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RESUMO

DIONISIO, Amanda Martins. Avaliagdo dos mecanismos analgésicos e anti-
inflamatorios do mediador lipidico pré-resolugao maresina 2 em modelo de dor
induzido por formalina. 2022. 57 f. Dissertacao (Mestrado em Ciéncias da Saude) -
Universidade Estadual de Londrina, Londrina, 2022.

A dor é considerada um dos cinco sinais cardinais da inflamag¢ao e pode afetar
negativamente a vida de milhares de pessoas, sendo que os tratamentos atuais
possuem efeitos colaterais que prejudicam sua aderéncia. Desta forma, novas
abordagens terapéuticas se fazem necessarias. O lipideo pro-resolugdo maresina 2
(MaR2) tem demonstrado possuir acao analgésica e anti-inflamatoéria em baixas doses
(nanogramas). Desta forma, estabeleceu-se como objetivo avaliar a capacidade
analgésica e anti-inflamatéria da MaR2, bem como seus mecanismos, em modelo de
dor induzido por formalina. Para isto, avaliou-se a dor manifesta, hiperalgesia
mecanica, ativacdo de neurbnios do DRG através da ativacdo de canais TRPA1
(receptor de potencial transitério anquirina do tipo 1), ativagdo neuronal na medula
espinal por colocalizagcdo de ERK fosforilado (pERK), recrutamento de neutréfilo e
macrofago proximo a fiboras CGRP* no tecido plantar e expressdo de CGRP por
imunofluorescéncia, e parametros histopatologicos de tecido plantar. A MaR2 diminuiu
a dor manifesta e hiperalgesia mecanica induzidas pelo estimulo com a formalina, bem
como inibiu a ativagdo de TRPA1 de neurbnios do DRG e reduziu o numero de
neurénios positivos a pERK. O recrutamento de neutrdéfilos e macréfagos proximos a
fiboras CGRP* foram reduzidos assim como a expressdao de CGRP pela MaR2. O
tratamento com MaR2 também reduziu o recrutamento de células inflamatdrias e
proliferacdo vascular analisados por histologia. Assim, este estudo demonstra as
propriedades antinociceptiva e anti-inflamatérias da MaR2 e demonstra seus
mecanismos centrais e periféricos de acao.

Palavras-chave: TRPA1; CGRP; ERK; inflamagao neurogénica; dor.



ABSTRACT

DIONISIO, Amanda Martins. Evaluation of analgesic and anti-inflammatory
mechanisms of pro-resolvin mediator MaR2 in formalin-induced pain model.
2022. 57 p. Dissertation (Master’s degree in Health Sciences) — Universidade Estadual
de Londrina, Londrina, 2022.

Pain is one of the five cardinal signals of inflammation and negatively affects thousands
of people’s lives, and current treatments present side effects that limits its usage.
Therefore, new therapeutic approaches are necessary. The pro-resolving lipid maresin
2 has demonstrated analgesic and anti-inflammatory activity at low doses
(nanograms). Thus, the aim of this study was to evaluate the analgesic ant anti-
inflammatory properties of MaR2, as well as its mechanisms, in pain model induced by
formalin. For that, we evaluated the over pain-like behavior, mechanical hyperalgesia,
DRG neurons activation through TRPA1 (transient receptor potential ankyrin 1)
channel activation, activation of spinal cord neurons by colocalization with
phosphorylated ERK (pERK), neutrophil and macrophage recruitment close do CGRP*
fibers in hind paw tissue and CGRP expression by immunofluorescence, and
histopathological parameters of hind paw tissue. MaR2 reduced the overt pain-like
behavior and the mechanical hyperalgesia induced by the formalin stimuli, inhibited
TRPA1 activation in DRG neurons, and reduced neurons pERK*. Neutrophil and
macrophage recruitment close to CGRP™ fibers and CGRP expression was reduced
by MaR2. Treatment with MaR2 reduced inflammatory cells recruitment and vascular
proliferation analyzed by histology. Thus, this study shows the antinociceptive and anti-
inflammatory properties of MaR2 and demonstrates its central and peripheral
mechanisms.

Key words: TRPA1, CGRP, ERK; neurogenic inflammation, pain.
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1 INTRODUGAO

1.1 Inflamagao Aguda e Dor

A inflamagao aguda € uma resposta protetora do organismo frente a
uma agressao ou infecgdo para eliminar a causa da lesao tecidual e tentar restaurar
a homeostasia. Porém, para que a inflamag¢ao mantenha seu papel protetor € preciso
que seja autolimitada e chegue a uma resolugao para que se ocorra o reparo tecidual.
Sabe-se que a inflamagao possui cinco sinais cardinais: calor, rubor, inchaco, dor e
perda de funcdo (PUNCHARD; WHELAN; ADCOCK, 2004). A resposta inflamatdria
envolve eventos vasculares e celulares. As reagdes vasculares sdo uma das primeiras
a ocorrer. A vasodilatagado, que a principio causa aumento do fluxo sanguineo, o qual
pode ser percebido externamente por calor e vermelhiddo, sdo dois dos sinais
cardinais da inflamacao. Além disto, ha o aumento da permeabilidade vascular com
consequente saida de exsudato (rico em proteinas e células) e formagao de edema.
Com a vasodilatagao aliada a perda de fluidos, o sangue se torna mais viscoso e o
fluxo sanguineo diminui, resultando na estase. Isto permite que leucdcitos sofram o
processo de marginagao, seguido de adeséo (transitoria), rolamento e entdo aderem
(firmemente) para migrarem através do endotélio para o tecido em um processor
denominado diapedese (KUMAR; ASTER; ABBAS, 2016) .

Durante o processo inflamatério ha a liberacdo de diversos
mediadores inflamatérios como prostaglandinas (PGE2 e PGI2) e citocinas (IL-6, IL-
18 e TNF-a) que agem nos nociceptores, mediando a dor inflamatéria (FERREIRA,
1972; PINHO-RIBEIRO et al., 2015; RONCHETTI; MIGLIORATI; DELFINO, 2017;
VALERIO et al., 2009). A dor é definida pela Associacdo Internacional de Estudo da
Dor (IASP) como uma experiéncia ndo apenas sensorial, mas também emocional, e
desagradavel associada a um dano tecidual potencial ou efetivo Os neurbnios
sensoriais nociceptivos estao presentes nos tecidos periféricos e fazem a transducéao
de sinais externos nocivos e transmitem essa informacgao a medula espinal, que sera
retransmitida a niveis supra espinais (VERRI et al., 2006a). Estes nociceptores podem
ser divididos em trés classes: mecanicos, térmicos e polimodais. Os nociceptores
mecénicos possuem axoénios Ad (delta), sdo finamente mielinizados, e s&o ativados
por pressdo intensa. Os nociceptores térmicos também possuem fibra Ad e séo

ativados por extremos de temperatura. Por outro lado, os nociceptores polimodais sdo
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ativados tanto pelos estimulos térmicos e mecanicos quanto por estimulos quimicos
nocivos. Estes nociceptores possuem axénio tipo C e ndo possuem mielina,
conduzindo a informagao nociceptiva mais lentamente que os anteriormente citados
(BASBAUM; JESSEL, 2014).

