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PINTO, Ingrid Caroline. Efeito terapéutico das formulagées tépicas contendo
resolvina D2 ou 17(R)- resolvina D1 em camundongos sem pelo expostos a
radiacao UVB. 2024. 131 p. Tese (Doutorado em Ciéncias da Saude) — Universidade
Estadual de Londrina, Londrina, 2024.

RESUMO

A radiagao ultravioleta B (UVB) € o principal fator que agride a barreira cutanea e
desencadeia o fotoenvelhecimento e carcinogénese a longo prazo. A produgao
exacerbada de espécies reativas de oxigénio (EROs) em conjunto com a resposta
inflamatdria geram danos teciduais preocupantes. Diante disso, novas substancias
com atuacao nos mecanismos resultantes da exposicao a radiagao UVB sé&o alvos de
investigacbes. O acido docosahexaenoico (DHA), derivado do émega-3, pode ser
convertido em resolvinas como a resolvina D2 (RvD2) e 17(R)- resolvina D1 (17(R)-
RvD1) na presenca de aspirina. Esses dois mediadores lipidicos pré-resolugao
apresentam evidéncias sobre a atividade terapéutica, entretanto, até o momento a
eficacia dos mesmos nao foi avaliada em formulagao topica contra o modelo de leséo
cutanea induzida pela radiagao UVB. As resolvinas participam do processo resolutivo
da inflamacgao, ativando mecanismos de reparo tecidual e restringindo a infiltragao de
células imunitarias. No estudo atual, as formulagdes topicas contendo RvD2 ou 17(R)-
RvD1 foram testadas em camundongos sem pelos expostos a radiacdo UVB e a pele
do dorso foi coletada para avaliar parametros inflamatérios e oxidativos. A
administracao tépica de RvD2 (3,0 ng) limitou a inflamagao ao reduzir o edema de
pele, atividade da mieloperoxidase (MPO) e metaloproteinase-9 (MMP-9), degradacao
do colageno, espessamento epidérmico, apoptose dos queratindcitos, numero de
mastoécitos, producgao de citocinas anti-inflamatérias IL-10 e TGF- e pro-inflamatéria
IL-18 e expressdo do RNAm para ciclooxigenase-2 (COX-2). A melhora da capacidade
antioxidante apos RvD2 foi constatada pela manutencdo dos niveis de glutationa,
catalase e eliminagao do radical 2,2’ azinobis (3-etilbenzotiazolina-6-acido sulfénico)
(ABTS), expressao do RNAmM aumentada para o fator nuclear [derivado eritroide-2]
tipo 2 (Nrf2) e reduzida para a subunidade gp91Ph°x e IL-1B, além da diminuigdo da
producao de anion superoxido e hidroperdxidos lipidicos. A formulagdo topica
contendo 17(R)-RvD1 (2,7 ng) também obteve acdo antioxidante através da melhora
de todos os ensaios oxidativos citados anteriormente com adi¢ao do teste avaliando
o poder antioxidante redutor de ferro (FRAP). Adicionalmente, o dano inflamatério foi
atenuado com o tratamento de 17(R)-RvD1, diminuindo o edema cutadneo, MPO e
MMP-9, componentes da avaliagao histopatolégica e da produgédo da citocina pro-
inflamatoria IL-1B. Em conclusao, duas novas formas terapéuticas foram efetivas em
controlar os processos lesivos induzidos pela radiagao UVB, contribuindo com o
desenvolvimento de futuros farmacos.

Palavras-chave: Radiagao UV; Inflamagao; Antioxidante; Lipidios pro-resolugéo.
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ABSTRACT

Ultraviolet B (UVB) radiation is the main source of damage to the skin barrier and
triggers photoaging and long-term carcinogenesis. The exacerbated production of
reactive oxygen species (ROS) in combination with the inflammatory response
generates alarming tissue damage. Thus, new substances that act on the mechanisms
resulting from exposure to UVB radiation are targets for investigation.
Docosahexaenoic acid (DHA), a derivative of omega-3, can be converted into resolvins
such as resolvin D2 (RvD2) and 17(R)- resolvin D1 (17(R)-RvD1) in the presence of
aspirin. These two pro-resolution lipid mediators present evidence of therapeutic
activity, however, to this moment their efficacy has not been evaluated in topical
application against the UVB radiation-induced skin lesion model. Resolvins participate
in the inflammation resolution process, activating tissue repair mechanisms and
restricting the infiltration of immune cells. In the current study, topical formulations
containing RvD2 or 17(R)-RvD1 were tested on hairless mice exposed to UVB
radiation, and the skin of the dorsal side was collected to assess inflammatory and
oxidative parameters. Topical administration of RvD2 (3.0 ng) limited inflammation by
reducing skin edema, myeloperoxidase (MPO) and metalloproteinase-9 (MMP-9)
activity, collagen degradation, epidermal thickening, keratinocyte apoptosis, mast cell
number, production of pro- and anti-inflammatory cytokines and mRNA expression for
cyclooxygenase-2 (COX-2). The improvement in antioxidant capacity after RvD2 was
noted by the maintenance of glutathione levels, catalase and elimination of the 2,2'
azinobis (3-ethylbenzothiazoline-6-sulfonic acid) radical (ABTS), increased mRNA
expression for nuclear factor [erythroid-derived-2] type 2 (Nrf2) and reduced for the
gp91phox subunit, as well as decreased production of superoxide anion and lipid
hydroperoxides. The topical formulation containing 17(R)-RvD1 (2.7 ng) also achieved
antioxidant action by improving all the oxidative tests mentioned above with the
addition of the test evaluating ferric reducing antioxidant power (FRAP). In addition,
inflammatory damage was attenuated with 17(R)-RvD1 treatment, reducing skin
edema, MPO and MMP-9, components of the histopathological evaluation and the
production of the pro-inflammatory cytokine IL-1[. In conclusion, two new therapeutic
forms were effective in controlling the damaging processes induced by UVB radiation,
contributing to the development of future pharmaceuticals.

Key-words: UV radiation; Inflammation; Antioxidant; Pro-resolution lipids.
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1. INTRODUCAO

1.1. PELE E A RADIAGCAO ULTRAVIOLETA

Considerada o maior 6rgao do corpo humano, a pele recobre sua superficie
externa e constitui uma interface biolégica entre o organismo e o ambiente. Em razao
da sua complexidade, ela exerce multiplas fungbes importantes como auxilio na
termorregulacao e excregao de substancias, protecdo contra o atrito e perda de agua,
e por fim atua como linha de defesa contra patdgenos e agentes externos (PAWLINA;
ROSS, 2021).

A histologia da pele é caracterizada por duas camadas com diferentes
composicoes e atribuicbes e sao denominadas de epiderme e derme, conforme
evidenciado na imagem a seguir (Figura 1). A hipoderme esta localizada abaixo
dessas camadas e possui tecido adiposo, servindo como reserva energética e suporte
para 6rgaos subjacentes. A derme é a camada intermediaria em que se apoia a
epiderme e conecta a pele & hipoderme. E rica em tecido conjuntivo contendo fibras
colagenas e elasticas conferindo resisténcia e elasticidade, presenca de fibroblastos,
vasos sanguineos e linfaticos e anexos oriundos da epiderme. Além disso, células do
sistema imunologico também sdo encontradas como os mastécitos e macréfagos,
cooperando ativamente nas respostas fisiolégicas. Assim sendo, a derme é
fundamental para a nutrigdo, oxigenagao e apoio para epiderme (DEHKORDI et al.,
2019; PAWLINA; ROSS, 2021).

A epiderme, camada mais externa, estda em contato direto com fatores
ambientais. E composta por epitélio estratificado pavimentoso queratinizado, cujas
células em abundancia sdo os queratindcitos. Camadas de queratinécitos se
diferenciam e migram para a superficie, perdendo seus nucleos e acumulando
queratina em seus citoplasmas, formando uma barreira protetora chamada de estrato
cérneo. O estrato corneo é constantemente renovado através das células localizadas
no estrato basal, as quais sofrem intensa atividade mitética. Adicionalmente, a
epiderme apresenta outros tipos celulares: os melandcitos, responsaveis pela
producdo da melanina atribuindo pigmentagao cutanea; células de Langerhans com
funcédo imunoldgica e células sensoriais de Merkel. Os queratindcitos armazenam a

melanina produzida pelos melanécitos, bloqueando a radiagao solar e protegendo a
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pele contra os danos (DAMIANI; ULLRICH, 2016; NGUYEN; SOULIKA, 2019).

Figura 1: Histologia da pele humana mostrando as camadas epiderme (Ep) e derme
(De). Coloracéo Hematoxilina-Eosina (PAWLINA; ROSS, 2021).

Nesse contexto, a pele é suscetivel a diversos fatores agressores que podem
ser prejudiciais para sua integridade, incluindo a radiagdo ultravioleta (RUV). Em
baixas quantidades, a RUV possui efeitos benéficos como a participacdo na sintese
de vitamina D. Entretanto, quando a dose de radiacdo se torna acentuada pode
acarretar em danos irreversiveis a pele que, a longo prazo, resultam em
fotocarcinogénese (D’ORAZIO et al., 2013; LERCHE; PHILIPSEN; WULF, 2017).

Segundo o Instituto Nacional de Cancer (INCA), o cancer de pele nao
melanoma €& o mais prevalente no Brasil. Ele é subdividido em basocelular e
espinocelular, de acordo com a localizagdo do neoplasma na epiderme e sua
evolucao, afetando células do estrato basal e células superficiais respectivamente.
Estima-se que o numero de casos novos desse tipo de neoplasia para cada ano do
triénio de 2023 a 2025 € de 220.490, o que corresponde a um risco estimado de
101,95 por 100 mil habitantes. Ainda, existe o cancer do tipo melanoma, que € menos
comum e mais agressivo, tendo como origem os melanocitos e alta probalidade de
disseminagao. O principal fator de risco para esses tipos de cancer é a exposi¢ao a
RUV (INSTITUTO NACIONAL DE CANCER (INCA), 2022).
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Nos ultimos anos, um aumento da RUV que atinge a superficie da Terra é
constatado devido principalmente a destruicdo da camada de ozbnio, ameacgando
diferentes formas de vida e também promovendo uma ampliagido no numero de casos
de doengas cutaneas (UMAR; TASDUQ, 2022). Em vista disso, a busca por novas
terapias torna-se imprescindivel para controlar e prevenir os efeitos deletérios
induzidos pela RUV. Cabe ainda ressaltar que, o uso de filtros solares ndo € uma
protecao totalmente eficaz, uma vez que alguns estudos indicam a presenca de
reacdes alérgicas oriundas de alguns componentes e formagéo de espécies reativas
de oxigénio (EROs), além de permitir periodos mais prolongados de exposi¢ao ao sol
devido a reducéao dos sinais de queimaduras solares (SKOTARCZAK et al., 2015).

A RUV pertence ao espectro eletromagnético da luz solar e é classificada em
trés subtipos, conforme o seu comprimento de onda. O espectro UVC (100-280 nm) é
0 mais lesivo e altamente energético, mas ainda é filtrado pela camada de ozénio,
apesar de ter modificagcbes na camada que afetam a quantidade de radiagao
absorvida na superficie terrestre. As faixas UVA (320-400 nm) e UVB (280-320 nm)
sdo capazes de atingir a atmosfera e causar alteragdes cutdneas preocupantes
(GROMKOWSKA-KEPKA et al., 2021).

UVA compbe 95% da radiagao terrestre e provoca dano oxidativo nas camadas
mais profundas da pele, incluindo a derme e também o tecido subcutaneo. Ja UVB
alcancga cerca de 5% da radiacao e seu alvo € a camada epidérmica e parte da derme
papilar. Apesar de ter menor proporcdo na radiacido terrestre absorvida, UVB ¢&
responsavel por acometer diretamente o acido desoxirribonucleico (DNA) de
queratindcitos, resultando em fotoprodutos mutagénicos como dimeros de ciclobutano
pirimidina (CPD) e fotoprodutos de pirimidina (6-4). Lesbes no DNA que n&o sao
reparadas desempenham papel crucial no desenvolvimento do cancer (MOHANIA et
al., 2017; WANG et al., 2019).

Na condicdo de dano celular, o gene supressor tumoral p53 gerencia a
manutencao do genoma, reprimindo a proliferacao de células alteradas e executando
a parada do ciclo celular para o reparo. Se 0 mesmo nao ocorre, 0 processo de morte
celular programada € ativado. Apds a exposicdo excessiva a radiagdo UVB,
queratindcitos sofrem o fenbmeno apoptotico e adquirem mudangas histologicas
apresentando o nucleo condensado e citoplasma eosinofilico, passando a serem

chamados de “sunburn cells” com tradugao para “células queimadas pelo sol” (LIU-
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SMITH; JIA; ZHENG, 2017; SHEEHAN; YOUNG, 2002).

A RUV pode ser absorvida por qualquer molécula presente na pele que tenha
em sua estrutura insaturacao entre os carbonos. Melanina, proteinas, lipidios ou
acidos nucleicos absorvem a energia e atingem um estado mais energético. Ao
retornarem para seu estado de origem, a energia € transferida para moléculas de
oxigénio gerando EROs (EMRI et al., 2018). O espectro UVB é determinante para os
efeitos nocivos da exposicdo solar e a interacdo direta com o DNA justifica sua

importancia para a fotocarcinogénese.

