a atividade da mieloperoxidase
estomacal. Desta forma, este estudo evidenciou a propriedade analgésica, anti-
inflamatodria e antioxidante segura da PDX em modelo de dor e inflamagéo
desencadeada por uma ERO, sugerindo este SPM como uma promissora alternativa
terapéutica.

Palavras-chave: Mediadores Lipidicos Pré-Resolucdo; Espécies Reativas de
Oxigénio; Dor; Inflamacgao; Protectinas.
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ABSTRACT

Reactive oxygen species (ROS) are fundamental to inflammation. However, their
exacerbated generation exceeds the antioxidant capacity of the organism, resulting
in tissue damage. The use of antioxidant molecules shows that ROS are crucial
components in the pathophysiology of inflammatory pain. In this context, potassium
superoxide (KOz2), a superoxide anion donor, induces inflammation and pain.
Specialized pro-resolving mediators (SPMs) are bioactive molecules derived from w-
6 and w-3 fatty acids that promote the resolution of inflammation. Protectin DX (PDX)
demonstrates anti-inflammatory, antioxidant, pro-resolving, and analgesic activities.
Given these characteristics, we aimed to evaluate the anti-inflammatory, antioxidant,
and analgesic effect of PDX in a model of pain and inflammation induced by KO2 in
mice. Male Swiss or LysM-eGFP mice were treated with PDX (1, 3, or 10 ng) or
sterile saline intraperitoneally (i.p.), 1 hour before injection with KO2 (30 ug
intraplantar [i.pl.] or 1 mg [i.p.]). Exceptionally, for the behavioral tests of baseline
mechanical and thermal sensitivity and locomotor activity, no stimulus was
administered. The electronic von Frey test and the manual von Frey filament test
were used to assess mechanical hyperalgesia and mechanical allodynia,
respectively. Thermal hyperalgesia was determined using the hot plate method and
the Hargreaves test. Experimental measurements were taken at 0, 0.5, 1, 3, 5, and 7
hours after stimulation. Locomotor activity was assessed using the rotarod test at 0,
0.5, 1, 3, 5, and 7 hours. Overt pain-like behaviors were determined by the number of
abdominal writhings, paw flinches, and paw licking time, over 20 and 30 minutes after
the stimulus, respectively. The unbalance in the body weight distribution over the
hind paws was assessed by static weight bearing at 0, 1, 3, 5, and 7 hours after
stimulation. Leukocyte recruitment was assessed by collecting plantar samples 7
hours after stimulation and analyzing them using light microscopy (hematoxylin-eosin

staining) and confocal microscopy (immunofluorescence). Cytokine production (IL-13



and TNF-a) was assessed by ELISA 4 hours after stimulation. Oxidative stress was
evaluated by catalase (sampling 1 hour after stimulus), NBT, ABTS, FRAP and GSH
(sampling 3 hours after stimulus) colorimetric assays. TRPV1 channel activation and
DRG neuron activation were assessed by confocal microscopy 5 hours after
stimulation. The potential toxic effect of acute treatment with PDX was assessed by
ALT, AST, urea, creatinine and stomach myeloperoxidase activity assays, 7 hours
after KOz intraplantar injection. As a result, we obtained that PDX reduced the pain
behaviors analyzed (hyperalgesia, allodynia, overt pain-like behavior, and imbalance
in body weight distribution), without altering the normal sensitivity and motor capacity
of the animals. As a mechanism, we demonstrated that PDX inhibits the activation of
TRPV1 and, consequently, of the DRG neuron, demonstrating a new analgesic
mechanism about this SPM. In addition, PDX decreased levels of pro-inflammatory
cytokines (TNF-a and IL-1B) and superoxide anion levels, as well as increased tissue
antioxidant capacity, without altering plasma levels of ALT, AST, creatinine and urea,
or stomach myeloperoxidase activity. Thus, this study emphasizes the safe
analgesic, anti-inflammatory, and antioxidant properties of PDX in a model of pain
and inflammation triggered by a ROS, indicating to this SPM as a promising

therapeutic alternative.

Key-words: Specialized pro-resolving mediators; Reactive oxygen species; Pain;

Inflammation; Protectins.
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1. INTRODUGAO

1.1 O processo inflamatoério

Ao longo da evolugdo, o sistema imune dos vertebrados
desenvolveu estratégias de defesa eficientes contra invasées microbianas e danos
celulares, conferindo a sobrevivéncia e o retorno a homeostase tecidual do
hospedeiro. Assim, a defesa contra invasdes e injurias teciduais € mediada por dois
sistemas imunes complementares capazes tanto de reconhecer quanto de eliminar o
agente agressor: o sistema imune inato e o sistema imune adaptativo.

O sistema imune é capaz de reconhecer uma ampla gama de
patdbgenos, como virus, bactérias, protozoarios e fungos, além de moléculas
resultantes de danos as préprias células do organismo. Tal propriedade € conferida
por um vasto numero de receptores denominados de “Receptores de
Reconhecimento de Padrao” (RRPs) expressos tanto em células imunes, como
macrofagos, neutrofilos, células dendriticas e células T, quanto em células teciduais,
como ceélulas epiteliais, células musculares e células neuronais, por exemplo (Abbas;
Lichtman; Pillai, 2019). De forma geral, a familia dos RRPs inclui receptores
expressos em membranas, seja na superficie celular, como é o caso dos receptores
lectina (CLRs) e receptores do tipo Toll (TLRs) de subtipo TLR1, TLR2, TLR4, TLR5
e TLR6, ou nas membranas endossomais, em que ha expressao de TLRs de subtipo
TLR3, TLR7, TLR8 e TRL9. Além disso, ha os receptores citosolicos, como o0s
receptores do tipo NOD (NLRs) e os receptores do tipo RIG (RLRs) (Abbas;
Lichtman; Pillai, 2019).

Estes receptores reconhecem os denominados PAMPs, como acidos
nucleicos de origem microbiana (ssRNA, dsRNA, CpG), proteinas (pilina e flagelina),
lipideos de parede celular (LPS e &acido lipoteicoico) e carboidratos (manana e
glucana), por exemplo, além de DAMPs, como proteinas induzidas pelo estresse
(HSPs), cristais (urato monossodico), matriz extracelular proteoliticamente clivada
(fragmentos de &acido hialurénico e peptideos de proteoglicanos), componentes
mitocondriais (peptideos formilados e ATP) e proteinas nucleares (histonas, HMGB1
e proteinas S100), estes resultantes de alteragées ou danos as moléculas do proprio
organismo (Abbas; Lichtman; Pillai, 2019).

A partir do reconhecimento da agressado, vias de sinalizagao

intracelulares sdo acionadas e culminam na translocacéo de fatores citoplasmaticos
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em direcdo ao nucleo celular, tal como o NF-kB e AP-1, resultando como produto
final, na producao e liberagcdo de mediadores inflamatérios importantes para a
ativagao e funcéo de células imunes inatas e adaptativas, levando a eventos como
proliferagdo celular; angiogénese; recrutamento leucocitario; fagocitose; atividade
microbicida e citotoxica; produgado de anticorpos e geragao de células imunes de
memoria (Abbas; Lichtman; Pillai, 2019).

A inflamacdo € um mecanismo inato que confere a primeira defesa
do organismo frente a uma invasao microbiana ou liberagdo celular de alarminas,
muitas vezes decorrentes da acado de agentes bioldgicos, fisicos, térmicos ou
quimicos, por exemplo. Assim, o processo inflamatério pode ser incitado por agentes
de diferentes propriedades: agentes bioldgicos (microrganismos patogénicos ou
produtos resultantes de dano ou morte celular); agentes fisicos (radiagdo, trauma e
temperaturas nocivas); e agentes quimicos (substancias irritantes, toxinas, acidos,
particulas metalicas e gases toxicos) (Gomes-Leal, 2002). Os primeiros registros
relacionados a inflamacé&o foram datados em meados do século | (D.C.) pelo romano
Aulus Cornelius Celsus, autor conhecido por descrever os primeiros sinais e sintoma
cardinal da inflamacgao: rubor (vermelhidao), calor, tumor (inchago) e dor (Rocha e
Silva, 1978). Estes sinais cardinais sdo resultado dos mecanismos envolvidos na
resposta inflamatéria que levam a dilatagdo e aumento da permeabilidade vascular,
aumento do fluxo sanguineo, liberagcdo de mediadores inflamatérios e recrutamento
leucocitario para o sitio de infecgao/injuria. Posteriormente, o médico alem&o Rudolf
Virchow relatou o quinto sinal cardinal, a perda de funcao (functio laesa), o qual
decorre da persisténcia e exacerbagao da resposta imune, tornando-a danosa para
o tecido (Freire; Van Dyke, 2013).

Fisiologicamente, a resposta inflamatéria aguda é caracterizada por
ser autolimitada, ou seja, apresentar inicio rapido e de curta duragao, sendo eficiente
na contencdo dos avangos do agente agressor e tendo como desfecho sua
eliminagao. Entdo, com o passar do tempo, a reagao tende a ser atenuada pela
mudancga da classe de mediadores inflamatérios produzidos, havendo aumento na
producao e liberacdo de moléculas antioxidantes, anti-inflamatdrias e pro-resolutivas
(Lawrence; Willowghb, 2002; Niture; Jain; Jaiswal, 2014). Desta forma, o processo
inflamatdrio pode ser subdividido em duas fases principais: iniciacdo e resolucao
(Maderna; Godson, 2009). Os aspectos gerais das fases que compdem a resposta

inflamatoria estao ilustrados na Figura 1.
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2 Figura 1 — Aspectos gerais das fases de iniciagcdo e de resolugdo da resposta

3 inflamatoria.
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Na fase inicial, o reconhecimento do agente agressor por células
residentes, como macréfagos, células dendriticas e mastdcitos, promove a ativagao
de sinalizagdes intracelulares que resultam na producéao e liberacdo de mediadores

proé-inflamatérios, tais como citocinas, quimiocinas, ERO e ERN, levando a uma

9 amplificagdo da resposta inflamatéria. Dentre as vias de sinalizagéo ativadas por

10 RRPs, destaca-se a ativagéo classica do NF-kB (também chamada de via candnica).

11 O NF-kB é um fator de transcricdo eucaridtico onipresente,

12  pleiotropico e de multiplas subunidades, composto por cinco subunidades principais

13  (p50, p52, p65/RelA, c-Rel e RelB) que podem formar homo ou heterodimeros em

14  diversas combinagbes e € predominantemente ativado mediante engajamento de
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TLRs e por citocinas das familias da IL-1, TNF e IL-17 (Abbas; Lichtman; Pillai,
2019). A ativagao da via do NF-kB desempenha um papel crucial para a maioria dos
eventos inflamatérios agudos, desde a ativagdo endotelial a sobrevivéncia e fungéo
leucocitaria nos sitios de inflamagéo (Gosh; Hayden, 2008; Walmsley et al., 2005).
Nas células em repouso, o NF-kB permanece no citoplasma ligado as proteinas
regulatorias inibitérias IkB (IkBa, IkBB e IkBeg). Contudo, mediante ativagdo de RRPs,
do receptor IL-1R ou do receptor TNFR, ha ativagcdo do complexo IKK, composto
pelas quinases IKKa e [3, e pela proteina regulatoria IKKy, o qual sera responsavel
por fosforilar as proteinas inibitoérias IkB, induzindo a ubiquitinagdo e posterior
degradagao proteassOmica das proteinas inibitérias. Desta forma, uma vez livre, a
subunidade p65/RelA, é fosforilada e o fator de transcricdo NF-kB é translocado para
0 nucleo, local em que interage com regides promotoras do DNA e promove a
transcricdo de genes relacionados a mediadores proé-inflamatérios, tais como TNF-q,
IL-18, ET-1, COX-2, iINOS, NADPH oxidase, VCAM-1, ICAM-1 e IL-8, por exemplo
(Gius et al., 1999; Gosh; Hayden, 2008; Takeuchi; Akira, 2010).

Por sua vez, a expressdo destes mediadores pro-inflamatorios
conduz a eventos caracteristicos da fase inicial da inflamacao: vasodilatacao,
decorrente da agao da histamina, NO, PGD2 e PGEz2, que atuam promovendo o
relaxamento da musculatura lisa da parede vascular sanguinea; aumento da
permeabilidade dos capilares, resultado da acdo de citocinas, histamina, serotonina,
bradicinina, proteinas do sistema complemento (C5a, C3a e C4a) e leucotrienos
(LTB4, LTC4, LTD4 e LTE4), que levam a desmontagem das jungdes intercelulares,
originando lacunas entre as células endoteliais, por onde ha extravasamento de
fluido intravascular rico em proteinas em diregao ao intersticio (formagéo do edema);
aumento do fluxo sanguineo; aumento da aderéncia dos leucdcitos circulantes ao
revestimento endotelial das vénulas, ocasionado pela formacdo de um gradiente
quimioatraente e ativagdo endotelial com exposicdo de moléculas de adesao, como
as selectinas P e E, VCAM-1, ICAM-1 e PECAM-1, o que permite a migracao,
sobretudo, de neutréfilos (polimorfonucleares) e de mondcitos/macréfagos
(mononucleares) em diregao ao foco inflamatério, para que realizem suas fungdes
fagociticas e microbicidas (Freire; Van Dyke, 2013; Sadik; Kim; Luster, 2011).

De modo geral, nas primeiras horas (6-24 horas) apdés um estimulo
inflamatdrio, os neutréfilos migram ao tecido lesado, visto que sao os mais

abundantes na corrente sanguinea e tendem a responder prontamente ao gradiente
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quimioatraente, se aderindo ao endotélio e migrando através da parede vascular
(Mocsai; Walzog; Lowell, 2015). Dentro de 24-48 horas, os mondcitos/macréfagos
tornam-se o tipo celular predominante no foco inflamatério. E importante destacar
que os macroéfagos apresentam dois fendtipos principais: o tipo M1 ou classicamente
ativado, presente sobretudo na fase inicial da inflamagéao, e caracterizados por uma
acentuada capacidade fagocitica e microbicida, com alta producao de citocinas pré-
inflamatorias (TNF-a, IL-1 e IL-6) e agentes oxidantes (ERO e ERN); o tipo M2 ou
alternativamente ativado, que participa principalmente da fase de resolucédo, é
reconhecido por promover a supressao da resposta inflamatéria e contribuir no
reparo tecidual, uma vez que promove o processo de eferocitose (fagocitose de
restos celulares apoptoticos), secreta citocinas anti-inflamatorias (IL-4, IL-10 e IL-13)
e fatores de crescimento (TGF- e VEGF), além de amplificar as defesas
antioxidantes, contribuindo para a resolugéo do processo inflamatério (Pérez; Rius-
Pérez, 2022). Ademais, ha os macrofagos teciduais/residentes que sao parte das
primeiras células que reconhecem e respondem a determinado estimulo inflamatério.

Em uma resposta inflamatéria controlada, em que ha remocéao
eficiente do estimulo, ha evolugdo da inflamacao para a fase de resolugdo, um
processo ativo e altamente regulado (Serhan et al., 2015). A presenga de neutrdéfilos
apoptoticos associada a produgdo de PGE2 no microambiente inflamatdrio inicia o
processo de troca da classe de mediadores lipidicos predominante no tecido,
passando de mediadores lipidicos pré-inflamatérios (prostaglandinas, leucotrienos e
tromboxanos) para mediadores lipidicos pré-resolugdo (lipoxinas, resolvinas,
maresinas e protectinas) (Levy et al.,, 2001). Esses neutrdfilos apoptoticos e outros
debris celulares sdo eliminados pela eferocitose realizada por macréfagos M2,
personagens importantes na limitagado da resposta inflamatéria (Serhan et al., 2015).
Contudo, em alguns casos, a ndo remog¢ao do estimulo nocivo permite que o
processo inflamatério evolua para uma fase cronica, caracterizada pela duragao
prolongada (meses e anos), lesdo tecidual derivada da hiperativagao imune, e
constante tentativa de reparo tecidual, o que pode culminar no desenvolvimento de

processos fibréticos no tecido (Artero, 2018).
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1.2 Dor

O sistema nervoso é capaz de detectar e interpretar um vasto
numero de estimulos de natureza térmica (temperaturas nocivas), mecanica
(estimulagdo mecanica forte), quimica (acidos, carragenina e formalina) ou biolégica
(H*, ATP e bradicinina), conferindo ao individuo a capacidade de percepg¢ao de
estimulos nocivos (considerados dolorosos) e, assim, permitir a autopreservacgao
mediante situagdes que ocasionem danos teciduais (Fattori, 2016). Neste sentido, a
dor pode ser considerada um instinto humano e pode ser definida como uma
sensagao desagradavel e uma experiéncia emocional negativa, capaz de
desencadear uma resposta fisioldgica que o hospedeiro seja incapaz de ignorar.

A importancia da dor é observada quando nos referimos a individuos
incapazes de identificar estimulos nocivos, resultado de mutagbes em canais e
receptores expressos nos neurdnios nociceptivos (Katz et al., 2023), por exemplo,
impedindo respostas adequadas de aversao a determinadas situagdes de risco e
resultando em problemas como queimaduras, lesbées musculares/articulares e
sobrecarga de peso. Ainda, a auséncia da percepcédo de dor nestes individuos
impede a formagcao de uma memoria aversiva a determinada situacdo de perigo,
impossibilitando uma resposta protetiva de conservagao de regides que possam ser
afetadas por determinado estimulo doloroso (Butler; Fleming; Webb, 2006).

A Associagao Internacional para Estudo da Dor (IASP) define a dor
como “uma experiéncia sensorial e emocional desagradavel que é associada a
lesdes reais ou potenciais". Ainda, considerando o carater subjetivo da dor,
atualmente também s&o considerados o humor, a empatia, a fungdo cognitiva, a
memoria, a atencdo e a expectativa frente ao estimulo doloroso, como fatores que
podem influenciar e moldar a percepg¢ao de dor pelos individuos (Langford et al.,
2006; Smith et al., 2016; Wiech et al., 2014).

O processo de nocicepcao permite a detecgdo e transmissao de
informagdes provenientes de um estimulo de alta intensidade, com o objetivo de
identificar situagdes que representem risco a integridade tecidual. Essa detecgéo de
estimulos nocivos é feita pelos nociceptores, um subconjunto especializado de
neurdnios sensoriais pseudounipolares responsaveis por mediar o processo de
percepgao da dor e inervar densamente os tecidos periféricos (pele, articulagdes e
mucosas), permitindo-lhes interagir com estimulos ambientais. Ha4 um agrupamento

classico, baseado centralmente nas diferengcas de velocidades de condugao dos
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potenciais de agao, que classifica os tipos de fibras nociceptivas em duas principais
categorias: fibras nociceptivas A, subdivididas em Aa, AB e Ad; e fibras nociceptivas
C (Braz et al., 2014; Todd, 2010).

As fibras Aa e AB possuem maior quantidade de mielina nos
axoénios, alta velocidade de conducgao (80-120 m/s e 35-75 m/s, respectivamente) e
respondem a estimulos in6cuos em tecidos periféricos, como a pele e as
articulagdes. As fibras do tipo Ad, de condugdo meédia (cerca de 12-30 m/s),
apresentam axénios finamente mielinizados e respondem a estimulos mecanicos,
térmicos e quimicos de alta intensidade. Por fim, as fibras C, de conducéo lenta (0,5-
2 m/s), possuem axonios com auséncia de mielina e que também podem responder
a estimulos térmicos, quimicos e mecanicos de alta intensidade, sendo o principal
tipo de fibra ativada pela capsaicina, um agonista conhecido do canal TRPV1 (Braz
et al., 2014; Todd, 2010).

O corpo celular desses neurdnios aferentes primarios esta localizado
no DRG ou no ganglio trigeminal, e suas proje¢des vao para laminas do corno dorsal
da medula espinal, variando de acordo com o tipo de fibra envolvida (Braz et al.,
2014; Todd, 2010). Por exemplo, enquanto as fibras C e Ad conduzem as
informacgdes nociceptivas em direcdo as laminas superficiais de Rexed (I, Il e V) do
corno dorsal da medula espinal, as fibras mielinizadas Aa e AR transmitem as
informagdes da periferia em diregdo as laminas lll e IV (Braz et al., 2014; Todd,
2010).

De forma geral, a informagao dolorosa é transmitida pelas fibras
nervosas, no sistema nervoso periférico (SNP), em direcdo ao cortex
somatossensorial, no sistema nervoso central (SNC), através dos processos de

transducéo, transmissao, modulagéo e percepgao, ilustrados na Figura 2.
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Figura 2 - Processos e componentes fundamentais das vias de nocicepgao e dor.
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Fonte: Adaptado de Da Silva et al., 2023 e Ji, 2023.

Na etapa de transducdo, o estimulo nocivo, detectado através de
canais e receptores expressos na membrana neuronal, € convertido em sinais
quimicos teciduais, que por sua vez, sao transformados em atividade elétrica nos
neurdnios (influxo de ions como o Na* e Ca?* que resultam em potencial de agéo).
Em seguida, essa atividade elétrica é transduzida em eventos quimicos nas
sinapses (liberagdo de neuropeptideos e neurotransmissores) (Yam et al., 2018). Ou
seja, a estimulagdo de receptores ionotropicos e metabotropicos expressos na
membrana neuronal geram alteracbes em sua permeabilidade, levando a
modificagdes nas cargas ibnicas da fibra nociceptiva em uma intensidade que
ultrapasse o limiar de ativacdo, um processo denominado de “despolariza¢ao”
(Basbaum et al., 2009).

Em seguida, na etapa de transmissao, ha propagacao da informacao
oriunda da periferia, através das fibras nociceptivas, em direcdo ao corno dorsal da
medula espinal. Na medula espinal, hd comunicagao entre o neurdnio nociceptivo de
primeira ordem (periférico) e o neurbénio nociceptivo de segunda ordem (central,
localizado na medula espinal), a qual pode ser mediada por neurotransmissores

excitatorios (glutamato e acetilcolina, por exemplo), neuropeptideos (SP e CGRP) e
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citocinas (TNF-a e IL-1B) que séo liberados pelo neurdnio nociceptivo primario e
células da glia presentes na fenda sinaptica, permitindo a propagag¢ao do impulso
nervoso (Braz et al., 2014; Scholz; Woolf, 2002).