1.2 Inflamagao Neurogénica e Peptideo Relacionado ao Gene da Calcitonina
(CGRP)

O processo inflamatério pode envolver a participacdo dos
nociceptores primarios, o que caracteriza a inflamacao neurogénica. A participagao
destas fibras aferentes primarias na inflamagao é possivel dada sua morfologia
pseudounipolar, no qual seu axdénio bifurca-se e se projeta tanto em diregdo a
periférica quanto ao corno dorsal da medula espinal. Esta morfologia caracteristica
permite que proteinas produzidas no ganglio possam migrar ndo apenas em dire¢cao
aos terminais nervosos centrais, mas também para os terminais nervosos livres
periféricos. Estes terminais periféricos que, através da liberacdo de neuropeptideos
tais como substancia P e peptideo relacionado ao gene da calcitonina (CGRP),s&o
responsaveis por originar a inflamagao neurogénica com consequente aparecimento
de sinais inflamatdrios como edema, rubor e calor. Mediadores pro-inflamatérios como
prostaglandinas e histamina liberados apos lesédo tecidual ativam os nociceptores
primarios e desencadeiam o reflexo axonal, que consiste na liberagao de substancia
P e CGRP em um terminal livre adjacente do mesmo axénio e a liberagcao destes
neuropeptideos acarreta um aumento de mediadores pro-inflamatérios. (BASBAUM;
JESSEL, 2014; IYENGAR, OSSIPOV, JOHNSON, 2017; BASBAUM et al., 2009).
Rosa e Fantozzi (2013) reforgam a correlagéo entre histamina e CGRP visto que este
neuropeptideo demonstrou induzir a liberagdo de histamina pelos mastécitos, a qual,
por sua vez, induz também a liberacao de CGRP, estabelecendo um loop de feedback
positivo que potencializa a inflamag&o neurogénica e a sensibilizagao periférica.

O CGRP, a nivel periférico, tem acao vasodilatadora microvascular
potente que age mediando nao apenas a vasodilatagdo neurogénica, com
consequente aparecimento dos sinais inflamatérios anteriormente citados, mas
também o recrutamento de células inflamatérias (CHOI; DI NARDO, 2018; SOUSA-
VALENTE; BRAIN, 2018). Além disto, a relacdo entre CGRP e dor foi observada em

estudo, no qual notou-se que o uso do antagonista de CGRP preveniu a hiperalgesia
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térmica e mecanica induzida pela capsaicina (MASSAAD et al., 2004). Além disto,
camundongos geneticamente modificados com nocaute do éxon 5 do gene CT-CGRP
(CGRP) foram utilizados por Salmon e colaboradores (2001) no teste da formalina,
no qual observaram que estes camundongos apresentaram redugao no tempo de

lambida de pata em ambas as fases do teste.

1.3 Modelo de Dor Animal Induzido por Formalina

Em estudos de dor em animais dois principais sintomas sao avaliados:
a dor manifesta e a hiperalgesia. Na dor manifesta o animal apresenta
comportamentos claros de dor apds o estimulo como sacudidas e lambidas de pata,
enquanto que para se avaliar a dor na hiperalgesia é necessario a aplicagdo de um
estimulo adicional externo, mecéanico ou térmico, para se observar o comportamento
nociceptivo (MARTINEZ et al., 2016). O modelo animal de dor induzida por formalina,
conhecido por teste da formalina, induz dor manifesta que consiste em sacudida e
lambida de pata apds injegéo intraplantar com solugdo de formaldeido diluido em
salina (BORGHI et al., 2013). Apesar de ser um estimulo comumente aplicado na pata,
o teste da formalina também foi adaptado para avaliagdo de dor orofacial
(CHICHORRO; LORENZETTI; ZAMPRONIO, 2004; CLAVELOU et al., 1989)

O teste da formalina possui uma resposta nociceptiva bifasica na qual
cada fase envolve mecanismos diferentes. A primeira fase (neurogénica), ocorre nos
5 primeiros minutos apds a injecao da formalina. Nesta fase, ha a liberacdo de
serotonina e histamina por mastécitos residentes e ha a agao direta da formalina no
nociceptor por meio da ativagcado dos receptores de potencial transitério anquirina do
tipo 1 (TRPA1) presentes nestes neurbénios sensoriais nociceptivos (MCNAMARA et
al., 2007; PARADA et al., 2001; VERRI et al., 2006b). Entre a primeira e segunda fase
ocorre um periodo de quiescéncia, conhecida por interfase. A segunda fase
(inflamatéria) é marcada pela participagdo de mediadores inflamatérios tais como
prostaglandinas e citocinas IL-6, IL-1B, TNF-a, IL-33 e IL-8, e ocorre de 10 a 30
minutos apdés o estimulo da formalina na pata (CALIXTO-CAMPOS et al., 2015;
MARTINEZ et al., 2016).

Além da sua utilidade para avaliar dor manifesta, o estimulo com
formalina também induz hiperalgesia mecanica, a qual pode se manter por semanas
apos estimulo (FU; LIGHT; MAIXNER, 2001; SALINAS-ABARCA et al., 2017).
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1.4 Receptor de Potencial Transitério Anquirina Tipo 1

O TRPA1, receptor de potencial transitorio anquirina do tipo 1,
pertence a grande familia dos receptores de potencial transitério (TRP) e a subfamilia
anquirina (TRPA). A familia TRP também é composta pelas subfamilias vaniloide
(TRPV), candnica (TRPC), melastatina (TRPM), e mucolipina (TRPML) e policistinas
(TRPP) (KATSIANOU et al., 2018; KOIVISTO et al., 2022). Expresso em nociceptores,
o TRPA1 é altamente permeavel ao calcio (Ca?*), porém por ser um canal catiénico
nao seletivo, ele também é permeavel a Na* e K*. Participa da transducgao de sinais
nocivos enddgenos ou exogenos. Dentre estes sinais nocivos pode-se citar estimulos
quimicos, como compostos eletrofilicos: isotiocianato de alila (AITC) presente no
wasabi e 6leo de mostarda, alicina presente no alho e aldeidos como o formaldeido.
Desta forma, é um canal que esta associado a nocicepcdo (KADKOVA et al., 2017;
LOGASHINA et al., 2019; VIANA, 2016; ZYGMUNT; HOGESATTT, 2014). A ativagéo
do TRPA1 pelo seus agonistas desencadeia a despolarizagdo do nociceptor e
promove e exocitose de neuropeptideos como o CGRP, substancia P e neuroquinina
A na periferia desencadeando a inflamagao neurogénica e amplificando a nocicepgéao
(KADKOVA et al., 2017).

1.5 Quinase Regulada por Sinal Extracelular (ERK)

A transducdo de diversos sinais extracelulares é promovida pela
grande familia das proteinas quinase ativadas por mitégeno (MAPK). Dentre os
membros desta familia esta a quinase regulada por sinal extracelular (ERK), a p38 e
a c-Jun N-terminal quinase (JNK), que agem por vias diferentes. As MAPK séao
ativadas por uma cascata de fosforilagao (JI et al., 2009). Atividades celulares como
mitose e proliferacédo, por exemplo, sdo reguladas pela ERK 1 E 2. Porém, a ERK
também tem sido relacionada a neuroplasticidade e dor, sendo este ultimo em razao
de que estimulos nocivos levam a sua ativagao (GAO; JI, 2009; KONDO; SHIBUTA,
2020). Atualmente, o ERK fosforilado (pERK) tem sido utilizado como marcador de
ativagao neuronal apds estimulo nocivo (DAI et al., 2004; KARIM et al., 2006; LEE et
al., 2012; Ll et al., 2010; ZHANG et al., 2018)