1.2. ESTRESSE OXIDATIVO E SISTEMA ANTIOXIDANTE

Radicais livres s&o moléculas instaveis caracterizadas com elétrons
desemparelhados em seu orbital e provenientes do metabolismo energético de
organismos aerébios, além de fontes exdégenas como RUV, poluigdo, compostos
cancerigenos, entre outros. Sua produgcdo em niveis fisiolégicos contribui para
sinalizagao celular, ativagao de células fagociticas para eliminagcao de agressores e
producado de energia na respiragao celular. A maioria dos radicais sao derivados do
metabolismo do oxigénio, sendo designados como EROs. S&o eles: &nion superoxido
(O2™), hidroxila (OH") e espécies ndo radicalares como o peroxido de hidrogénio (H202)
e oxigénio singleto ('02). Ademais, produtos metabolicos formados por nitrogénio
podem dar origem as espécies reativas de nitrogénio (ERNs) como éxido nitrico (NO*)
e peroxinitrito (ONOO") (DIZDAROGLU; JARUGA, 2012; VALKO et al., 2006).

Dentre as EROS, o radical hidroxila € o mais perigoso, pois reage rapidamente
com as biomoléculas proximas na presenga de metais. Seus danos incluem
principalmente modificagbes no DNA. O H202n&o possui elétron livre, contudo auxilia
na sintese do radical téxico hidroxila. E por fim, o &nion superéxido, um radical primario
que é reduzido em O2 e H202 pela enzima superédxido dismutase (SOD) (CADET;
RICHARD WAGNER, 2013).

Células que realizam a fagocitose (mondcitos e neutrofilos) produzem uma
fonte adicional de EROs através do burst respiratério para agao microbicida. Esse
processo € catalisado pela enzima nicotinamida adenina dinucleotideo fosfato

(NADPH) oxidase (NOX), levando a um aumento na magnitude das lesdes teciduais
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(KEHRER; KLOTZ, 2015). NOX é uma familia de proteinas ligadas a membrana que
efetua a transferéncia de elétrons para o O2 e regula a diferenciagéo e proliferacao
celular. A NOX2 esta presente em fagdcitos e possui uma subunidade denominada
gp91Phox que esta intimamente associada com a produgdo de anion superoxido
(KANG; KIM, 2016). O aumento da sintese do radical livre e da expressdo da
subunidade foram demonstrados apdés a exposicdo a radiagdo UVB na pele
(KUMAGAI et al., 2021).

Altas concentracbes de EROs colaboram para a promoc¢do de danos aos
componentes celulares, resultando no estresse oxidativo. Os efeitos prejudiciais de
EROs sao contrabalanceados pelo sistema de defesa antioxidante, porém o
desequilibrio entre ambos leva ao estresse oxidativo. Logo, os mecanismos
endogenos antioxidantes sdo fundamentais para prevencdo de doengas cutaneas
(NEHA et al., 2019).

O sistema de defesa contra o dano oxidativo tem como intuito impedir a
oxidacdo de um substrato e reduzir a producdo de radicais livres. E dividido em
enzimatico e ndo enzimatico. Antioxidantes enzimaticos consistem na SOD, catalase
(CAT) e glutationa peroxidase (GPx). CAT e GPx dificulta a formagdo do radical
hidroxila através da reducao do H202 em H20 e O2. A SOD, por sua vez, converte o
anion superéxido em H20:2 e oxigénio, exercendo agdo complementar. Glutationa
reduzida (GSH), tocoferdis (vitamina E) e acido ascorbico fazem parte do sistema nao
enzimatico e eliminam oxidantes por meio da doagao de elétrons (ALl et al., 2020;
KOSTYUK; POTAPOVICH, 2009).

A GSH é encontrada no tecido cutaneo e seus niveis sdo reduzidos de forma
expressiva apoés a radiagao UVB, contribuindo para o estresse oxidativo (MARTINEZ
et al., 2018; SAITO et al., 2018). E um tripeptideo que contém o grupamento sulfidrila
responsavel pela sua agao antioxidante. Sua forma oxidada (GSSG) € adquirida apés
doar elétrons para moléculas reativas. Todavia, para que exista um equilibrio redox
GSH/GSSG, a forma oxidada é convertida para a reduzida pela glutationa redutase
(GR). As fungdes de GSH estao relacionadas com a remogao de peréxidos, radicais
livres e detoxificagdo (FORMAN; ZHANG; RINNA, 2009).

A interacao entre EROs e lipidios pode desencadear uma cascata de reacgoes,
levando a peroxidagao lipidica como demonstrado na figura 2. Os acidos graxos poli-

insaturados sao os principais componentes estruturais de membranas bioldgicas e
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podem ser oxidados, resultando na formacao de radicais de acidos graxos como o
peroxil. Sem a neutralizagdo dos produtos primarios da lipoperoxidagao, ocorre a
propagacao da oxidagcdo para as demais moléculas, conduzindo para diversas
consequéncias: modificacdes estruturais, perda funcional das proteinas de membrana
e alteracdo da permeabilidade. Nesse processo, 0 acido araquidénico € liberado pela
enzima fosfolipase A2 e se torna precursor para producdo de mediadores
inflamatdrios como as prostaglandinas sob agédo da enzima ciclo-oxigenase 2 (COX-
2) (DOBRZYNSKA et al., 2016; KHOSHKHAHESH et al., 2013; YIN; XU; PORTER,
2011).
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Figura 2: Formacao de EROs através de varias reagdes (Adaptado de NEHA et al.,
2019).

Além de provocar dano oxidativo a macromoléculas, UVB pode ativar diversas

vias de sinalizagdo, alterando a expressdo de determinados genes. O fator de
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transcricao Nrf2 (fator nuclear [derivado eritréide-2] tipo 2) é sensibilizado gragas a
producgao acentuada de EROs induzida por UVB. O Nrf2 esta localizado no citoplasma
e geralmente esta associado com a proteina Keap1. Um estudo demonstrou que o
aumento da expressao da proteina Keap1 tem regulagdo negativa, impedindo a ida
do Nrf2 para o nucleo. Entretanto, em condigcdes estressoras esse complexo é
dissociado e Nrf2 é direcionado para o nucleo, ligando-se ao elemento de resposta
antioxidante (ARE). Como resultado da sua ativagédo, Nrf2 estimula a expressao de
seus genes-alvo com fungdes citoprotetoras e antioxidantes como a hemeoxigenase-
1 (HO-1), NADPH quinona oxidoredutase 1 (NQO1), GR e GPx (BAIRD; YAMAMOTO,
2020; WEI et al., 2021).

A HO-1 é uma enzima capaz de degradar o grupamento heme, resultando nos
produtos biliverdina, mondxido de carbono e ferro. A biliverdina, por sua vez, é
convertida em bilirrubina e ambas desempenham atividade antioxidante. Ainda, a HO-
1 possui regulagao positiva na expressao da ferritina e esta se liga ao ferro, prevenindo
a geracdo de EROs (CHIANG; CHEN; CHANG, 2021). NQO1 também impede a
producgao de radicais livres, pois atua na redugédo de compostos e detoxificagédo (JI et
al., 2014). Nesta conjuntura, o Nrf2 possui mecanismos de protecao enddégena através

da regulagao da expressao de moléculas e garantindo a sobrevivéncia celular.

1.3. RESPOSTA INFLAMATORIA APOS RADIACAO UVB

A resposta inflamatéria € desencadeada apds o estimulo a radiacdo UVB por
meio da ativacao de vias de resposta como a do fator nuclear kappa B (NF-kB), umas
das principais vias inflamatorias. O NF-kB desempenha papel fundamental na inducao
de citocinas, quimiocinas, moléculas de adesado, dentre outros mediadores do
processo inflamatorio. A proteina IkB inibe a translocagdo do NF-kB para o nucleo.
Quando essa proteina inibitéria sofre degradagéao via ubiquitina-proteassoma, o fator
de transcricao € liberado para exercer sua acao (ANSARY et al.,, 2021; KUMARI;
PASPARAKIS, 2017).

As proteinas quinases ativadas por mitdgenos (MAPK) constituem uma via de
sinalizagdo bastante importante, sendo capaz de regular eventos celulares como
proliferagcéo, diferenciagdo, apoptose e carcinogénese. Essa familia de proteinas &

dividida em JNK (quinase c-Jun N-terminal), p38 e ERK (quinase regulada por sinal
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extracelular) (LEE et al., 2021). As proteinas JNK respondem a estimulos agressores
como RUV, microrganismos, citocinas e é responsavel por fosforilar moléculas-alvo
como o ativador de proteina 1 (AP-1). A propdsito, AP-1 possui papel na regulagéo do
ciclo celular e também na deterioracdo de componentes da matriz extracelular por
meio da expressao de enzimas metaloproteinases (HAMMOUDA et al., 2020).

O processo inflamatoério € complexo e envolve diversos componentes gerados
na tentativa de resposta do organismo a uma lesdo ou presenga de um agente
infeccioso (BASLER; BRANDNER, 2017). Neste contexto, queratindcitos formam uma
barreira protetora contra a radiagdo UVB, tornando-se alvos diretos de danos e
também sao responsaveis pela expressao de citocinas pro-inflamatdrias incluindo a
interleucina (IL)-1B e o fator de necrose tumoral alfa (TNF-a). Esses mediadores
inflamatérios auxiliam no recrutamento de células, particularmente neutréfilos e
macrofagos, para o foco inflamatorio. Vale destacar que a ativagado de queratindcitos
amplia a resposta para as demais células imunes da pele como as células de
Langerhans e mastocitos (MONTES DE OCA et al., 2017).

IL-1B8 é pertencente ao grupo das interleucinas (IL) -1 e demonstra atividade
proeminente na inflamacédo frente a estimulos exdégenos e enddgenos. TNF-a
apresenta acao similar e juntos desencadeiam a infiltragao leucocitaria. Por sua vez,
esses leucdcitos também liberam mais mediadores, englobando mais células e
acentuando o processo inflamatério (KEADLE et al., 2000; YAZDI; GHORESCHI,
2016). Para a limitagdo da magnitude da inflamacao, citocinas anti-inflamatorias como
o fator de transformacédo do crescimento beta (TGF-B) e IL-10 s&o produzidos e
capazes de regular a agao das citocinas pro-inflamatdrias e por conseguinte modular
a resposta inflamatéria. Recentemente, estudos demonstraram que a radiagao UVB
promove a sintese de citocinas pro-inflamatdrias e anti-inflamatérias em modelos in
vivo, reforcando seu potencial indutor. Ainda, a redugdo da sintese desses
mediadores pré e anti-inflamatorios sugere conter o agravamento da injuria
inflamatéria (MARTINEZ et al., 2020; MELO et al., 2023; SAITO et al., 2018).

Comumente, neutréfilos sdo as primeiras células a chegarem no foco
inflamatério e uma de suas atividades compreende na liberacdo da enzima
mieloperoxidase (MPO), que é armazenada principalmente em seus granulos
azurofilos para agao microbicida. Na presenga do perdxido de hidrogénio, a MPO

catalisa a formagao da espécie intermediaria reativa denominada acido hipocloroso.
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Em vista disso, células inflamatérias representam uma fonte complementar de EROs,
intensificando os danos teciduais e seus produtos podem estar associados com a
carcinogénese (ARATANI, 2018; MONTES DE OCA et al., 2017).

A radiacdo UVB é capaz de deteriorar componentes da camada dérmica. Esta
camada consiste em proteinas da matriz extracelular que conferem suporte estrutural
a pele. O colageno faz parte da sua maior composicao e € alvo da agcédo das enzimas
metaloproteinases (MMP) via ativacdo AP-1 (LEE; HONG; KIM, 2021). As MMP, por
sua vez, sdo proteases dependentes de zinco e podem ser produzidas por diversas
células imunitarias incluindo os neutrofilos. Particularmente, a MMP-9 desempenha
papel critico na degeneracao de fibras colagenas do tipo IV e sua expressao tem sido
relatada em manifestacdes patoldgicas envolvendo o cancer e favorecendo a
progressao tumoral e metastase, além de contribuir também ativamente no
fotoenvelhecimento (CUI et al., 2022; HUANG, 2018).

Queratindcitos mediados por fatores de crescimento em razdo da exposi¢céao
solar se proliferam resultando num espessamento epidérmico com a finalidade de
proteger a pele contra os prejuizos solares. Se a lesdo for suficientemente grande, a
proteina p53 atua na ativacdo de vias apoptdéticas formando as “sunburn cells” e
exibindo alteragcbes histoldégicas caracteristicas. Esse processo colabora para
restringir a multiplicacdo de células malignas e consequentemente o desenvolvimento
da carcinogénese (SVOBODOVA et al., 2012; WANG et al., 2012). A mutacdo do gene
que codifica a p53 tem sido implicada em tumores de pele. Nesta condicao, as células
se tornam resistentes a apoptose facilitando a sua propagacéo clonal (BRASH, 2006).