Na etapa de modulacdo, as vias descendentes controlam a
transmissao de impulsos no corno dorsal da medula espinal, conferindo mecanismos
inibitérios da dor. Outras regides centrais participam deste processo de modulagéao,
como a area cinzenta periaquedutal do mesencéfalo, a qual projeta-se
primeiramente para o bulbo rostroventral e entdo, através do funiculo posterolateral
da medula espinal, para o corno dorsal, local em que promovera a liberagado de
serotonina e encefalina, as quais atuam sobre interneurénios, inibindo a descarga
neuronal espinotaldamica. Além do mais, a ativagdo dos interneurénios inibitérios,
inclusive daqueles localizados no corno dorsal da medula espinal, contribui para a
liberagdo de GABA, glicina, canabindides e B-endorfina, por exemplo, permitindo a
limitagdo da despolarizagdo dos nociceptores ativados (Hughes; Todd, 2020; Millan,
1999; Yam et al., 2018).

A partir disso, com a propagagédo do impulso nervoso, o neurdnio
nociceptivo de segunda ordem no corno dorsal da medula espinal, um neurénio de
projecao, ira transmitir informagdes sensoriais ao neurénio nociceptivo de terceira
ordem localizado no talamo, atingindo o cértex somatossensorial através do trato
espinotalamico (Millan, 1999; Yam et al., 2018). A percepc¢ao se refere a propagagéo
da informagao referente ao estimulo inicial, por meio de sinapses no cértex
somatossensorial, que geram informagdes quanto a localizacédo e a intensidade do
estimulo nocivo. Ainda, sabe-se que também ocorrem sinapses na regido da
amigdala, uma estrutura cerebral reconhecida pelo processamento e regulagéo de
nossas emocgdes, demonstrando como o componente emocional pode influenciar
significativamente na forma como percebemos e respondemos a um estimulo
doloroso (Basbaum et al., 2009; Braz et al., 2014).

1.2.1 Dor inflamatéria

A dor pode ser categorizada baseada nos diferentes sintomas,
mecanismos e sindromes. Desse modo, a dor pode ser classificada pelo tipo
(nociceptiva, inflamatéria, idiopatica ou psicogénica), pela duragao (aguda e crbnica)
e pela severidade (leve, moderada ou severa) (Yam et al., 2018).

A dor inflamatoria é decorrente da ativagdo neuronal nociceptiva por
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1 mediadores liberados por células imunes e teciduais no foco inflamatério. Assim
2 como as células imunes residentes, os nociceptores sdo uma das primeiras células a
3 responder prontamente a patdégenos e injurias teciduais. Enquanto por um lado, as
4  células imunes liberam mediadores inflamatérios que modulam a atividade neuronal
5 e resultam em hipersensibilidade, por outro, os nociceptores liberam neuropeptideos
6 e neurotransmissores que modulam a atividade das células imunes. Ainda, durante o
7  processo inflamatério, a presenca de células imunes e a liberacdo de mediadores
8 pode reduzir o limiar de ativacdo neuronal, facilitando o impulso nervoso, um
9 processo designado de “sensibilizacdo”, melhor explicado posteriormente. Contudo,
10 com a resolugdo do processo inflamatorio, a dor tende a diminuir. Desta maneira, a
11 dor inflamatdria € um classico exemplo de interagdo neuro-imune (Figura 3).
12
13  Figura 3 — Interagdes neuro-imunes nos terminais nervosos periféricos e centrais no
14  contexto da dor inflamatodria.
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Fonte: Adaptada de Pinho-Ribeiro; Verri; Chiu, 2017; Baral; Udit; Chiu, 2020.
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Em linhas gerais, os terminais nervosos periféricos dos nociceptores
expressam uma ampla gama de receptores e canais idnicos que podem detectar os
diversos mediadores moleculares gerados pelas células inflamatérias (Pinho-Ribeiro;
Verri; Chiu, 2017). Estes receptores detectam citocinas, lipideos e fatores de
crescimento derivados do microambiente inflamatério, como € o caso do receptor da
IL-1 (IL-1R), do TNF-a (TNFR), da IL-6 (gp130), das prostaglandinas (EP1-4), do
LTBs4 (BLT1) e do NGF (TrkA), por exemplo. Apds ativacédo, estes receptores
desencadeiam cascatas de sinalizacdo que envolvem o NF-kB, a MAPK, a PI3K, a
PLC, a PKA e a PKC, por exemplo, cujas atividades modificam as propriedades de
ativacado dos canais ibnicos expressos na membrana neuronal. Dentre os canais, ha
0s membros da classe dos receptores de potencial transitorio (TRPs), como TRPA1,
TRPV1 e TRPMS8, e os canais de sédio dependentes de voltagem (Nav), que
incluem os membros Nav1.7, Nav1.8 e Nav1.9, criticos para a modulacao e indugao
da despolarizagao dos neurdnios nociceptivos (Pinho-Ribeiro; Verri; Chiu, 2017).

As células imunes presentes no foco inflamatério promovem a
liberacdo de diversos mediadores, dentre eles a IL-5, IL-6, IL-8, TNF-q, IL-1B3, ET-1,
NGF, bradicinina, serotonina, histamina, LTB4 e PGE2, os quais atuam sobre seus
receptores cognatos na membrana neuronal, levando ao aumento do disparo e
subsequente sensibilizacdo. De modo geral, a sensibilizagao neuronal se refere ao
aumento da capacidade de resposta dos neurbnios nociceptores a entrada aferente
normal ou subliminar, esta que € resultante da exposigdo prolongada a estes
mediadores pro-inflamatérios, havendo alteragbes na plasticidade neuronal,
geralmente associada ao aumento na expressdo de receptores e canais iGnicos
(Eijekelkamp et al., 2010; Ferrari et al., 2012; Marchand; Perrettl; Mcmahon, 2005).
O neutréfilo € uma das células imunoldgicas que possui papel crucial no
desenvolvimento da dor inflamatéria. Isto porque, além da rapida migracéo para o
sitio inflamatdrio, a ativacao destas células promove uma expressiva producao de
citocinas importantes para o processo de sensibilizacdo nociceptiva, como IL-18,
TNF-a e IL-33 (Verri et al., 2006). A alarmina IL-33 induz a produgéo sequencial de
mediadores inflamatorios, deste modo, a partir dela, ha producao de TNF-a que leva
a producgao de IL-6 (IL-33 — TNF-a — IL-6), que por sua vez, inicia a cascata que
dara origem a IL-1B, uma importante citocina pro-hiperalgésica que induz ativagao
de COX-2, resultando na producgéo de PGE: (IL-6 — IL-13 — PGE2) (Cunha et al,,
2005; Verri et al., 2006). Ainda, a indugdo de TNF-a pela IL-33, também induz a
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producao de CXCL1, que por sua vez, induz IL-13 e resulta na liberacdo de aminas
simpaticas, como a histamina (TNF-a — CXCL1 — IL-1B — aminas simpaticas)
(Cunha et al., 2005; Verri et al., 2006). Estas moléculas liberadas no microambiente
inflamatorio se ligam aos seus receptores especificos e ativam proteinas quinases,
as quais irao fosforilar canais idnicos e ativar/sensibilizar os nociceptores (Braz et al.,
2014; Scholz; Woolf, 2002).

Assim, resumidamente, a sensibilizagdo periférica € decorrente da
liberacdo de mediadores inflamatérios pelas células imunes no foco de leséo
tecidual, o que induz vias de sinalizacdo em nociceptores aferentes, aumentando a
sensibilidade a estimulos mecanicos e térmicos. Esta sinalizagdo induzida altera as
propriedades de condutancia da membrana, além de modular a atividade dos canais
TRP e Nav (Pinho-Ribeiro et al., 2017). De forma semelhante, a sensibilizacdo
central resulta no aumento de entradas aferentes nociceptivas, culminando em
modificagdes moleculares e bioquimicas a nivel espinal, levando a
hipersensibilidade. A sensibilizacdo periférica e/ou central leva ao surgimento da
hiperalgesia (resposta acentuada frente a um estimulo doloroso de natureza
mecanica ou térmica, por exemplo), da alodinia (resposta a estimulos naturalmente
nao-dolorosos, como o toque ou 0 movimento normal das articulagdes) ou da dor
espontanea (determinado estimulo externo é capaz de induzir a ativagdo neuronal
por si sO, como o acido acético e a formalina) (Fattori, 2016).

Todavia, as células imunes também atuam a nivel central, dentro do
corno dorsal da medula espinal, seja no terminal pré-sinaptico (DRG) quanto no
terminal pds-sinaptico (interneurénios). Na medula espinal, ha células residentes
como a microglia, uma importante célula imunolégica da glia, além de outras células
como oligodendrécitos, astrocitos e linfécitos T infiltrantes, por exemplo. Na dor
inflamatdria crénica ou neuropatica, os nociceptores podem promover a ativagao da
microglia mediante liberagdo de ATP, CCL2, TNF-a e CGRP. Por sua vez, a
ativagao desta célula glial gera mediadores inflamatérios como IL-13, TNF-a, BDNF
e PGE2, responsaveis por sensibilizar neurbnios de 12 e 22 ordem, resultando em
sensibilizagao espinal (Pinho-Ribeiro; Verri; Chiu, 2017; Ji et al., 2014). A micréglia
também promove a ativacdo de outras células gliais, como astrocitos e
oligodendrocitos, os quais passam a produzir CCL2, CXCL1 e IL-33, e assim,
também contribuem para o processo de sensibilizagao (Pinho-Ribeiro; Verri; Chiu,
2017; Ji et al., 2014).
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Deste modo, o processo de sensibilizacdo periférica contribui para o
aumento de entradas nociceptivas a nivel espinal, culminando em alteragbes na
plasticidade neuronal e resultando em sensibilizagdo espinal, um processo que

contribui para a cronificacdo da dor.

1.3 Espécies reativas de oxigénio e nitrogénio

Os organismos aerdbicos evoluiram utilizando o oxigénio como
aceptor de elétrons na respiracdo. O Oz é de suma importancia para o processo de
respiracao celular, uma vez que seu poder oxidante potencializa a conversio de
energia presente nas ligagdes covalentes das moléculas de carbono em moléculas
de ATP. No entanto, a grande capacidade oxidante do Oz pode culminar em efeitos
téxicos para a integridade celular. A redugdo do Oz nas células leva a formagao
continua de intermediarios altamente reativos que sao capazes de alterar a estrutura
e fungdo de diversas biomoléculas importantes. Estes intermediarios podem ser
classificados como radicais livres ou ndo-radicais. O grupo de radicais livres inclui o
anion superoéxido (O2*), o radical hidroxila (OH*®), o alcoxil (RO®), o éxido nitrico
(NO*) e o radical peroxil (ROO®), por exemplo, que sao caracterizados pela
presenca de um elétron ndo emparelhado. Ja o grupo de n&o-radicais, apesar de
derivados do oxigénio reativo, ndo possuem elétrons ndo emparelhados, e dentre
seus membros ha o peréxido de hidrogénio (H202), o oxigénio singlete ('O2), o acido
hipocloroso (HOCI) e o peroxinitrito (ONOO") (Buetler; Krauskopf; Ruegg, 2004).

As ERO, como o O2*, sao geradas principalmente através de
atividade enzimatica, mas também podem surgir por rea¢des de auto-oxidagao de
gliceraldeidos, FADH2, horménios e neurotransmissores (Pinho-Ribeiro, 2014).
Desta forma, focaremos na geracéo enzimatica de ERO e ERN. Em linhas gerais, as
ERO podem ser geradas por trés fontes enzimaticas principais: a ETC; pela XO; e
pela NADPH oxidase transmembrana (NOX) (Belambri et al., 2018) (llustradas na
Figura 4).
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Figura 4 — Génese enzimatica das Espécies Reativas de Oxigénio e Nitrogénio.
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Na ETC, considerada a principal fonte de ERO, a geracao de O2*
ocorre principalmente nos complexos | e lll, os quais promovem a liberagao de ERO
para a matriz e intersticio mitocondriais. O O2* é convertido através da enzima
superéxido dismutase dependente de manganés (MnSOD ou SOD2) em H202, que
por sua vez, pode atravessar a membrana externa mitocondrial passivamente e,
quando nao metabolizado pela agdo da superoxido dismutase citosolica (CuZnSOD
ou SOD1), pode promover a ativacao citosolica de fatores de transcricdo sensiveis
ao estado redox, como HIF-1a e NF-kB (Mittal et al., 2014).

A acdo da SOD mitocondrial tende a ser eficiente no controle e
neutralizacdo das ERO durante o processo de respiragcdo celular, porém, em
situagdes de estresse celular, como durante a resposta inflamatdria, ha um acumulo
de ERO mitocondrial devido ao aumento de demanda de ATP. Neste contexto, a
exacerbacao na producido de ERO pela ETC pode levar a alteragdes na homeostase
do Ca?" mitocondrial e promover a oxidagdo de componentes mitocondriais

essenciais, como a cardiopilina, um fosfolipideo dimérico com alto teor de acidos
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graxos insaturados que compde a membrana interna mitocondrial (Jing et al., 2023).
A oxidagcdo da cardiopilina altera a permeabilidade mitocondrial resultando na
formacéo adicional de ERO, levando ao dano mitocondrial, liberagdo de espécies
reativas para o citoplasma e fuga de DNA mitocondrial (mtDNA) através do poro de
transicao de permeabilidade mitocondrial e do canal anibnico dependente de
voltagem. Uma vez no citoplasma, estes agentes oxidantes, quando nao
neutralizados por enzimas antioxidantes citoplasmaticas, podem culminar em danos
oxidativos a outros componentes celulares, além de promoverem a ativagao de vias
de sinalizagao sensiveis ao redox (Jing et al., 2023).

As ERO e ERN, e alguns mediadores proé-inflamatérios, como a
bradicinina, podem promover a elevagao nos niveis de Ca?* intracelular através da
ativacao de canais e receptores que propiciem o influxo deste ion, como TRPV1 e os
receptores ionotropicos de N-metil-D-aspartato (NMDA), que promovem a elevagao
da concentragao citosodlica de Ca?* e afetam a atividade de organelas intracelulares,
como as mitocondrias. O influxo de Ca?* promove a ativagdo da PLC, a qual
hidrolisa PIP2 em DAG e IP3. DAG induz a atividade de PKC que fosforila canais
TRP, como o TRPV1, e induz influxo de Ca?*. Ja o IP3 promove secre¢do de Ca?* do
reticulo endoplasmatico via IP3R, resultando em uma liberagao adicional de Ca?* no
citoplasma (Duitama et al., 2020). O aumento citosolico de Ca?* gera disfungao
mitocondrial, com liberagdo do citocromo c e ativagado de proteases de aspartato
dependentes de cisteina, as caspases (como a caspase 3), particularmente
sensiveis ao estado redox celular, conduzindo a morte por apoptose. Além do mais,
o alto poder reativo das ERO gera injuria a componentes que mantém a integridade
celular, como as membranas fosfolipidicas, cujo dano resulta em morte celular por
necrose e inducao da resposta inflamatdria. Assim, este processo de desequilibrio
na homeostase do Ca?* intracelular, comum em situagdes de estresse oxidativo, sdo
amplamente associadas a inflamagao e neurodegeneragao (Duitama et al., 2020).

No citoplasma, a geragcdo de ERO pode ocorrer pela atividade da
XO, uma enzima soluvel de alto peso molecular importante para o metabolismo de
purinas no organismo que, de modo geral, promove a oxidagao de hipoxantina em
xantina e, entdo, em acido urico. Esta enzima pode apresentar duas isoformas, a XO
propriamente dita e a XDH. A XO catalisa a oxidagao de hipoxantina em acido urico
em uma reagao que produz O2°* e H202 a partir de O2. Ja a XDH utiliza NAD* como
cofator, resultando na redugdo de NAD em NADH™ (Shibuya et al., 2021).
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No citosol, o O2*- também pode promover a liberagédo de Fe(ll) dos
grupos Fe-S presentes em determinadas proteinas. Este aumento na concentracéo
de Fe(ll) no citoplasma favorece a reagdo de Fenton, em que H202, que ainda n&o
sofreu a atividade enzimatica da catalase, é convertido em OH* (Keyer; Imlay, 1996).
Por sua vez, o H202 também promove a elevagdo de Fe(ll) livre proveniente dos
grupamentos heme, o que favorece a geracao de OH*® (Halliwell; Gutteridge, 1986).
Ainda, a interacéo entre Oz2*- e NO culmina na formag¢ao de ONOO-, uma importante
ERN (Little et al., 2010). Enquanto as ERO promovem a oxidagdo de componentes
celulares, as ERN promovem danos nitroxidativos através das reacbes de
nitrolisagdo, em que o NO reage de forma reversivel com grupamentos tiol ou
metais, e nitracdo, em que ha introdugdo irreversivel de um ou mais grupos nitro
(NO2) em uma molécula organica. Um exemplo, € o NO derivado da iNOS que
promove nitragcdo de residuos de tiol de proteinas, resultando em alteragdes na
estrutura proteica e funcdo biolégica, como ocorre com a enzima COX-2,
aumentando sua atividade em macréfagos (Salvemini et al., 2013).

Os membros da familia NOX sao complexos enzimaticos
constitutivos ligados a membrana e consistem em diferentes subunidades, cuja
funcdo majoritaria € a producdo de ERO. Os membros desta familia variam de
acordo com a composi¢cdo das subunidades e padrdes de expressao, possuindo 7
membros no total: NOX1-5 e as oxidases duplas DUOX1 e DUOX2, importantes
geradoras de O2* e H202 pela redugdo do Oz (Kallenborn-Gerhard et al., 2022).
NOX2, originalmente identificada em neutréfilos, € um dos membros mais bem
caracterizados da familia NOX e apresenta papel essencial na resposta inflamatoria,
assim, descreveremos em mais detalhes este subtipo de NAPDH oxidase. De forma
geral, o complexo enzimatico NOX2 é composto por subunidades transmembrana,
que incluem gp91Phox e a subunidade reguladora p22°P"x (também denominados de
flavocitocromo bsss), trés subunidades citoplasmaticas que incluem p40Phox, p47phox,
p67°P"°X e a pequena proteina de ligagdo Rho GTP (Rac1 ou Rac2) (Belambri et al.,
2018; Eid et al., 2022). Em repouso, essas subunidades ficam dissociadas, porém,
mediante ativacdo, a fosforilagdo do complexo por proteinas quinases, leva a
translocacdo das subunidades citosdlicas em dire¢gdo as subunidades
transmembrana, mudanca conformacional que resulta em transporte de elétrons e
reducéo de O2 (Belambri et al., 2018).

As NOX1-4 compartilham certa homologia estrutural, uma vez que
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todos estes complexos requerem a interagdo com a subunidade reguladora p22°rhox
para produzir efetivamente as ERO. Ja NOX5 ndo requer p22°P"x g, juntamente com
DUOX1 e DUOX2, sao complexos dependentes de calcio, uma vez que apresentam
quatro locais de ligagdo para o Ca?* em sua porgdo citoplasmatica N-terminal.
Curiosamente, NOX5 é expressa apenas em mamiferos superiores, como 0s
humanos, e ausentes em ratos e camundongos (Eid et al., 2022). Sob condigbes
fisiologicas, as NOX sdao mantidas em niveis basais de ativagao, importantes para a
regulacdo da sinalizacdo redox de moléculas alvo, sendo importantes para
processos como diferenciagao, proliferacdo e apoptose celular, por exemplo.
Contudo, em condigcbes de estresse, como na inflamacgao, a constante ativacdo da
NOX contribui para a persisténcia do processo inflamatério.

Fisiologicamente, as ERO e ERN sdo mantidas em baixas
concentracbes por sistemas antioxidantes que incluem antioxidantes nao-
enzimaticos e enzimaticos. Os antioxidantes nao-enzimaticos incluem a vitamina C
(acido ascorbico), vitamina E (a-tocoferol), p-caroteno e flavondides, como a
quercetina (Maioli et al., 2015; Weydert; Cullen, 2010). E dentre os antioxidantes
enzimaticos podemos citar os trés principais tipos de antioxidantes intracelulares em
células de mamiferos: a SOD, a catalase e a GPx (Figura 4). Ha trés tipos de SOD:
a SOD dependente de cobre-zinco (Cu,ZnSOD ou SOD1), localizada no citoplasma
e nucleo, a SOD dependente de manganés (MnSOD/SODZ2), localizada nas
mitocdndrias e a SOD extracelular (EC-SOD ou SOD3), expressa extracelularmente
e distribuida na matriz extracelular de diversos tecidos (Zelco, Mariani, Folz, 2002).
Estas enzimas apresentam a fungcdo comum de dismutarem o O2*° em um
intermediario mais estavel, o H202 que pode atravessar passivamente membranas
celulares (Chaumont, 2014; Weydert; Cullen, 2010; Bienert; Zelko; Mariani; Folz,
2002). Assim, as SODs convertem o O2* em H202, enquanto as catalases e
peroxidases convertem H202 em H20 e Oz. E importante ressaltar que a atividade
antioxidante da GPx requer enzimas secundarias, como a glutationa (GSH) para
funcionar adequadamente (Weydert; Cullen, 2010).

Desta forma, em uma situacdo homeostatica, a produgdo destes
radicais livres ocorre em baixos niveis, evitando seus efeitos deletérios. Contudo, em
determinadas situagdes, como a hipdxia e o processo inflamatério, ha uma producao
e liberagao exacerbada de ERO e ERN, excedendo a capacidade antioxidante do

organismo e resultando na instauragdo do denominado estresse oxidativo. O
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estresse oxidativo pode ser definido como “um desequilibrio entre oxidantes e
antioxidantes em favor dos oxidantes, levando a uma interrupgédo da sinalizagéo e
controle redox acompanhado ou n&o de dano molecular” (Sies, 2015).