136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169

16

1.6 Lipideo Pré-resolugao Maresina 2

O processo de resolucdo da inflamacao, antes considerado um
processo passivo, o0 qual ocorria em decorréncia da diluicdo de mediadores
inflamatdrios, com a identificagcdo dos mediadores lipidicos pro-resolugao, € tida hoje
como um processo ativo que promove a restauragdo da homeostasia (FATTORI et al.,
2020a; SERHAN, 2014; XU et al., 2010). Estes mediadores sao sintetizados
biologicamente a partir de dos acidos graxos émega-3, e sédo divididas em quatro
familias: lipoxinas, resolvinas (séries E e D), protectinas a maresinas (FATTORI et al.,
2020a). A familia das maresinas é composta pela maresina 1 (MaR1) e maresina 2
(MaR2). Derivadas do acido docosahexaenodico (DHA) e biossintetizadas por
macrofagos, as maresinas tem demonstrado agao anti-inflamatéria e anti-nociceptiva
(DENG et al., 2014; SERHAN et al., 2015). Em estudo recente, foi demonstrado que
a MaR2 possui agdo analgésica em diversos modelos de dor induzidos por
lipopolissacarideo (LPS), capsaicina e AITC em camundongos. O tratamento também
inibiu a ativacdo de canais TRPA1 e TRPV1, bem como inibiu recrutamento
leucocitario proximo a fibras CGRP™ no tecido plantar induzido por LPS (FATTORI et
al., 2022a). Por fim, a MaR2 reduziu parametros inflamatérios como infiltrado
inflamatorio para o sitio de inflamagdo em modelos de peritonite por zimosan (DENG

et al., 2014) e em modelo de asma induzido por ovoalbumina (YU et al., 2022).
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Figura 1. Biossintese das maresinas a partir do acido docosahexaendico
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2 JUSTIFICATIVA

A MaR2 reduz a ativagdo neuronal induzida por AITC pela via do TRPA1
(FATTORI et al., 2022b). Tendo em vista que o modelo da formalina € amplamente
utilizado e € um modelo classico de dor do qual depende da ativacdo de canais
TRPA1, e que a inibicdo destes canais poderia reduzir a inflamagéao neurogénica,
avaliamos o efeito da MaR2 e seus mecanismos no modelo de dor induzida por

formalina em camundongos.
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3 OBJETIVOS

3.1 OBUETIVOS GERAIS

Investigar os mecanismos analgésicos e anti-inflamatoérios do mediador lipidico
pro-resolugédo maresina 2 (MaR2) na modulagdo de nociceptores TRPA1 e CGRP-

positivos no modelo de dor induzida por formalina.

3.2 OBJETIVOS ESPECIFICOS

e Avaliar o efeito da MaR2 sobre o numero de sacudidas (flinches) de pata apés
estimulo com formalina 1,5% para determinagéo da dose mais eficaz do lipideo
(ensaio de dose-resposta);

e Avaliar o efeito da MaR2 na hiperalgesia mecanica induzida por formalina;

e Avaliar o efeito da MaR2 sobre recrutamento de leucdcitos para o foco
inflamatdrio e sua proximidade com nociceptores CGRP-positivos;

e Avaliar o escore histopatolégico e infiltrado de células inflamatérias no tecido
plantar;

e Verificar o efeito da MaR2 sobre a ativagdo neuronal pelos niveis de Ca?*
intracelular de neurdnios dos ganglios da raiz dorsal;

e Determinar o efeito da MaR2 sobre a ativagao neuronal na medula espinal

através da quantificacdo de neurénios ERK-positivos.
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4 MATERIAIS E METODOS

4.1 ANIMAIS

Os experimentos foram realizados em camundongos Swiss machos (20-25 g),
provenientes do Biotério Central da Universidade Estadual de Londrina e em
camundongos Lysm e-GFP (heterozigoto) machos (20-25g), provenientes da
Faculdade de Medicina de Ribeirdo Preto, Universidade de S&o Paulo. Os animais
foram mantidos no Biotério do Departamento de Ciéncias Patolégicas em ciclo
claro/escuro (12/12h), com temperatura controlada (23+2°C) e livre acesso a agua e
racao por pelo menos dois dias antes dos experimentos. Os animais foram divididos
em gaiolas de polipropileno padrao (41x34x16 cm) de acordo com 0s grupos
experimentais (maximo de 12 animais por gaiola). Este projeto foi aprovado pela
Comissdo de Etica para o Uso de Animais da Universidade estadual de Londrina
(CEUA n° 152/2016) e os procedimentos, cuidado e manuseio dos animais seguiram

as diretrizes da Associagao Internacional de Estudo da Dor (IASP).
4.2 PROTOCOLOS EXPERIMENTAIS

Os animais receberam um pré-tratamento nas doses de 0,3; 1; 3 ou 10
nanogramas (ng) de Maresina 2 (MaR2) ou veiculo (salina + etanol) pela via intratecal
(i.t., 10 pl, entre os seguimentos espinais L4-L6), sob breve anestesia com isoflurano.
Apods 1 hora do tratamento com MaR2 ou veiculo, os animais receberam o estimulo
via intra-plantar (i.pl) de 25 yl de formalina a uma concentracédo de 1,5%, como
anteriormente descrito (BORGHI et al., 2013).

4.3 TESTE DA FORMALINA

O efeito dose-resposta da MaR2 foi avaliado em modelo de dor manifesta
induzida por formalina. Os animais receberam o pré-tratamento com MaR2 ou veiculo
e o estimulo com formalina 1,5% como descrito na segao Protocolos Experimentais.
Apods o estimulo, foram determinados o numero de flinches de pata entre 0 e 30
minutos. O periodo de avaliagéo foi dividido em intervalos de 5 min para observagao

da primeira e segunda fases, caracteristicas do modelo. Os resultados foram
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apresentados como a média (tEPM) dos flinches na primeira (0-5 min) e segunda fase
(10-30 min). A partir deste teste, a dose que proporcionou o melhor efeito

antinociceptivo foi escolhida para a realizacdo dos demais experimentos.

4.4 HIPERALGESIA MECANICA

Para avaliar a hiperalgesia mecanica foi utilizado o método eletrénico de von
Frey, modificado por Cunha et al (2004) do método de von Frey filamentos (von FREY,
1896). Os camundongos foram acomodados em caixas de acrilico com piso de grade
metalica em uma sala silenciosa e com temperatura controlada 1 hora antes do inicio
do teste. Este teste consiste na aplicacdo de uma pressao pontual crescente na
superficie plantar da pata estimulada dos camundongos, utilizando uma ponteira de
polipropileno com didmetro de 0.5 mm? associada a um analgesimetro digital
(Insight®) que registra a pressédo necessaria para evocar o movimento de retirada de
pata pelo animal. A pressao necessaria para evocar o0 movimento de retirada da pata
pelo animal é registrada automaticamente em gramas (g). As medidas de hiperalgesia
mecanica foram feitas antes do estimulo (baseline) e 2, 4 e 6 horas apds o estimulo.
Para cada tempo avaliado, foram consideradas a meédia de trés medi¢des. Os
resultados obtidos foram apresentados em delta (A) de retirada de pata, calculados

pela subtracédo dos valores obtidos apds o estimulo do valor do baseline.

4.5 HISTOLOGIA

O tecido plantar foi coletado 6 horas apds o estimulo, fixado em formaldeido
(10%) por 24 h e processados para inclusao em parafina. Se¢des longitudinais (5 um)
foram preparadas e coradas com hematoxilina e eosina (H&E). As imagens das
secoes histologicas foram adquiridas digitalmente e analisadas por um
experimentador cego ao tratamento utilizando um microscopio de luz na objetiva de
40x (Olympus CX31RTSF, Téquio, Japao) acoplado a uma camera digital de alta-
resolucdo. As analises de recrutamento leucocitario foram realizadas através do
software Imaged 1.53 para Windows (software em dominio publico:
http://rsb.info.nih.gov/ij/) usando a ferramenta threshold e executadas em imagens
RGB sem tratamento adicional. O recrutamento de leucdcitos foi determinado pela

intensidade de marcacgao por % de area demarcada. Os escores histopatolégicos
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também foram avaliados nos parametros de infiltrados inflamatérios e proliferagcao
vascular (FERRAZ et al., 2021), como descritos na Tabela 1.