Os principais sinais clinicos agudos derivados da resposta inflamatoéria induzida
pela radiagdo UVB s&o eritema, edema, queimaduras solares e hiperpigmentacao
cutanea. O edema é resultado do aumento do liquido no espaco intersticial na pele
em virtude da alteragdo da permeabilidade vascular. Estudos indicam que os
prostanoides com destaque para a prostaglandina E2 (PGE2) contribuem para a
vasodilatagdo. As prostaglandinas sao sintetizadas a partir do acido araquidénico
liberado das membranas celulares. Altas concentracbes de PGE2 estdo envolvidas
na resposta inflamatéria. De modo sinérgico, outros mediadores como a histamina,
principal componente dos mastocitos, atua também nos eventos vasculares
inflamatérios (BATTIE; VERSCHOORE, 2012; HOHJOH et al., 2014; MATSUMURA,;
ANANTHASWAMY, 2004).
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1.4. LIPIDIOS PRO-RESOLUGCAO E POTENCIAL TERAPEUTICO DA RESOLVINA
D2 E 17(R)- RESOLVINA D1

A resposta inflamatéria crénica colabora com o desenvolvimento de doengas
graves. Com a finalidade de restabelecer a homeostase tecidual e controlar a injuria
inflamatédria, sdo produzidos mediadores pré-resolugédo especializados (SPMs), nos
quais orquestram ativamente a resolugédo da inflamagao. Esses mediadores ativam
mecanismos de reparo tecidual e restringem a infiltragéo de células imunitarias. Assim
sendo, a falha do término da inflamagéo € capaz de estender o processo e gerar
modificacdes teciduais alarmantes, além de estar associada com doencas
inflamatdrias crénicas como aterosclerose, artrite reumatoide e doencgas pulmonares
(BRENNAN et al., 2021; DEL CAMPO et al., 2022).

Quatro grupos (lipoxinas, resolvinas, maresinas e protectinas) de SPMs foram
identificados em exsudatos e demonstraram potencial terapéutico em acodes
resolutivas (SERHAN et al., 2004). Essas moléculas sao originadas a partir do acido
araquidénico e de acidos graxos 6mega-3. As lipoxinas foram os primeiros SPMs
relatados e sdo derivados do acido graxo poli-insaturado (acido araquidénico) por
acao de lipoxigenases (FATTORI et al., 2020). Um trabalho utilizando o modelo de
exposicao a radiacao UVB mostrou que o tratamento com a lipoxina A4 reduziu o dano
tecidual cutaneo de maneira tempo-dependente (MARTINEZ et al., 2018). Resolvinas,
protectinas e maresinas sao provenientes da conversao de acidos graxos émega-3
como acido eicosapentaenoico (EPA) e docosahexaenoico (DHA) (SERHAN, 2008).
Ademais, um caminho adicional para a produgcdo de SPMs é por meio da mudanca
funcional da enzima COX-2 para lipoxigenase na presenca da aspirina. A aspirina
efetua a acetilacdo do componente estrutural serina da COX-2, possibilitando a
formacao de epimeros de SPMs como o epimero da resolvina D1 (17(R)- resolvina
D1) (FATTORI et al., 2020).

Os acidos graxos poli-insaturados émega-3 constituem uma fonte nutritiva e
apresentam acgdes benéficas a saude humana. A configuragdo quimica possui
insaturagao a partir do terceiro carbono da cadeia. Além disso, sua origem majoritaria
é de fontes marinhas vindas da dieta, especialmente em 6leos de peixe, sendo EPA
e DHA os principais componentes encontrados (CHOLEWSKI; TOMCZYKOWA,;
TOMCZYK, 2018; SHAHIDI; AMBIGAIPALAN, 2018).
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O DHA esta presente em tecidos bioldgicos incluindo tecido nervoso e retina.
Em niveis plasmaticos e em consequéncia de um dano inflamatério, o DHA é
convertido em resolvinas da série D através de reagbes sequenciais por lipoxigenases
como a enzima 15-lipoxigenase. As resolvinas apresentam diferengas estruturais
entre si e neutralizam compostos oxidantes devido a sua capacidade de doar elétrons.
Os mediadores lipidicos de interesse desse trabalho (resolvina D2 e 17(R)-resolvina
D1) possuem peso molecular de 376,5 (CAYMAN CHEMICAL, 2024). A eficacia
terapéutica desses mediadores ocorre por meio da ligagao de receptores acoplados a
proteina G (GPCR) (DOYLE; SADLIER; GODSON, 2018; SEKI et al., 2010; SERHAN;
CHIANG; DALLI, 2018).

As resolvinas da série D e epimeros de resolvinas efetuam atividade resolutiva
através de mecanismos multifatoriais baseados na fagocitose de leucdcitos
apoptoéticos e restos celulares (eferocitose), reducdo de componentes pro-
inflamatdérios como as citocinas e infiltracdo de células inflamatérias e também
bloqueio de vias de resposta do NF-kB, gerando uma atenuacgao da extensdo da
resposta inflamatéria e acelerando a sua resolugao (CHENG; RONG, 2019; SERHAN,
2014).

O processo inflamatorio até a sua resolugao envolve etapas que sao descritas

na imagem a seguir (Figura 3).



24

Troca de classe de mediador lipidico temporal
Prostaglandinas e

Inflamagdo leucotrienos ~
Resolugdo
aguda .
Edema Mediadores Pré-Resolugdo Especializados (SPMs)
Infiltragdo de PMN K \
Recrutamento de macréfagos | . ) I '_ |
Lipoxinas - Resolvinas Protectinas
Série D Maresinas
COOH
HO ;\_ﬂ
/ 3
C\\Jjoj 17(R)-RvD1
RvD2 HOW
A J
v
c’// Aspiri .
>

COX-2 =——> Lipoxigenase

Figura 3: Mapeamento da resolugédo da inflamagdo aguda. A mudanga temporal da
classe de mediadores lipidicos inicia a resolugao ativa e a biossintese de SPMs. A
fase de resolugao inclui a redugédo do numero de neutréfilos polimorfonucleares (PMN)
coincidindo com o aparecimento de SPMs (lipoxinas, resolvinas, protectinas e
maresinas) em exsudatos inflamatoérios. Cada familia de SPMs é estruturalmente
distinta e possui potentes agdes proé-resolutivas. Ainda, a produ¢cao do mediador
lipidico 17(R)-RvD1 ocorre na presenga da aspirina, a qual converte a fungdo da COX-
2 para lipoxigenase (Adaptado de SERHAN; JOUVENE, 2019).

A resolvina D2 (RvD2) faz parte da familia de resolvinas da série D. Um dos
primeiros estudos avaliando o potencial anti-inflamatério desse lipidio foi descrito por
Spite e colaboradores (2009), no qual demonstrou que a RvD2 faz a contra regulagao
de neutrdfilos e citocinas inflamatoérias, além de aumentar a eferocitose, reprimindo
entdo a sepse microbiana em um ensaio experimental (SPITE et al., 2009). Alguns
anos depois, a RvD2 foi capaz de inibir os canais i6nicos TRPV1/TRPA1
correlacionados com a dor inflamatéria induzida por estimulos inflamatérios em patas
de camundongos (PARK et al., 2011). E importante citar que a dor inflamatéria é
resultante da ativagdo de neurbnios nociceptores, os quais sao regulados por
mediadores inflamatdérios designados citocinas e quimiocinas (ZANINELLI et al.,
2022).
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Especificamente, as agbes terapéuticas da RvD2 estdo vinculadas com a
interacdo do receptor GPR18, expresso em leucdcitos incluindo neutréfilos
polimorfonucleares (PMN) e macréfagos (CHIANG et al., 2015). A esse respeito, a
expressao de mRNA desse receptor foi reduzida em linhagem de células de carcinoma
oral (HSC-3), sinalizando que a fase resolutiva da inflamagao nessa circunstancia foi
prejudicada. Por outro lado, o tratamento com RvD2 revelou atividade anti-cancer e
anti-inflamatéria ao inibir a proliferagdo das células cancerosas orais e a produgao de
citocinas pro-inflamatérias como a TNF-a e IL-6. Ainda no mesmo trabalho, a RvD2
foi eficaz ao reduzir a atividade da MPO avaliada em tecidos da lingua de
camundongos inoculados com as células HSC-3 (xenoenxerto de cancer) (YE et al.,
2018).

Os macrofagos exercem participagao relevante durante a resposta inflamatéria
e se diferenciam em dois subtipos de acordo com os estimulos ambientais. Os
macrofagos M1 possuem carater pro-inflamatorio, isto &, estdo associados com a
secregcao de citocinas pro-inflamatérias, EROs e encarregados no combate as
infec¢des. Ja os macrofagos M2 englobam o perfil anti-inflamatério com fungdes de
remodelamento tecidual e angiogénese. Terapias farmacoloégicas que promovam a
diferenciagcao para macréfagos M2 pode ser uma rota estratégica como tratamento de
doencas inflamatérias (POPE et al., 2016; YUNNA et al., 2020). Pope et al., 2016
relataram que a RvD2 impediu a formagao do aneurisma da aorta abdominal induzido
por elastase em modelo in vivo, pois diminuiu o dano inflamatério e alterou a
polarizagdo dos macréfagos para M2. Somado a isso, os niveis do marcador de
degradacao colagena (MMP-9) foram regulados negativamente, constatando a acao
pré-resolucao do mediador lipidico.

Na atualidade, nosso grupo de pesquisa demonstrou potencial terapéutico de
alguns mediadores lipidicos frente a danos foto-oxidativos. Dentre eles, podemos
destacar a resolvina D1 (RvD1), outro produto bioativo do DHA, que apresentou
atividade anti-inflamatdria e antioxidante no modelo de lesdo cutanea induzida pela
radiacdo UVB. Os achados mostram redugao de paradmetros inflamatérios como
edema, atividade de MPO e MMP-9 e finalmente a atenuagdo do dano oxidativo
evidenciado pelos ensaios com aumento da expressao do gene que codifica enzimas
antioxidantes (Nrf2) e dos niveis antioxidantes endégenos como catalase e glutationa

reduzida (SAITO et al., 2018). Recentemente, o tratamento intravenoso com o analogo
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da RvD1 induzido por aspirina (17(R)- resolvina D1 ou 17(R)-RvD1) também protegeu
a pele contra o estresse oxidativo e inflamacgao causados pela radiagdo UVB. O reparo
do tecido cutaneo foi mensurado pela reducdo de marcadores como a expressao da
enzima inflamatéria COX-2, producéo de anion superoxido e hidroperdxidos lipidicos,
dano ao colageno, entre outros (MELO et al., 2023).

O papel endégeno da 17(R)-RvD1 foi investigado em outros modelos
experimentais. Um estudo realizado por Bento et al., 2011 identificou a sua agao
terapéutica em camundongos submetidos a modelos de inflamagéo intestinal. Os
mecanismos inibitérios pela 17(R)-RvD1 contra o dano inflamatério colénico foram
demonstrados pela redugcéo da expressdao de RNAmM para NF-kB aliada aos seus
componentes inflamatérios como moléculas de adesao VCAM-1 (molécula de adeséao
vascular-1) e ICAM-1 (molécula de adesao intercelular-1), como também ativacéo
proteica limitada da subunidade p65 do NF-kB analisada por imunohistoquimica e da
quimiocina CXCL1/KC (quimiocina derivada de queratinécitos) por ensaio
imunoenzimatico. Quimiocinas e moléculas de adesao séo encarregadas por guiar as
células imunes para o local inflamado e sao ativadas pela importante via indutora do
NF-kB. Ainda no mesmo trabalho, cultura de macréfagos estimulada com
lipopolissacarideo (LPS) foram tratadas com 17(R)-RvD1 e o antagonista seletivo do
receptor de lipoxina A4 (ALX) (BOC-1), os resultados mostraram que BOC-1 reverteu
o efeito inibitério do lipidio na liberagdo de citocinas, indicando que o efeito anti-
inflamatério é dependente da ligagdo com o receptor ALX/FPR2 (BENTO et al., 2011).

Outro mecanismo de acédo da 17(R)-RvD1 é através da interagdo com o
receptor GPR32, do mesmo modo que a resolvina D1 (CHIANG; SERHA, 2020;
KRISHNAMOORTHY et al.,, 2012). Curiosamente, os epimeros de resolvinas
induzidos pela aspirina sdo menos propensos a sofrerem acdo de enzimas
inativadoras oxirredutases, tornando-se mais estaveis e ampliando seu potencial
(ORR et al., 2015; SUN et al., 2007).

Anteriormente, SPMs induzidos por aspirina incluindo 17(R)-RvD1 promoveram
efeito antitumoral ao inibir a progressdo de células da linhagem de carcinoma
pulmonar de Lewis (LLC), adenocarcinoma de colon (MC38) e carcinoma mamario
(4T1). Em seguida, observou-se que esses lipidios favorecem a fagocitose pelos
macréfagos de restos celulares tumorais gerados por quimioterapia em modelo in vitro

(GILLIGAN et al., 2019). Residuos celulares tumorais sao formados na terapia do
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cancer, desencadeando o processo inflamatério com mediagcdo de citocinas pro-
inflamatdrias, sugerindo que a inflamagado representa um papel crucial na
tumorigénese (SULCINER et al., 2018). Por fim, as comprovagdes do trabalho
mostram que SPMs induzidos por aspirina em baixas concentra¢des constituem uma
forma terapéutica eficaz contra a carcinogénese sem a possivel toxicidade de doses
mais altas do anti-inflamatério aspirina (GILLIGAN et al., 2019).

De forma geral, fica evidente o potencial da RvD2 e 17(R)-RvD1 em conduzir a
resolucdo da inflamacao e conter os danos teciduais causados, tornando-se novos
alvos terapéuticos. Além disso, a administragcao de formulagdes topicas apresenta
perspectivas interessantes para a fotoquimioprevencdo, pois atua sobre a lesao
cutanea de forma local e minimiza impactos negativos decorrentes de outras vias de
administragdo como a toxicidade sistémica e a atividade reduzida do ativo pelo efeito
de primeira passagem (MARTINEZ et al., 2018). Portanto, a finalidade do presente
trabalho é avaliar a eficacia desses SPMs em formulagao tépica contra a radiacéo
UVB, dado que esse estudo ocorrera de forma inédita e contribuira para o
esclarecimento dos efeitos que sdo desencadeados e também para o

desenvolvimento de novos medicamentos.
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2. OBJETIVOS

2.1. OBJETIVO GERAL

O objetivo geral deste trabalho foi avaliar o potencial terapéutico dos lipidios
pro-resolucdo RvD2 e 17(R)-RvD1 administrados por via topica para o controle dos

danos oxidativos e inflamatérios induzidos pela radiagao UVB.