Geralmente o aumento exacerbado dos niveis de espécies reativas
€ acompanhado do surgimento de danos a componentes moleculares. Dentre os
danos mais comuns ha a peroxidacdo das membranas lipidicas, a oxidacao de
aminoacidos e lesdes ao material genético. A peroxidagao lipidica resulta da
interagcdo das ERO com as duplas ligacbes dos acidos graxos insaturados que
compdem a membrana fosfolipidica, resultando na producéo de perodxidos, que por
sua vez, iniciam uma reacao catalitica em cadeia levando a modificagbes oxidativa
das membranas e, danos a organelas intracelulares. Os aminoacidos sdo oxidados
em sua cadeia lateral, levando a formagéo de ligagdes cruzadas entre proteinas e
oxidagao da estrutura principal da proteina, resultando em fragmentacao proteica.
Por fim, os danos ao DNA derivam da reagdo entre radicais livre e bases
nitrogenadas, como a timina, no DNA nuclear e mitocondrial, levando a rupturas nos
filamentos de DNA (Kumar; Abbas; Fausto, 2005; Slimen et al., 2014).

1.3.1 As ERO e ERN no contexto de inflamacgao e dor

Além de ser a etapa inicial da produgdo das demais espécies
reativas de oxigénio e nitrogénio, a geragao do O:z°*" influencia em diversas vias de
sinalizagao celular, contribuindo significativamente para a fisiopatologia de diversas
doencas inflamatdrias, como a aterosclerose, o Diabetes Mellitus 1 e a Artrite
Reumatoide (Wang et al.,, 2004). Estudos que empregam o uso de miméticos da
SOD, como o tempol e M40403, promovem a redugao da dor e inflamagao pela
inibicado de 0O2°*, demonstrando a importdncia desta espécie reativa para o
desenvolvimento da dor inflamatéria (Yamacita-borin et al., 2015).

Durante a fase inicial da inflamagao, o aumento da producao de O2*
por células residentes e teciduais no local da injuria promove o0 aumento da
permeabilidade vascular e a ativacdo endotelial, contribuindo para o processo de
recrutamento leucocitario (Chen et al., 2011; Maitra et al., 2009; Pacquelet et al.,
2007; Sharma et al., 2009). Por sua vez, os neutrofilos e macréfagos recrutados
produzem grandes quantidades de O2°*- via NOX2 (Henderson; Chappel, 1996; Mittal
et al., 2014). Neste contexto, a NOX2 tem sua ativagao induzida pela histamina, IL-

1B, TNF-a e VEGF, por exemplo, as quais induzem a ativagado de Rac1, esta que por
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sua vez, promove a ligagdo p67°"°* ao flavocitocromo bsss, resultando na formagao
funcional deste complexo multiproteico (Mittal et al., 2014). Durante a explosao
respiratéria de neutrdfilos ativados, o H202, gerado a partir do O2°*, pode ser
convertido em acido hipocloroso (HOCI) na presenca da MPO (Lei et al., 2015),
reacao essencial para a fungao microbicida destes fagdcitos (Figura 4).

A estimulacdo de TLR4 e IL-1R desencadeia cascatas fosforilativas
semelhantes, levando a transcricdo de mediadores inflamatorios (Maitra et al., 2009;
Pacquelet et al., 2007). Através da indugédo via LPS, por exemplo, estas vias
transduzem sinais através de IRAK1/4 que ativa o complexo TAB1/TAK1, ativando
MAPKs (p38, ERK e JNK) e, em seguida, o fator AP-1. Além disso, essa via também
pode ativa IKK que fosforila a proteina inibitéria IKBa, induzindo sua ubiquitinacao e
degradagao proteassdmica, resultando na translocacado do fator NF-kB em diregéo
ao nucleo. Como resultado, a ativagdo dessa via pelo O2* leva a expressao de
diversos mediadores pro-inflamatérios (COX-2, IL-6, TNF-a e IL-1B), amplificando a
resposta imune inata (Figura 5). Ademais, a IRAK1/4 pode interagir diretamente e
indiretamente com NOX1/2, ocasionando a ativagdo de Rac1, a migragdo da
subunidade p47Phox e a fosforilagdo direta da subunidade gp91Ph°X, ou promover a
ativacao de PKC, levando a produgao de O2°* (Maitra et al., 2009; Pacquelet et al.,
2007).

Como mencionado anteriormente, a disfuncdo mitocondrial,
resultante do aumento exacerbado na producdo de ERO, leva ao vazamento de
mtDNA para o citoplasma e culmina na ativagdo de vias de sinalizagdo pro-
inflamatdrias. Como exemplo, o0 mtDNA pode ativar cGAS e ativar a via STING-NF-
KB, resultando na producdo de citocinas pro-inflamatérias. Ainda, a sequéncia CpG
hipermetilada no mtDNA é reconhecida pelo TLR9 endossomal, o qual medeia a via
do NF-kB, levando a expressao de IL-1, IL-6 e TNF-a (Jing et al., 2023). Outro ponto
interessante, € que a oxidagdo do mtDNA (OX-mtDNA) no citosol pode promover a
ativagdo de AIM2, que em conjunto com a presenga de ERO citoplasmaticas,
promove a formacdo dos complexos do inflamassoma NLRP3-ASC/Caspase-1,
culminando na clivagem e ativagcao da caspase-1 madura, com posterior geragao de
IL-1B e IL-18 (Little et al., 2012).

Nesse sentido, a XO também pode ativar a via do inflamassoma,
uma vez que gera tanto as ERO quanto o acido urico (AU), um produto de sua

reacao catalitica. De forma geral, os cristais de AU gerados pela XO podem atuar
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como alarminas, quando liberados em meio extracelular em decorréncia de um
evento necrotico, por exemplo, e assim ativar a via TLR4/MyD88/TRAF6/NF-kB,
resultando na producado de citocinas pro-inflamatérias, como a IL-13 (Nunes et al,,
2022). Ainda, o processo de internalizagdo dos cristais de AU pelo processo de
fagocitose pode ser ineficiente, uma vez que os cristais induzem desestabilizacéo
fisica das membranas lisossdmicas durante a fusdo entre vacuolo fagocitico e
lisossomo. Essa desestabilizagdo gera ruptura da membrana lisoss6mica e liberagao
de proteases para o meio intracelular, como a catepsina B, que associada ao efluxo
de K* e presenca de ERO no citosol, promove a oligomerizagdo e montagem do
inflamassoma NLRP3 (Nunes et al., 2022). Assim, a ativacdo de NLRP3 leva a
clivagem de pro-caspase 1 em caspase 1 ativa, responsavel por gerar IL-13 e IL-18
ativos (Nunes et al., 2022). A XDH também contribui para a resposta inflamatodria
promovendo o aumento de citocinas pro-inflamatérias (IL-1B8, TNF-a e IFN-y) (Cantu-
Medellin; Kelley, 2013; Kuwabara et al., 2003). Curiosamente, a atividade de
XO/XDH pode ser induzida por IFN-y e tem relagao direta com a ativacao do NF-kB,
migragao de polimorfonucleares e expressao de citocinas pro-inflamatorias (TNF-a e
IL-18) (Komaki et al., 2005), contribuindo para o estresse oxidativo.

As ERO e ERN também contribuem significativamente para o
desenvolvimento da dor patolégica. Modelos empregando doadores de anion
superéxido, como o superéxido de potassio (KOz2), demonstram que esta espécie
reativa pode promover o surgimento hiperalgesia mecanica e térmica, e
comportamentos de dor manifesta através da modulagdo imune, demonstrando a
importancia do estresse oxidativo para a fisiopatologia da dor inflamatéria (Maioli et
al., 2015; Serafim et al., 2015; Yamacita-Borin et al., 2015). Ainda, alguns trabalhos
evidenciaram que as células neuronais dos mamiferos possuem sistemas de defesa
antioxidantes enfraquecidos quando comparadas a outros tipos celulares. Além
disso, o alto teor fosfolipidico e de mitocondrias axonais tornam os neurdnios
especialmente suscetiveis as ag¢des oxidativas das ERO e ERN (Carrasco et al.,
2018). Assim, a inflamagédo contribui significativamente para a modulagido da
atividade neuronal via ERO e ERN.

As ERO podem atuar como componentes importantes da
nocicepcao e dor, visto que podem tanto ativar quanto sensibilizar nociceptores.
Sabe-se que a produgédo de O2°* mitocondrial € aumentada nas laminas superficiais

(I e ) do corno dorsal da medula espinal em modelos de dor inflamatoria e
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neuropatica (Lee et al., 2007; Park et al., 2006; Schwartz et al., 2008; Schwartz et
al., 2009). Por um lado, a ativagao de células inflamatdrias, neurdnios nociceptivos e
células da glia levam a uma maior sintese e liberagdo de O2*" e NO*® no corno dorsal
da medula espinal, amplificando o estresse oxidativo e consequentemente
auxiliando na persisténcia da dor (Milligan; Watkins, 2009). Por outro, a geracéo de
0O2* e NOO podem levar a ativacao endotelial, com aumento da permeabilidade
microvascular, estimulando o recrutamento leucocitario de polimorfonucleares e a
producao de mediadores pré-inflamatérios, eventos que contribuem de forma indireta
para o desenvolvimento e manutencdo da dor inflamatéria (Maitra et al., 2009;
Pacquelet et al., 2007), demonstrando que este processo € uma via de mao dupla
(Figura 5). Ainda, o NOO- contribui para potencializagdo de longo prazo, que se
refere ao aumento das respostas pos-sinapticas durante periodos prolongados,
decorrente da nitragdo de transportadores de glutamato, como o transportador de
glutamato 1 (GLT-1), evitando a remogao deste neurotransmissor da fenda sinaptica
e influenciando positivamente no disparo neuronal (Little et al., 2012).

Um efeito modulador chave das ERO e ERN sobre os neurdnios
nociceptivos € a capacidade de realizar modificagdes redox nos grupos tiol livres em
canais idnicos, como os canais TRP (Figura 5). Ja foram identificados seis canais
pertencentes a familia TRP que sdo particularmente sensiveis ao estado redox
celular: TRPA1, TRPC4, TRPCS, TRPV1, TRPV4 e TRPM2 (Carrasco et al., 2018).
Considerando a relevancia do TRPV1 para a fisiopatologia da dor inflamatéria e que,
dentre os canais citados, este é o que mais parece suscetivel as modificacdes redox,
o0 abordaremos com mais detalhes neste topico.

O TRPV1, também denominado de VR1 ou receptor de capsaicina, é
expresso em diversos tipos celulares e responsivo a uma ampla gama de estimulos,
como temperaturas nocivas (>43°C), baixo pH (<5,9), produtos da lipooxigenase
(LOX) e agentes quimicos, como a capsaicina e resiniferatoxina (Maximiano et al.,
2024). A oxidagao de proteinas mediada pela atividade de ERO geralmente afetam
os aminoacidos Cys, Tyr e Met. Porém, o meio mais comum pelo qual as ERO
atuam sobre os canais TRP envolve a modificacdo redox de residuos cisteina. A
cisteina (Cys) € um aminoacido que contém enxofre (S) e atua como fonte do
sistema redox tiol, funcionando como fonte de diversos antioxidantes, como GSH,
GPx e acido a-lipdico (Carrasco et al., 2018). Consequentemente, os grupos cisteina

tornam-se alvos de ERO e ERN. Neste sentido, foi demonstrado que o TRPV1
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apresenta residuos de cisteina localizados intra e extracelularmente, porém os
residuos Cys afetados por ERO parecem estar localizados preferencialmente na
porcao intracelular (Piciu et al., 2023). Metodologias eletrofisiologicas e de espectro
de massa auxiliaram na determinagdo de alguns dos residuos Cys mais afetados
pela acdo oxidante das ERO, distribuidos na porgdo N-terminal do canal (Cys391,
Cys387, Cys363, Cys258, Cys158, Cys125, Cys63, Cys73 e Cys21), na por¢ao C-
terminal (Cys716, Cys742 e Cys767) e na regido do poro do canal (Cys621 e
Cys635) (Piciu et al., 2023; Ogawa et al., 2016). Ainda, foi proposto que ha um efeito
duradouro resultante da oxidagdo do TRPV1 que se refere a formagao de ligagdes
dissulfeto intercisteina (como entre Cys23-Cys45), que parecem facilitar a ativagcao
do canal (Naziroglu; Braidy, 2017). Desta forma, o influxo de Ca?* gerado pela
ativacao do canal, contribui para a ativagao neuronal e posterior sensibilizacdo. Além
disso, as ERN também podem levar a0 aumento da expressao e atividade de
TRPV1 através do processo de nitrolisagao (Ogawa et al., 2016).

Outra forma de ativacdo do TRPV1 em neurbnios via ERO ocorre
pela ativagdo de proteinas quinases. As ERO podem induzir a translocagéo de PKCe
para a membrana plasmatica, modulando positivamente a sinalizagao via TRPV1, e
levando ao aumento de sua atividade (Kallen-born-Gerhardt et al., 2022). Tal
afirmacao foi confirmada por trabalhos que evidenciaram que animais knockout para
NOX1 apresentam hiperalgesia atenuada quando comparados a animais selvagens
(Kallen-born-Gerhardt et al., 2022). O aumento na expressdo da NOX neuronal
parece ser induzido por NGF, este que ativa Rac1 e aumenta a expressao de
gp91Pox - resultando no aumento da expressdo de TRPV1 via NOX. A via de
sinalizagao por detras deste efeito do NGF é a ativacdo da PKC e MAPK a jusante
da ativacao do TrkA, induzindo a expressao adicional de TRPV1 e subsequente
aumento de hiperalgesia mecanica e térmica (Naziroglu et al., 2020). Corroborando
com estas informagbes, antagonistas farmacoldgicos de TRPV1 suprimem a
producao de espécies reativas e citocinas pro-inflamatérias (Naziroglu et al., 2020),
evidenciando de forma consistente a importancia deste canal na dor induzida por
ERO.
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Figura 5 — As ERO e ERN na dor e inflamacéo.
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1.4 Modelo de dor e inflamacao induzido por Anion Superéxido de Potassio
(KO2)

O modelo experimental animal induzido por KO2, um doador de O2*,
foi padronizado por nosso grupo de pesquisa e tem demonstrado eficiéncia na
indugdo de parametros de dor e inflamacédo mediada por uma ERO (Maioli et al.,
2015). O KOz ¢é eficiente em promover a ativagdo neuronal e sensibilizagao periférica
e central, levando ao desenvolvimento de hiperalgesia, alodinia e dor manifesta.
Além disso, induz a ativacdo de vias de sinalizagdao, como a do NF-kB, PIsK e
MAPKs (p38, ERK e JNK), gera aumento na expressao de enzimas, como a COX-2
e, consequentemente, promove a producdo e liberacdo de mediadores pro-
inflamatdrios, como aminas vasoativas, citocinas, quimiocinas, eicosanoides, ERO e
ERN (Carvalho, 2014; Maioli et al., 2015; Lorenzo-Gonzalez et al., 2019; Pinho-
Ribeiro et al., 2016; Serafim et al., 2015; Yamacita-Borin et al., 2015). A produgao
destes mediadores promove ativacdo celular local, vasodilatacdo, aumento da
permeabilidade vascular, ativacdo de moléculas de adesao, levando ao surgimento
do edema e recrutamento leucocitario (neutréfilos e macréfagos), por exemplo.

Os parametros de dor e inflamagdao induzidos pelo KOz sao
dependentes de mecanismos que envolvem a COX-2, TNF-a e ET-1. Maioli e
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colaboradores (2015) demonstraram que o uso do inibidor seletivo de COX-2,
celecoxibe, inibe os comportamentos nociceptivos de hiperalgesia mecanica e de dor
manifesta desencadeados pela administracdo de KO2. Evidenciando que a
nocicepg¢ao induzida por este agente quimico € dependente da geragdo de
prostaglandinas via COX-2. Yamacita-Borin e colaboradores (2015) demonstraram
em seu trabalho que a injegdo de KOz induz hiperalgesia mecanica, comportamentos
de dor manifesta (contorcbes abdominais, sacudidas e lambidas de pata),
recrutamento de neutrofilos e o desenvolvimento de estresse oxidativo (aumento nos
niveis de O2*, reducdo no GSH e peroxidagao lipidica). Neste estudo, o uso de
animais knockout para TNFR1 ou aplicagao de Etanercept, um farmaco bloqueador
de TNF-a, demonstraram que o O2°* aumenta a producdo de TNF-a, induzindo o
estresse oxidativo de maneira dependente de TNFR1. Assim, o KO2 gera um ciclo
de feedback positivo em que, por um lado, o O2*" leva a producao de TNF-a, e por
outro, esta citocina desencadeia a produgao endégena desta ERO. Desta forma, o
KO2 pode promover a ativacio e sensibilizacdo neuronal via TNF-a, que pode atuar
indiretamente através da producdo de PGE: e diretamente através do receptor
TNFR1, resultando em dor. Além disso, o TNF-a induz o recrutamento de neutrofilos,
ativa sistemas geradores de ERO, como a NOX, levando a peroxidacao lipidica e
reducao nos niveis de GSH, contribuindo para o desenvolvimento da inflamacgao, dor
e estresse oxidativo. Serafim e colaboradores (2015) demonstraram que a
administracao de KO2 promove o aumento de TNF-a e IL-B, atenua os niveis de IL-
10, e induz o aumento da expressdao de mRNA para pré-pro-ET-1 (ppET-1), a ET-1
em sua forma inativa, no tecido plantar e medula espinal dos animais. Além disso, o
trabalho demonstra que o uso do antagonista misto do receptor de ET-1, bosentana,
inibe a dor e inflamacao induzidas por KOz, evidenciando a modulacado positiva de
ET-1 sobre a resposta inflamatéria e algésicas induzida pelo O2*".

O emprego de componentes antioxidantes, como flavondides,
miméticos de SOD e ditiocarbamato de pirrolidina (PDTC) promovem a redugao dos
parametros de dor, inflamacdo e estresse oxidativo em modelo experimental
induzido por KO2, evidenciando de forma consistente a importancia do O2* no
desenvolvimento da dor e inflamacao (Pinho-Ribeiro et al., 2016). Corroborando com
este estudo, a quercetina e a vinpocetina, flavondides antioxidantes padrao, também
levam a redugcdo do edema, da hiperalgesia mecanica e térmica, dos

comportamentos de dor manifesta (contorgdes abdominais, sacudidas e lambidas de
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pata), do recrutamento leucocitario (neutrofilos e macrofagos) e aumentam a
capacidade antioxidante tecidual, fortalecendo o sistema antioxidante e reduzindo os
niveis de Oz2°*, induzidos por KOz2 (Lorenzo-Gonzalez et al., 2019; Maioli et al., 2015).

Pinho-Ribeiro e colaboradores (2016) denotaram que a
administracdo de KO2 promove a degradagdo do inibidor citoplasmatico IkBa,
levando a fosforilagdo da subunidade p65 do NF-kB tanto a nivel periférico quanto
central. Por outro lado, Carvalho (2014) demonstrou que o uso de inibidores de PI3K
(wortmanina), de ERK (PD98059), p38 (SB202190), JNK (SP600125) a nivel espinal
inibe os parametros de dor e inflamagdo induzidos por KOz, evidenciando a
participacado destas vias nos mecanismos de nocicepg¢ao induzidos por este doador
de anion superoxido. Corroborando com parte destes achados, a vinpocetina inibiu a
ativagdo de NF-kB e reduziu os niveis das citocinas IL-33, TNF-a, IL-1B8 do tecido
plantar estimulado com a injecdo de KO:2 (Lorenzo-Gonzalez et al., 2019). Da
mesma forma, o tratamento com PDTC reduz a hiperalgesia mecanica, o edema, o
recrutamento leucocitario, a ativagao da via do NF-kB e a producao de citocinas pro-
inflamatorias (TNF-a e IL-18) (Pinho-ribeiro et al., 2016).

A administracdo de um agente mimético de SOD, o tempol,
apresenta efeitos semelhantes, uma vez que inibe parametros de dor (hiperalgesia
mecanica e térmica), inflamagao (edema, niveis de TNF-q, IL-1B e ET-1, e ativacéo
de astrécitos e microglias na medula espinal) e estresse oxidativo (aumenta os
niveis de fatores antioxidantes, como GSH e Nrf2, e inibe a expressao de gp91°ox)
em modelo de dor e inflamagéo induzido por KOz (Bernardy et al., 2017). Assim,
estes trabalhos demonstram que o modelo de dor e inflamacgao induzido por KO2 é

um modelo adequado para o teste de drogas potencialmente antioxidantes.

1.5 Mediadores Lipidicos Pr6-Resolugao (SPMs)

A fase resolutiva da inflamagdo € um processo ativo e tempo-
dependente orquestrado por células que promovem a biossintese de mediadores
lipidicos bioativos, que quando liberados, interrompem a sintese de mediadores pro-
inflamatérios e a migragdo leucocitaria, encerrando a resposta inflamatdria,
contribuindo para o reparo tecidual e conferindo o retorno a homeostase (Serhan;
Chiang; Dalli, 2015). Utilizando LC-MS/MS, o pesquisador Charles Serhan confirmou
e identificou uma nova classe de mediadores lipidicos capazes de resolver

ativamente a inflamagéo, os denominados mediadores lipidicos pro-resolugédo (do
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inglés - Specialized Pro-Resolving Lipid Mediators, SPMs) (Bannerberg et al., 2005;
Serhan et al., 2015). A exacerbacéo e descontrole do processo inflamatério parece
ser resultante de um desequilibrio entre os mediadores lipidicos pro-inflamatoérios
(prostaglandinas e leucotrienos) e os SPMs (lipoxinas, resolvinas, maresinas e
protectinas) (Buckley; Gilroy; Serhan, 2014; Serhan; Chiang; Van Dyke, 2008).