Tabela 1. Critério dos escores utilizados para avaliagéo histolégica.

Parametro histolégico Escore

0 = sem inflamacgéao
1 = inflamacéo leve
Infiltrado Inflamatorio
2 = inflamac&do moderada

3 = inflamacgao severa

0 = sem proliferacao vascular
. . 1 = proliferag&o vascular leve
Proliferagédo Vascular _ _
2 = proliferacédo vascular moderada

3 = proliferacédo vascular severa

4.6 IMUNOFLUORESCENCIA

A medula espinal (nos seguimentos L4-L6) e o tecido plantar foram dissecados
2 e 6 horas apds o estimulo, respectivamente. Em seguida, as amostras foram pos-
fixadas em paraformaldeido (PFA, 4%) durante 24 horas e desidratadas em solugéo
de sacarose 30% por 48 horas a 4°C. As amostras foram embebidas em optimal
cutting temperature (OCT) e congeladas em nitrogénio liquido. Os blocos foram
cortados a 10 ou 45um de espessura (medula e pata, respectivamente) em um
criostato e armazenados em ultra-freezer para posterior analise por
imunofluorescéncia. Os cortes foram primeiro bloqueados com 5% de albumina sérica
bovina (BSA) e 0,3% de Triton X-100 durante 1 hora a temperatura ambiente e,
posteriormente, incubados overnight a 4°C com os seguintes anticorpos primarios:
anti-phospho-ERK 1/2 (Santa Cruz Biotecnology, EUA), anti-NeuN (Abcam, EUA) ou
anti-CGRP (MilliporeSigma, Burlington, MA, USA). Os cortes foram lavados 3 vezes
com PBS e incubados com os anticorpos secundarios especificos (conjugados com
Alexa Fluor 488 ou 647, Invitrogen, Carlsbad, Califérnia, USA) e DAPI (Cayman
Chemicals) por 2 horas a temperatura ambiente. As imagens foram feitas utilizando
um microscépio confocal (SP8, Leica, Wetzlar, Alemanha) e examinadas utilizando o
Software Leica LAS X.
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4.7 IMAGEAMENTO DE CAZ* INTRACELULAR

Os ganglios da raiz dorsal (GRD) de animais naive foram dissecados e entao
processados de acordo com Fattori et al (2019). Brevemente, os ganglios foram
processados e os corpos células dissociados para o imageamento de Ca?*
intracelular. O Ca?* intracelular foi monitorado utilizando-se o indicador fluorescente
de Ca?* fluo 4 AM (Molecular Probes). As células foram carregadas com 1,2 uM de
fluo-4 AM por 1 h a temperatura ambiente, lavadas 3 vezes e deixadas para de-
esterificar por aproximadamente 15 minutos em solugao salina tamp&o de Hank com
HEPES a 10mM. As células receberam pré-tratamento com MaR2 na dose de 100nM
30 minutos antes da aquisicdo de imagens. A fluorescéncia foi mensurada por meio
do microscopio confocal (SP8, Leica, Wetzlar, Alemanha) com laser Argon a 488 nm.
A formalina foi administrada diretamente na cultura de neurénios a uma concentragao

de 0,015% durante a aquisicdo de imagens com auxilio de uma micropipeta.

4.8 ANALISE ESTATISTICA

Os resultados foram apresentados como média £ EPM (erro padrao da média).
A normalidade dos dados foi verificada pelo teste de Shapiro-Wilk. Para os dados que
apresentaram distribuigdo normal, utilizou-se os testes de One-way ANOVA ou Two-
way ANOVA, seguido pelo pos-teste de Tukey. Para os dados sem distribuicdo
normal, foi utilizado o teste ndo paramétrico de Kruskal-Wallis seguido do teste de
Dunn. Para os dados do imageamento de calcio, foi utilizado Two-way RM (repeated
measures) ANOVA. A Tabela 2 sumariza a analise estatistica utilizada em cada

experimento. Foram consideradas significativas diferencas para P<0,05.

Tabela 2. Sumario das analises estatisticas

Experimento Teste Estatistico Pés-teste

Teste da formalina One-Way ANOVA Tukey

Hiperalgesia Mecanica Two-Way ANOVA Tukey
Recrutamento de One-Way ANOVA Tukey

Histologia  Leucdcitos

Escore Histopatologico | Kruskal-Wallis Dunn

Imunofluorescéncia One-Way ANOVA Tukey
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Imageamento de Ca?* Intracelular

Two-Way RM ANOVA

Tukey
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channel to reduce formalin nociception and neurogenic inflammation in mice.”
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Abstract

The physiological pain is protective to warn us of potential or effective tissue lesion.
After tissue lesion, an inflammatory response is established and might be
accompanied by pain, considered one of the cardinal signals of inflammation, along
with edema, redness, warmth, and loss of function. Current pain treatments possess
limitations due to their side effects. In contrast, pro-resolution lipids have shown
analgesic and anti-inflammatory properties with no side effects. Thus, we aimed to
evaluate the Maresin 2, a pro-resolution lipid, analgesic effect, and mechanisms of
action using the formalin test pain model. Swiss received different doses of MaR2
pretreatment, at nanograms range, via intrathecal before the 1,5% formalin stimulus
via intraplantar. The number of flinches was quantified for 30 min, the mechanical
hyperalgesia was assessed 2, 4, and 6 h after the stimulus. Spinal cord was collected
for ERK 1/2 activation analyses by immunofluorescence and hind paw skin was
collected for histological analyses. To evaluate neutrophil and macrophage recruitment
close to CGRP* fibers by immunofluorescence, Lysm e-GFP mice hind paw skin was
collected. Calcium imaging of naive DRG neurons was used to assess MaR2 action in
TRPA1 channels of nociceptors. MaR2 reduced the overt pain-like behavior and
mechanical hyperalgesia induced by formalin, as well as ERK 1/2 phosphorylation,
leucocyte recruitment and histopathological scores, neutrophil and macrophage
infiltration close to CGRP* fibers, and CGRP expression, and inhibited TRPA1
activation. In summary, this study shows the analgesic and anti-inflammatory

properties of MaR2 and elucidates its peripheral and central mechanisms.

Keywords: Pain. Neurogenic Inflammation. TRPA1. CGRP. Specialized Pro-
Resolving Lipid Mediator
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1. Introduction.

The formalin test, first introduced in 1977 (Dubuisson and Dennis, 1977), is an
acute nociceptive model commonly used to evaluate the analgesia of treatments and
its possible mechanisms of action. The formalin stimulus is usually injected
subcutaneously in the animal paw and elicits a stereotyped overt pain behavior
consisting of paw licking and flinching. Moreover, this model produces a characteristic
two phases of overt pain behavior, a neurogenic (first) phase and an inflammatory
(second) phase, which permits to exploit the mechanisms involved in analgesia. In
addition, the formalin test also evokes long-lasting mechanical hyperalgesia that starts
hours after the injection and lasts for weeks (Fu et al., 2001; Salinas-Abarca et al.,
2017).

The activation of transient receptor potential ankyrin 1 (TRPA1), expressed in
primary nociceptors, possesses an essential role in the neurogenic phase of the
formalin stimulus. Formalin direct acts in the nociceptor through TRPA1 activation
(McNamara et al., 2007). TRPA1 is an ion channel highly permeable for Ca?* and
associated to the transduction of noxious chemical stimuli such as allyl isothiocyanate
(AITC), allicin, sulfur mustard, etc. (Stenger et al., 2017; Viana, 2016).