2.2. OBJETIVOS ESPECIFICOS

Avaliar o efeito das formulag¢des topicas contendo RvD2 ou 17(R)-RvD1 em
camundongos sem pelo, no modelo de lesdo cutanea induzida pela radiagcdo UVB
através dos seguintes parametros:

- Edema de pele;

- Migracéao do infiltrado leucocitario (ensaio da mieloperoxidase);

- Atividade/secrecado de metaloproteinase-9;

- Avaliacao histopatologica para determinacdo da espessura epidérmica e apoptose
de queratindcitos (coloracdo de hematoxilina-eosina), contagem de mastdcitos
(coloragdo de azul de toluidina) e degradagao das fibras colagenas (tricrobmico de
masson);

- Producéo de citocinas pré-inflamatdérias (IL-1B) e anti-inflamatérias (TGF-$ e IL-10);
- Avaliagao da capacidade antioxidante global cutédnea por meio dos ensaios de FRAP
(poder antioxidante de reducéo férrica) e ABTS (2,2’ azinobis (3-etilbenzotiazolina-6-
acido sulfénico);

- Niveis do antioxidante endogeno GSH e atividade da catalase;

- Producgao de anion superoxido e hidroperoxidos lipidicos;

- Expressdo de RNAm para Nrf2, gp91Pox e COX-2 por reagdo em cadeia da

polimerase (PCR) quantitativa.
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3. MATERIAIS E METODOS

3.1. MATERIAIS

3.1.1. Reagentes

RvD2 e 17(R)-RvD1 com pureza = 95% foram obtidas da Cayman Chemical
(Ann Arbor, Michigan, USA); terc-butil hidroperéxido, azul brilhante R, glutationa
reduzida (GSH), brometo de hexadeciltrimetil aménio (HTAB), 2,2'azino-bis (3-
etilbenozotiazolina-6-acido sulfénico) (ABTS), 2,4,6 tripiridil-S-triazina (TPTZ), Trolox,
acido 5,5’-ditio-bis-(2-nitrobenzdéico) (DTNB), o-dianisidina, nitroblue tetrazolium
(NBT), bisacrilamida foram obtidos da Sigma-Aldrich (St Louis, MO, USA). Hidroximetil
aminometano (TRIS) da Amresco (Solon, OH, USA). Os excipientes usados para o
preparo da formulagéao topica foram obtidos da Galena (Campinas, SP, Brasil). Kits de
ensaio imunoenzimatico (ELISA) para dosagem de citocinas da eBioscience (San
Diego, CA, USA). Acrilamida, dodecil sulfato de sodio (SDS), enzima transcriptase
reversa (Superscript® lll), Oligo (dT)12-18 primers, Platinum SYBRGreen® e primers
da Invitrogen (Carlsbad, CA, USA). Todos os outros reagentes utilizados foram de

grau analitico.

3.1.2. Equipamentos

Agitador mecanico, Fisatom®; Balanga analitica, HR-120, A&d®, precisado de 4
casas; Banho-maria, 314/2 DN, Nova Etica®; Banho-maria 100, Fanem; Centrifuga
refrigerada, Rotina 46R, Hettich Zentrifugen®; Camara de madeira projetada para
irradiacéo; Deionizador de agua, Purebal Option-Q, Elga®; Estufa 0-120°C, De Leo &
Cia®; Fonte elétrica para eletroforese MS 300V, Major Science®; Homogeneizador de
tecidos Tissue-Tearor (Biospec 985370); Lampada ultravioleta fluorescente PHILIPS
TL/12 40W RS-UVB, MedicalHoland®; Leitor de microplaca, Enspire, Perkin EImer®;
Leitor de microplaca, Multiskan GO, Thermo Scientific; Luminémetro Glomax® 20/20;
pHmetro, Tec-3MP, TECNAL®; Radiémetro IL 1700 Research Radiometer.
Detectores: SED240 — filtro UVB (290nm), SEDO0S - filtro UV (350nm); Sistema de
eletroforese Mini Vertical, Mini-Protean® Tetra System, Bio-RAD®.
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3.2. METODOS

3.2.1. Animais experimentais e modelo de indugao da lesdo cutanea pela radiagcao
UvB

Foram utilizados camundongos sem pelo da linhagem HRS/J, de ambos os
sexos e adultos, com peso de 20 a 30g. Os camundongos foram mantidos em uma
sala com temperatura controlada (22 + 2 °C) localizada no Biotério do Centro de
Ciéncias da Saude/UEL, utilizando ciclo de claro/escuro (12/12 h) com agua e ragao
ad libitum. Os experimentos foram conduzidos conforme as normas da Comissao de
Etica no uso de Animais (CEUA) da Universidade Estadual de Londrina (registrado no
Oficio Circular CEUA n°148/2016, processo CEUA n° 11146.2016.97). Todos os
esforgos foram feitos para minimizar o uso de animais e seu sofrimento.

A fonte de luz utilizada nos experimentos de indugédo de estresse oxidativo e
processo inflamatério agudo foi uma lampada UVB fluorescente modelo PHILIPS
TL/12 40W RS (MEDICAL-HOLANDA). A lampada emite radiagdo na faixa de 270 a
400 nm com pico maximo de emissdo em torno de 313 nm e foi acoplada no interior
de uma caixa retangular de madeira desenvolvida especificamente para a indugao da
lesdo cutanea, com capacidade maxima para 6 caixas de polipropileno para
acondicionamento de camundongos. A medida da irradiancia desta lampada foi
realizada utilizando-se um radidémetro (IL 1700) com detectores para radiagdo UV
(SED 005) e, especialmente, para UVB (SED 240) (CARINI et al., 2000;
CASAGRANDE et al., 2006), tornando-se possivel a posterior padronizagdo da dose
de radiagdo para 4,14 J/cm? (CAMPANINI et al., 2013; IVAN et al., 2014).

Os camundongos foram distribuidos nas caixas a 20 cm de distancia da
ldmpada e posteriormente cobertos com tela plastica para que eles permanecessem
dentro delas com livre movimentacéo, além de estarem completamente expostos a luz
ultravioleta. Devido a variagado de emissao de luz ao longo da lampada, foi realizada

uma rotatividade entre as caixas.
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3.2.2. Protocolo experimental de avaliacdo da formulacéo tépica contendo RvD2 em

camundongos

Os animais foram tratados com formulagao tépica contendo RvD2 ou tratados
com a formulacdo base (somente o veiculo). Com o auxilio de um pincel, as
formulacdes foram distribuidas em todo o dorso dos animais (0,5 g de formulagdo) 1h
antes, 5 min antes e 5 min apds o fim da irradiagao (KUMAGAI et al., 2021). A dose
de RvD2 (1,0 ng/tratamento) utilizada na formulagdo foi baseada em resultados
obtidos em experimentos de dose resposta via intraperitoneal realizados no
laboratario.

Camundongos foram divididos aleatoriamente em quatro grupos experimentais

contendo 6 animais cada de acordo com a descrigdo a seguir:
(1) grupo nao radiado;

)
(2) grupo radiado e nao tratado;
(3) grupo radiado e tratado com a formulagao controle (sem RvD2);
)

(4) grupo radiado e tratado com a formulagao contendo 1,0 ng/tratamento de RvD2.

3.2.3. Protocolo experimental de avaliacédo da formulagc&o tépica contendo 17(R)-

resolvina D1 em camundongos

A dose de 17(R)-RvD1 (0,9 ng/tratamento) incorporada na formulagao foi
estabelecida de acordo com experimentos de dose resposta deste trabalho e um
estudo recente do nosso grupo de pesquisa utilizando outra via de administragao
(MELO et al., 2023). Os animais foram tratados por via tépica com 0,5 g da formulagao
(com ou sem 17(R)-RvD1) na parte dorsal de 6 em 6 horas com total de trés
tratamentos, dando inicio 6 horas antes da irradiagao (MELO et al., 2021), como
demonstrado na figura 5.

Para os ensaios, os camundongos foram alocados de forma aleatéria em quatro

grupos com 6 animais cada:

-Grupo 1: controle nao irradiado;
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-Grupo 2: controle irradiado e nao tratado;

-Grupo 3: irradiado e tratado com formulagdo topica sem 17(R)-RvD1;
-Grupo 4: irradiado e tratado com formulagéo topica contendo 0,9 ng/tratamento de
17(R)-RvD1.

3.2.4. Preparo das formulagdes topicas

As porcentagens dos componentes utilizados para o preparo das formulagoes
constam na Tabela 1. E importante citar que as formulacdes foram elaboradas com a
mesma propor¢ao, diferenciando somente na adi¢ao do lipidio pro-resolugado (RvD2
ou 17(R)-RvD1).

Tabela 1: Componentes da formulagao topica

Matérias-primas %
Polawax®' (emulsionante e doador de viscosidade) 2%
A Triglicerideos do acido caprico e caprilico (emoliente) 5%
Agua qsp* 100%
B Dispersao de Aristoflex®? 5% 20%
Propilenoglicol (umectante e solubilizante) 6%
C Phenonip®? (conservante) 0,8%

'"Polawax®: Base auto emulsionante ndo-idnica (alcool cetoestearilico + monoestearato de
sorbitol polioxietileno 20 OE);

2Aristoflex®: Co-polimero do acido sulfénico acriloildimetiltaurato e vinilpirrolidona
neutralizado (formador de gel anidnico);

3Phenonip®: mistura de parabenos e fenoxietanol;

*Quantidade suficiente para preparagao.

Para o preparo da formulacdo foram aquecidas separadamente a fase A e a
fase B até a temperatura de 70 °C. Apds a fusdo dos solidos e quando as duas fases

atingiram a temperatura determinada, verteu-se a fase B sobre a fase A com agitacéo
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constante até a formacao de uma emulsao e resfriamento completo. Em seguida, a
fase C foi incorporada. Apos 24 horas do preparo da formulagéao foi adicionada a RvD2
(1,0 ng/0,5 g de formulagao) ou 17(R)-RvD1 (0,9 ng/0,5 g de formulagdo) para o

tratamento dos animais.

3.2.5. Procedimento para a coleta das amostras de pele

Os animais foram anestesiados terminalmente com isoflurano e amostras de
pele da regido dorsal foram coletadas 12 horas apds a radiagdo para os testes de
edema, atividade da MPO, MMP-9, histologia, avaliagdo do FRAP, ABTS e niveis de
GSH. Em outra série de experimentos, as amostras foram coletadas apés 2 horas do
fim da exposigao a UVB para os testes de catalase, produgao de anion superoxido
(NBT) e hidroperoxidos lipidicos (LOOH). Por ultimo, citocinas e expressao do mRNA
por PCR quantitativo foram analisados por meio das amostras de pele coletadas 4
horas apds a radiagao. Nestes ultimos tempos citados (2 e 4 horas), os animais foram
anestesiados com isoflurano e decaptados. Cada parametro foi analisado em um
tempo especifico de coleta apds determinagéo prévia em outros trabalhos do grupo
(MELO et al., 2023; SAITO et al., 2018).

As peles foram separadas para cada teste e armazenadas a -80°C para as
analises, exceto para o teste de edema cutaneo, que foi realizado logo apds a coleta,
e para a avaliagao histopatolégica, que foram coletadas e adicionadas em formol a
10% até serem processadas.

A seguir, as figuras 4 e 5 demonstram o esquema do tratamento topico e os
tempos de coleta das amostras de pele para avaliagcdo da eficacia dos mediadores

lipidicos de interesse.
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Edema, MPO, MMP-9,

ABTS, GSH e
NBT, catalase e histologia
LOOH
RvD?2 ou veiculo
Tempo 0 Citocinas e PCR

Tempo

5h 30 min
(4.14 J/cm?)

- 60 min - 5 min 5 min 2h 4 h 12 h

RvD2 ou veiculo

Figura 4: Fluxograma dos tempos de tratamentos topicos e coletas das peles para
avaliagao da formulagéo topica contendo RvD2 atraves de parametros inflamatorios e
oxidativos. Foi realizado um pré-tratamento com a RvD2 (1,0 ng/tratamento) 1 h antes,
5 min antes e 5 min apds o fim da irradiacdo. Os animais foram submetidos a radiagao
UVB por 5 h e 30 min (4,14 J/cm?). Os animais foram eutanasiados e as amostras
foram coletadas em tempos distintos: 2, 4 e 12 h apds a radiacdo UVB de acordo com
o teste a ser realizado (Adaptado de KUMAGAI et al., 2021).