A primeira etapa de biossintese dos SPMs envolve a agédo da
PLA2 na hidrolisacdo da ligagdo acila na posicdo sn-2 dos fosfolipideos de
membrana, promovendo a liberacdo de um acido graxo livre, como o AA (David et
al.,, 2012). A partir disso, estes acidos graxos podem dar origem a mediadores
lipidicos de atividade pro-inflamatéria ou de atividade anti-inflamatéria e pré-
resolutiva. Dentre os mediadores pré-inflamatérios gerados, ha os metabdlitos
derivados do AA (dmega 6), comumente denominados de eicosanodides, estes que
incluem as prostaglandinas (PGs) e os tromboxanos, gerados via COX-1 e COX-2, e
os leucotrienos, gerados via 5-LOX (David et al., 2012). Contudo, mediante a troca
de classes dos mediadores lipidicos para a classe antiinflamatéria e pro-resolutiva, o
AA pode gerar os membros da familia das lipoxinas, como o LXA4, via 5-LOX ou
12/15-LOX. Ainda, outros metabdlitos podem ser gerados via acidos graxos dmega
3, como o acido eicosapentaendico (EPA), que da origem as resolvinas da série E
(RvVE), como a RvE1-RvE4, via 5-LOX ou 12/15-LOX, e o acido docosahexaendico
(DHA), que resulta na geracéo de maresinas (MaR), como MaR1 e MaR2, resolvinas
da série D (RvD), como RvD1-RvDG6, e protectinas, com PD1 e PDX, as quais podem
ser originadas via 5-LOX ou 12/15 LOX (David et al., 2012; Serhan, Chiang, Dalli,
2015; Serhan et al., 2015) (Figura 6). Outra possivel rota de biossintese para os
SPMs se trata da acetilagdo do residuo serina na COX-2, promovida pela aspirina,
reacao que promove uma alteracdo enzimatica, modificando a atividade do tipo COX
para o tipo LOX, e assim, promovendo a geragcao de SPMs (Claria; Serhan, 1995;
Fattori et al., 2020).
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Figura 6 — Visao geral da biossintese dos SPMs.
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Fonte: Autoria prépria.

De forma geral, esses mediadores lipidicos interagem
alostericamente sobre GPCRs especificos expressos em células imunes, neuronais
e teciduais, podendo agir como agonistas, inibidores ou agonistas alostéricos (Basil;
Levy, 2016; Fattori et al., 2020). Além disso, podem atuar sobre canais ibnicos, como
os canais TRP, e receptores canabindides, modulando suas fungdes bioldgicas
(Bang et al., 2010; Pamplona et al., 2012; Pertwee et al., 2012). De fato, o potencial
modulador sobre a atividade do canal TRPV1 de alguns SPMs (LxA4, RvE1, RvD1,
RvD2, RvD3, MaR1, MaR2 e PD1) ja foi descrito, conduzindo a um menor influxo de
Ca?* através do canal e, consequentemente, uma reduzida atividade neuronal,
resultando em antinocicepcédo e analgesia (Fattori et al., 2019; Fattori et al., 2022;
Park et al., 2011; Park et al., 2015; Payrits et al., 2020; Saraiva-Santos et al., 2023).

Além disso, os SPMs apresentam efeitos anti-inflamatérios e
antioxidantes que limitam o dano tecidual, promovem eliminagcdo microbiana e de
restos celulares, contribuindo para o reparo tecidual e retorno a homeostase (Basil;

Levy, 2016; Buckley et al., 2014). Dentre os efeitos proporcionados por estes SPMs
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ha: a inibicdo de vias de sinalizagdo, como a do NF-kB e da MAPK (Cardoso et al.,
2023; Fattori et al., 2019; Li et al., 2020; Lu et al., 2018; Sham et al., 2018; Xia et al.,
2017); a redugédo na producdo de mediadores pro-inflamatorios, como citocinas e
quimiocinas (Dalli, Serhan, 2012; Fattori et al., 2019; Fattori et al., 2020; Lu et al.,
2018; Park et al., 2011; Saraiva-Santos et al, 2023); atividade antioxidante
promovendo redugdo nos niveis de ERO geradas durante a resposta inflamatéria
(Cardoso et al., 2023; Piao et al., 2020; Saraiva-Santos et al., 2023); a diminui¢cao
da expressao moléculas de adeséo endoteliais, como ICAM-1 (Souza et al., 2015); a
diminuicao do recrutamento e ativagao de polimorfonucleares, assim como a inibicao
da degranulagao de neutréfilos e mastdcitos no sitio inflamatério (Bannenberg et al.,
2005; Cardoso et al.,, 2023; Fattori et al., 2019; Rajasagi et al., 2011; Rasquel-
Oliveira et al., 2023; Serhan et al., 2015); o aumento da expressao de moléculas
anti-inflamatérias, antioxidantes e fatores de crescimento (Cardoso et al., 2023; Dalli,
Serhan, 2012; Rasquel-Oliveira et al., 2023; Recchiuti et al., 2011); e a polarizagao
de macrofagos para o fenotipo M2 associada ao processo de eferocitose e eficiente
depuragao bacteriana (Rajasagi et al., 2011; Rasquel-Oliveira et al., 2023; Seki et al.,
2010; Serhan et al., 2015; Xia et al., 2017). Outra atividade interessante dos SPMs é
sua capacidade moduladora sobre a expressdo de micro-RNAs (miRNAs)
relacionados a expressdo de fatores anti-inflamatérios e inibicado de vias de
sinalizagado pro-inflamatorias, os denominados miRNAs de resolugdo. Dentre os
SPMs que ja foram descritos por regular positivamente a expressdo destes miRNAs
de resolucao, ha a RvD1 (miR-146b, miR208a, miR219 e miR-21) (Recchiuti et al.,
2012), a RvD2 (miR-146a) (Croasdell et al., 2016), a PD1 (miR-219-2) (Fredman et
al., 2012) e a PDX (miR-20a) (Jin et al., 2021).

Os SPMs podem ser produzidos endogenamente por uma ampla
gama de células e tecidos em concentragdes extremamente baixas, as quais podem
variar de picogramas a nanogramas. Abaixo, a Tabela 1 evidencia alguns dos
estudos que se propuseram a quantificar os niveis fisiolégicos de alguns membros
dos SPMs em diversas células, tecidos e liquidos bioldgicos, sobretudo em amostras
humanas (individuos saudaveis e sem suplementacdo com 6mega 3). Dentre as
técnicas amplamente utilizadas para mensuracéao destas moléculas ha a LC-MS/MS,
UPLC MS/MS e ELISA, por exemplo, que apesar de serem métodos altamente
sensiveis, possuem dentre suas limitagcoes a incapacidade de deteccdo dos SPMs a

niveis muito baixos, cuja quantidade infima ndo atinge o limite de detecgdo dos
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aparelhos (~0,1-15 nM) (Calder et al., 2020; Kutzner et al., 2019; O’donnel et al.,

2023). Tal fato poderia explicar a escassez de dados que demonstrem a produgao

endogena em animais de laboratério, como ratos e camundongos, uma vez que

estas espécies produzem concentragcdes inferiores de SPMs em comparagdo aos

humanos.

Tabela 1 — Concentragdes fisiologicas de SPMs produzidos endogenamente.

Célula, tecido ou Espécie SPM Faixa de Referéncia
liquido biolégico concentragao
Plaqueta Humano LXA4 4,6 ng/mL Serhan et al., 1990
LXA4 4,6 ng/mL
Neutrofilo Humano RvE1 1-3 nM/1x108 Serhan et al., 1990
RvD5 cells Mainka et al., 2022
PDX
Eosindfilo Humano PD1 40-100 pg/mL Levy et al., 2007
LXA4 McCauley et al.,
RvD1-2 2014
Macrofago Humano RvD5 | 0,1-300 nM/mL | Calder et al., 2020
MaR1
PD1
LXA4 Mainka et al., 2022
Humano RvD1 10-100 nM/mL
Linfocito B PDX
Camundongo LXA4 10-100 nM/mL | Mainka et al., 2022
PDX
RvD1-2 Mainka et al., 2022
Linfécito T Humano MaR1 0,1-10 nM/mL
PD1
LXA4 Lukiv et al., 2005
Neurbnio Humano RVD1 20-300 pg/mg Wang et al., 2015
PD1 de proteina
RVE1
Nervo vago Humano RvD3-5 3-45 pg/mL Serhan et al., 2018
MaR1
PD1
LXA4 Colas et al., 2014
Orgéaos linféides Humano RVE3 1,9-114,3/10 Calder et al., 2020
(linfonodos e RvD1 mg de tecido
baco) RvD5-6
Tecido adiposo LXA4 10-20 pg/g de Claria et al., 2013
subcutaneo Humano RvD1-2 tecido
PD1
Tecido Humano LXA4 100-200 pg/g Claria et al., 2013
subcutaneo PD1 de tecido

perivascular




a A WO N -

47

RvD1-2 1-100 pg/mg Keelan et al., 2015
Placenta Humano PD1 de tecido
PDX
Pneumdcitos Camundongo PD1 100 pg/mg de Levy et al., 2007
PDX tecido
Células epiteliais Humano LXA4 380 pg/mL Planaguma et al.,
pulmonares 2010
RvD1-2 Chiang; Serhan,
Pele Humano MaR1 | 0,3-3,8 pg/g de 2020
PD1 tecido Torocsik et al., 2019
LXA4
RvE1-3 Mas et al., 2012
RvD1-3 Colas et al., 2014
Plasma Humano RvD5-6 | 1-2500 pg/mL | English et al., 2017
MaR1 Arita et al., 2015
PD1
PDX
RvD1-2
Soro Humano RvD4 0,2-27 ng/mL Chiang; Serhan,
MaR1 2020
PD1
Liquido Humano LXA4 300 pg/mL Wang et al., 2015
cerebrospinal RvD1
LXA4
Fluido sinovial Humano RvD5 10-40 pg/mL Giera et al., 2012
MaR1
Condensados LXA4 10-200 pg/mL
exalados na Humano RvD1-2 de lavado Singh et al., 2019
respiracao PD1 broncoalveolar Levy et al., 2007
PDX
LXA4 Weiss et al., 2013
RvE1-3 Arnardottir ef al.,
Leite materno Humano RvD1-6 4,3-449,9 2014
MaR1 pg/mL English et al., 2017
PD1
RvE1
Saliva Humano RvD1 87,6-320 Elabdeen et al.,
MaR1 pg/mL 2013
PD1
RvD1-2 Masoudi et al., 2017
Lagrima Humano RvD5 |1,61-7,6 ng/mL | English et al., 2017
PD1

Fonte: Autoria prépria.

Em algumas doencas, geralmente de cunho inflamatério e/ou

infeccioso, a desregulacao na produgao endoégena dos SPMs parece ter papel chave

na fisiopatologia e desenvolvimento do quadro patolégico. Alguns autores

evidenciam em seus estudos que em determinados quadros, como na doenca de
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Alzheimer (Lukiv et al., 2005; Wang et al., 2015), na tuberculose (Shivakoti et al.,
2020), na asma (Levy et al., 2007; Singh et al., 2019), na periodontite (Elabdeen et
al., 2013; Tobon-Arroyave et al., 2019), na obesidade (Polus et al, 2016) e na
dermatite atépica (Torocsik et al., 2019), os pacientes diagnosticados apresentam
aumento nos niveis séricos de SPMs (LXA4, RvE1-3, RvD1-2, RVD4-6, MaR1-2,
PD1 e PDX) em comparagéao com individuos saudaveis. Nestas condigdes, podemos
supor que a biossintese aumentada de SPMs pode ter como objetivo um mecanismo
compensatorio do organismo, o qual vise limitar a resposta inflamatoéria hiperativa e,
consequentemente, o dano tecidual. Por outro lado, alguns trabalhos descrevem a
reducao nos niveis séricos de SPMs (LXAs4, RvE3, RvD1-4, MaR1, PD1) em
pacientes com meningite tuberculosa (Colas et al., 2019), esclerose multipla (Kooji et
al., 2020), artrite reumatéide (Arnardottir et al., 2016; Jin et al., 2018; Sun et al.,
2020), fibrose cistica (Isopi et al., 2020) ou infectados por SARS-CoV-2 (Schwarz et
al., 2020). Adicionalmente, trabalhos da literatura evidenciam que pacientes
saudaveis desafiados com LPS ou pacientes sépticos regulam negativamente a
producdo de SPMs (RvE1, RvD1-2), sugerindo que a exposi¢do do hospedeiro a
componentes microbianos pode interromper a biossintese destes mediadores pro-
resolutivos, facilitando o desenvolvimento e manutencao da infecgdo (Dalli et al.,
2017; Norris et al., 2018). Assim, nestes quadros, por exemplo, seria primordial para
um melhor desfecho clinico, uma suplementagédo da dieta com acido graxo 6mega 3
ou tratamento farmacolégico com membros dos SPMs em doses mais concentradas.
Outro aspecto relevante em relagdo ao uso farmacolégico dos SPMs, é o de que
estas moléculas sdo empregadas na fase da inflamagdo em que ha predominio de
mediadores pro-inflamatorios (citocinas, radicais livres e eicosandides), e ao atuar
sobre células imunes e teciduais, modularia suas fungdes e levaria a expressao de
moléculas antiinflamatérias e antioxidantes, limitando “precocemente” a potencial
acao danosa das células imunes e de moléculas pro-inflamatdrias, além de contribuir
para o reparo tecidual.

Os SPMs sdo autacoides, substancias fisiologicamente ativas
derivadas da atividade enzimatica, com efeito usualmente local e agdo de curta
duracao. Em linhas gerais, os poucos trabalhos presentes na literatura que abordam
a farmacocinética de alguns membros dos SPMs demonstram que esta classe
apresenta meia-vida relativamente curta, metabolizacao hepatica e excregao por via

renal e/ou pulmonar.
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Yallepeddi e colaboradores (2021) demonstraram que a RvD1
administrada via intravenosa possui meia-vida plasmatica de aproximadamente 4,77
horas em camundongos, com niveis indetectaveis apds 8 horas, mas detectaveis em
tecidos, como a glandula salivar submandibular, dentro de 5 minutos apos a
administracao deste SPM. Corroborando com este trabalho, Irin e colaboradores
(2023) demonstram um perfil farmacocinético semelhante relacionado a outros
SPMs (MaR1-2, RvD5, PD1 e PDX), em que a suplementacdo de individuos
saudaveis com uma emulsdo de Omega-3 gera o aumento da concentragéo
plasmatica destes SPMs, com posterior declinio da concentragdo de forma tempo-
dependente. Neste estudo, a avalicdo dos niveis plasmaticos destes SPMs 3, 6, 9,
12 e 24 horas apos suplementagcdo demonstrou que o pico de concentragao ocorre
na terceira hora e decai linearmente ao longo do tempo. Por exemplo, a
concentracao plasmatica de MaR2 atinge a faixa dos 39 pg/mL na terceira hora apoés
suplementagao, reduzindo para 23.08, 3.23, 2.81 e 1.74 pg/mL na 62, 92, 122 e 24°
hora apods suplementagdo, respectivamente, evidenciando a curta meia-vida
plasmatica destes SPMs (Irun et al., 2023).

Contudo, apesar da meia-vida curta, alguns estudos demonstraram
que uma unica administracdo de SPMs, como MaR1 e RvD1, pode conferir efeito
analgésico de horas (até 15 horas apds tratamento) (Zaninelli et al., 2022) até dias
(3-5 dias apds tratamento) (Fattori et al., 2019), um periodo consideravelmente longo
quando comparado a meia-vida plasmatica curta destes SPMs. Possiveis
explicacdes para este efeito a relativo longo prazo envolvem a capacidade de alguns
SPMs em promover o aumento da expressdao de miRNAs de resolugao nas células,
amplificando a producdo de agentes antiinflamatorios e antioxidantes que possam
inibir a ativagcdo de neurdnios nociceptivos, assim como induzir uma producao
adicional de si préprio e também de outros SPMs, como é o caso da RvD1, que pode
contribuir para sua proépria produgao e também de LXA4 (Bathina, Das, 2021).

Os SPMs podem ser metabolizados por células hepaticas, através
de vias de w ou B oxidagdo. Na via de w-oxidagao, ha oxidagdo do carbono-w, o
mais distante do grupo carboxila do acido graxo, enquanto o processo de 3-oxidagao
envolve a oxidacdo do carbono-B. Dentre os trabalhos que melhor descrevem o
processo de metabolizagdo dos SPMs, ha o de Balas e colaboradores (2019), que
aborda a metabolizacdo de PD1 via w- e [B-oxidacdo, e o de Reinertsen e

colaboradores (2023) que demonstram a metabolizagdo de RvE4 via w-oxidagéo.
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Em linhas gerais, nos hepatdcitos, a PD1 bioativa sofrera oxidagdes
sequenciais promovidas pelas enzimas CYP450 e oxidorredutases eicosandides,
como a 12-hidroxidesidrogenase, levando a geracdo de metabdlitos até alcancgar a
forma inativa. Primeiramente, a PD1 é convertida em 22-OH-PD1, que em seguida, é
metabolizado em 22-COOH-PD1 via w-oxidagdo. A partir disso, os préximos
metabdlitos sdo gerados via da B-oxidagao, isto porque as oxidagbes passam a
ocorrer na cabega polar da PD1. Como produtos, s&do gerados os metabdlitos
inativos de PD1, o dinor-PD1 (C18) e tetranor-PD1 (C20), ja sem qualquer agao
bioldgica, sendo excretados posteriormente pelo organismo (Balas et al., 2019). De
forma semelhante, Reinertsen e colaboradores (2023) propuseram que a
metabolizacdo de RvE4 ocorre somente pela via da w-oxidagdo, com geragao
sequencial de 20-OH-RvE4, 20-COOH-RVE4, e por fim, o metabdlito inativo 20-
OXO-RvE4. Ja foram identificados outros metabdlitos inativos gerados por w-
oxidagao, como 18-OXO-LXA4, 18-OXO-RvE1, 8-OXO-RvD1 e 16-OX0O-RvD2
(Reinertsen et al., 2023).

Por fim, em relagdo a via de excre¢cdo dos SPMs, alguns trabalhos
apontam uma possivel eliminagdo renal e pulmonar. Empregando o uso de
espectrometria de massa, Sasaki e colaboradores (2015) detectaram a presenga de
alguns SPMs na urina de pacientes saudaveis (RvD1, RVE2 e LXA4), além de seus
metabdlitos inativos, sugerindo que a excregado destes SPMs ocorre por via renal.
Supde-se que outros SPMs e seus metabdlitos inativos, como a PD1 e PDX,
também sejam excretados de forma semelhante, mas que a concentragcédo
extremamente baixa na urina possa impedir a detecgdo pela metodologia utilizada.
Ainda, alguns estudos apontam a presengca de SPMs como PD1 (100 pg/mL), PDX
(100 pg/mL), LXA4 (200 pg/mL), RvD1 (10 pg/mL) e RvD2 (20 pg/mL) em amostras
de condensados exalados da respiragdo (EBC), sugerindo que alguns SPMs podem
ser excretados através da via respiratoria (Levy et al., 2007; Singh et al., 2019).

Desta forma, os SPMs sao imunorresolventes de curta acao
importantes na regulagdo da resposta inflamatéria, contribuindo significativamente
para o restabelecimento da homeostase tecidual apds injuria. A curta meia vida e
eficiente metabolizacdo tornam o uso farmacolégico dos SPMs seguros em
comparagao com antiinflamatérios ndo esteroidais (AINEs), por exemplo, tanto a
curto quanto a longo prazo de tratamento, como ja demonstrado em alguns
trabalhos (Saraiva-Santos et al., 2023; Cardoso et al., 2023).
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1.5.1 Protectina DX

A familia das protectinas (PDs) € composta por dois membros
principais, a Protectina D1 (PD1/NPD1), e seu isbmero, a Protectina DX (PDX).
Durante a biossintese destes dois mediadores, originados a partir do DHA, a enzima
15-LOX promove uma primeira hidrélise, levando a clivagem de 16(S),17(S)-ePD
epoxi na regido estereosseletiva C10, o que resulta na formagao do trieno 11E, 13E,
15E, a PD1 (Hansen et al., 2018; Mukherjee et al., 2004). Uma subsequente reagéo
de lipoxigenacado, em que ha ataque ao carbocation alélico transitorio, e tem como
resultado a formacao de 11E, 13E, 15Z, a PDX (Mukherjee et al., 2004; Hansen et
al., 2018). Outra diferenga interessante entre estes dois membros da familia das
protectinas, € que, em decorréncia da diferenca estrutural, a PD1 e PDX ndo atuam
sobre o mesmo receptor. Enquanto a PD1 ja possui seu receptor especifico
identificado, o GPR37, o receptor especifico da PDX ainda permanece desconhecido
(Rasquel-Oliveira et al., 2023).

Apesar de diferentes, estes SPMs apresentam caracteristicas anti-
inflamatodrias e pro-resolutivas em comum, contribuindo para a limitagao do processo
inflamatorio e promogao do reparo tecidual (Hong et al., 2014; Li et al., 2014; Piao et
al., 2020; White et al., 2014). Curiosamente, a mucosa do trato respiratério parece
ser enriquecida com DHA, havendo uma atividade importante de PDs durante
infecgdes respiratorias virais, por exemplo. Tanto a PD1 quanto a PDX respondem
eficientemente contra cepas do virus influenza (H5N1), demonstrando capacidade
antiviral ao inibir a replicagado viral em células imunes e do tecido pulmonar. O
mecanismo de agado antiviral envolve a interferéncia direta destes SPMs sobre a
maquinaria de exportacdo do RNA viral, limitando a infec¢do pelo virus da gripe
(Baillie, Digard, 2013; Fortin et al., 2024; Imai, 2015; Morita et al., 2013).