Extracellular signal-related mitogen 1 and 2 (ERK 1/2), along with p-38 and c-Jun
N-terminal kinase (JNK), is a member of the mitogen-activated protein kinase (MAPK)
family. MEK is the upstream kinase of ERK, and its phosphorylation is necessary for
the sequential activation of ERK. (Ji et al., 2009) ERK is considered a marker of
neuronal activation after noxious stimuli (Gao and Ji, 2009) and is widely used in
formalin model studies (Karim et al., 2006; Lee et al., 2012; Li et al., 2010; Zhang et
al., 2018).

After the tissue injury, the release of pro-inflammatory mediators (e.g.,
chemokines, prostaglandins, etc.) promotes leucocyte infiltration. Moreover, leucocyte
infiltration is also elicited by neurogenic inflammation through release of
neuropeptides, such as CGRP, by nociceptors (Russell et al., 2014). It is known that
mediators released by immune cells promotes pain by sensitizing nociceptors (Pinho-
Ribeiro et al., 2017), which highlights the importance of neuron-immune interaction in
pain as well as an important approach to treating pain.

Maresin 2 (MaR2) and Maresin 1 are specialized pro-resolving mediators of the

Maresin family. Maresins are synthesized by macrophages from the docosahexaenoic
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acid, and present anti-inflammatory, analgesic, and pro-resolution properties (Deng et
al., 2014a). Recently, our group demonstrated the MaR2 reduces pain in
lipopolysaccharide (LPS), capsaicin, and AITC pain models (Fattori et al., 2022a). The
anti-inflammatory activity of MaR2 was assessed in ovalbumin model of asthma.
Treatment with MaR2 reduced leucocyte infiltration, activation of inflammasome
NLRP3, and cytokine production (Yu et al., 2022). Reduction in the infiltration of
immune cells in zymosan peritonitis model was also demonstrated (Deng et al.,
2014a).

Pain reduces patient quality of life and current pain treatments present side effects
that limits its usage, e.g., enhancement of infection susceptibility due to
immunosuppression (Fattori et al., 2020a; Orlicka et al., 2013). In contrast, studies
have shown that pro-resolving lipid mediators present no side effects (Chiang and
Serhan, 2017; Fattori et al., 2020b). Furthermore, a recent study demonstrated that
MaR2, via TRPA1, reduces neuron activation induced by AITC (Fattori et al., 2022a).
Since the formalin model is a classic model of pain, which involves TRPA1 activation,
we aimed to investigate the analgesic and anti-inflammatory action of MaR2 and to

elucidate if its mechanisms involves TRPA1 activation.

2. Material and Methods.

21. Animals.

In this study, we used male Swiss mice (20-25 g) from the Londrina State
University, Parana, Brazil and male Lysm e-GFP (heterozygous, 20-25 g) from the
University of Sdo Paulo, Ribeirdo Preto, Sdo Paulo, Brazil. Mice were housed in
standard clear plastic cages (41x 34x16 cm), with ad libitum water and food, kept in
light/dark cycle of 12/12 h, and controlled room temperature (23°C + 2°C). At the end
of the experiments, animals were euthanized by inhalation overdose with isoflurane
5% followed by decapitation. All experiments were performed in accordance with the
International Association for Study of Pain guidelines and with the approval of the
Londrina State University Ethics Committee on Animal Research and Welfare (process
number 11145.2016.54). Mice were used only once, and all efforts were made to

minimize the number of animals used and their suffering.
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2.2. Experimental Procedures

Mice were treated once with 0.3; 1, 3, or 10 nanograms (ng) of MaR2 (Cayman
Chemical, Ann Arbor, MI, USA) or vehicle (0.2% ethanol in sterile saline) via intrathecal
route (i.t., between L4 and L6 spinal segments, 10 uL) under isoflurane anesthesia 1
h before formalin stimulus. Then, mice received intraplantar injection of formalin (i.pl.,
37% viv, 40.54 pL in sterile saline). The control group (saline) received no i.t treatment
or i.pl injection. The MaR2 stock solution (100 ng/uL in 100% ethanol) was kept in a -
80 °C freezer until use. The spontaneous pain behavior was evaluated for 30 min after
the formalin injection. Also, the formalin-induced secondary mechanical hyperalgesia
was assessed using an electronic version of von Frey filaments at 2, 4, and 6 h after
stimuli injection. Hind paw skin was dissected 6 h after the stimulus for histological and
immunofluorescence analyses. Leucocyte recruitment to the site of the injection and
histopathological scores were determined by histology. Recruitment of neutrophils and
macrophages close to CGRP* fibers in the hind paw skin of Lysm e-GFP mice was
determined by immunofluorescence. Spinal cord segments were dissected 2 h after
i.pl formalin injection for immunofluorescence to determine neurons pERK*. DRG
neurons from naive mice were dissected and cultured overnight, then pretreated with
MaR2 (100nM) 30 min prior to formalin stimuli (0.015%) to determine calcium influx by

calcium imaging analysis.

2.3. Formalin Test.

Mice received intraplantar injection of 25 L of formalin 1.5% into the right paw, as
previously described (Borghi et al., 2013). The number of paw flinches were
determined between 0 and 30 min after the stimuli. The period was divided in intervals
of 5 min and clearly demonstrated the presence of the first and second phases, which
are characteristic of the method (Dubuisson and Dennis, 1977; Shibata et al., 1989).
The results are presented as the first (0-5 min) and the second (10-30 min) phases.
The optimal dose of MaR2 was chosen for the following experiments based on the

formalin test.

2.4. Mechanical Hyperalgesia
The electronic version of von Frey filaments, modified by Cunha et al., (2004), was

used to evaluate the mechanical hyperalgesia as previously reported (Fattori et al.,
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2022b; Ferraz et al., 2021). Briefly, mice were gently placed in acrylic cages (12x10x17
cm) with a metallic grid floor, 1 h before the start of the test. The test consisted of
evoking hind paw flexion reflex after a perpendicular force was applied using a
polypropylene tip (0.5 mm?) coupled to a digital aesthesiometer (Insight®, Brazil). The
tip was applied to the hind paw's central area, with a gradually increasing force. The
force necessary (in grams) to evoke paw withdraw was automatically recorded by the
pressure-meter apparatus. The final value of the response is the average of three
measurements. The results are presented by delta (A) of withdraw threshold (in grams)
and were calculated by subtracting the mean measurements at 2, 4 and 6 h after

formalin stimulus from the mean measurements before the stimulus (baseline).

2.5. Histological analysis.

After 6 h of formalin stimulus, hind paw skin was dissected, fixed in 10%
formaldehyde prior to embedding in paraffin and then processed for hematoxylin and
eosin (H&E) staining. The images were digitally acquired using a conventional light
microscope (40x objective) (Olympus CX31RTSF, Tokyo, Japan) coupled to a high-
resolution digital camera. Analyses were performed on Imaged 1.53 software for
Windows (Software in the public domain: http://rsb.info.nih.gov/ij/) using the threshold
tool and performed on RGB images without further treatment. The leukocyte
recruitment was determined by the intensity of staining per % of the delimited area.
The histopathological score parameters were: (a) inflammatory infiltrate from: no
inflammation (score 0), mild (score 1), moderate (score 2), and severe (score 3)
inflammation and (b) vascular proliferation from: no vascular proliferation (score 0),
mild (score 1), moderate (score 2) and severe (score 3) vascular proliferation (Ferraz
et al., 2021).