Edema, MPO, MMP-9,
FRAP, ABTS, GSH e
histologia

NBT, catalase e
LOOH

I7(R)-RvDI ou veiculo

Tratamento Citocinas e PCR

30 min

17(R)-RvD| ou veiculo

Figura 5: Fluxograma dos tempos de tratamentos tdpicos e coletas das peles dos
animais para avaliagdo da formulagdo tépica contendo 17(R)-RvD1 através de
parametros inflamatérios e oxidativos. Foi realizado um tratamento com a 17(R)-RvD1
(0,9 ng/tratamento) 6 h antes, logo antes e 30 min apds a irradiagao. Os animais foram
irradiados por 5 h e 30 min (4,14 J/cm?). Os animais foram eutanasiados e as amostras
de pele foram coletadas em tempos distintos: 2, 4 e 12 h apds a radiagdo UVB de
acordo com o teste a ser realizado (Adaptado de KUMAGAI et al., 2021).
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3.2.6. Parametros inflamatorios cutaneos

3.2.6.1. Avaliagao do edema de pele

Um dos sinais clinicos agudos ap6s a exposi¢cao da radiagdo UVB é o edema,
fendbmeno que ocorre em seguimento a modificagdo da permeabilidade vascular e
apresenta como caracteristica o extravasamento do conteudo plasmatico para o
espaco intersticial (KAJIYA; HHRAKAWA; DETMAR, 2006). As amostras de pele foram
coletadas com um molde de area fixa (5 mm de didmetro) e a analise foi determinada
pela comparagédo do peso cutaneo entre os diferentes grupos (expresso em mg de
pele) (IVAN et al., 2014).

3.2.6.2. Determinacgao da atividade da enzima mieloperoxidase (MPO)

O ensaio avalia de forma indireta o influxo de neutrdéfilos pela atividade da
enzima mieloperoxidase apds a radiacdo UVB. O principio do teste se baseia na
formacdo de um composto colorido em decorréncia da oxidagao do substrato orto-
dianisidina promovida pela MPO (CAMPANINI et al., 2013; IVAN et al., 2014).

As amostras de pele foram coletadas e homogeneizadas com o tampao fosfato
50 mM (pH 6,0) contendo 0,5% de brometo de hexadeciltrimetil ambnio (HTAB). Elas
foram homogeneizadas com o auxilio do homogeneizador de tecidos Tissue-Tearor
(Biospec 985370) e posteriormente centrifugadas (16.100 g por 2 min a 4 °C). Para a
reagao colorimétrica, foram adicionados 30 uL do sobrenadante de cada amostra
juntamente com 200 pL de uma solugao contendo 10% de tampéo fosfato 0,05 M (pH
6.0), 0,0167 % de orto-dianisidina e 0,015% de H202em agua deionizada. A atividade
da MPO das amostras foi determinada espectrofotometricamente em 450 nm
(EnSpire, Perkin Elmer) e comparada a uma curva padrdo de neutréfilos com
concentragcdo conhecida. Os resultados obtidos foram expressos em numeros de
neutréfilos/mg de pele (CASAGRANDE et al., 2006).



36

3.2.6.3. Determinagéao da atividade/secregao de metaloproteinase-9 (MMP-9)

Para a determinacdo da enzima MMP-9, o método de zimografia em gel de
poliacrilamida com dodecil sulfato de sdédio (SDS-PAGE) foi empregado com a
finalidade de identificar enzimas que degradam a gelatina do gel (FONSECA et al.,
2011). A MMP-9 é uma enzima proteolitica que deteriora a matriz extracelular e esta
associada com o fotoenvelhecimento (CUELHO et al., 2018; SAITO et al., 2016).

Foi feito um pool das amostras de pele de cada grupo e foram homogeneizadas
com auxilio do Tissue-Tearor (Biospec 985370), na proporcéo 1:4 em tampéo fosfato
Tris/lHCI 50 mM (pH 7,4) com cloreto de célcio (CaClz2) e 1% de inibidores de
proteinases (fenantrolina, fluoreto de fenilmetilsulfonila e N-etiimaleimida). Os
homogenatos foram duplamente centrifugados a 12.000 g por 10 min a 4 °C e os
sobrenadantes foram utilizados para o ensaio. 50 uL do sobrenadante das amostras
foi diluido em 10 yL de tampéao Tris/HCI (pH 6,8) contendo 20% de glicerol, 4% de
dodecil sulfato de sddio (SDS) e 0,001% de azul de bromofenol. Posteriormente, estas
amostras foram colocadas em banho-maria a 37 °C durante 8 minutos imediatamente
antes de ser aplicada no gel de eletroforese.

O gel contém 1 mm de espessura e é composto por duas partes, um gel de

separacgao e de concentracao, preparados conforme a tabela 2.
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Tabela 2: Componentes do gel de separagao e do gel de concentragao

Substancia Quantidade (pL)

Gel de Gel de

separacao concentragcao

Agua miliQ 5870 4060
Tampao Tris/HCI 1 M (pH 8,8) 3750 -
com 0,4% SDS
Tampao Tris/HCI 0,5 M (pH 6,8) - 1670
com 0,4% SDS
Acrilamida: bis-acrilamida (30:0,8) 5000 860
Gelatina 10% 375 -
Persulfato de aménio 10% 50 33
Temed 20% 10 6,6

Apos o preparo da solugédo contendo os dois géis, os mesmos foram aplicados
um por vez no aparato do sistema de eletroforese Mini Vertical (Bio-RAD®).
Posteriormente, o gel foi acoplado no suporte que fica no interior da cuba de
eletroforese, preenchida com tampéo Tris/glicina 190 mM (pH 8.3) contendo 0,1% de
SDS. Antes da aplicagdo das amostras, o gel foi submetido a uma pré-corrida de 10
mA por 15 minutos. Em seguida, foram aplicados 15 puL de cada amostra. Durante a
eletroforese a corrente aplicada foi de 10 mA para o gel de concentracdo e 13 mA
para o gel de separagao, sendo que a ultima corrente foi mantida constante por 15
minutos apos a saida do corante do gel de separagéo.

Apos o término da corrida com as amostras, o gel de poliacrilamida foi retirado
da cuba e submetido a lavagem, sob agitagao constante, com a solugédo de Triton X-
100 2% durante 1 hora. Posteriormente, o gel foi incubado por 16 horas a 37 °C em
tampéo Tris/HCI 50 mM (pH 7.4) contendo CaClz 10 mM. Na etapa seguinte, o gel foi
corado com uma solucao contendo 0,25% de azul brilhante, 10% de acido acético e
50% de metanol em agua deionizada. Para visualizacdo das bandas o gel foi
descorado com acido acético 20% (FONSECA et al., 2011). Zonas de atividade

enzimatica foram detectadas como regides de coloragao negativa contra um fundo
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escuro. A atividade proteolitica foi analisada por meio da comparacao das diferengas
de densidades de cor entre as bandas de cada grupo pelo programa Image J® (NIH,
Bethesda, MD, USA).

3.2.6.4. Avaliagao histopatoldgica por microscopia 6ptica

As amostras de pele foram coletadas 12 horas apds UVB, fixadas em formol a
10% até serem processadas. Posteriormente, foram desidratadas em banhos de
solugdes de etanol com concentragdes crescentes (70%, 95% e 100%) e diafanizadas
com Xxilol para inclusao de parafina. Foram preparadas sec¢des de 5 ym de amostras
de pele e coradas com hematoxilina-eosina (H&E), sendo examinadas utilizando
microscopia optica a ampliagbes de 400 e 1000x para determinagao da espessura
epidérmica (DENG et al., 2015) e numero de queratinécitos apoptéticos (SCHWARZ
et al., 1995), respectivamente.

Além disso, seccdes dos tecidos também foram coradas com o azul de toluidina
para determinacdo de mastdcitos e foram observados por microscopia éptica com o
aumento de 400x. As analises foram feitas com o Infinity Analyze (Lumenera®
Software) (MOURET et al., 2015). Por fim, secgbes dos tecidos foram coradas com
tricromico de masson para analise de possiveis alteragdes nas fibras de colageno
(ampliacao de 100x) e a intensidade da coloragao azul nas areas dérmicas da pele foi
analisada pelo software Image J® (NIH) (SONG et al., 2016).

3.2.6.5. Dosagem da citocina pro-inflamatéria IL-1 e citocinas anti-inflamatoérias TGF-
BelL-10

As amostras de pele foram coletadas em salina (500 yL) e homogeneizadas
com o Tissue-Tearor (Biospec 985370). Em seguida, os homogenatos foram
centrifugados a 2.000 g por 15 min a 4 °C e os sobrenadantes foram coletados para
a analise. A quantificacdo das citocinas foi realizada por meio da técnica de
enzimaimunoensaio (ELISA) do tipo sanduiche com diferentes kits comerciais
disponiveis de acordo com as instrugdes de uso do fabricante e conforme descrito
previamente (VERRI et al., 2008). Os resultados foram obtidos comparando as

densidades opticas em 490 nm das amostras com as densidades das respectivas
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curvas padrdes das citocinas (expressos em picogramas de citocina/mg de proteina).

3.2.7. Parametros oxidativos cutaneos

3.2.7.1. Avaliacédo da capacidade antioxidante global pelos ensaios de FRAP (poder
antioxidante redutor do ferro) e ABTS (atividade doadora de elétrons ao radical ABTS

- (2,2’ azinobis (3-etilbenzotiazolina-6-acido sulfénico)

As amostras de pele dos diferentes grupos foram coletadas e homogeneizadas
em 400 uyL de KCI (1,15%) com auxilio do Tissue-Tearor (Biospec 985370),
centrifugadas a 1.000 g por 10 min a 4°C e o sobrenadante foi retirado e armazenado
para os dois ensaios.

Para a reagdo de FRAP foram utilizados 30 uyL do sobrenadante do
homogenato da amostra e 150 pL de reagente FRAP. O reagente de FRAP foi
preparado adicionando 2,5 mL de uma solugédo 10 mM de 2,4,6 tripiridil-S-triazina
(TPTZ) em HCI 40 mM com 2,5 mL de cloreto de ferro hexahidratado 20 mM e 25 mL
de tampao acetato 0,3 mM (pH 3.6), e esta solugéo foi incubada a 37 °C por 30 min
antes do uso. Em seguida, foi realizada a leitura em 595 nm (EnSpire, Perkin Elmer).
Solugbes padrdao com diferentes concentragbes de Trolox (0,039 a 40 nmol)
(antioxidante analogo da vitamina E) foram utilizadas para calibragdo. Os resultados
foram expressos como nmol de equivalente de Trolox/mg de pele. O ensaio de FRAP
mede a reducdo férrica do TPTZ para um produto colorido por meio da agao de
antioxidantes que doam elétrons para a reagao (KATALINIC et al., 2005). Além disso,
foi adaptado e utilizado para avaliar o poder antioxidante de amostras da pele
(MARTINEZ et al., 2015).

Para a reacao de ABTS, foram utilizados 7 uL do sobrenadante das amostras
e 200 uL da solucao de ABTS diluida previamente. A solugcdo de ABTS foi produzida
reagindo 7 mM da solugdo de ABTS com 2,45 mM de persulfato de potassio. A mistura
foi armazenada em frasco ambar a temperatura ambiente por 16 horas antes do uso.
A solucédo ABTS foi diluida com tampéao fosfato (pH 7.4) até atingir uma absorbancia
de 0,8 em 730 nm. A reacao foi incubada por 6 min e a leitura das amostras foi também

realizada a 730 nm (EnSpire, Perkin Elmer). Uma curva padréo foi preparada com
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diferentes concentragdes de trolox (0,039 a 40 nmol) e os resultados foram expressos
em nmol de equivalente de trolox/mg de pele. A capacidade antioxidante de cada
amostra € medida através do decaimento da coloracdo do radical cation ABTS*
quando ocorre doagao de elétrons a ele feita pelo antioxidante (KATALINIC et al.,
2005; MARTINEZ et al., 2015).

3.2.7.2. Avaliagao dos niveis do antioxidante endégeno GSH

O antioxidante GSH possui o grupamento sulfidrila que neutraliza substancias
oxidantes e doa elétrons para essas moléculas reativas, tornando-se importante para
a homeostasia da pele ap6s a radiagédo UVB (D’ORAZIO et al., 2013). Neste ensaio,
GSH doa elétrons para o acido 5’,5'-ditio-bis-(2-nitrobenzdico) (DTNB), convertendo
em um produto colorido (AEBI, 1984; SRINIVASAN; SABITHA; SHYAMALADEVI,
2007).

As amostras de pele foram foram diluidas (1:4) em EDTA 0,02 M e trituradas
utilizando o Tissue-Tearor (Biospec 985370). Ao homogenato foi adicionado acido
tricloroacético (TCA) 50% na proporgéo de 1:0,2 de EDTA e TCA, respectivamente.
Em seguida, a mistura foi centrifugada a 2.700 g por 10 minutos a 4 °C. O
sobrenadante foi retirado e centriftugado novamente a 2.700 g por mais 15 minutos a
4 °C. O sobrenadante final foi removido para analise. Para a quantificagdo dos niveis
de GSH, foram adicionados 50 puL do sobrenadante da segunda centrifugacdo em
microplaca juntamente com 100 yL de tampéao Tris 0,4 M (pH 8,9) e 5 yL de uma
solugao de 1,9 mg/mL de DTNB em metanol. Ap6s 5 minutos de incubagéo, a leitura
da microplaca foi realizada no espectrofotdmetro (EnSpire, Perkin Elmer) em 405 nm.
A curva padrao foi preparada com 0 a 150 uM de GSH. Os resultados foram expressos
em UM de GSH/mg de pele (SRINIVASAN; SABITHA; SHYAMALADEVI, 2007).