A PD1, também denominada de neuroprotectina 1 (NPD1) é o
membro mais conhecido e melhor caracterizado das PDs. Dentre seus efeitos sobre
a resposta inflamatéria, a PD1 pode promover a redugdo de parametros como o
edema, recrutamento e atividade de células polimorfonucleares e niveis de citocinas
pro-inflamatérias (TNF-a, IL-6 e IFN-y), além de estimular a eferocitose e a
depuragao bacteriana por macréfagos (Li et al., 2014; Hong et al., 2014; Wu et al.,
2021). A PD1 também demonstra eficiente potencial analgésico. Em modelo de dor

neuropatica induzida por hérnia de disco lombar n&do compressiva, a administragao



o N oo o0~ W N -

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

52

de PD1 reduz a expressao de CGRP na medula espinal, conferindo diminuicdo na
hiperalgesia mecanica e térmica (Zhu et al., 2024). Estes dados corroboram com
estudos anteriores que demonstraram a PD1 pode regular a atividade de células da
glia, como astrocitos e microglia, atenuando a dor inflamatoria a nivel espinal (Hong
et al., 2014; Park et al., 2011). Ainda, Park e colaboradores (2011) foi o primeiro
trabalho que demonstra a modulagédo do canal TRPV1 por um membro da familia
das protectinas. Neste artigo, o tratamento com a PD1 bloqueou o aumento da
frequéncia de correntes pds-sinapticas excitatdrias espontaneas (sEPSC) evocados
por TNF-a e capsaicina, além de inibir de forma eficiente a corrente via TRPV1
induzida pela capsaicina em neurdnios DRG. Este efeito inibitério sobre o TRPV1
conferiu uma reducdo nos parametros de dor analisados, demonstrando que a PD1
pode modular a atividade deste canal e promover analgesia em modelo de dor
inflamatoria (Park et al., 2011).

A PDX também tem demonstrado propriedades anti-inflamatdrias,
antioxidantes e pro-resolutivas interessantes em modelos de inflamagdo. A
capacidade anti-inflamatéria da PDX explorada até o momento tem sido amplamente
demonstrada em modelos de lesdo pulmonar e sepse. Em modelo de lesao
pulmonar induzida por LPS, o tratamento com PDX inibiu o recrutamento leucocitario
(neutrdfilos e macréfagos) ao reduzir a expressao de MCP-1, MIP-2 e TNF-a (Ye et
al., 2020). Um outro modelo de lesdo pulmonar induzida por LPS demonstrou efeitos
anti-inflamatdrios semelhantes, em que a PDX reduziu o edema pulmonar, os niveis
de mediadores pro-inflamatérios  (IL-18, IL-6, TNF-a e MIP-1a), e
consequentemente, inibiu a infiltracao leucocitaria, além de regular positivamente a
expressao de IL-10 (Tan et al., 2018). Em modelo de sepse, a PDX aumentou a taxa
de sobrevivéncia e atenuou a lesdo de multiplos 6rgdos em camundongos sépticos,
favorecendo a depuracao bacteriana e reduzindo os niveis de citocinas pro-
inflamatdrias. Ainda, o tratamento com este SPM promoveu a polarizacdo de
macrofagos para o fendtipo M2 (Arg1 e Ym1) no peritonio (Xia et al., 2017),
demonstrando importante efeito pro-resolutiva.

Grande parte dos trabalhos que demonstram o perfil antioxidante da
PDX empregam metodologias in vitro. Por exemplo, em um modelo in vitro de
estresse oxidativo endotelial estimulado com H202, o tratamento com PDX promoveu
o aumento de expressao de SOD2 e catalase, atenuando a producdo de ERO

(Hwang et al., 2019). Em outro trabalho, empregando uma cultura de neutrofilos
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humanos induzidos por forbol 12-miristato-13- acetato (PMA) e pelo peptideo N-
formil-Met-Leu-Phe (fMLF), o tratamento com PDX inibe o O2°*" produzido via NOX,
uma vez que inibe p47°P"ox e retarda a formagdo do complexo multiproteico funcional
(Liu et al., 2014). Além disso, este estudo demonstrou que a PDX inibe a liberagao
de MPO pelos neutrdfilos, reduzindo a capacidade oxidante destas células, além de
diminuir a producao de prostaglandinas via COX-1 e COX-2, demonstrando eficiente
efeito antioxidante e anti-inflamatdrio (Liu et al., 2014). Em cultura de
condrocitos primarios de ratos estimulada com IL-13, a PDX reduziu a via de
sinalizacao do NF-kB, a expressdao de NO, PGEz, iINOS e COX-2, metaloproteinase
3 (MMP-3), metaloproteinase 13 (MMP-13), e colageno Il em condrdcitos,
demonstrando efeito anti-inflamatério, antioxidante e de protegéo tecidual importante
(Piao et al., 2020). Neste mesmo estudo, também foi empregado um modelo de
progressao da osteoartrite in vivo, em que a PDX inibiu a degradacao articular e
promoveu a reducao dos niveis de TNF-a no soro dos animais, demonstrando efeito
protetor (Piao et al., 2020). Outra analise feita in vivo empregou a PDX em um
modelo de DM1 e DM2. Neste estudo, a administracdo PDX reduziu o peso corporal
dos animais, restaurou os niveis glicémicos, aumentou a defesa antioxidante ao
elevar os niveis de catalase, SOD e GSH, levando a menores quantidades de LPO e
NO no plasma, além de reduzir os niveis de IL-6 e TNF-a, demonstrando potente
efeito antioxidante e anti-inflamatério em um modelo in vivo (Rengachar et al., 2022).

Recentemente, a PDX também demonstrou atividade modulatoria
sobre o inflamassoma NLRP3 (Jin et al., 2021). Em modelo de artrite reumatoide
induzida por colageno (CIA), o tratamento com a PDX atenuou a lesao articular,
reduziu o edema, inibiu a producéo de citocinas pro-inflamatérias (TNF-a, IL-183, IL-
18, IL-6 e IL-17A), induziu a produgao de citocinas anti-inflamatérias (IL-10 e TGF-B)
e restabeleceu o equilibrio de células Th17/Treg, expandindo a proporgéo de células
T regulatérias em comparagao com a populagao de células Th17 nos animais com
artrite reumatoide (Jin et al., 2021). Além disso, in vitro, a PDX reduziu os niveis de
MmRNA e a proteina de NLRP3, de IL-1B e de CASP-1, demonstrando um novo
mecanismo antiinflamatoério associado a este SPM em modelo de artrite (Jin et al.,
2021).

Contudo, o potencial analgésico da PDX tem sido pouco explorado
na literatura. Dentre os trabalhos que demonstram resultados consistentes, ha o de

Zhao e colaboradores (2021). Neste estudo, os autores investigaram o potencial
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analgésico da PDX em modelo de dor radicular lombar de hérnia de disco lombar
nao compressiva. O tratamento com a PDX atenuou a hiperalgesia mecanica e
térmica, efeito que parece relacionado a diminuicdo da expressdo de mRNA para IL-
6 e IL-1B, e aumento da expressdo de mRNA de TGF-B (Zhao et al., 2021). Em
relagdo a modulacdo da PDX sobre canais importantes para a ativacdo e
sensibilizagdao neuronal, como o TRPA1 e TRPV1, ha auséncia de dados que
demonstrem tal propriedade. Assim, ha necessidade de mais estudos que possam
investigar e elucidar seu potencial analgésico.

Em linhas gerais, SPMs como a PDX podem ser uma nova
alternativa terapéutica para o tratamento da dor e inflamagao. Contudo, muitos dos
trabalhos que contemplam os efeitos antioxidante da PDX s&o realizados in vitro.
Além disso, ha escassez de trabalhos que contemplem e tentem elucidar seu
potencial e mecanismo analgésico. Desta forma, nosso objetivo foi o de avaliar, in
vivo, o potencial analgésico, anti-inflamatério e antioxidante da PDX em modelo de

dor e inflamacgao desencadeado por uma ERO.
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2. OBJETIVOS

2.1 OBJETIVO GERAL
Avaliar o potencial analgésico, anti-inflamatério e antioxidante da
PDX em modelo de dor e inflamagéao induzido por superoxido de potassio (KO2), um

doador de anion superoxido, em camundongos.

2.2 OBJETIVO ESPECIFICO

Avaliar o efeito PDX:
e Na hiperalgesia mecénica e térmica em modelo de dor e inflamagéo induzido
por KOz;
¢ Na alodinia mecanica em modelo de dor e inflamacéao induzido por KOz;
e No desbalango na distribuicdo de peso sobre as patas traseiras dos animais
em modelo de dor e inflamagao induzido por KOz;
e Nos comportamentos nociceptivos de dor manifesta (contorgdes abdominais,
lambidas de pata e tempo gasto lambendo a pata) em modelo de dor e
inflamacgéao induzido por KOz;
e Na alteragdo da sensibilidade mecanica e térmica basal dos animais, na
auséncia da injecao de KOz;
¢ Na atividade locomotora dos animais, na auséncia da injegdo de KOz2.
e No recrutamento leucocitario para o tecido plantar em modelo de dor e
inflamacé&o induzido por KOz2;
¢ Na produgao de citocinas proé-inflamatérias (TNF-a e IL-1B) em modelo de dor e
inflamacgéao induzido por KOz;
e Nos parametros de estresse oxidativo em modelo de dor e inflamagao induzido
por KOz;
e Na ativagcao do canal ibnico TRPV1 no DRG em modelo de dor e inflamagao
induzido por KOz;
¢ Na ativacao de neurbénios no DRG em modelo de dor e inflamacgao induzido por
KO:a.
e Na atividade da MPO estomacal e nos niveis plasmaticos de ALT, AST,

creatinina e ureia em modelo de dor e inflamagao induzido por KOz2.
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Abstract

Objective and design: This study aimed to evaluate the analgesic, anti-inflammatory and
antioxidant effect of PDX in KO;-induced inflammation and pain in mice.

Treatment: PDX at 1, 3, or 10 ng doses or vehicle (sterile saline) was administrated i.p. 1
hour before i.pl. or i.p. KO (30 pg) or vehicle (sterile saline) injection.

Methods: After KO> or vehicle injection, we determined the mechanical hyperalgesia
(electronic version of the von Frey filaments), thermal hyperalgesia (hot plate test and
Hargreaves test), mechanical allodynia (manual version of von Frey filaments), weight
distribution (static weight bearing), and overt pain-like behaviors (abdominal writhings,
flinches and licking time). Additional behavioral experiments, without the KO, injection,
were made to assess mechanical (electronic version of the von Frey filaments) and thermal
(hot plate test and Hargreaves test) sensitivity and locomotor activity (rotarod test). Immune
cell recruitment was determined by histological and immunofluorescence analysis. Cytokine
production (IL-1f and TNF-a)) was assessed by ELISA. The antioxidant effect was evaluated
by NBT, ABTS, FRAP, GSH, and catalase assays. TRPV1 and pNF-kB activation in the
DRG was assessed by immunofluorescence method. Toxicity biomarkers (ALT, AST, urea,
creatinine and MPO) were measured to determine the safety of acute PDX administration.
Results: PDX reduced KO»-induced mechanical hyperalgesia, thermal hyperalgesia and
mechanical allodynia. PDX also decreased the overt-pain like behaviors and attenuated the
unbalance in body weight distribution over the hind paws. This effect proved to be essentially
analgesic, since treatment with PDX did not affect the normal mechanical and thermal
sensitivity or locomotor activity of the mice. PDX inhibited KO:-induced leukocytes
recruitment, pro-inflammatory cytokines IL-1 and TNF-a production, and the oxidative
stress. In addition, we observed that PDX reduced KO»-induced TRPV1 activation, as well
TRPV1 co-staining with pNF-«xB, indicating reduction of neuronal activation, demonstrating a
new analgesic mechanism about this SPM. Acute treatment with PDX did not alter the plasma
levels of ALT, AST, creatinine, and urea, and the activity of stomach myeloperoxidase,
demonstrating the safety of administering this SPM.

Conclusion: PDX presents safe analgesic, anti-inflammatory and antioxidant activity in

experimental model of pain and inflammation triggered by a ROS.

Key-words: Specialized pro-resolving mediators; Reactive oxygen species; Pain;

Inflammation; Protectins.
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1. Introduction

The inflammatory response is an innate immune mechanism that provides the first
defense of the organism against a nocifensive stimulus and tissue damage. Pathogens or
products derived from tissue injury, such as ATP, formylated peptides, and IL-33, lead to the
activation of pattern recognition receptors (PRRs) expressed on immune cells, neurons, and
other tissue cell types, promoting the production and secretion of pro-inflammatory mediators
in the microenvironment [1-4]. The PRRs activation in resident immune cells, such as mast
cells, dendritic cells, and tissue macrophages, culminates in the activation of nuclear factor
kappa B (NF-xB) [5,6]. NF-xB pathway activation results in the translocation of this factor to
the nucleus and subsequent transcription of pro-inflammatory cytokines (IL-13, TNF-a, IL-6
and IL-8), adhesion molecules (E-selectin, ICAM-1 and VCAM-1), lipid mediators derived
from cyclooxygenase (COX) and lipoxygenase (LOX), such as prostaglandins and
leukotrienes, and increased production of reactive oxygen (ROS) and nitrogen (RNS) species
[4-6]. These factors orchestrate the cellular and vascular characteristic events of the initial
phase of inflammation, such as vasodilation, increased vascular permeability, endothelial
activation, and leukocyte recruitment.

Molecular oxygen (O2) is constantly reduced during cellular respiration into reactive
oxygen intermediates (ROI), such as superoxide anion (O2*’). The generation of this ROS
occurs mainly through the mitochondrial electron transport chain (ETC) and the enzymatic
activities of xanthine oxidase (XO) and NADPH oxidase (NOX) [7-9]. These ROS-generating
systems promote the reduction of an oxygen electron, resulting in the successive production
of O2*, hydrogen peroxide (H20>), and hydroxyl radical (OH®). In addition, the O2°* can react
with nitric oxide (NO) to form peroxynitrite (ONOQO") [9, 10]. In physiological conditions, the
generation and action of ROS are mainly controlled by endogenous enzymatic antioxidant
systems, which include superoxide dismutase (SOD), catalase and glutathione peroxidase
(GPx), for example [11, 12]. The SOD enzyme dismutes O*" into H>O», while catalase and
GPx convert H2O2 into H2O and O [11, 12]. Therefore, these enzymes promote the rapid
dismutation of highly reactive components into more stable species that are less damaging to
cellular components.

However, in some cases, such as during the inflammatory response, the inflammatory
mediators (IL-1pB and TNF-a) release and inflammatory cells (neutrophils and macrophages)
activation generates an exacerbated production of ROS, exceeding the antioxidant capacity of

the organism. This imbalance between oxidant and antioxidant agents is termed oxidative
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stress. Excess ROS causes damage to several cellular components, such as lipids, proteins,
and nucleic acids. In the tissue microenvironment, in response to inflammatory stimuli,
neutrophils, and macrophages produce large amounts of O>* via NOX2 activation, in an NF-
kB-dependent manner [6,8,13]. The generation of ROS in the phagolysosomes of these
phagocytes is essential for an effective microbicidal response. However, at elevated levels,
these reactive species can reach the cytoplasm, promoting additional ROS production and
resulting in intracellular pathways activation that produce pro-inflammatory mediators, such
as cytokines, chemokines, and lipid mediators [14, 15, 16]. Thus, O2* can promote
endothelial activation, edema formation, leukocyte recruitment, and the development of
hyperalgesia [17-19].

The presence of neutrophils in the inflammatory focus and the production of ROS by
these cells is closely related to the development of inflammatory pain. As well as generating
ROS, these polymorphonuclear cells produce significant levels of IL-1B, TNF-a, and IL-33,
contributing to the inflammatory response [20, 21]. The production of IL-33 initiates a
sequential cascade for the generation of prostaglandins, a mediator capable of sensitizing
nociceptive neurons. In general, IL-33 stimulates the production of TNF-a, which generates
IL-6, which in turn promotes the production of IL-1f3, which, via stimulation of COX-2,
produces PGE> [20, 21]. These mediators, including the ROS, promote the activation of
protein kinases such as PKA, PKC, and MAPK, which phosphorylate ion channels such as
TRPAL1 (Transient Receptor Potential Channel Ankyrin 1) and TRPV1 (Transient Receptor
Potential Channel Vanilloid 1), increasing their expression and activity and contribute to the
activation and sensitization of nociceptors [22,23].

A crucial modulatory effect of ROS on nociceptive neurons is their ability to produce
redox modifications in the free thiol groups in Transient Potential Receptor (TRP) channels,
such as TRPV1 [24]. Since its discovery, TRPV1 has been linked directly to pain. TRPV1 is a
capsaicin-responsive thermosensitive channel widely expressed in nociceptor C-fibers whose
cell bodies reside in the dorsal root ganglion (DRG) and innervate tissues such as the skin
[25]. ROS can generate redox modifications on cysteine residues present in the intra- and
extracellular portions of TRPV1, resulting in its activation, with subsequent influx of Ca®"
through the pore and neuronal activation [26]. To investigate the pro-inflammatory and pro-
nociceptive effects of O2* activity, our research group has standardized a model that uses
potassium superoxide (KO2), a superoxide anion donor compound, as an agent to induce pain
and inflammation from ROS [17]. In this model, the injection of KO, efficiently induces

inflammation, oxidative stress, hyperalgesia, allodynia, and overt pain-like behaviors. The
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inflammatory and hyperalgesic responses induced by KO; are dependent on the expression of
TNF-0, COX-2, and endothelin-1 [17-19].

Inadequate treatment of acute pain has a negative impact on patients’ quality of life and
increase the risk of developing chronic pain. The usual pharmacological therapy for pain and
inflammation is mainly the use of non-steroidal anti-inflammatory drugs (NSAIDs). Although
effective, these drugs can have side effects associated with prolonged use, such as kidney and
gastrointestinal damage, immunosuppression, and infectious complications [27]. New
research into effective anti-inflammatory and analgesic therapies with more limited adverse
effects is needed.

Specialized pro-resolving mediators (SPMs) actively promote the resolution of
inflammation in a time-dependent manner. SPMs are biosynthesized from w-6 fatty acids,
such as lipoxins (Lxs) derived from arachidonic acid, and ®-3 fatty acids, such as resolvins of
the E series (RVE), derived from eicosapentaenoic acid (EPA), and resolvins of the D series
(RvD), maresins (MaR) and protectins (PD), derived from docosahexaenoic acid (DHA) [28].
The principal effects exerted by SPMs on limiting the inflammatory response involve a
reduction in the production of pro-inflammatory mediators (IL-1p, TNF-a, IL-6, ROS, PGE,),
cessation of leukocyte infiltration, increase in the secretion of anti-inflammatory cytokines
(IL-10, TGF-B), a switch in macrophage phenotype, efferocytosis, bacterial clearance,
resolution of exudates to homeostasis and induction of tissue repair [28].

Protectin DX (PDX), an isomer of Protectin D1 (PD1), is a member of the protectin
family and exerts efficient effects in limiting the inflammatory response. In LPS-induced lung
injury models, PDX administration reduced pulmonary edema, leukocyte recruitment, and the
expression of pro-inflammatory mediators (MCP-1, MIP-2, TNF-a, IL-1B, IL-6, and MIP-1a),
as well as increasing IL-10 levels [29,30]. In a sepsis model, treatment with PDX favored
bacterial clearance, reduced levels of pro-inflammatory cytokines, and induced switching
towards the M2 macrophage phenotype, conferring improved survival and attenuation of
multiple organ damage [31]. Recently, a study showed that PDX can modulate the activation
of the NLRP3 inflammasome in a rheumatoid arthritis model, inhibiting the production of
pro-inflammatory cytokines, increasing the production of anti-inflammatory cytokines, and
expanding the population of regulatory T cells, attenuating the inflammatory response in this
condition [32]. To the present, PDX has demonstrated anti-inflammatory and antioxidant
effects in in vitro and in vivo models. However, its analgesic effect on inflammatory pain has
not been explored consistently. Therefore, we aimed to investigate the PDX effects and

mechanisms on pain and inflammation induced by superoxide anion in mice.
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2. Material and methods

2.1 General experimental procedures

To define the dose-response curve, one hour before intraplantar (i.pl.) injection of
vehicle (control group, sterile saline, NaCl 0.9%, 20 uL) or KO> (30 pg, 20 pL), mice were
treated with intraperitoneal (i.p.) vehicle (sterile saline, NaCl 0.9%, 100 uL) or PDX (1, 3 or
10 ng, diluted in saline, 100 pL). The dose of KO used and the experimental protocols of the
model were standardized in the laboratory [17]. Mechanical hyperalgesia, measured by
electronic von Frey, and thermal hyperalgesia, initially determined by Hot Plate Test, were
evaluated at times: 0 (baseline), 0.5, 1, 3, 5 and 7 hours after intraplantar injection of KO> or
vehicle. The dose of 10 ng/animal of PDX was selected for the subsequent experiments.
Thermal hyperalgesia was also evaluated using the Hargreaves Test at times 0 (baseline), 0.5,
1, 3, 5 and 7 hours after the injection intraplantar of KO or vehicle. The mechanical allodynia
was evaluated using manual von Frey filaments at times 0 (baseline), 0.5, 1, 3, 5 and 7 hours
after the injection intraplantar of KO» or vehicle. The overt pain-like behaviors were assessed
by the number of abdominal writhings, flinches and licking time after stimulus expressed
cumulatively over 20 minutes and 30 minutes, respectively. Unbalanced weight distribution in
the hind paws was determined using the static weight bearing (SWB) apparatus at times 0
(baseline), 1, 3, 5 e 7 hours after stimulation. To evaluate the baseline pain threshold, in the
absence of KO» stimulation, mice received 1.p. treatment with PDX (10 ng, 100 pL) or sterile
saline (NaCl 0.9%, 100 pL). Mice were subjected to measurements of mechanical
hyperalgesia, evaluated by electronic von Frey, at times 0 (baseline), 0.5, 1, 3, 5 and 7 hours
after the treatment, and thermal hyperalgesia, determined by hot plate and Hargreaves test, at
times 0 (baseline), 1, 3, 5 and 7 hours after the treatment. In addition, the motor function was
evaluated using the rotarod performance test, in which mice were evaluated 0 (baseline), 0.5,
1, 3, 5 and 7 hours after the treatment with PDX (10 ng, 100 pL) or vehicle (sterile saline,
NaCl 0.9%, 100 pL). After that, the following additional experiments were performed:
neutrophil and macrophage recruitment to the paw skin 7 hours after KO stimulus (H&E
staining and LysM-eGFP fluorescence measurement). Determination of cytokine levels
(ELISA) in the hind paw skin was performed 4 hours after intraplantar injection of KO> or
vehicle. Oxidative stress assays were performed 1 (catalase assay) and 3 hours (FRAP, ABTS,
NBT and GSH assays) after intraplantar injection of KO» or vehicle, reflected by the
measurements of antioxidant defenses and superoxide anion production. TRPV1 and pNF-xB

activation in the DRG was assessed by immunofluorescence method 5 hours after stimulation
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with KO or vehicle. To determine whether acute treatment with PDX (10 ng, i.p.) could
cause gastric, hepatic, or renal damage, stomach, and plasma samples were collected 7 hours
after the intraplantar injection of KO, to determine stomach myeloperoxidase (MPO) activity
and plasma concentrations of aspartate aminotransferase (AST), alanine aminotransferase
(ALT), urea, and creatinine. In these toxicity assessment tests, positive control groups were
treated with indomethacin (2.5 mg/kg, i.p., sampling within seven days) for gastric injury,
acetaminophen (650 mg/kg, orally, sampling within 24 hours) for liver injury, or diclofenac
(200 mg/kg, orally, sampling within 24 hours) for kidney injury. Briefly, Figure 1 shows the

experimental protocols applied in this study.