2.6. Immunofluorescence

Spinal cord segments (L4-L6) and hind paw skin were dissected 2 h and 6 h,
respectively, after the stimuli. Mice were euthanized with isoflurane anesthesia and
perfused intracardially with PBS (Phosphate Buffered Saline) followed by 4%
paraformaldehyde (PFA). Samples were post-fixed in 4% PFA for 24h at 4°C,
cryoprotected with 30% sucrose for 2 days at 4°C, embedded in optimal cutting
temperature (OCT) compound, and frozen in liquid nitrogen. The cryosections (10 um

for spinal cord, 30 um for paw skin) were cut in a cryostat (CM1520, Leica Biosystem,
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Richmond, IL, USA). The sections were blocked with 5% bovine serum albumin (BSA)
in PBS 0.3% triton (0.3% PBST) for 1 h. The sections were incubated overnight at 4°C
with the primary antibodies anti-phospho-ERK 1/2 (1:50, rabbit sc-23759-R, Santa
Cruz Biotechnology), anti-NeuN (1:500, mouse #MAB377 Merck Millipore) or anti-
CGRP (1:500, rabbit MilliporeSigma, Burlington, MA, USA). The following day,
sections were washed with 0.3% PBST and incubated with secondary antibodies Alexa
Fluor 647 (1:500, anti-rabbit A32733 Invitrogen), Alexa Fluor 488 (1:500, anti-mouse
A-11001 Invitrogen) and DAPI (1:500, Cayman Chemicals) for 1 h at room
temperature. Stained sections were mounted in Fluoromount-G mounting medium with
DAPI (Invitrogen). The images were taken using a Confocal Microscope (TCS SP8,
Leica Microsystems, Mannheim, Germany), and analyses were performed using Leica
LAS X Software.

2.7. Calcium influx imaging

Naive DRG neurons were dissected and processed as previously described
(Fattori et al., 2019). In brief, DRGs were dissected into Neurobasal-A medium (Life
Technologies, Thermo Fisher Scientific), dissociated in collagenase A (1
mg-ml-1)/dispase Il (2.4 U-ml-1; RocheApplied Sciences, Indianapolis, IN, USA) in
HEPES-buffered saline (MilliporeSigma) up to 20 min at 37°C. DRG neuros were then
loaded with 1.2 uM of Fluo-4AM in Neurobasal-A medium, incubated for 30 min 37°C
and washed with HBSS. The neurons were pretreated with 100nM of MaR2 (as
previously described by Fattori et al., 2022) 30 minutes prior to image acquisition. To
assess TRPA1 activation, DRG plates were recorded for 8 min, divided in 2 min of
initial reading (baseline values), followed by stimulation with formalin at a 0,015%
concentration for 4 min and KCI for 2 min (control, activates all neurons). Calcium flux
was imaged in a Confocal Microscope (TCS SP8, Leica Microsystems) and analyzed

from the mean fluorescence measured with the LAS X Software (Leica Microsystems).

2.8. Statistical Analysis.

Results are presented as mean + standard error of the mean (SEM), and all
analyses were performed using Graphpad Prism software version 9. The data
normality was verified through the Shapiro-Wilk test. Data that followed a normal
distribution were analyzed by one or two-way analysis of variance (ANOVA) followed

by Tukey’s post hoc. The data that did not follow a normal distribution was analyzed
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597 by the Kruskal-Wallis test and Dunn’s post hoc. Statistical differences were considered
598 significant when P < 0.05. Calcium imaging influx data was analysed by Two-way RM
599 ANOVA followed by Tukey’ s post test. The statistical analyses for all the figures in the
600 manuscript are summarized in Table 1.
601
602 Table 1
603 Summary of the statistical analyses
Result Statistical test Posttest F value P value
Fig 1. (formalin One-way Tukey F (5, 34) = P <0.0001
test, phase |) ANOVA 9.229
Fig 1. (formalin One-way Tukey F (6, 34) = P <0.0001
test, phase Il) ANOVA 19.47
Fig 2. (mechanical Two-way Tukey Time x Dose: P =0.0184
hyperalgesia) ANOVA F (4, 39) =
3.368
Time: F (2,39) P =0.0597
= 3.031
Dose: F (2, P <0.0001
39) = 270.1
Fig 3. (3¢ - Two-way RM Tukey Time x Dose: P <0,0001
calcium influx) ANOVA F (2, 650) =
471.2
Time: F (1,
325)=747.8 P <0,0001
Dose: F (2,
650) =471.2 P <0,0001
Subiject: F
(325, 650) = P <0,0001
2.747
Fig 4. (4a — eGFP One-way Tukey F (2, 29) = P=0.0064
intensity of ANOVA 6.046
fluorescence)
Fig 4. (4b — CGRP One-way Tukey F (2, 29) = P<0.0001
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intensity of ANOVA 18.91
fluorescence)
Fig 5. (ba - Kruskal-Wallis Dunn n/a P < 0.0001
histopathological
score)
Fig 5. (bb — One-way Tukey F (2, 12) = P =0.0004
leucocyte ANOVA 16.08
recruitment)
Fig 6. (6a - One-way Tukey F (2, 18) = P=0.0002
pERK/NeuN ANOVA 13.92
colocalization)
604
605
606 3. Results
607
608 3.1. MaRz2 reduces overt pain-like behavior induced by formalin
609
610 The formalin test was used to assess the analgesic effect of Maresin 2 (MaR2) and

611 establish the optimal treatment dose. Mice were pretreated via intrathecal (i.t., 10 pL)
612 with 0.3, 1, 3, or 10 ng of MaR2 1 h before intraplantar (i.pl., 25 uL) injection of formalin
613 (1.5%). The number of flinches were counted following the formalin injection.
614  Treatment with MaR2 reduced the number of flinches in both phases of the stimulus,
615 neurogenic and inflammatory. Although the dose of 10 ng reduced the nociceptive
616 response in the second phase, only the 3 ng dose reduced the number of flinches in
617 both phases (Fig. 1). For that reason, the 3 ng dose was chosen for the following

618 experiments.
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Fig 1. MaR2 3 ng reduces the overt pain-like behavior in both phases of formalin test.
Mice received i.t pretreatment of MaR2 1 h before i.pl formalin stimulus. Results are
presented as mean * standard error of the mean (SEM) of number of flinches at first
(0 - 5 min) and second phases (10 - 30 min). n = 5-7 mice per group (One-way ANOVA
followed by Tukey’s post hoc *p < 0,05 vs. saline group; #p < 0,05 vs. formalin group).

3.2. MaR2 reduces secondary mechanical hyperalgesia induced by formalin

Besides the formalin test is well known overt pain-like behavior, the injection of
formalin in the hind paw evokes a long-lasting mechanical hyperalgesia that lasts up
to 3 weeks (Fu et al., 2001) . For that reason, we evaluated the analgesic effect of
MaR2 3 ng in the mechanical hyperalgesia induced by i.pl injection of 1.5% formalin at
2,4, and 6 h after stimuli. MaR2 3 ng reduced the mechanical hyperalgesia evoked by

formalin in all evaluated time points (Fig. 2).
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Fig 2. Formalin-induced mechanical hyperalgesia is reduced by MaR2 3 ng pretreatment.
Mechanical hyperalgesia was measured 2, 4, and 6 h after i.pl injection of 1.5% formalin
using the electronic version of von frey. Results are presented as mean + SEM of A paw
withdraw threshold (in grams). n = 5-6 mice per group (Two-way ANOVA followed by

Tukey’s post test *p < 0,05 vs. saline group; #p < 0,05 vs. formalin group).

3.3.  MaRz2 inhibits calcium influx evoked by formalin in DRG neurons in vitro

Since formalin acts directly in TRPA1 channels of the nociceptors (McNamara et
al., 2007) in the first phase of the formalin test, we next evaluated whether MaR2
inhibits the calcium influx elicited by TRPA1 activation in DRG neurons after formalin
stimulus. Naive DRG neurons were pretreated with MaR2 (100 nM in HBSS) 30 min
before formalin application (0.015%), the vehicle group received no pretreatment and
formalin application, and the negative control group (HBSS) received no pretreatment
and HBSS instead of formalin. KClI activated all neurons and was used to check neuron
viability. Pretreatment with MaR2 100 nM prevented neuron activation by inhibiting

calcium influx evoked by formalin through TRPA1 inhibition in vitro (Fig 3).
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Fig 3. Mar2 100 nM inhibits calcium influx evoked by 0.015% formalin in vitro.
Representative pictures (A) of the intensity of fluorescence during image acquisition of
HBSS group (black line), vehicle group (red line) and MaR2 treated group (blue line)
(B) and mean of fluorescence intensity of calcium influx in baseline and formalin marks
(C). Results are presented as mean + SEM of DRG neurons. (Two-way repeated
measurements ANOVA followed by Tukey’s post hoc *p < 0,05 vs. 120 s HBSS group;
#p < 0,05 vs. 120 s vehicle group).