3.2.7.3. Avaliacao da atividade da catalase (CAT)

A enzima CAT tem como fungdo converter o H202 em agua e oxigénio. O
principio da técnica se baseia na decomposigdo do H20:2 seguida da dimininuicéo de
absorvancia. A diferenga de absorvéancia por unidade de tempo mede a atividade da

enzima (AEBI, 1984). As amostras de pele dos animais foram homogeneizadas em
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500 uL de EDTA 0,02 M com auxilio do Tissue-Tearor (Biospec 985370). Em seguida,
o homogenato foi centrifugado a 2.700 g por 10 minutos a 4 °C e o sobrenadante final
foi retirado para analise. Para a reacao, foram adicionados 10 yL amostra, 160 pL
tampéao Tris-HCI 1M com EDTA 5 mM pH 8,0, 20 yL agua deionizada e 20 yL H20:2
200 mM. Foi incluido um branco para cada amostra preparado com 10 yL do
sobrenadante da amostra, 180 uL de tamp&o Tris-HCI 1M com EDTA 5 mM pH 8,0 e
20 pL de agua deionizada. A velocidade com que o H20:2 é reduzido pela agdo da CAT
foi avaliada através da diminuicdo no valor da absorbancia pela diferenca entre a
leitura inicial e a leitura 30 segundos apds a adigao do H202 200 mM. A leitura foi
realizada em espectrofotdmetro de microplacas (EnSpire, Perkin Elmer) a 240 nm com
temperatura mantida em 25 °C. Os valores de catalase foram expressos como unidade

de catalase/mg de pele/minuto (AEBI, 1984).

3.2.7.4. Avaliagao da producédo de anion superoéxido (O2")

A quantidade do radical anion superdxido é excessiva em contato com os raios
UVB (FERREIRA; MATSUBARA, 1997; HIRAMOTO et al., 2012). Este método foi
baseado na reducédo do nitroblue tetrazolium (NBT). As amostras de pele foram
homogeneizadas com o Tissue-Tearor (Biospec 985370) em EDTA 0,02 M e
centrifugadas (2.000 g por 20 segundos a 4°C). Primeiramente, 50 puL do
sobrenadante de cada amostra foi adicionado em microplaca e incubado por 1 hora.
Posteriormente, o sobrenadante foi removido e foi adicionado o NBT (1 mg/mL) ao
meio. Depois de incubar por 15 minutos, o sobrenadante foi retirado e ao precipitado
foram adicionados 20 uL de metanol 100% para fixar, 120 yL de KOH 2 M e 140 uL
de dimetilsulfoxido (DMSO) para solubilizar o composto formazan (NBT reduzido). A
formagéo desse composto foi medida em espectrofotdmetro (EnSpire, Perkin Elmer)
a 620 nm e os resultados foram apresentados como densidade 6ptica (OD)/10 mg de
pele (CAMPANINI et al., 2013).

3.2.7.5. Avaliagao da producédo de hidroperéxidos lipidicos (LOOH)

Hidroperoxidos lipidicos constituem os produtos primarios da peroxidagéo

lipidica. O método utilizado é fundamentado na quimiluminescéncia iniciada pelo terc-
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butil  hidroperoxido descrito anteriormente (GONZALEZ-FLECHA; LLESUY;
BOVERIS, 1991) e adaptado por Martinez et al. (2015). As amostras de pele foram
coletadas e homogeneizadas em 800 uL de tampéo fosfato (pH 7.4) com o
homogeneizador de tecidos Tissue-Tearor (Biospec 985370) e posteriormente
centrifugadas a 700 g por 2 minutos a 4 °C. Para o ensaio, 70 yL do sobrenadante
foram adicionados para a reagao com 420 uL de tampao de reagcédo (KH2PO4 20 mM
e NaCl 0,9%, pH 7,4), 10 pyL de terc-butil e 10 yL de luminol. Cada amostra foi
analisada por 3.600 segundos no equipamento Glomax® 20/20 (Madison, Wisconsin,
EUA), resultando na mesma quantidade de pontos de quimioluminescéncia. Todo o
experimento foi realizado ao abrigo da luz para evitar a fosforescéncia dos frascos, a
30 °C, durante 120 minutos. Os resultados foram medidos em contagem por minuto

(cpm) por mg de pele.

3.2.7.6. Expressao de RNAm para IL-1B, Nrf2, gp91°P"ox e COX-2 por reagdo em cadeia

da polimerase (PCR) quantitativa

As amostras de pele foram coletadas em reagente Trizol e homogeneizadas
para a extragdo do RNA total. O RNA total foi transcrito por agdo da enzima
transcriptase reversa, e o DNAc obtido foi usado para amplificacao especifica do
RNAm de interesse. A expressao quantitativa de RNAm para Nrf2, gp91°P"ox e COX-2
foi analisada por meio de reacdes de PCR em tempo real, em que foram utilizados o
reagente SYBRGreen Master Mix (o qual contém fluoréforo SYBRGreen; enzima DNA
polimerase; DNTPs e fluoréforo ROX), a solugdo de DNAc, agua ultrapura tratada com
dietilpirocarbonato e uma solugao contendo cada primer. O sistema utilizado realiza
as reagdes de amplificacdo e detecgdo, e quantifica as amostras no termociclador
ABI5700 (APPLIED BIOSYSTEMS, WARRINGTON, REINO UNIDO) por meio da
analise do nivel de fluorescéncia gerado pela incorporacdo de nucleases
fluorogénicas (SYBRGreen) aos produtos de amplificagdo durante o curso da reagao.
Os resultados foram analisados com base no valor do limiar do ciclo, em que a
amplificagdo das amostras atinge um limiar que permite a analise quantitativa da
expressao do fator avaliado. O gene Gapdh (gliceraldeido-3-fosfato desidrogenase)
foi utilizado como controle enddgeno para a normalizagao dos niveis de expressado do
gene alvo (VERRI et al., 2008).
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3.2.8. Analise estatistica dos resultados

As analises estatisticas foram realizadas utilizando o software GraphPad Prism
9 (GraphPad Software Inc., San Diego, EUA). Os resultados foram analisados
estatisticamente por analise de variancia (ANOVA) com um fator seguido do teste de
comparagdes multiplas de Tukey e apresentados pela média + erro padrao da média
(EPM) de mensuragdes feitas com 6 animais em cada grupo por experimento. Os
resultados foram representativos de 2 experimentos separados e foram considerados

significativamente diferentes para p<0,05.
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Highlights
-Topical formulation containing RvD2 protects the skin barrier against UVB radiation.

-Topical formulation with RvD2 inhibits inflammation induced by UVB radiation.

-Topical formulation with RvD2 restores the skin's antioxidants after UVB radiation.

Abbreviations

ABTS 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
COX cyclooxygenase

DHA docosahexaenoic acid

DNA deoxyribonucleic acid

DTNB 5,5’-dithiobis(2-nitrobenzoic acid)

GPR18 G protein-coupled receptor 18

GSH reduced glutathione

H20:2 hydrogen peroxide

IL interleukin

LOOH lipid hydroperoxides

MMP matrix metalloproteinase

MPO myeloperoxidase

MRNA messenger ribonucleic acid

NF-kB nuclear factor-kB

NBT nitroblue tetrazolium

NADPH nicotinamide adenine dinucleotide phosphate

NOX2 NADPH oxidase 2



Nrf2 nuclear factor erythroid 2-related factor 2

QL chemiluminescence
ROS reactive oxygen species
RvD2 resolvin D2

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

SEM standard error mean

SPM specialized pro-resolution mediators
T-butyl Tert-butyl

TGF-B transforming growth factor beta
TNF-a tumor necrosis factor

uv ultraviolet
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Abstract

Resolvin D2 (RvD2) is the result of the conversion of docosahexaenoic acid (DHA),
which is a member of the omega-3 fatty acid family. Its therapeutic actions are based
on multifactorial mechanisms that participate in the inflammation-resolving process.
This work intends to evaluate the efficacy of the topical formulation containing RvD2 in
the UVB radiation-induced skin lesion model, considering that the solar spectrum
causes alarming damage to skin tissue. Topical administration of RvD2 (1.0
ng/treatment) reduced the inflammatory parameters of skin edema, the neutrophil
influx, myeloperoxidase (MPO) and metalloproteinase-9 (MMP-9) activity, collagen
fiber degradation, epidermal thickness, keratinocyte apoptosis, mast cell proliferation,
levels of pro-inflammatory cytokine IL-13 and anti-inflammatory cytokines IL-10 and
TGF-B and mRNA expression for cyclooxygenase 2 (COX-2) and IL-1B3. In addition,
RvD2 showed antioxidant properties by restoring the levels of the antioxidants reduced
glutathione (GSH) and catalase, the ability to reduce the ABTS radical (2,2' azinobis
(3-ethylbenzothiazoline-6-sulfonic acid) and increased expression of nuclear factor
[erythroid derivative-2] type 2 (Nrf2), and finally, decreased generation of superoxide
anion and lipid hydroperoxides and mRNA expression of the gp91P"°* subunit. In
conclusion, the topical formulation with RvD2 has unprecedented potential for
controlling the damage caused by UVB radiation to the skin and could contribute to the

development of new drugs.

Keywords: pro-resolution lipid, photoaging, skin damage, inflammation.
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1. Introduction

Omega-3 polyunsaturated fatty acids are a nutritional source and benefit human
health. Its majority origin is from marine sources from the diet, especially in fish oils,
with eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) being the main
components found [1,2]. EPA and DHA are precursors of important elements
denominated specialized pro-resolution mediators (SPMs). These mediators actively
manage the resolution of the inflammatory response, activate tissue repair
mechanisms, and restrict the infiltration of immune cells, reversing tissue homeostasis
and controlling inflammatory injury [3,4].

DHA is an important component found in biological tissues, including nerve
tissue and retina. When there is inflammatory damage, DHA present in plasma levels
gets converted into resolvins of the D series through sequential reactions by enzymes
known as lipoxygenases, such as the 15-lipoxygenase enzyme. Resolvins have
different chemical structures and can neutralize oxidizing compounds by donating
electrons. These mediators work therapeutically by binding to G protein-coupled
receptors (GPCR) [5-7].

The D-series resolvins carry out the resolution of inflammation through a variety
of mechanisms, including the phagocytosis of apoptotic leukocytes and cellular debris
(known as efferocytosis), the reduction of pro-inflammatory mediators such as
cytokines, and the inhibition of the nuclear factor kappa B (NF-kB) response pathways.
These actions lead to a decrease in the inflammatory response and a faster resolution
of the inflammation [8,9].

Resolvin D2 (RvD2) belongs to the resolvin family of the D series. Its therapeutic
actions are linked to the GPR18 receptor, which is expressed in leukocytes, including
polymorphonuclear neutrophils (PMN) and macrophages [10]. Studies have described
the anti-inflammatory and pro-resolution potential of RvD2. For instance, RvD2
reduced the levels of pro-inflammatory cytokines TNF-a and IL-6 in oral carcinoma cell
lines (HSC-3) [11], regulated neutrophils and increased efferocytosis to control
experimental sepsis [12]. In addition, our research group has demonstrated the
therapeutic activity of some SPMs derived from DHA, such as resolvin D1 [13] and

maresin 1 [14] against photo-oxidative damage.
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Exposure to ultraviolet radiation has been connected to an increase in skin
diseases [15]. Therefore, new therapeutic forms are being investigated to prevent and
treat damage caused by the sun's harmful rays. Specifically, UVB radiation is known
to interact directly with deoxyribonucleic acid (DNA), increase the production of
reactive oxygen species (ROS), and activate inflammatory response pathways such
as NF-kB. These factors play a key role in photocarcinogenesis, making UVB radiation
a major contributor to the harmful effects of the sun spectrum [16,17].

The purpose of this research is to examine the effect of a topical formulation
that includes RvD2 on a skin lesion model induced by UVB radiation in hairless mice.
The objective of this study is to make an original contribution to the development of
new drugs that can be used for the prevention and/or treatment of different skin

disorders.

2. Materials and methods

2.1. Materials

Resolvin D2 purity = 95% was obtained from Cayman Chemical (Ann Arbor,
Michigan, USA); tert-butyl hydroperoxide from Acros (Pittsburgh, PA, USA); Brilliant
blue R, reduced glutathione (GSH), 2,2'-azinobis (3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS), Trolox, 5,5’-dithiobis (2-nitrobenzoic acid) (DTNB), o-dianisidine,
nitroblue tetrazolium (NBT) and bisacrylamide were obtained from Sigma-Aldrich (St
Louis, MO, USA). Hydroxymethyl aminomethane (Tris) from Amresco (Solon, OH,
USA). The ingredients used in the formulation (Polawax®, caprylic/capric triglyceride,
Phenonip®) were sourced from Galena (Campinas, SP, Brazil). Glycerol, propylene
glycol from Biotec (Pinhais, PR, Brazil) and Acryloyldimethyltaurate/VP Copolymer
(Aristoflex AVC®) from Pharmaspecial (Sado Paulo, SP, Brazil). Acrylamide, sodium
dodecyl sulfate (SDS), platinum SYBRGreen, and superscript Il kits were obtained
from Invitrogen. Immunoenzymatic assay kits (ELISA) for cytokine dosing from
eBioscience (San Diego, CA, USA).
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2.2. Experimental groups and model of induction of skin lesion by UVB radiation

The study utilized hairless mice (HRS/J) weighing 20-30g under the approved
conditions of the Animal Ethics Committee (CEUA) of the State University of Londrina
(registration number 11146.2016.97).

Mice were allocated to the following groups (six animals per group):

(1) non-irradiated and control: group without exposure to UVB radiation.
(2) irradiated and control: group exposed to UVB radiation.
(3) irradiated and treated with emulsion without RvD2.

(4) irradiated and treated with 1.0 ng/treatment RvD2.

The groups that received treatment were given either a topical application of 0.5
g of the formulation containing either only the vehicle (RvD2-free emulsion) or RvD2
on the dorsal surface at three specified times (1 hour before, 5 minutes before, and 5
minutes after exposure to UVB radiation). The dosage was determined based on dose-

response experiments, which have not been published.