EXPERIMENTAL DESIGN

Mechanical hyperalgesia Thermal hyperalgesia Mechanical allodynia
Static Weight Bearing Motor function
Oh Oh 0.3h 4ah
T T y [ [ I
Baseline KO, p \
(30 pg, 20 pL, i.pl) Hind paw skin
(1 mg, 100 pL, i.p.) Leukocyte recruitment
Toxicity
A S J
PDX Hind paw skin . —_——
(1,3 0r 10 ng, 100 yL, i.p., 1h) T ] osH { Hind paw skin ST‘S)TCE:S’ |
icki Cytokine levels L
Paw licking time ABTS \ i ) - . /
NBT Plasma |
r 1 N Toxicity
Abdominal writhings ~ N
Hind paw skin e
CATALASE DRG neurons
) |_Immunoflucrescence

Figure 1 — Experimental design. Mice were treated with PDX (1, 3, or 10 ng/animal, i.p.) or vehicle (sterile
saline) 1 hour before intraplantar injection of KO; (30 ng, 20 pL/animal) or vehicle (sterile saline, NaCl 0.9%,
20 plL/animal). The dose-response curve was determined by analyzing the parameters of mechanical
hyperalgesia and thermal hyperalgesia determined by electronic von Frey and hot plate, respectively, were
evaluated 0, 0.5, 1, 3, 5, and 7 hours after the KO injection. Once the most efficient dose of PDX (10 ng) had
been defined, other pain parameters were evaluated, such as thermal hyperalgesia and mechanical allodynia,
determined by the Hargreaves test and von Frey filaments, respectively, were assessed 0, 0.5, 1, 3, 5 and 7 hours
after the KO, injection. For analysis of non-evoked pain parameters, weight distribution on the hind paws was
evaluated using static weight bearing at 0, 1, 3, 5, and 7 hours after the inflammatory stimulus. The overt-pain
like behaviors evaluated were abdominal writhings, paw flinches, and paw licking time. Exceptionally, for the
abdominal writhings, the mice received a KO intraperitoneal injection (1 mg, 100 uL/animal), and the number
of abdominal writhings was counted over 20 minutes. The paw flinches and licking time were counted over 30
minutes after the KO, intraplantar injection (30 pg, 20 pL/animal). To evaluate the baseline pain threshold and
motor function, in the absence of KO, stimulation, mice were treated with PDX (10 ng, i.p.) or vehicle (sterile

saline). Subsequently, mechanical hyperalgesia was evaluated by electronic von Frey, at times 0, 0.5, 1, 3, 5, and
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7 hours after the treatment, the thermal hyperalgesia, determined by hot plate and Hargraves test, at times 0, 1, 3,
5 and 7 hours after the treatment, and the motor function was evaluated using the rotarod performance test at
times 0, 0.5, 1, 3, 5 and 7 hours after the treatment. The hind paw skin was collected at 1, 3, 4, and 7 hours after
the stimulus to assess the parameters of oxidative stress (catalase, GSH, FRAP, ABTS, and NBT assays),
cytokine production, and leukocyte recruitment, respectively. In the fifth hour after the KO, injection, the DRG
neurons were obtained for the immunofluorescence assay. Stomach and plasma samples were collected 7 hours

after the stimulus to assess toxicity parameters.

2.2 Animals

Male swiss mice or LysM-eGFP C57/BL6 background mice from Londrina State
University, Parand, Brazil. The weight of the mice selected for the study was between 20-25
g. The mice were separated in appropriate plastic cages according to their respective groups,
with food and water ad libitum and a light/dark-programmed 12/12h cycle in a room with a
temperature of 21 + 1°C and an air exhaust. Behavioral analyses were always conducted
during the light cycle. Euthanasia was performed by three sequential procedures to minimize
animals suffering. First, mice were anesthetized with a sublethal dose (5%) of isoflurane,
followed by cervical dislocation, and subsequently decapitation. All experiments, including
handling procedures and animal care, were approved by Londrina State University Ethics
Committee under process number 003.2021 and were in accordance with the International

Association for Study of Pain (IASP) guidelines.

2.3 Chemicals and drugs

Drugs and reagents used in the present study were obtained from the following sources:
Protectin DX (10(S), 17(S)-DiHDHA) was from Cayman Chemical (Ann Arbor, Michigan,
USA); superoxide anion (KOz) 96.5% was from Alfa Aesar (Ward Hill, Massachussetts,
USA); saline solution (NaCl 0,9%) was from Fresenius Kabi Brazil Ltda. (Aquiraz, CE,
Brazil); isoflurane was from Abbott Laboratories (Abbott Park, Illinois, USA); Nitroblue
tetrazolium (NBT) was from Amresco (Solon, Ohio, USA); and ferric chloride hexahydrate,
2,4,6-tripyridyl-s-triazine (TPTZ) and ABTS (2,20-azino-bis(3-ethylbenzothiazoline-6-
sulfonate)) was from Sigma-Aldrich (St. Louis, Missouri, USA).

2.4 Evaluation of mechanical hyperalgesia
An electronic version of the increasing pressure test of von Frey filaments in the paw of
mice was used to evaluate plantar cutaneous hyperalgesia. In a quiet room, the animals were

placed in an acrylic compartment (12x10x17 cm) with a grid underneath. The tests consist of
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applying an increasing force to the paw of the mice with a manual transducer (electronic
aesthesiometer, IITC Life Science, Woodland Hills, CA), fitted with a 0.05mm?
polypropylene tip, until a nociceptive reaction characteristic of withdrawal and shaking of the
paw. Basal thresholds were determined before pre-treatment with PDX (1, 3 and 10 ng, 100
uL, i.p., 1 hour before the stimulus) or vehicle (sterile saline, NaCl 0.9%, 100 pL, i.p., 1 hour
before the stimulus) and the i.pl. injection of the inflammatory stimulus with KO (30 pg/20
uL/paw) or sterile saline (NaCl 0.9%, 20 pL/paw). Additional measurements were performed
at 0.5, 1, 3, 5 and 7 hours after stimulus administration. In addition, the evaluation of
mechanical hyperalgesia was also used to determine the baseline mechanical sensitivity
threshold in the absence of i.pl. injection of KO». Basal thresholds were determined before i.p.
treatment with PDX (10 ng, 100 pL) or sterile saline (NaCl 0.9%, 100 pL). Additional
measurements were performed at 0.5, 1, 3, 5 and 7 hours after treatment. The results are
expressed in delta (A), and these were calculated by subtracting the values obtained at
measurement times 0.5, 1, 3, 5, 7 hours after the stimulus, from the basal value (TO) before

the stimulus [17].

2.5 Evaluation of thermal hyperalgesia

Plantar cutaneous thermal hyperalgesia was assessed using the Hargreaves Test and Hot
Plate Test. In the hot plate test, the animals are placed on a metal plate with a constant
temperature (52°C£1°C) and the end point was characterized by the removal of the paw
followed by clear hind paw flinching or licking movements [17]. In this test, a metal plate
heated to a noxious temperature stimulates both hind paws together, leading to the activation
of supraspinal pathways and the appearance of behaviors such as jumping, paw flinching and
licking. Therefore, to use another methodology that can integrate the data related to thermal
hyperalgesia, we also used the Hargreaves test, in which the thermal stimulus derived from a
radiant heat source (laser) is focused on only one of the hind paws, characterizing a more
local and less comprehensive stimulus, there is also activation of supraspinal pathways, with
the appearance of nociceptive behaviors such as paw flinching and licking. In the Hargreaves
test, mice were individually confined to plexiglass chambers, and a high-intensity projector
bulb was positioned to deliver beneath the right hind paw to a direct thermal stimulus [33].
The withdrawal latency period of the injected paw was determined with an electronic clock
circuit.

Basal thresholds were determined before pre-treatment with PDX (1, 3 and 10 ng, 100

uL, i.p., 1 hour before the stimulus) or vehicle (sterile saline, NaCl 0.9%, 100 pL, i.p., 1 hour
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before the stimulus) and the i.pl. injection of the inflammatory stimulus with KO (30 pg/20
uL/paw) or sterile saline (NaCl 0.9%, 20 puL/paw). Additional measurements were performed
at 0.5, 1, 3, 5 and 7 hours after stimulus administration. In addition, the evaluation of thermal
hyperalgesia was also used to determine the baseline thermal sensitivity threshold in the
absence of i.pl. injection of KO». Basal thresholds were determined before i.p. treatment with
PDX (10 ng, 100 pL) or sterile saline (NaCl 0.9%, 100 uL). Additional measurements were
performed at 1, 3, 5 and 7 hours after treatment. The results are expressed by withdrawal
latency (in seconds). Care was taken to avoid any potential tissue damage by setting the cut-

off at 20 seconds.

2.6 Evaluation of mechanical allodynia

Basal thresholds were determined before pre-treatment with PDX (10 ng, 100 pL, i.p., 1
hour before the stimulus) or vehicle (sterile saline, NaCl 0.9%, 100 uL, i.p., 1 hour before the
stimulus) and the i.pl. injection of the inflammatory stimulus with KO> (30 pg/20 pL/paw) or
sterile saline (NaCl 0.9%, 20 pL/paw). Additional measurements were performed at 0.5, 1, 3,
5 and 7 hours after stimulus administration. Mice were placed in a transparent plastic box
with a wire mesh bottom and allowed behavioral habituation for approximately 15 minutes.
The area tested was the mid-plantar left hind paw. A series of filaments (0.04, 0.07, 0.016,
04,06,1, 14, 2,4,6,8, 10 and 15 g) was applied in sequence to starting with one that
possessed a bucking weight of 0.6 g, was applied in sequence to the plantar surface of the
ipsilateral paw with a pressure that caused the filament to buckle. Lifting of the paw was
recorded as a positive response and the next lightest filament was chosen for the subsequent
measurement. The absence of a response up was chosen for the subsequent measurement. The
absence of a response up prompted the use of the next filament of increasing weight. The 50%
g withdrawal threshold was determined using the up-down method of Dixon (1980), modified
by Chaplan, Bach, Pogrel, Chung, and Yaksh (1994).

2.7 Evaluation of KOz-induced overt pain-like behavior (abdominal writhing, flinches
and paw licking time)

Before the stimulus with KO» to induce the overt pain-like behaviors, the animals were
pre-treated with PDX (10 ng, 100 uL, i.p., 1 hour before the stimulus) or vehicle (sterile
saline, NaCl 0.9%, 100 pL, i.p., 1 hour before the stimulus). Animal abdominal writhings
were induced by i.p. administration of KO (1 mg, 100 uL) or vehicle (sterile saline, 100 pL)

[17]. Right after KO injections, mice were gently and individually placed in a glass cylinder
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with enough space for free movement. The total number of abdominal writhing responses in a
period of 20 minutes following KO- i.p. stimulus was quantitated as a measure of nociceptive
behavior. For this assay, a positive response was considered when the animal performed a
stretching of the hind limbs associated with a slow abdominal wall contraction. Regarding
paw flinches and the time spent licking the paw, behaviors were analyzed during 30 minutes
immediately after i.pl. stimulus with KO> (30 pg/20 uL/paw) or vehicle (sterile saline, 20
uL/paw) [17]. The same conditions and glass utensil described for the use of the abdominal
contortion analysis were used for the quantification of paw flinches and the time spent licking
the paw. Results were expressed as the total number of abdominal writhings, paw flinches and

the time spent licking (in seconds) after the stimulus.

2.8 Evaluation of the right/left paw ratio (Static Weight Bearing)

Unilateral peripheral inflammation produces changes in paw weight distribution toward
the non-injured paw [34]. Changes in paw weight distribution were evaluated using the SWB
apparatus (model BIO-SWB-TOUCH-M, Bioseb, France). In a quiet, temperature-controlled
room, mice were gently placed into an acrylic chamber, where the animals are comfortably
maintained while their hind paws rest on two separate sensor plates. Mice were habituated for
four consecutive days prior to the behavioral testing. The animals stand and makes a natural
adjustment to the degree of pain by adapting weight distribution on the non-injured rear paw,
and the value of the weight applied on each sensor is displayed on the LCD screen of the
control unit. Mice were tested before (baseline values) and after treatment and stimulus. The
results are expressed by right/left paw ratio, which was calculated by using the mean of two
measurements at 0 (baseline value), 1, 3, 5 and 7 hours after KO injection (30 png/20 pL/paw)
or vehicle (NaCl 0.9%, 20 pL/paw).

2.9 Motor Performance Assessment

To evaluate whether treatment with PDX (10 ng, 100 pL, i.p.) affects the motor
function of mice, motor performance was assessed using the rotarod performance test. The
test is used to quantitate the effects of varied conditions and procedures upon motor planning
with very high reliability [35]. The apparatus consists of a bar with a diameter of 2.5 cm,
subdivided into four compartments by disks of 25 cm in diameter (Ugo Basile, model 7600).
During the measurements, the bar rotates at a constant speed of 22 rotations per minute. Mice
were evaluated 0 (baseline), 0.5, 1, 3, 5 e 7 hours after the treatment with PDX (10 ng, 100
nL, i.p.) or vehicle (sterile saline, NaCl 0.9%, 100 uL, 1.p.). The cut-off time used was 180s.
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2.10 Paw Tissue Histology

Plantar tissue was collected 7 hours after KO, stimulus (30 png/20 uL/paw) or vehicle
(sterile saline, NaCl 0.9%, 20 uL/paw). Paraffin-embedded hind paw tissue was processed for
hematoxylin and eosin (H&E) staining. Samples were fixed with 10% paraformaldehyde in
PBS prior to embedding. The sectioned tissues (7 um) were stained with hematoxylin-eosin
(HE) for later examination under an optical microscope (Olympus OX31, Olympus, Japan;
original magnification, 40x). The analysis was performed using a clinical score, where
neovascularization and inflammatory infiltrate were evaluated, being scored from O0-3,
demonstrating a degree of tissue degradation according to the increasing level, with 0 for no
change and 3 for the most serious change, in which case it could be a significant increase in
new vessels and inflammatory infiltrate that damage the tissue. Analyses were performed on
Image] 1.44 software for Windows (Java image software in public domain:
http://rsb.info.nih.gov/ij/) using the threshold tool and performed on RGB images without
further treatment. Leukocyte recruitment was determined using 1086333 pixels as the

dimension area.

2.11 Paw Tissue Fluorescence

The paw was collected 7 hours after the i.pl. injection of KO, or vehicle. Optimum
cutting temperature reagent (Tissue-Tek 1, O.C.T. Compound, IA018, ProSciTech, Australia)
embedded paw tissue dissected from LysM-eGFP" CD57BL/6 background mice were used
for this assay. LysM-eGFP mice express enhanced green fluorescent protein (eGFP)
expression controlled by the lysozyme M promoter (LysM) present in neutrophils and
macrophage granules. Hind paw tissue was dissected 7 hours after i.pl. stimulus with KO (30
ng/20 uL/paw) or vehicle (sterile saline, NaCl 0.9%, 20 pL/paw) and maintained in 4%
paraformaldehyde (PFA, 24 hours) and then in 30% sucrose (72 hours). Fluoromount G
reagent (00-4958-02, Thermo Fisher Scientific, Waltham, MA, USA) was added to 30 um
sections that were put in slides to complete their assembly. Imaging was performed using a
confocal microscope (Leica TCS SP8, Leica, Wetzlar, Germany) with a 40x objective. Images
were processed using Leica EL6000 software (Leica, Wetzlar, Germany). The intensity of
fluorescence was quantified by an investigator blinded to the treatment in randomly selected
fields (one field per sample, n=8) of different groups as an indication of
neutrophil/macrophage recruitment to the paw tissue. The results are expressed as eGFP

fluorescent intensity (%).
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2.12 Cytokine Measurement

Paw skin tissue was collected 2 hours after stimulation with KO; (30 ng/20 uL/paw) or
vehicle (sterile saline, NaCl 0.9%, 20 pL/paw), processed using a surgical scalpel blade, and
placed in a 24-well plate containing DMEM (Dulbeccos Modified Eagles Medium) culture
medium and incubated in a humid oven (37°C, 5% CO3) for 2 hours. After the incubation
time, the culture medium was collected for the test. Thus, cytokine levels were measured 4
hours after the KO injection. IL-1B and TNF-a were determined by an enzyme-linked
immunosorbent assay (ELISA) using eBioscience kits (eBioscience, San Diego, CA, USA)
according to the manufacturer’s instructions. The measurements were conducted at 450 nm.

The results were expressed as picograms (pg) per mL of medium of each cytokine.

2.13 Measurement of Reduced Glutathione (GSH) levels

For determination of GSH levels, samples of the hind paw skin were dissected 3 hours
after intraplantar injection of KO> (30 pg/20 puL/paw) or vehicle (sterile saline, NaCl 0.9%, 20
uL/paw). Homogenates were mixed with 25 pL of 50% trichloacetic acid, vortexed three
times for 15 minutes, and centrifuged (15 min, 1500g, 4°C) and the resulting supernatant was
added to 200 puL of 0.2 M Tris buffer, pH 8.2, and 10 pL of 0.01 M DTNB. After 5 minutes of
incubation at room temperature, the absorbance was measured at 412 nm. A standard curve of

GSH was used, and the results are expressed as GSH (nmol per mg of protein).

2.14 Measurement of catalase levels

The analysis of catalase activity was evaluated by measuring the decay in the
concentration of H202 and the generation of oxygen. For determination of catalase levels,
samples of the hind paw skin were dissected 1 hour after intraplantar injection of KOz (30
ng/20 ulL/paw) or vehicle (sterile saline, NaCl 0.9%, 20 pL/paw). Samples were homogenized
in 500 puL of 0.02 M EDTA using a Tissue-Tearor (Biospec), and centrifuged twice (2,700 g,
10 min, 4°C). The reaction mixture contained 10 pL of sample, 160 pL of buffer Tris-HCI 1
M with EDTA 5mM (pH 8.0), 20 pL of deionized water and 20 uL of H>O> 200 mM. The
catalase activity was determined through the difference between the initial reading and the
reading conducted 30s after the addition of H>O> at 240 nm in a microplate reader (EnSpire,
Perkin Elmer) at 25°C. The catalase values were expressed as unit of catalase/mg of

tissue/minute.
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2.15 Superoxide Anion Production

Superoxide anion production in paw tissue samples was evaluated using the NBT
reduction assay, as previously described [36]. Samples were collected 3 hours after
stimulation with KO (30 ng/20 uL/paw) or vehicle (sterile saline, NaCl 0.9%, 20 pL/paw)
and then incubated (37°C, 1 hour) with an NBT reagent (100 pL, 1 mg/mL). The supernatant
was then accurately removed by pipetting, and the reduced formazan formed was solubilized
with KOH (120 pL) and DMSO (140 pL). Measurement was performed immediately after
adding KOH and DMSO at 600 nm using a microplate spectrophotometer reader (Multiskan
GO, Thermo Fisher Scientific). The results are expressed as NBT reduction (OD/mg of paw

skin tissue).

2.16 Total Antioxidant Capacity: Ferric Reducing Ability Potential (FRAP) and Ability
to Scavenge the 2°2’-Azino-bis(3-ethylbenzothiazoline-6-sulphonic Acid (ABTS) Radical
Assays.

The capacity to counteract oxidative deleterious effects was evaluated in paw skin
samples by FRAP and ABTS tests 3 hours after stimulation with KO; (30 png/20 puL/paw) or
vehicle (sterile saline, NaCl 0.9%, 20 uL/paw). Samples of paw skin tissue were dissected and
homogenized in KCI buffer, for subsequent centrifugation (200g x 10min x 4°C). The
supernatant was used for both FRAP and ABTS tests. For the FRAP assay, samples were
incubated (37°C, 30 min) with 150 uL of FRAP reagent and read at 595 nm (Multiskan GO,
Thermo Fisher Scientific, Vantaa, Finland), while for the ABTS assay, samples were
incubated (25°C, 6 min) with 200 uLL of ABTS and read at 730 nm. A standard Trolox curve
(0.02-20 nmol) was used to equalize FRAP and ABTS tests. The results are presented as

nanomols of Trolox equivalent/milligram of paw tissue.