3.4. MaRz2 inhibits neutrophil and macrophage infiltration close to CGRP" fibers in

the hind paw skin

Since CGRP, a neuropeptide released from the peripheral nerve terminals of
nociceptors, induce neurogenic inflammation and leucocyte infiltration (Russell et al.,
2014), we next evaluated whether treatment with MaR2 3 ng inhibits the infiltration of
neutrophils and macrophages close to neurons CGRP positive. Animals were
pretreated with MaR2 3 ng 1 h before the stimulus and the hind paw skin was collected

6 h after i.pl formalin for immunofluorescence. Vehicle group showed increased
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674 neutrophil and macrophage infiltration close to CGRP* fibers as well as increased
675 CGRP expression, which were reduced by MaR2 3 ng pretreatment (Fig 4a, 4b).
676
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678 Fig 4. MaR2 3 ng reduces the neutrophil recruitment close to CGRP* neuron fibers
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and CGRP expression. Hind paw skin was dissected 6 h after formalin injection and
processed for immunostaining. Neutrophils recruitment was assessed using Lysm e-
GFP mice and fluorescence intensity (in duplicate) was quantified (A) as well as CGRP
intensity of fluorescence (in duplicate) (B). Panel (C) presents representative pictures
of neutrophils close to CGRP* fibers. Results are presented as mean + SEM of
fluorescence intensity in duplicate. n = 5-6 mice per group (One-way ANOVA followed

by Tukey’s post hoc *p < 0,05 vs. saline group; #p < 0,05 vs. vehicle group).

3.5. MaR2 reduces formalin-induced leucocyte infiltrate and histopathological score

in hind paw skin

Considering that MaR2 3 ng reduced neutrophil recruitment to the hind paw skin,
we further evaluated its effect in leucocyte infiltration and score parameters by
histological analyses. The hind paw tissue was dissected 6 h after the formalin injection
and histopathological score and leucocyte recruitment to the loci of the stimuli was
assessed. MaR2 3 ng reduced leucocyte infiltration and score parameters

(inflammatory infiltration and vascular proliferation) induced by the stimuli (Fig 5a, 5b).

Formalin
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Saline Formalin + Vehicle Formalin + MaR2 3ng
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Fig 5. Pretreatment with MaR2 3 ng reduces leucocyte infiltration to the loci of the
formalin stimulus and reduces the histopathological score. Hind paw skin was collected
6 h after i.pl formalin stimulus for H&E analyses. (A) Inflammatory infiltration and
vascular proliferation were evaluated for histopathological scores. The inflammatory
cellular infiltration was indicated by black arrows and vascularization by yellow arrows
(C). (B) Leucocyte infiltration was assessed using ImagedJ Software and quantified in
% of delimited area, highlighted in yellow (C). Results are presented as mean + SEM
of 5 mice per group (Kruskal-Wallis test and Dunn’s post hoc for histopathological
score and one-way ANOVA followed by Tukey’s post hoc for leucocyte infiltration, *p

< 0,05 vs. saline group; #p < 0,05 vs. vehicle group).

3.6. MaR2 reduces formalin-induced neurons pERK+ in the spinal cord

The input of afferent pain signalization to the neurons of the spinal cord evokes the
phosphorylation of ERK 1/2, a MAPK member involved in pain (Ji et al., 1999). For that
reason, we evaluated whether MaR2 3 ng reduces the ERK 1/2 activation in the
neurons of the dorsal horn of the spinal cord after formalin stimulus. Formalin evoked
a significant increase of pERK in neurons of the spinal cord 2 hours after the
intraplantar injection. The pretreatment with MaR2 3 ng reduced the number of pERK-

positive neurons (Fig 6.).
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Fig 6. MaR2 3 ng pretreatment reduces pERK positive neurons in the dorsal horn of
the spinal cord. Spinal cord was dissected 2 h after formalin stimulus and processed
for immunostaining. Percentage of colocalization area of pERK and NeuN (A) and
representative pictures panel (B). Results are presented as mean £ SEM of percentage
of colocalization area. n = 7 mice per group (One-way ANOVA followed by Tukey’s

post test *p < 0,05 vs. saline group; #p < 0,05 vs. vehicle group).

4. Discussion

In the present study, we evaluated the analgesic effect of MaR2 treatment in
formalin- induced pain model and its mechanisms in vivo and in vitro. Intrathecal MaR2
pretreatment reduces pain, the phosphorylation of ERK in the neurons of spinal cord,
recruitment of neutrophils close to CGRP* fibers and CGRP expression, as well as the
leucocyte recruitment and histopathological score to the paw skin in vivo. MaR2 in
vitro, inhibited the calcium influx in neurons through TRPA1 inactivation.

First, we aimed to test whether MaR2 presents an analgesic effect in the formalin
test in mice. The formalin test is a widely used animal pain model to assess the
analgesic effect of potential treatments. The intraplantar administration of formalin
elicits overt pain-like behavior that consists in paw flinching and licking. The nociceptive
response is biphasic, which comprises a neurogenic and inflammatory phase (Borghi
et al., 2013; Shibata et al., 1989; Staurengo-Ferrari et al., 2014). Thus, we present that
MaR2 reduces the number of flinches in the neurogenic and inflammatory phases of
the stimulus. Formalin stimulus also evokes mechanical hyperalgesia besides the
acute nociceptive response (Fu et al., 2001; Li et al., 2010; Salinas-Abarca et al., 2017;
Zhang et al., 2018). We further show that MaR2 pretreatment reduces the formalin-
induced mechanical hyperalgesia in mice.

The neurogenic phase of formalin stimulus involves the release of serotonin and
histamine by resident mast cells, which directly acts in the nociceptor (Parada et al.,
2001; Verri et al., 2006). Moreover, the formalin itself acts directly in the nociceptors
by activating the TRPA1 ion channel (McNamara et al., 2007). Therefore, since MaR2
reduced the number of flinches of the neurogenic phase of the formalin stimulus, the
next step was to evaluate whether treatment with MaR2 would inhibit the formalin-
evoked TRPA1 activation in neurons of the DRG in vitro. MaR2 inhibited TRPA1
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activation which consequently prevented the calcium influx induced by formalin
application in neurons and neuron activation. A previous study evaluating the effect of
MaR2 in an acute pain model induced by AITC, a TRPA1 agonist, showed that MaR2
(30 ng) reduced the number of flinches and time spent licking after the stimulus. In
addition, MaR2 100 nM inhibited calcium influx evoked by AITC (Fattori et al., 2022b).
This study corroborates with our present data, suggesting that MaR2 analgesic effect
might be via TRPA1 inhibition in nociceptors.