UVB radiation was submitted to the irradiated groups simultaneously at a dose
of 4.14 J/cm?. A fluorescent UVB lamp model PHILIPS TL/12 40W RS (MEDICAL-
NETHERLANDS) induced acute inflammatory process and oxidative stress with a

maximum emission peak of around 313 nm [18].

2.3. Topical formulation containing RvD2

The emulsion was prepared using Polawax® non-ionic self-emulsifying wax
(cetostearyl alcohol and sorbitan monostearate 20 OE) (2%), dispersion of Aristoflex®
AVC 5% (acryloyldimethyltaurate/VP copolymer) (20%), Caprylic/capric triglyceride
(5%), propylene glycol (6%), Phenonip® preservative solution (0.8%) and purified
water to complete 100% of formulation. RvD2 (1.0 ng/0.5 g formulation) was
incorporated into the emulsion after 24 hours. As part of the analysis, an emulsion that

only consisted of the vehicle was also included.
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2.4. Procedures for sample collection

Mice were terminally anesthetized with isoflurane. Skin samples were collected
from their dorsal side to be analyzed after 2, 4, and 12 hours after UVB exposure,
depending on the specific test. Catalase activity, superoxide anion production
(nitroblue tetrazolium reduction), and lipid hydroperoxide levels were measured on
samples collected 2 hours after the end of irradiation. In another set of experiments,
skin samples were collected 4 hours after exposure to assess cytokine levels and
MRNA gene expression. Finally, 12 hours after exposure, edema, MPO and MMP-9
activity, GSH, ABTS, and histopathological evaluation were analyzed. For the skin
edema test, the skin sample was weighed and discarded. The samples were soaked
in formaldehyde for histopathological evaluation and underwent the histological

process. The time intervals were previously standardized [19,20].

2.5. Skin edema

Edema was measured by comparing the weights of the experimental groups,

which were expressed in milligrams. The skin size was fixed using a 5 mm mold [21].

2.6. Neutrophil influx and MPO activity

To investigate neutrophil infiltration, an indirect assay was conducted. This
assay evaluates the activity of the myeloperoxidase (MPO) enzyme, which was
previously described. The change in color of the o-dianisidine is caused by MPO and
is detected using a spectrophotometer at 450 nm. The results obtained were expressed

as the number of neutrophils per milligram of skin tissue [22].
2.7. Determination of the activity of metalloproteinase-9 (MMP-9) by zymography
The activity of this protease is evaluated by the previously described sodium

dodecyl sulfate polyacrylamide gel (SDS-PAGE) zymography assay [13,23]. The
assay is based on the detection of gelatin degradation by MMP-9, which is visible as
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discolored bands in the gel. The enzyme activity was quantified by the comparison of

data from groups using ImageJ® program (NIH, Bethesda, MD, USA).

2.8. Histopathological evaluation by optical microscopy

The standard process for examining skin samples involves several steps. First,
the samples are fixed in formaldehyde and then dehydrated using alcohol baths. Next,
clarified with xylene and embedded in paraffin. Finally, sections of tissue (5 ym) are
taken and stained. One of the stains used is hematoxylin-eosin to evaluate the
epidermal thickness and the number of apoptotic keratinocytes (sunburn cells) using
an optical microscope at 400x and 1000x, respectively [24,25]. Collagen fibers were
visualized using Masson's trichrome staining at a magnification of 100x, and
histological sections were made and stained with toluidine blue to quantify mast cells
at a magnification of 400x [26—-28].

2.9. Evaluation of endogenous antioxidant levels (GSH) and antioxidant power
by ABTS radical sequestration test (2,2’-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid))

The GSH sulfhydryl group facilitates the breakage of disulfide bond by 5,5’-
dithiobis-(2-nitrobenzoic acid) (DTNB), which results in the formation of a yellow
compound (5-mercapto-2-nitrobenzoic acid) that can be measured colorimetrically at
405 nm. The results were compared with a GSH standard curve and expressed as uM
GSH/mg of skin [29].

During the ABTS assay, the antioxidant capacity of each sample is determined
by measuring the color decay of the ABTS* cation radical as it receives an electron
from an antioxidant in absorbance at 730 nm. The results were compared to a Trolox
curve ranging from 0.01 to 20 nmol and evidenced as nmol Trolox equivalent per mg
of skin [30,31].

2.10. Evaluation of catalase activity, superoxide anion and lipid hydroperoxide

(LOOH) production analysis
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The measurement of catalase activity was determined by the reduction of UV
absorbance resulting from the degradation of hydrogen peroxide (H202) and the
subsequent production of oxygen. The difference between the initial reading and the
reading was taken 30 seconds after the addition of H202 was used to obtain the results
in absorbance at 240 nm. The catalase values were reported in units of catalase per
milligram of skin per minute [28,32].

To quantify superoxide anion production in the skin, the nitroblue tetrazolium
(NBT) assay was used. The reduction of NBT to formazan was determined using a
spectrophotometer at 620 nm, and the results were calculated as optical density
(OD)/10 mg of skin), as previously described [13,18].

The experiment involved adding tert-butyl (T-butyl) to stimulate a
chemiluminescence reaction and recording the resulting luminescence. This technique
was adapted from a previous experiment [33]. A luminometer was used to conduct the
reading, which measured 3600 points of chemiluminescence per sample. The results

were presented in counts per minute (cpm) per milligram of skin.

2.11. Dosage of cytokines

Quantification of cytokines in the skin was conducted by sandwich-type enzyme-
linked immunosorbent assay (ELISA) in absorbance at 450 nm according to
eBioscience recommendations. The results are reported in picograms of IL-13, IL-10,

or TGF-B/milligram of protein [34].

2.12. mRNA Expression for gp91°P"x Nrf2, COX-2 and IL-1B

Skin samples were collected and stored in trizol reagent for RNA extraction,
followed by RNA purification. Next, complementary DNA was obtained by reverse
transcribing the RNA. Reverse transcription for cONA and quantitative polymerase
chain reaction (RT-gPCR) was executed using the GoTaqg® 2-Step RT-gPCR System
(Promega, Madison, WI, USA) on a StepOnePlus™ Real-Time PCR system (Applied
Biosystems®, Thermo Fisher Scientific, Waltham, MA, USA). Relative gene
expression was measured using the 2-A2C) comparative method, with glyceraldehyde
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3-phosphate dehydrogenase (GAPDH) gene as a standard. The results were analyzed
based on the cycle's threshold value, where the samples' amplification reaches a

threshold that allows quantitative analysis of the expression of the factor [13,34].

2.13. Statistical analysis

The statistical analysis was performed using GraphPad Prism 9 software
(GraphPad Software Inc., San Diego, USA). The data was analyzed by one-way
analysis of variance (ANOVA), followed by Tukey's multiple comparisons test. The
mean + standard error (SEM) of measurements made with 6 animals in each group
per experiment were presented as results. The results were representative of 2

separate experiments and were considered significantly different at p<0.05.

3. Results and discussion

The impact of ultraviolet radiation on human health necessitates an intensive
investigation of the mechanisms it triggers and the therapeutic targets to control its
negative effects. This work focuses on UVB radiation, which causes damage to the
epidermal layer, where the primordial cells called keratinocytes are located. When UVB
radiation interacts with the skin, it stimulates the formation of ROS and triggers an
inflammatory response. The main inflammatory manifestations are edema, erythema,
sunburn, and skin hyperpigmentation. Prostanoids, particularly prostaglandin E2
(PGE2), contribute to edema, which results from intumescence in the cutaneous

interstitial space due to altered vascular permeability [35-37].

The inflammatory process is a complex defense mechanism that involves
various components generated in response to an injury or infectious agent [38].
Neutrophils are responsible for this function and release the MPO enzyme from their
cytoplasmic granules for microbicidal operation. Additionally, these inflammatory cells
represent a complementary source of ROS, contributing to the development of reactive
intermediate species [39,40]. The deterioration of dermal layer components also
occurs under the influence of exposure to UVB radiation. Immune cells, including

neutrophils, produce metalloproteinases, which cause damage to extracellular matrix
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elements such as collagen fibers. MMP-9 is reported to be involved in the progression
of tumorigenesis as well as skin photoaging [41,42]. Increased gene expression of
MMP-9 has been shown in keratinocyte cell lines exposed to UVB radiation. Therefore,
therapeutic forms that attenuate extracellular matrix degradation via MMP-9 may be a

promising way to prevent photoaging [43].

Consistent with the findings in the literature, the present study showed that the
experimental groups exposed to UVB radiation and treated with the vehicle-containing
formulation significantly increased the parameters of skin edema (Figure 1A), MPO
activity (Figure 1B) and MMP-9 (Figure 1C) compared to the non-irradiated control
group. These inflammatory parameters were reduced with the administration of the
topical formulation containing RvD2 1.0 ng/treatment compared to the radiated and
untreated and radiated and treated with the formulation without the lipid, indicating its

anti-inflammatory potential.
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Figure 1. Topical formulation containing RvD2 1.0 ng/treatment reduces skin edema,
myeloperoxidase activity and MMP-9 activity triggered by UVB. The skin edema (A),
myeloperoxidase activity (B), and MMP-9 activity (C) were determined in samples
collected 12 h after the end of irradiation. Panel (C) presents data analysis of the
activity of MMP-9 and a representative image. Bars are means + SEM of 6 mice per
group and represent two separate experiments. One-way ANOVA followed by Tukey’s
test. *p<0.05 versus the control group without UVB exposure; #p<0.05 versus UVB-

stimulated groups.

The skin tissue sections were analyzed using Masson's trichrome stain to check
for changes in the intensity of the collagen fibers. Damage to the collagen fibers was

observed in the radiated and untreated group and the radiated group treated with the
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formulation without the lipid. In contrast, the topical treatment containing the
formulation with RvD2 was able to significantly recover the collagen fiber damage

induced by UVB radiation (Figure 2).
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Figure 2. Topical formulation containing RvD2 1.0 ng/treatment inhibits UVB
irradiation-induced damage to the skin collagen fiber of hairless mice. Collagen fiber
intensity was evaluated using Masson's trichrome in samples collected 12 h after the
exposure and analyzed by Image J Program (100x magnification). The intensity of the
collagen fibers was measured as a percentage of staining (A) and histological images
of the skin with evidence for the collagen fibers shown in blue (B). Bars are means +
SEM of 6 mice per group and represent two separate experiments. One-way ANOVA
followed by Tukey’s test. *p<0.05 versus the control group without UVB exposure;

#p<0.05 versus UVB-stimulated groups.

Growth factor-mediated keratinocytes proliferate due to acute sun exposure,
promoting epidermal thickening to preserve the skin from sun damage. If the lesion is
extensive enough, the p53 protein executes to activate apoptotic pathways, forming
sunburn cells and displaying characteristic histological changes. This process helps to
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restrict the multiplication of malignant cells and consequently the development of
carcinogenesis [44,45]. Interestingly, mutation of the gene encoding p53 has been
associated with skin tumors. In this disorder, the cells resist apoptosis, facilitating their
clonal propagation [46]. The microscopic observation of the skin carried out in our study
reaffirms the cellular modifications induced by UVB radiation, as the groups affected
by exposure showed epidermal hyperplasia. On the other hand, a topical treatment

containing RvD2 was able to suppress this effect (Figure 3A-B).

Chromophores absorb UVB rays in the skin, which transfer the light energy into
a biochemical signal, leading to the formation of ROS. One of the most influential
chromophores is DNA because the result of its chemical reactions gives rise to
mutagenic photoproducts. The generation of sunburn cells enables the extinction of
defective cells. The apoptotic phenomenon is coordinated by proteases known as
caspases, which guarantee cell compaction. In histological analysis, these cells are
identified with a constriction of the cytoplasm and a condensed nucleus [47]. The data
are consistent with this study, in compensation, the presence of apoptotic
keratinocytes was attenuated in topical treatment with RvD2 when compared to the

other groups exposed to UVB (Figure 3C-D).
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Figure 3. Topical formulation containing RvD2 1.0 ng/treatment reduces UVB
irradiation-induced increase of epidermal thickness and sunburn cells. Epidermal
thickness and sunburn cell counts were analyzed using hematoxylin and eosin stained
in skin samples collected 12 h after the end of irradiation and were examined using
light microscopy at 400x (B) magnification and 1000x (D) magnification respectively.
Bars are means £ SEM of 6 mice per group and represent two separate experiments
(A, C). One-way ANOVA followed by Tukey’s test. *p<0.05 versus the control group

without UVB exposure; #p<0.05 versus UVB-stimulated groups.
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The excessive radiation dose, combined with the restriction of the immune
response, favors the promotion of photocarcinogenesis. Although UVB absorption has
primary consequences in the epidermis, dermal cells such as mast cells play a
substantial role in UVB-induced immunomodulation. Studies show an elevated number
of mast cells is detected in malignant skin disorders. These cells participate in
angiogenesis, disruption of the extracellular matrix, and immunosuppression through
the secretion of mediators such as cytokines and histamine, regulating the immune
response and inflammatory process [48-50]. Corroborating previous reports, we found
a significant increase in mast cell count after exposure to UVB radiation and it was
minimized with topical administration of RvD2, demonstrating its anti-inflammatory

efficacy (Figure 4).
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Figure 4. Topical formulation containing RvD2 1.0 ng/treatment inhibits UVB
irradiation-induced mast cell proliferation. Mast cell numbers (A) were evaluated using
toluidine blue in skin samples collected 12 h after the irradiation and were examined
using light microscopy (400x magnification) (B). Bars are means £ SEM of 6 mice per
group and represent two separate experiments. One-way ANOVA followed by Tukey’s
test. *p<0.05 versus the control group without UVB exposure; #p<0.05 versus UVB-

stimulated groups.
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The activation of signaling pathways after UVB radiation initiates the
inflammatory response. Nuclear factor kappa B (NF-kB) is one of the most significant
inflammatory routes and its ability is adjusted at the nuclear level by the |kB protein.
NF-kB has a crucial role to play in the induction of cytokines, chemokines, adhesion
molecules, and other mediators of the inflammatory process [51,52]. Keratinocytes
form a blocking layer that protects against UVB. They are tasked with the expression
of pro-inflammatory cytokines including interleukin (IL)-18 and tumor necrosis factor-
alpha (TNF-a). These inflammatory mediators assist in the influx of immune cells,
especially neutrophils and macrophages, to the inflammatory center, as well as
expanding the response to other immune cells in the skin, such as Langerhans cells
and mast cells. To contain the magnitude of inflammation, anti-inflammatory cytokines
such as transforming growth factor beta (TGF-B) and IL-10 are produced and can
control the action of pro-inflammatory cytokines and therefore modulate the

inflammatory response [39,53].