2.17 Immunofluorescence

DRG (L4-L6 segments) was dissected 5 hours after intraplantar injection of KO; (30
ng/20 ul/paw) or vehicle (sterile saline, NaCl 0.9%, 20 pL/paw). Mice were first
intracardially perfused with PBS followed by 4% PFA. DRG samples were then post-fixed
with 4% PFA overnight at 4°C and then replaced with 30% sucrose for 3 days at 4°C. DRG
was embedded in optimum cutting temperature (OCT) compound, and 10 pm sections were
cut in a cryostat and processed for immunofluorescence. Before incubation with antibodies,

slides were blocked with 5% goat serum in BS, 0.5% Triton X-100 (0.5% PBST). Primary



0o N O OB~ W N -

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

92

antibodies used in this study were: anti-TRPV1 (TRPV1; 1:200, cat #sc-12498, Santa Cruz
Biotechnology, Dallas, Texas, USA; RRID: AB 2241046) and anti-pNF-Kb (pNF-kB; 1:200,
cat #sc-136546, Santa Cruz Biotechnology, Dallas, Texas, USA; RRID:106103691). All
primary antibodies were incubated overnight at 4°C (2% goat serum in 0.5% PBST) and then
washed four times with 0.5% PBST before proceeding with secondary antibody incubations.
Secondary antibodies used in this study were: Alexa Fluor 488 goat anti-rabbit (1:500, cat
#ab98488, Abcam; Cambridge, UK RRID: AB 10676096) and Alexa Fluor 647 goat anti-
mouse (1:500, cat #ab150075, Abcam, Cambridge, UK; RRID: AB 2752244). The nuclei
were constrated with DAPI (4°,6-diamidino2-phenylindol (1:500, cat #14285, Cayman
Chemicals, Ann Arbor, MI, USA). All secondary antibodies were incubated for 50 min at
room temperature (2% goat serum in 0.5% PBST). Stained slides were then washed five times
with 0.3% PBST and mounted in Fluoromount-G compound (cat #0100-01, SouthernBiotech,
Birmingham, AL, USA). Slides labeled only with secondary antibodies were used as a
positive control, in order to exclude the possibility of nonspecific labeling. The images were
taken in a Confocal microscope (TCS SPS8, Leica Microsystems, Mannheim, Germany) and
fluorescence intensity measured using Leica EL6000 software (Leica, Wetzlar, Germany).
The results are expressed as fluorescent intensity and by manually counting the total number
of TRPV1" neurons (expressed in percentage) and the number of TRPV1"/pNF-kB neurons

(expressed in percentage).

2.18 Stomach Toxicity Assay (Myeloperoxidase)

The myeloperoxidase (MPO) activity was used to determine stomach toxicity via a
colorimetric assay, at this is a reliable marker for non-steroidal anti-inflammatory-drug-
induced lesions [37]. Mice were treated with PDX (10 ng, i.p.), one hour before the KO>
intraplantar injection. For this assay, the positive control used was daily intraperitoneal
treatment with indomethacin (2.5mg/kg) over 7 days [38]. After 7 hours or 7 days, stomach
samples were collected 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), centrifuged (2 min, 14.000 rpm, 4°C), and the resulting supernatant was assayed
using a spectrophotometer (Multiskan GO Microplate Spectrophotometer, Thermo Scientific,
Vantaa, Finland) to determine MPO activity at 450 nm. The MPO acitivity of samples was
compared to a standard curve of neutrophils. Briefly, 15 uL of sample was mixed with 200

puL  of 50 mM phosphate buffer (pH 6.0) containing 0.167 mg/mL of O-
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dianisidinedihydrochloride and 0.015 hydrogen peroxide. The results were represented as

MPO activity (number of neutrophils/mg of tissue).

2.19 Liver and kidney toxicity assays

Elevated plasma ALT and AST levels are indicative of hepatic damage [39], as well as
high levels of creatinine and urea in plasma are biomarkers of kidney damage [40]. For these
tests, mice were treated with PDX (10 ng, i.p.), one hour before the KO, intraplantar injection.
For the ALT and AST tests, the positive control used was a once oral treatment with
acetaminophen (650 mg/kg), with plasma collected 24 hours after treatment [41]. For the urea
and creatinine assays, the positive control used was a once oral treatment with diclofenac (200
mg/kg), with plasma collected 24 hours after treatment [42]. Thus, after 7 hours or 24 hours,
blood was harvested in microtubes containing 50 pL of the anticoagulant heparin (5000
IU/mL), centrifuged (200 x g, 10 min, 4°C), and the plasma was separated. In order to
determine enzymatic activities of AST and ALT as indicators of hepatotoxicity compared to
acetaminophen, and to ascertain urea and creatinine levels as indicators of nephrotoxicity
compared to diclofenac, plasma samples were processed according to the manufacturer’s
intructions (Labtest Diagnoéstico S.A, Lagoa Santa, Brazil). Results were presented as U/mL

(ALT and AST) or mg/dL (urea and creatinine) of plasma.

2.20 Data analysis

Data normality was verified by the Shapiro-Wilk test. For normal data, one-way or two-
way ANOVA tests (depending on the variables) followed by Tukey’s post-test or Sidak’s
post-test were used. For data without normal distribution, the non-parametric Kruskal-Wallis
test followed by Dunn’s test were used. For all analyses, differences were considered

significant for P < 0.05.
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3. Results

3.1 PDX reduces KO:-induced mechanical hyperalgesia, thermal hyperalgesia and
mechanical allodynia.

Firstly, we conducted a dose-response curve of PDX to determine which dose presented
a higher analgesic effect using mechanical hyperalgesia, thermal hyperalgesia and mechanical
allodynia tests. KO> (30 pg/20 pL/paw) produced an increase in mechanical and thermal
response intensity when compared to the saline group (Figure 2).

In the mechanical hyperalgesia analysis (Figure 2A), the three doses of PDX (1, 3 and
10 ng/animal, 100 puL, i.p.) significantly reduced the parameters of mechanical hyperalgesia at
all times of analysis. In the thermal hyperalgesia analyses, determined using the hot plate test
(Figure 2B), the doses 3 and 10 ng of PDX (100 pL, i.p.), reduced the hyperalgesia from the
first hour until the seventh. The 1 ng dose showed analgesic potential only in the third hour.
The 10 ng of PDX (100 puL, i.p.) dose demonstrated the best analgesic potential compared to
the other doses. Therefore, this dose of PDX was adopted for the subsequent experiments.

The 10 ng dose of PDX (100 pL, i.p.) was also effective in reducing mechanical
allodynia (Figure 2C), as well as reducing thermal hyperalgesia, as assessed by the
Hargreaves Test (Figure 2D) induced by KO- injection. Furthermore, it is important to
emphasize that by using two different methodologies to determine the thermal hyperalgesia
parameter (hot plate and Hargreaves test), we limited some possible experimental biases,
allowing the evaluation of the analgesic potential of PDX to be carried out with greater
precision when compared to previous studies that evaluated this pain parameter [43]. Thus, in
our study, we demonstrated that PDX can reduce the thermal hyperalgesia parameter in a
broader test (hot plate, stimulation with the heat source of both the ipsilateral and contralateral
paw) (Figure 2B) and a more targeted test (Hargreaves test, heat source stimulation of the

ipsilateral paw exclusively) (Figure 2D).
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Figure 2 — PDX reduces KO,-induced mechanical hyperalgesia, thermal hyperalgesia and mechanical allodynia.
Intensity of mechanical hyperalgesia (A), thermal hyperalgesia (B, D) and mechanical allodynia (C) was
evaluated 0.5, 1, 3, 5 and 7 hours after stimulus using an electronic von Frey, hot plate apparatus, Hargreaves
apparatus and von Frey manual filaments, respectively. Results are presented as A mean n + SEM; n = 6 mice
per group per experiment (*P < 0.05 vs saline group; *P < 0.05 vs vehicle group; **P < 0.05 vs 1 ng of PDX
group [two-way ANOVA followed by Tukey’s post hoc test]).
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3.2 PDX decreases KO:z-induced overt pain-like behaviors and the unbalanced body
weight distribution in the hind paws.

To determine the efficacy of PDX on KO;-induced non-evoked pain (Figure 3), the
mice were treated with 10 ng PDX (i.p.) or vehicle (sterile saline, i.p.), one hour before
receiving the stimulus.

Thus, we next evaluate whether the treatment with PDX decreases KO»-induced overt
pain-like behavior (Figure 3A-C). The abdominal writhings were determined over 20 minutes
after intraperitoneal injection of KO, (1 mg/100 uL) (Figure 3A). Intraperitoneal stimulus
with KO» increased the number of abdominal writhings when compared to the saline group.
Treatment with PDX (10 ng) reduces significantly KO»-induced number of abdominal
writhings (Figure 3A). The paw flinches (Figure 3B) and time spent licking the paw (Figure
3C) were determined over 30 minutes after intraplantar injection of KO> (30 pg/20 pL/paw).
Intraplantar stimulus with KO, increased the number of paw flinches and time spent licking
the paw when compared to the saline group (Figure 3B, 3C). Treatment with PDX (10 ng)
reduces significantly KO»-induced number of paw flinches (Figure 3B) and the time spent
licking the paw (Figure 3C).

To examine pain using a non-reflexive method, we assessed the distribution of body
weight on the hind paws determined by SWB apparatus. Intraplantar administration of KO»
(30 pg/20 pL/paw) induced unbalanced weight distribution on the rear paws, evidenced by
the decreased the right/left paw ratio (Figure 3D). The heat map shows the right/left hind paw
ratio of each mouse (Figure 3E). Thus, the treatment with PDX (10 ng, i.p.) increased the
right/left paw ratio (Figure 3D), reducing the unbalanced weight distribution on the hind

paws, demonstrating the analgesic effect in a nonreflexive method of pain measurement.
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Figure 3 — PDX decreases KO»-induced overt pain-like behaviors and unbalanced body weight distribution in
the hind paws. The number of abdominal contortions over 20 min (A) after intraperitoneal injection of KO, (1
mg/cavity). The number of paw flinches (B) and time spent licking the paw (C) were determined over 30 min
after intraplantar injection of KO» (30 pug/paw). Results are presented as total number of writhings (over 20 min)
(mean n + SEM; n=6 mice per group per experiment), flinches and time spent licking the paw (over 30 min)
(mean n = SEM; n=12 mice per group per experiment) (*P < 0.05 vs saline group; *P < 0.05 vs vehicle group).
SWB was used as a nonreflexive method of pain measurement (D), and this parameter was evaluated 1, 3, 5 and
7 hours after stimulus. The heat map shows the right/left hind paw ratio of each mouse (E). Results are presented
as weight ratio of left/right hind paw; n=6 mice per group per experiment (*P < 0.05 vs saline group; *P < 0.05
vs vehicle group [one-way ANOVA followed by Tukey’s post hoc test (A-C) or two-way ANOVA followed by

Tukey’s post hoc test (B)]).
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3.3 Treatment with PDX does not alter baseline mechanical sensitivity, heat sensitivity
and motor function in naive animals.

To examine whether treatment with PDX (10 ng), in the absence of KO, stimulus,
would cause changes in mechanical sensitivity, thermal sensitivity and motor function (Figure
4), the mice were treated with PDX (10 ng, i.p.) or vehicle (sterile saline, i.p.) one hour before
the start of the experiments.

The mechanical sensitivity was assessed using the electronic von Frey method at 0,
0.5, 1, 3, 5 and 7 hours after treatment with PDX or vehicle. PDX did not generate a
significant change in mechanical sensitivity over all the analysis times (Figure 4A). The
thermal sensitivity was determined using the hot plate method and the Hargreaves test at 0, 1,
3, 5, and 7 hours after treatment with PDX or vehicle. PDX also did not produce any change
in the heat sensitivity in either of the analysis periods (Figure 4B, 4C). Finally, motor function
was analyzed using the rotarod apparatus at 0.5, 1, 3, 5 and 7 hours after treatment with PDX
or vehicle. PDX did not cause any motor function deficits in the mice at either of the analysis
times (Figure 4D). These additional behavioral experiments aimed to verify that the reduction
in pain provided by the administration of PDX is derived from an analgesic effect, and not
from an anesthetic or muscle relaxation effect, which could prevent the animals from
responding adequately to mechanical and thermal stimuli, as well as affecting normal motor
function. Thus, the results confirmed that the administration of PDX provides an analgesic
effect, rather than an anesthetic or muscle relaxation action, since the baseline threshold of
mechanical (Figure 4A) and thermal sensitivity (Figure 4B, 4C), as well as the motor activity

of the animals (Figure 4D), were not altered after treatment with the drug.
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Figure 4 — Treatment with PDX does not alter baseline mechanical sensitivity, heat sensitivity and motor
function in naive animals. The mechanical sensitivity (A), determined by von Frey electronic method, heat
sensitivity (B, C), determined by hot plate method (B) and Hargreaves Test (C), and motor function (D),
determined by rotarod test, were evaluated one hour after the treatment with PDX (10 ng, i.p.) or vehicle (sterile
saline, i.p.) over 7 hours. Results are expressed as mean + SEM; n=6 mice per group per experiment (*P < 0.05
vs saline group [two-way ANOVA followed by Sidak’s post hoc test]).

3.4 PDX reduces KO2-induced leukocyte recruitment to the paw.

The hind paw skin was collected 7 hours after stimulus to evaluate the effect of PDX
treatment on leukocyte recruitment (Figure 5). Initially, the plantar tissue of swiss mice was
used for a histopathological analysis focusing on the dermal region on the hind paw skin was
performed using H&E staining (Figure 5A-H). In the representative images of the clinical

score (Figure 5B-5E), the green arrow indicates the leukocyte infiltrate and the red arrow the
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angiogenesis process, better visualized in the magnified photomicrograph (Figure 5D). In
addition, image analysis and processing using Image J software showed that the treatment
with PDX (10 ng, i.p.) decreased the leukocyte infiltrate in the demarcated area of the dermis
(Figure 5G-I), which was confirmed by statistical analysis (Figure 5F).

Although efficient for evaluating parameters such as the clinical score, one of the
limitations of using histology with H&E staining is the inability to differentiate the types of
leukocytes present in the tissue, since in addition to neutrophils and macrophages, other cells
such as lymphocytes can also be present. In this way, we used the LysM-eGFP mice, which
have the enhanced green fluorescent protein (eGFP) inserted into the promoter region of
Lysozyme M (LysM) (expressed mainly in the granules of neutrophils, but which can also be
expressed in macrophages), which would allow a more specific analysis of the effect of PDX
on the recruitment of these leukocyte characteristic of acute inflammation to the plantar tissue
(Figure 5J-L). Thus, this methodology was used to demonstrate the potential of PDX on the
preferential migration of neutrophils to the inflammatory site in our model. The treatment
with PDX (10 ng, i.p.) reduced the infiltrate of neutrophils into the dermis of plantar tissue
stimulated with KO> (Figure 5K-M). In this way, these results showed that the treatment with
10 ng of PDX reduced the KO»-induced total leukocyte infiltrate in plantar tissue,

demonstrating the efficient anti-inflammatory potential of this SPM.
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Figure 5 — PDX reduces KO»-induced leukocyte recruitment to the paw. Seven hours after intraplantar injection
of KO, (30 ng/20 pL/paw), the skin of the hind paw of swiss mice (A-I) was dissected for histopathological
analysis by H&E staining using a light microscope (original magnification 40x). In (D) a magnified
photomicrograph showing the leukocyte infiltrate (green arrow) and angiogenesis (red arrow). The analysis was
performed using a clinical score (A) where neovascularization, tissue integrity and inflammatory infiltrate (B-D)
were evaluated and the percentage of inflammatory infiltrate per area (highlighted area in green (F-1)) using the
Image J software of each group with 4 animals. In addition, the plantar tissue of LysM-eGFP mice (J-M) was
dissected seven hours after stimulus for the determination of fluorescence intensity using a confocal microscope.
Percentage of fluorescence is represented in (I) and representative images are shown in (J-L) (N=8 animals per
group). *P < 0.05 vs saline group; *P < 0.05 vs vehicle group, non-parametric Kruskal-Wallis test was used,
followed by Dunn’s test (A); One-way ANOVA followed by Tukey’s post-test (B, I); mean + SEM.

3.5 PDX decreases KOz-induced TNF-a and IL-1p production.

The hind paw skin was dissected 2 hours after the stimulus and cultivated in a culture
medium for a further 2 hours (a total of 4 hours after KO> injection) to evaluate the effect of
PDX treatment on the production of the proinflammatory cytokines TNF-a and IL-1f (Figure
6). Treatment with PDX (10 ng, i.p.) efficiently decreased the KO»-triggered production of
TNF-a (Figure 6A) and IL-1B (Figure 6B), demonstrating an important anti-inflammatory
effect of this SPM.
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Figure 6 — PDX decreases KO»-induced TNF-a and IL-1p production. The levels of proinflammatory cytokines
TNF-a (A) and IL-1B (B) were assayed by ELISA. Hind paw skin was dissected 2 hours after intraplantar
injection of KO, (30 pg/20 puL/paw), processed using a surgical scalpel blade and cultivated in culture medium
for 2 hours (a total of 4 hours after KO» injection). Results are expressed as mean = SEM; n=10 mice per group
per experiment (*P < 0.05 vs saline group; P <0.05 vs vehicle group [one-way ANOVA followed by Tukey’s
post hoc test]).

3.6 PDX increases the levels of antioxidant enzymes, normalizes total antioxidant
capacity and reduces superoxide anion production induced by KOa2.

Given that this is a model of pain with a direct connection with ROS [17], we assessed
the capacity of PDX to inhibit KO»-induced oxidative stress (Figure 7). Treatment with PDX
(10 ng, i.p.) increased levels of antioxidant enzymes important in neutralizing ROS, GSH
(Figure 7A) and catalase (Figure 7B). Furthermore, the treatment with PDX (10 ng, i.p.)
restored the total antioxidant capacity as observed by the normalization of the capacity to
reduce ferric ion (FRAP assay, Figure 7C) and scavenger ability (ABTS assay, Figure 7D). In
addition, PDX also reduced superoxide anion production (NBT assay, Figure 7E),

demonstrating efficient antioxidant potential.
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Figure 7 - PDX increases the levels of antioxidant enzymes, normalizes total antioxidant capacity and reduces
superoxide anion production induced by KO,. Hind paw was dissected 1 hour or 3 hours after KO, intraplantar
injection (30 pg/20 uL/paw) for determination of GSH (A) and Catalase (B) levels, total antioxidant capacity (C,
FRAP assay, E, ABTS assay) and superoxide anion production (E) using colorimetric assays. Results are
expressed as mean + SEM; n=10 mice per group per experiment, except for the NBT assay (n= 10 mice per
group per experiment). (*P < 0.05 vs saline group; P <0.05 vs vehicle group [one-way ANOVA followed by
Tukey’s post hoc test]).
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3.7 PDX inhibits TRPV1 activation in DRG neurons and reduces NF-kB activation in
TRPV1-positive neurons induced by KOx:.

Based on the results obtained regarding the mechanism of PDX, our next step was to
evaluate the effect of this SPM on neuronal activation. Thus, we investigated whether
TRPV1" neurons co-express pNF-kB in KO»-induced DRG as a surrogate marker of neuronal
activation. Immunofluorescence shows that the intraplantar injection of KO> (30ug/20
uL/paw) increased the percentage of TRPV 1" positive neurons co-stained with p-NF«xB and
that treatment with PDX (10 ng, i.p.) can reduce it (Figure 8). To exclude the possibility of
nonspecific labeling, slides labeled only with the secondary antibodies for TRPV1 and pNF-
kB were used as a control. Thus, PDX inhibits TRPV1 activation in DRG (Figure 8A, 8G)
and reduces pNF-kB activation (Figure 8B, 8E), which reflects the inhibition of neuronal
activation. To confirm the nuclear location of pNF-kB, we analyzed its co-stained with the
nuclear marker DAPI (Figure 8C). Figure 8F-8T shows representative images of the
experimental groups. The nuclear localization of p-NF-kB in TRPV1" cells can be better
observed in magnified images (Figure 8J, 80, 8T). These data further demonstrate that
TRPVI1" neurons are activated in KO inflammation and that PDX treatment reduces their

activation, conferring an analgesic mechanism of this drug at the neuronal level.
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Figure 8 — PDX 1nh1b1ts TRPV1 activation in DRG neurons and reduces NF-«kB activation in TRPV1- posmve
neurons induced by KO,. Five hours after KO, intraplantar injection (30 ug/20 uL/paw), DRG samples (L4-L6)
were dissected for immunofluorescent TRPV1 and p65 p-NF-«B staining. The graphs (A) and (B) shows to the
quantification of TRPV1 and p-NF«B by fluorescence intensity per area. (C) shows the DAPI co-stained with p-
NF«B in nucleus by fluorescence intensity. (D) shows the percent of TRPV1 positive cells. (E) shows the
percent of TRPV1 positive cells co-stained with p-NFxB and (E) shows the DAPI co-stained with p-NFkB in
nucleus by fluorescence intensity. (F-T) shows the representative images of the number of positive cells per area
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TRPV1 (green) and the number of of positive cells per area p-NFkB (red) with nuclear staining DAPI (blue) in
DRGs (20x magnification with 0.75x zoom). (J, O and T) shows the magnification of the images demonstrates
the nuclear localization of p-NF-kB in TRPV1 positive neurons. The Results are expressed as mean + SEM;
n=12 mice per group per experiment) (*P < 0.05 vs saline group; “P <0.05 vs vehicle group [one-way ANOVA
followed by Tukey’s post hoc test]).

3.8 Acute treatment with PDX does not induce liver, kidney, or stomach damage.

Mice were treated with PDX (10 ng) one hour before receiving the KO, intraplantar
injection. Seven hours after the stimulus, plasma and stomach samples were collected to
evaluate whether the acute treatment with PDX would induce gastric, hepatic or renal
damage, which are common side effects of non-steroidal anti-inflammatory drugs (NSAIDs).
Toxicity was assessed through the plasmatic concentrations of AST, ALT, urea, and
creatinine, and stomach MPO activity as previously described [45, 46]. Mice were treated
once with acetaminophen (650 mg/kg, orally) as a positive control for liver damage and had
their plasma collected 24 hours after treatment. Mice were treated once with diclofenac (200
mg/kg, orally) as a positive control for kidney damage, and plasma was collected 24 hours
after treatment. Finally, for positive control of stomach damage, the mice were treated daily
with indomethacin over seven days (2.5 mg/kg, i.p.), with plasma collected on the 7" day
after treatment.