Beside transmitting nociceptive signals to the central nervous system, nociceptors
also release neuropeptides, such as CGRP, from their nerve terminals in the periphery
through axonal reflex (Pinho-Ribeiro et al., 2018). In a recent study, TRPA1 activation
by formalin in DRG neurons enhanced CGRP mRNA levels, protein expression, and
percentage of CGRP* neurons (Wang et al., 2019). This in vitro study is in accordance
with our in vivo findings which demonstrates that intraplantar formalin stimulus induces
CGRP expression in nociceptors fibers of the hind paw skin, which is prevented by
MaR2 pretreatment. CGRP release in the periphery induce neurogenic inflammation
and leads to vasodilatation, and edema, and contributes to the infiltration of
inflammatory cells (e.g., neutrophils) in the tissue (Kim and Granstein, 2021). Herein,
we show that MaR2 treatment prevents the formalin-induced neutrophil and
macrophages recruitment close to CGRP* fibers. It corroborates with a previous study
which demonstrated that MaR2 treatment reduced CD11b* immune cell recruitment
close to neurons CGRP" after LPS stimulus (Fattori et al., 2022b). These findings
shows that MaR2 inhibits neurogenic inflammation in different stimuli in mice.

The inflammatory phase of the formalin test is marked by the release of cytokines
(IL-33, IL-1B, and TNF-a) and prostaglandins (Calixto-Campos et al., 2015). The
inflammatory response involves the leukocyte recruitment to the site of tissue damage;
here, we demonstrate that formalin evokes recruitment of inflammatory cells to the
locus of injection and promotes vascular proliferation, and that MaR2 prevented these
parameters. This result aligns with the presented reduction of number of flinches in
second phase, mechanical hyperalgesia, and reduced infiltration of neutrophil and
macrophage assessed by immunofluorescence. In the ovalbumin-induced asthma
model, treatment with MaR2 reduced the recruitment of inflammatory cells (neutrophils
and eosinophils) in the bronchoalveolar lavage and reduced the airway
histopathological inflammation score (Yu et al.,, 2022). MaR2 also reduced the

infiltration of polymorphonuclear cells to the peritoneum of mice in zymosan-induced
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peritonitis (Deng et al., 2014b).

Phosphorylation of ERK 1/2 in neurons of the superficial dorsal horn is triggered
by peripheral noxious stimuli input and is considered a marker for neuronal activation
(Gao and Ji, 2009; Ji et al., 1999). Formalin stimuli induce the activation of ERK 1/2 in
the neurons of spinal cord (Kumar and Vinayak, 2020; Lee et al., 2012). Intrathecal
treatment with PD-98059, a MEK inhibitor that prevent ERK phosphorylation, reduced
the nociceptive behavior in the inflammatory phase of formalin (Lee et al., 2012).
Herein, we demonstrated for the first time that MaR2 reduces the phosphorylation of
ERK 1/2 in neurons of spinal cord, suggesting that MaR2 promotion of analgesia might
be via inhibition of ERK activation in neurons of spinal cord, modulating the

inflammatory phase of the formalin test.

5. Conclusion

This study shows that the pro-resolving lipid mediator Maresin 2 promotes
analgesic and anti-inflammatory action in pain model induced by formalin. This activity
is related to inhibition of neuron activation in both, DRG and spinal cord, as well as
inhibition of neurogenic inflammation and inflammatory immune cell recruitment to the

site of formalin injection.
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6 CONCLUSAO

Neste estudo, apresentamos o efeito analgésico e anti-inflamatério da maresina
2 em modelo de dor induzido por formalina em camundongos. O tratamento com a
MaR2 reduziu a dor manifesta (numero de sacudidas de pata) nas fases neurogénica
e inflamatdria, bem como reduziu a hiperalgesia mecéanica. Além disso, o tratamento
inibiu a ativagao dos neurénios do DRG, através da inibicao da ativagcdo do TRPA1, e
da medula espinal, por reduzir a fosforilagdo da ERK. A inflamacéo neurogénica e o
recrutamento de leucocitos para o tecido plantar também foi reduzida pelo tratamento.

Portanto, os dados deste estudo confirmam o potencial terapéutico da maresina
2 que promove agao analgésica e anti-inflamatéria, em uma faixa de nanogramas, e

elucida seus mecanismos de agao.
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ANEXO A
Comisséao de Etica no Uso de Animais

Universidade
Estadual de Londrina

COMISSAO DE ETICA NO USO DE ANIMAIS
OF. CIRC. CEUA N° 152/2016 Londrina, 15 de Julho de 2016.

Prezado Pesquisador,

Certificamos que o projeto intitulado "Avaliacao dos mecanismos analgésicos e anti-
inflamatérios dos mediadores lipidicos pro-resolucao resolvina D5 (RvD5), maresina 2 (Mar2),
protectina (PD1), 15-epi-lipoxina A4 (ATLA4) em modelos de dor e inflamagao", protocolo CEUA
n° 11145.2016.54, sob a responsabilidade de Waldiceu Aparecido Verri Junior, que envolve a
producdo, manutencdo e/ou utilizacdo de animais pertencentes ao filo Chordata, subfilo Vertebrata
(exceto o homem), para fins de pesquisa cientifica (ou ensino), encontra-se de acordo com os
preceitos da Lei n°® 11.794, de 8 de outubro de 2008, do Decreto n° 6.899, de 15 de julho de 2009, e
com as normas editadas pelo Conselho Nacional de Controle da Experimentagéo Animal (CONCEA),
foi aprovado pela Comissdo de Etica no Uso de Animais da Universidade Estadual de Londrina
(CEUA/UEL), em reuni&o realizada em 05/07/2016.

O objetivo do projeto investigar os mecanismos dos resolvina D5 (RvD5), maresina 2 (Mar2),
protectina (PD1), 15-epi-lipoxina A4 (ATLA4) em modelos de dor induzidos por formalina,
carragenina, adjuvante completo de Freund (CFA) e LPS. Os animais serdo divididos em gaiclas de
polipropileno padrdo medindo 41 X 34 X 16 CM (Insight®) no biotério de acordc com 0s grupos
experimentais (maximo de 12 animais por gaiola), com livre acesso a agua e ragéo e seréo adaptados
aos ambientes e condi¢cdes experimentais com pelo menos 1 hora de antecedéncia em relagcéo aos
experimentos. Os procedimentos de cuidado e manuseio de animais estardo de acordo com as
diretrizes da Associacdo Internacional de Estudo da Dor (IASP). Para o tratamento intratecal, os
animais serdo anestesiados com isoflurano, via inalatéria. Os animais séo eutanasiados por inalag&o
de isoflurano (3% em O,) seguido de decaptacéo para coleta das amostras. Gl 2.

Vigéncia do Projeto 01/01/2017 a 01/12/2022
Espécie/linhagem Camundongo heterogénico / Swiss

N° de animais 1296

Peso/ldade 20-25 g/ 2 meses

Sexo Machos

Origem Biotério Central / UEL

Amostras a serem coletadas Tecido plantar cutaneo, lavado peritoneal

Cumpre orientar que caso pretendam-se quaisquer alteracdes no protocolo experimental
aprovado, deve-se submeter o novo protocoio a apreciacdo da CEUA/UEL anteriormente & execugéo
das modificacdes.

Coloco-me a disposigéo para quaisquer esclarecimentos que se fizerem necessaria. Sem
mais para o momento, subscrevo, cordialmente,

. i

L/
Profa. Dra. CI;Ura' Scantamburlo Alves Fernandes
Cogrdenadora da CEUA/UEL
N

limo. Sr.

Prof. Dr. Waldiceu Aparecido Verri Junior

Coordenador do Projeto

Departamento de Ciéncias Patolégicas / Centro de Ciéncias Biologicas

Com copia para Coord. do Biotério Central/lUEL; Chefe do Departamento de Ciéncias Patolégicas e Diretor(a) do
Centro de Ciéncias Biologicas

Campus Universitario: Rodovia Celso Garcia Cid (PR 445), km 380 - Fone (043) 3371-4000 PABX - Fax 3328-4440 - Caixa Postal 10.011 - CEP 86057-970 - Internet http://www.uel.br
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