The treatment with 10 ng/animal of PDX did not modify the MPO activity in the
stomach (Figure 9A), the plasmatic concentration of ALT (Figure 9B), AST (Figure 9C), urea
(Figure 9D), or creatinine (Figure 9E) compared with positive controls. Therefore, our data
suggest that acute treatment does not induce detectable gastric, hepatic, or renal

lesion/damage.
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Figure 9 — Acute treatment with PDX does not induce liver, kidney, or stomach damage. Mice were treated with
PDX (10 ng) one hour before receiving the KO, intraplantar injection. There were also treatments with drugs
that induce specific organ damage, which included acetaminophen (650 mg/kg, administered orally) for liver
injury, diclofenac (200 mg/kg, administered orally) for kidney injury, and indomethacin (2.5 mg/kg,
administered i.p.) for stomach injury. MPO activity was quantitated in samples of stomach (A), and the levels of
ALT (B), AST (C), urea (D), and creatinine (D) were quantitated in the serum. Results are expressed as mean +
SEM; n=6 mice per group per experiment (**P < 0.05 vs saline group, vehicle group and treatment group [one-
way ANOVA followed by Tukey’s post hoc test]).
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4. Discussion

In the present work, we showed that PDX reduces pain and inflammation initiated by
superoxide anion in mice. The administration of PDX efficiently reduces the pain parameters
evaluated, which include mechanical and thermal hyperalgesia, mechanical allodynia,
unbalanced body weight distribution in the hind paws, and overt pain-like behaviors.
Additional behavioral experiments related to the basal mechanical and thermal sensitivity and
motor activity of the animals confirmed that treatment with PDX confers an analgesic effect,
and not an anesthetic or muscle relaxation action, since it does not alter the normal
withdrawal response or locomotor activity of the mice. PDX inhibited leukocyte recruitment
and the histopathological changes associated with the inflammatory process, a result
explained by the reduction in the levels of pro-inflammatory cytokines (TNF-a and IL-1p)
and reactive oxygen species, as well as increasing tissue antioxidant capacity. Corroborating
these data, we demonstrated for the first time the modulatory effect of PDX at the neuronal
level. PDX inhibited the activation of the pain-related ion channel TRPV1 in DRG neurons.
As a result, PDX reduces the activation of TRPV1" DRG neurons, as evidenced by reduced
nuclear immunostaining of pNF-«xB. In addition, we demonstrated that acute pharmacological
treatment with PDX is safe since it does not increase stomach MPO activity or in ALT, AST,
urea, and creatinine levels, recognized biomarkers of gastric, hepatic, and renal injury
specifically.

Intraplantar injection of KOz induces inflammation and pain from superoxide anion [17-
19]. Pain is one of the cardinal signs of inflammation and, when left untreated, can lead to
reduced quality of life for patients [47]. The usual therapies include the use of anti-
inflammatory and analgesic drugs, such as NSAIDs and opioids. However, several studies
have highlighted the problem of long-term use of these pharmacological classes, which
include multiple adverse effects, addiction, high cost, and toxicity, resulting in limited
efficacy [27]. Therefore, the development of new effective therapeutic strategies for pain
management is essential for acute inflammatory pain, as is the case with pain triggered by
KOsz injection.

Therefore, considering the usual adverse effects of treatment with NSAIDs, we
evaluated in our study whether acute treatment with PDX (10 ng, i.p.) could increase the
levels of biomarkers of gastric (stomach MPO activity), hepatic (plasma levels of ALT and
AST) and renal (plasma levels of urea and creatinine) injury. As a result, we demonstrated

that in our acute model, PDX administration, compared to positive controls for each type of
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damage, did not alter plasma levels of ALT, AST, creatinine, and urea, as well as stomach
MPO activity, showing that this SPM does not induce the common side effects of NSAIDs.
Similarly, in a sepsis model induced by cecal ligation-puncture (CLP), septic mice treated
once with PDX (300 ng, i.p.) showed a reduction in plasma levels of ALT, AST, urea, and
creatinine compared to septic mice that received the vehicle, demonstrating the hepatic and
renal protective effect provided by this SPM [48]. Acute treatment with other SPMs, such as
PD1 used in a non-alcoholic steatohepatitis (NASH) model [49], RvD5 in an LPS-induced
sepsis model [50], and MaR1 in a CLP-induced sepsis model [51], also reduce plasma levels
of ALT, AST, urea, and creatinine, indicating a safe and protective profile for this
pharmacological class. Considering long-term pharmacological safety, Saraiva-Santos et al.
(2023) [52] showed that treatment with LXA4 (10 ng, i.p.) every 2 days for 30 days in a TiO»-
induced arthritis model did not alter MPO activity and serum levels of ALT, AST, urea and
creatinine, demonstrating that chronic treatment with LXA4 does not induce gastric, hepatic or
renal damage, indicating safety in pharmacological treatment with this SPM [52]. In another
study, daily treatment over 14 days with RvD1 (100 ng or 300 ng, i.p.) in a NASH model
reduced plasma levels of ALT and AST, demonstrating a protective effect on liver tissue [53].
Thus, together these findings indicate the safe use of these SPMs compared to NSAIDs,
indicating them as a promising new therapeutic approach for the treatment of pain and
inflammation.

Superoxide anion increases endothelial activation and vascular permeability,
contributing to leukocyte recruitment [14, 54, 55]. In turn, the neutrophils and macrophages
that migrate to the inflammatory focus, stimulated by the presence of mediators such as
histamine, IL-1B, and TNF-q, start to produce high levels of O»* via NOX2, as well as
secreting pro-inflammatory cytokines (IL-6, IL-1p, and TNF-a) into the microenvironment,
amplifying the inflammatory process and contributing to the maintenance of inflammatory
hyperalgesia [8, 13, 20]. In this study, treatment with PDX inhibited the KO>-induced
recruitment of neutrophils and macrophages to the plantar tissue, as well as decreasing levels
of pro-inflammatory cytokines (TNF-a and IL-1f). Thus, these results demonstrate the anti-
inflammatory effects of PDX in a superoxide anion-induced in vivo model.

Previous studies using different models have demonstrated similar anti-inflammatory
properties of PDX. In models of lung injury induced by LPS [29, 30] or hyperoxia [55], PDX
administration reduces endothelial activation and pulmonary edema formation, resulting from
lower vascular permeability [55] and inhibition of neutrophils and macrophages recruitment

[29, 30]. The mechanisms involved in these anti-inflammatory effects include an increase in
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anti-inflammatory cytokines, such as IL-10 [30], and glycocalyx components, such as heparan
sulfate (HS) [55], and a reduction in the levels of pro-inflammatory cytokines (TNF-a, IL-1
and IL-6) and chemokines (MCP-1, MIP-2 and MIP-1a) [29, 30, 55]. In a model of obesity,
evaluated in vivo and in vitro, PDX inhibited the NF-kB pathway [56]. In this study, this SPM
inhibits the phosphorylation of the p65 subunit and the degradation of the inhibitory factor
IxB, preventing the translocation of this factor to the nucleus, and consequently leading to a
reduction in the expression of pro-inflammatory molecules such as TNF-a and MCP-1 [56].
Thus, supported by this data, we can assume that the anti-inflammatory mechanisms
presented by PDX include inhibition of the NF-kB pathway, which reduces the levels of pro-
inflammatory mediators and consequently leads to inhibition of leukocyte recruitment.

The attenuation of inflammation and pain can be mediated by antioxidant molecules
such as quercetin [14], curcumin [36], vinpocetine [57], tempol [18, 58], or apocynin [18],
emphasizing the importance of ROS in the mechanisms of development and maintenance of
inflammatory pain. In this study, we demonstrated that PDX reduces superoxide anion levels,
restores total antioxidant defense (as evidenced by the normalization of iron reduction levels
and elimination of the ABTS radical in plantar tissue), and increases levels of endogenous
antioxidant enzymes such as catalase and GSH. Other studies using PDX, especially in vitro,
corroborate our results. Liu and colleagues (2014) [59] evaluated in vitro the inhibitory
capacity of PDX on the production of ROS by neutrophils induced by PMA and fMLF. As a
result, this study demonstrated that PDX inhibits the activation of NADPH oxidase, resulting
in lower O2*" generation, as well as reducing MPO release and inhibiting COX-1 and COX-2
activity, limiting the oxidative and pro-inflammatory capacity of these cells [59]. In another in
vitro model of endothelial oxidative stress induced by H»O,, the administration of PDX
promotes an increase in the expression of SOD2 (MnSOD) and catalase, attenuating oxidative
stress [60]. In addition, PIAO and colleagues (2020) [61] also demonstrated ability of PDX to
inhibit RNS generation. In this study, pre-incubation of PDX with primary rat chondrocytes in
vitro reduced the expression of the enzyme inducible nitric oxide synthase (iNOS) and NO,
and reduced the expression of PGE> [61]. Finally, one of the only in vivo studies shows that
PDX increases levels of catalase, SOD, and GSH, leading to a reduction in lipid peroxides
(LPO) and NO in plasma in a model of type 1 (DM1) and type 2 (DM?2) diabetes mellitus
[62]. Thus, our work highlights an important in vivo mechanism of PDX modulation in the
oxidative stress triggered by superoxide anion.

Few studies have investigated the analgesic capacity of PDX. Fonseca et al. (2017) [63]

used PDX in a model of inflammatory pain induced by carrageenan, but their results showed
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that intraplantar treatment with PDX is not effective in reducing mechanical hyperalgesia. On
the other hand, in a model of lumbar radicular pain from disc herniation, intrathecal
administration of PDX reduces the expression of IL-6 and IL-1 and increases the expression
of TGF-B, which promotes a reduction in mechanical and thermal hyperalgesia parameters
[43]. Our results corroborate and contribute to the findings of Zhao and colleagues (2021)
[43] since PDX (10 ng) reduced mechanical hyperalgesia, thermal hyperalgesia, mechanical
allodynia, overt pain-like behavior, and the imbalance in the distribution of body weight on
the hind paws. Furthermore, our results show that treatment with PDX (10 ng, i.p.), in the
absence of KOy injection, does not alter the basal mechanical and thermal sensitivity and
motor activity of the animals. This is an interesting observation, since it shows that the
inhibitory effect on pain behaviors provided by PDX administration is an analgesic action,
excluding possible anesthetic or muscle relaxation properties that could be provided by the
SPM, considering that the animals were able to respond adequately to the stimuli to which
they were exposed. Corroborating our results, Park et al. (2011) [64] showed that intrathecal
treatment with RvD2 (10 ng) also did not affect the basal thermal threshold and motor activity
of mice, demonstrating an analgesic effect of this SPM. Thus, these data suggest that SPMs
reduce nociceptive behaviors through analgesic mechanisms.

ROS and RNS contribute to peripheral and central activation and sensitization. ROS
production causes an increase in the excitability of peripheral nociceptive neurons and the
dorsal horn of the spinal cord [58, 65]. KO2 can generate Ca®" influx into the nociceptive
neuron through superoxide anion, facilitating neuronal firing [67]. ROS and RNS can activate
nociceptors directly and indirectly. The high levels of ROS generated during the inflammatory
response can act directly on intracellular residues of ion channels for neuronal activation, such
as TRPVI, generating alterations that facilitate the opening of these channels [24]. In
particular, nociceptive neurons in the periphery significantly express TRPV1, a channel that is
particularly sensitive to the redox state and very important for the genesis of pain and
inflammation. At a molecular level, ROS can interact with cysteine residues distributed along
the structure of TRPV1 or, in the case of RNS, promote the nitration or nitrosylation of these
residues [16, 26, 67]. The redox alterations facilitate the activation of nociceptive neurons via
the influx of Ca** through TRPV1, contributing to inflammatory pain [67]. ROS can also
facilitate the nociception process indirectly by stimulating the secretion of pro-inflammatory
mediators (TNF-a, IL-1B, IL-6, IL-8, PGE2) [6]. In turn, these mediators can act on their
cognate receptors expressed on the neuronal membrane, leading to the activation of signaling

pathways such as NF-kB, MAPK and PLC, which result in the activation of protein kinases
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such as PKA and PKC, capable of phosphorylating channels such as TRPV1, facilitating
neuronal activation [22, 23, 68]. In this way, molecules that target the metabolism and activity
of ROS become interesting anti-inflammatory and analgesic approaches.

To date, some SPMs have demonstrated the capacity to inhibit neuronal activation.
Fattori and colleagues (2022) [69] demonstrated that Maresin-2 (MaR2) promotes analgesia in
an inflammatory pain model. In this work, MaR2 reduced the levels of pro-inflammatory
cytokines, the release of CGRP, and the activation of TRPV1 and TRPA1 expressed in DRG
neurons, resulting in the attenuation of evoked and non-evoked pain behaviors [69]. Similarly,
the other member of the maresin family, Maresin-1 (MaR1) inhibited inflammatory pain by
reducing leukocyte recruitment, NF-«B activation, IL-1B and TNF-o production, CGRP
release, and Nav1.8 and TRPV1 mRNA expression in DRG neurons [70].

Curiously, to date there has only been evidence of modulation of TRPV1
channel activity by the protectin family. Park and colleagues (2011) [71] demonstrated in a
TNF-a-induced inflammatory pain model that PD1 inhibits TRPV1 channel activity in DRG
neurons, reducing the frequency of spontaneous excitatory postsynaptic currents (SEPSC), and
thus neuronal activation, conferring an analgesic effect. In this way, our study demonstrates a
new analgesic mechanism of PDX in a model of inflammatory pain. In our work,
intraperitoneal administration of PDX reduced the activation of TRPV1® neurons KO»-
induced, proving that this SPM can modulate neuronal activity by inhibiting this important
ion channel related to the pathophysiology of pain. Other mechanisms behind this TRPV1
inhibition can include the reduction of pro-inflammatory cytokines (TNF-a and IL-1pB) and
ROS levels since these molecules can modulate TRPV1 expression and activity. Thus, the
capacity of PDX to reduce the production and action of these pro-inflammatory mediators,
combined with inhibition of TRPV1, results in a reduction in hyperalgesia, allodynia, and
overt pain-like behaviors.

Therefore, this study demonstrates the analgesic, anti-inflammatory, and
antioxidant effects of PDX in a model of inflammatory pain induced by ROS, indicating this

SPM as a potential new strategy for conditions caused by oxidative stress.
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5. Conclusion

Therefore, our research group has demonstrated for the first time, in an
acute inflammatory model in vivo, that PDX inhibits the production of pro-inflammatory
cytokines and ROS, increases levels of antioxidant agents, reduces leukocyte recruitment,
TRPV1 channel activation and neuronal activation, providing a reduction in evoked and non-
evoked pain parameters triggered by the administration of a superoxide anion donor. In this
way, we expanded the anti-inflammatory, antioxidant, and analgesic mechanisms of PDX in
an animal model. Thus, PDX could be a potential therapeutic approach for the treatment of
diseases caused by the nocifensive effects of ROS, such as inflammatory and

neurodegenerative diseases, for example.
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3. CONCLUSAO

Neste trabalho evidenciamos a eficacia anti-inflamatéria,
antioxidante e analgésica da PDX. Este SPM reduziu os parametros de dor
analisados, como a hiperalgesia mecanica e térmica, a alodinia mecanica, os
comportamentos de dor manifesta (contorgdes abdominais, sacudidas de pata e
tempo gasto lambendo a pata) e o desbalangco na distribuicdo de peso corporal
sobre as patas traseiras. Ainda, o tratamento intraperitoneal com a PDX n&o afetou a
sensibilidade mecanica e térmica basal dos animais, assim como ndo alterou a
capacidade motora. Este dado reflete que o tratamento com PDX confere
essencialmente um efeito analgésico, e ndo de cunho anestésico ou de relaxamento
muscular, o que incapacitaria os animais de responderem normalmente a estimulos
mecanicos e térmicos, além de afetar a capacidade motora. A PDX inibiu o
recrutamento leucocitario (neutréfilos e macrofagos) e diminuiu a produgao de
citocinas pro-inflamatérias e ERO, demonstrando significante efeitos anti-inflamatério
e antioxidante. Além disso, a PDX atenuou a ativagdo neuronal ao inibir o canal
ibnico TRPV1, demonstrando um importante e inédito mecanismo analgésico desta
droga. Assim, este estudo demonstrou pela primeira vez que a PDX possui
capacidade de modular a atividade neuronal em modelo de dor inflamatéria aguda.
Ainda, o tratamento agudo com PDX nao levou ao desenvolvimento de lesbes
gastricas, hepaticas ou renais, refletidas pela avaliagdo da atividade da MPO
estomacal e dos niveis plasmaticos de ALT, AST, ureia e creatinina. Este resultado
indica a seguranga no tratamento agudo com a PDX, uma vez a administragao deste
SPM néao promoveu o desenvolvimento de efeitos adversos comuns dos AINEs, por
exemplo. Desta forma, a PDX apresenta-se como uma segura estratégia promissora
para o controle da dor e inflamacao resultantes da producéo exacerbada das ERO e

seus subsequentes efeitos deletérios.
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ANEXO A

Universidade
Estadual de Londrina
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OF. CTRC. CEUA N"024/2021
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ON® de animais 6640
Pesol Iedade | 25-25 w' 1= meses
Sexn | Machos
| Ohrigrem - ll Biotério Central da Universidade Estadual de Loodrisa
Amostrus u serem coletadas | Tecido subcutineo plantar, meduln espimal, pinglio da iz dorsal, sangue,
| esidmagn

Cumpre origntar que caso pretendam-se quaisquer alieragtes no projocols experimenial aprovado,
deve-se submeier o novo profocolo & apreciagio da CEUAUEL anteriormaenie 4 execuido das modificaciics.

Em cumprimento as exigénciss do Copselhn Nacional de Controle de Experimentagdio
Animal (CONCEAL em até 30 dias da finalizwgdo do projeio de pesguisa oo extensdo envolvendo o uso de
animais (verificar periode de vigeacia cxpresso pesic oficiol, € necessdrvio cncaminhar relatorio da
descrigio de use de animais para cena'muelbr, conforme modelo dispraivel oo site da CELA:
hntpsfwww,uel b comites/'cena/pages relatorio-de-projelos. phip.

Coloco-me i disposicilo pars quaisguer esclarccimentos gue se Meerem nocessirios. Sem mais para
o momento, subscrevo-me, cordiabmenic.

Praf®. Dr* Maria Fermanda Rﬁdrigmsﬁmiann
Coordenadors da CEUATEL

Ilmo.ia) Sr.qa)

Praf, {a) D, (a) Waldiceo Aparecido Veren Juior

Responsdve] pelo projein

CAC purn 8 Chielia dio Departumento de Ciéncins Patologscas /CCB
CAC pora n Diregio do Centro de Cigncins Biologicas! CCB

C/C para o Biotério Central da UEL/CCH
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TRPV1: Receptor structure, activation, modulation and role in
neuro-immune interactions and pain

Thaila Kawane Euflazio Maximiano ', Jessica Aparecida Carneiro™', Victor Fattari™
Waldiceu A, Verri®
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e e D0, B | et ific stios of & posrsed ective o charmel, espe il by o sposedee. 5o o agesicd . revol on oed
e st of soma wee e ion and pain dat were o follow. The TRPVI channed is expressed miinl y in e wnonal
o, more specifically, i eescoy pearoes respems bie for the pacepsion of Posioes il Howeer e
P s s Bas ako baan o d i ol B 1 colls, mach & ey ooy - pancreatie ool miee ke
ool amd adipocyies. Aciwsiaon of the danmed ooc s in resposse 15 2 wide range of st sodh a8 mowd o
Bewn, bow pH, gasss, woies, endocissabinokts Bipid-desived endownillodd, and chemacal ageses, soch as
capmicin and resiniferawain. Thisaotivaton resals o an infl o of gt oos Swongh te chanmed pore, especially
calcihen, Intrace Balar calomm wiggers diflfe sl maporers @0 evsory pearoes. Dephcepbooylifion of the TRIV
ol ol e ed s o o o, o B s = il s ity A M i S 5 e s el
e m dom and o w o e o e rebakbil afer demor it o, Mirsses, ph ogpbod o ide s
el v el e 1 B v s ol g i possiie (or the oy Thvers, i ol el v i
pvide an overdew of TRFVI discowery, ks dase expmssion a5 well as on e medwnbms by which TRV
acthvation inecly or edrecly) indeoes pain i difoed dieae mode e

T's mg)

The activation of the channel leads w0 a conformational change that
allows the passage of cations, espedally e ledum (Ca% 1), w0 the imra-

L Introduction

11, General Aspects

Theetranskent receptar potential vanillaid 1 (TR 1), formerly called
vani o il receptar subiype 1 (VR1) or simply capsaicin receptor in the
past, & one of the socalled “modoeptive transien! receplor potential
(TP channek™ and one of the “thermo TR channels™ (11 103 cdassi-
fication tdk & ko abenit i nature. TR ] dhannel are expressed in a
great varieny of cells and thsues (Tabke 1) As & polvmodal signal inte-
grafor, responds to several stimuli including noxiows emper st res
(=43°C), low pH {<5.9), anandamide, and enviranmeni companenis,
inchuding capsaicin, the active camponent af chili peppers, the most
classic and st ied e ironment companent (Talke 23

celhlar medium |2 _Ca® s a second mesmenger that & associated with
srveral mmhﬁaﬂmdpmmmmuwsm (31 Ca*" Increasing in
the eytemal (Ca® 'c) d5 a result of extracellilar membrane influx ar
intracelllar stores efibux, such as mitochoneria (Ca* m) and endo-
plasmic reticul um (ERJ{Ca "ex) [ 41 However, TRPYV] Ca™' ¢ increase i
essentially fom the evirscellulss mediom and oot fram inrernal Ca**
sames [A]

In nockcepions, sensory afferent neurons specialized in the detection
of noxdons simuli, Ca®* permestion through the chamel resuls in the
activation/depalar kation of the newron and firing of action patentiak.
This also initistes a process of neurogenic inflammation that smplifies
the message of the local simuli [[20.05L16] L I fact intradenmal

* Cormspording. 4 wilor,
i dirvy 2wt bowsic e die Cimckag Pasolégion e, Ussornd dade Extadh |l de Londirin, Fod Colbers Garcin OF ol KeneS0) PRA4S, SG05T- 900, Post-
affice box §0.00 1, Losdrisa, Pames, Brazil
E-mat! addresser o oo Faswendd® ol drens bararcedo (VL Fabior), wavesdifoe b (WA Verd)
! Equel comritetion,
B Adod o 1 0L ) ORGS Ceca 0. 15T

Recedwed 30 November 200% Reoswed in revised fomm & Sarch 20 24; Accepied & Maxch 20040

Avaikabede onlline & March 2004
OIEAEE00 Hd Blosier Ll AR rights resered