Recently, studies have demonstrated that UVB radiation promotes the secretion
of pro-inflammatory and anti-inflammatory cytokines in vivo models, emphasizing its
inductive potential. Furthermore, the decline in the synthesis of these pro and anti-
inflammatory mediators suggests that the aggravation of inflammatory injury is
contained [13,14,54]. The evidence cited in the literature was confirmed in this work,
as the inflammatory effect of UVB radiation was noted with a significant increase in the
levels of the cytokines IL-1B, IL-10, and TGF-B. In contrast, topical administration of
the pro-resolution lipid RvD2 had an anti-inflammatory action by inhibiting the
production assessed by the immunoenzymatic technique and mRNA expression by

quantitative polymerase chain reaction (Figure 5).
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Figure 5. Topical formulation containing RvD2 1.0 ng/treatment declines UVB
irradiation-induced cytokines production. IL-13 (A) mMRNA expression was analyzed by
a quantitative polymerase chain reaction (QPCR) and IL-13 (B), IL-10 (C), and TGF-
(D) protein levels by ELISA in samples obtained 4 hours after UVB radiation. Bars are
means = SEM of 6 mice per group and represent two separate experiments. One-way
ANOVA followed by Tukey’s test. *p<0.05 versus the control group without UVB
exposure; #p<0.05 versus UVB-stimulated groups.

The mechanisms associated with the development of ROS following UVB
exposure have become attractive because they cause significant tissue damage such
as premature aging [55]. For this reason, oxidative markers were also evaluated in this
research. Free radicals from oxygen are formed for physiological purposes, such as
cellular respiration. In addition, a complementary form of ROS is produced by

phagocytic cells (monocytes and neutrophils) for microbicidal applications, indicating
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the associated link between inflammation and oxidative stress. The uptake and
reduction of oxygen by phagocytes occurs through the enzyme nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase 2 (NOX2), leading to an overall in the
intensity of tissue lesions [56]. In the present study, the expression of the NOX2 subunit
(gp91Phox) was stimulated by UVB and we found that it showed a reduction in its activity

in the experimental group combined with the RvD2 formulation (Figure 6A).

The transcription factor Nrf2 (nuclear factor [erythroid-derived-2] type 2) is
responsible for orchestrating the activity of cytoprotective and antioxidant elements,
safeguarding the skin barrier. In addition, in response to ROS, Nrf2 restricts the action
of NF-kB by preventing its translocation to the nucleus and consequently inhibiting its
activation with an inflammatory outcome [57,58]. In summary, Nrf2 has endogenous
protection mechanisms by regulating the expression of antioxidant compounds such
as heme oxygenase-1 (HO-1) and glutathione peroxidase (GPx), ensuring cell viability
[59,60]. In consonance with the literature, after UVB the expression of the transcription
factor Nrf2 was negatively affected, and topical treatment containing RvD2 recovered
the antioxidant response, suggesting that the lipid mediator is an activator of Nrf2
(Figure 6B).

In the presence of environmental sources such as UVB radiation, arachidonic
acid can be released from biological membranes and then converted into components
of the inflammatory response such as prostaglandins. This occurs under the action of
enzymes named cyclooxygenases (COX). COX-2, in particular, is correlated with
inflammatory disorders and its activation results from the phosphorylation of the
epidermal growth factor receptor (EGFR) and activation of the mitogen-activated
protein kinase (MAPK) signaling pathway, stimulating other nuclear factors such as
NF-kB and activator protein-1 (AP-1) [61,62]. Our data ratified the negative impact of
UVB radiation through the increase in COX-2 expression measured by gPCR and the
reduction in its expression due to topical treatment with RvD2 at a dose of 1

ng/treatment (Figure 6C).
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Figure 6. Topical formulation containing RvD2 1.0 ng/treatment reduces mRNA
expression of gp91P"°x and COX-2, as well as increasing the nuclear factor Nrf2.
gp91Phox (A), Nrf2 (B), and COX-2 (C) mRNA expression were analyzed by a
qguantitative polymerase chain reaction (QPCR) in samples obtained 4 hours after UVB
radiation. Bars are means + SEM of 6 mice per group and represent two separate
experiments. One-way ANOVA followed by Tukey’s test. *p<0.05 versus the control

group without UVB exposure; #p<0.05 versus UVB-stimulated groups.
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The maleficent effects of ROS are counterbalanced by the antioxidant defense
system, but an imbalance between the two caused by excessive UVB exposure directs
to oxidative stress. Thus, exogenous therapeutic forms with antioxidant activity are
essential for the prevention of skin diseases [31,55]. Antioxidant markers were
checked in this study. One of them is reduced glutathione (GSH), a non-enzymatic
antioxidant that blocks the oxidation of elements by donating electrons [63,64]. In
conjunction with this, the overall antioxidant potential of the skin was determined by
the assay that measures the sample's activity in capturing the ABTS radical [30]. Our
discoveries revealed that UVB radiation was able to reduce antioxidant sources
obtained through GSH assays and ABTS electron-donating activity. In opposition, the
topical formulation containing RvD2 demonstrated its therapeutic action by improving

the skin's antioxidant capacity (Figure 7).
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Figure 7. Topical formulation containing RvD2 1.0 ng/treatment restores the
antioxidant capacity of skin exposed to UVB radiation. GSH values (A) and ABTS
electron-donating activity (B) were assessed in samples obtained 12 hours after UVB
radiation. Bars are means + SEM of 6 mice per group and represent two separate
experiments. One-way ANOVA followed by Tukey’s test. *p<0.05 versus the control

group without UVB exposure; #p<0.05 versus UVB-stimulated groups.
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One of the metabolic products of oxygen induced by ultraviolet radiation is
superoxide anion, a primary radical that is neutralized by the enzyme superoxide
dismutase. Another radical worth mentioning is hydroxyl, as it is considered the most
dangerous because it reacts quickly with the biomolecules around it and one of its
targets includes DNA. In addition, hydrogen peroxide is recognized as a non-radical
intermediate species that also comes from oxygen, however, it can be converted into
hydroxyl and the enzymatic antioxidant that prevents the formation of the toxic radical
is catalase [65,66].

Catalase activity was analyzed in this paper by reducing hydrogen peroxide in
a spectrophotometric assay [32]. The results obtained indicate a depletion of
antioxidant capacity after UVB radiation. Nevertheless, antioxidant levels were
subsequently optimized with topical administration of RvD2 (Figure 8A). Also, the
measurement of the superoxide anion was investigated for its ability to reduce the NBT
compound. According to our findings, the treatment containing RvD2 inhibited the

production of the free radical induced by UVB radiation (Figure 8B).

Finally, oxidative damage was also detected via lipid peroxidation. The
relationship between ROS and lipids results in structural degradation of biological
membranes, including alteration of their permeability. Sequences of reactions derive
from the combination of fatty acids with oxygen, leading to the formation of fatty acid
radicals such as peroxyl [67,68]. Confirming the evidence in the literature, exposure to
UVB radiation promoted an increase in the production of lipid hydroperoxides and was

significantly reduced after topical treatment containing RvD2 (Figure 8C).
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Figure 8. Topical formulation containing RvD2 1.0 ng/treatment improves antioxidant
profile by maintaining catalase levels and reducing the production of superoxide anion
and lipid hydroperoxides. Catalase levels (A), superoxide anion (B) and lipid
hydroperoxides (C) production were evaluated in samples obtained 2 hours after UVB
radiation. Bars are means + SEM of 6 mice per group and represent two separate
experiments. One-way ANOVA followed by Tukey’s test. *p<0.05 versus the control

group without UVB exposure; #p<0.05 versus UVB-stimulated groups.

The defensive effect of RvD2 has been reported in other experimental models.
Treatment containing the lipid mediator was able to prevent elastase-induced

abdominal aortic aneurysm formation in vivo model, as it reduced inflammatory
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damage and altered the macrophage polarization towards an anti-
inflammatory/resolution phenotype of this phagocyte. In conjunction with this, levels of
the collagen degradation marker (MMP-9) were negatively regulated [69]. In an
experimental model of diabetic retinopathy, mice were treated with RvD2 and observed
a reduction in inflammation by inhibiting the expression of mMRNA for NF-kB, TNF-a
and the chemokine monocyte chemoattractant protein (MCP)-1. Additionally, oxidative
damage was limited with RvD2, as GSH levels were improved and the lipid
peroxidation product malondialdehyde was repressed [70]. Currently, other pro-
resolution lipids have shown therapeutic action in a skin model of oxidative stress and
inflammation in opposition to UVB radiation [13,14,31,54].

Finally, in vivo results of this study revealed a decline in inflammation by
inhibiting skin edema, the neutrophil influx, MPO and MMP-9 activity, collagen fiber
degradation, epidermal thickness, keratinocyte apoptosis, mast cell proliferation,
inflammatory and anti-inflammatory cytokines, and COX-2 expression. Furthermore,
RvD2 was able to reduce oxidative stress by decreasing the production of superoxide
anion, lipid hydroperoxides, and expression of gp91Ph>* as well as improving
antioxidant capacity by maintaining levels of GSH, catalase, reducing the ABTS
radical, and enhanced expression of Nrf2. It's important to note that the group receiving
the topical treatment without RvD2 did not show any protection against UVB damage

to the skin.

Topical formulations are an effective way of treating skin lesions because they
deliver the treatment directly to the affected area, are easy to apply, and safeguard
bioavailability [71]. The results of our research are consistent with previous studies and
indicate that a topical formulation containing RvD2 can be a promising and innovative
option for developing pharmaceutical products that can address skin damage caused
by UVB radiation. This formulation contains a concentration of RvD2 measured in

nanograms, which has a significant effect and is useful to the pharmaceutical industry.
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Highlights
-Topical formulation containing 17(R)-RvD1 improves the skin antioxidant profile.

-Topical formulation containing 17(R)-RvD1 mitigates inflammation triggered by UVB.

-Topical formulation with 17(R)-RvD1 protects skin against UVB rays.

Abbreviations

ABTS 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
COX-2 cyclooxygenase-2

CXCL1/KC keratinocyte-derived chemokine
DHA docosahexaenoic acid

DPPH 2,2-diphenyl-1-picrylhydrazyl

DTNB 5,5’-dithiobis(2-nitrobenzoic acid)
EDTA ethylenediamine tetraacetic acid
ELISA enzyme linked immunosorbent assay
FRAP iron-reducing power

GPR32 G protein-coupled receptor 32

GSH reduced glutathione

H20:2 hydrogen peroxide

HO-1 heme oxygenase-1

ICAM-1 intercellular adhesion molecule-1

IL interleukin

LOOH lipid hydroperoxides

MMP matrix metalloproteinase
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Abstract

The skin barrier is constantly damaged by UVB rays. Innovative therapies that address
the effects of oxidative stress and inflammation are effective. 17(R)-resolvin D1 (17(R)-
RvD1) is a pro-resolution lipid mediator derived from docosahexaenoic acid (DHA) that
is induced by aspirin and has surprising therapeutic potential. This study intends to
investigate the effect of a topical formulation containing 17(R)-RvD1 (0.9 ng/treatment)
against UVB-induced photooxidative damage in hairless mice. Our research has
shown that the skin's antioxidant capacity is improved after treatment with the
formulation containing 17(R)-RvD1 by ABTS (2,2' azinobis (3-ethylbenzothiazoline-6-
sulfonic acid)), iron-reducing power (FRAP), reduced glutathione (GSH), and catalase
assays. We have also observed increased expression of nuclear factor [erythroid
derivative-2] type 2 (Nrf2), as well as reduced formation of superoxide anion, lipid
hydroperoxides (LOOH), and restricted expression of the gp91Ph®* subunit.
Furthermore, we have found that topical application of the lipid reduces the
inflammatory process observed in the reduction of inflammatory cytokine parameters,
edema, myeloperoxidase (MPO) and metalloproteinase-9 (MMP-9) activity, and
histopathological alterations examined by microscopy. Overall, the topical application
of 17(R)-RvD1 has unprecedented therapeutic efficacy against tissue damage caused
by UVB radiation.

Keywords: pro-resolution lipid, photocarcinogenesis, resolvin, antioxidant.
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1. Introduction

The skin barrier is extremely important for the organism, offering direct
protection against external aggressors. Ultraviolet B (UVB) radiation is part of the solar
spectrum and has been associated with a major source of skin cancer, a cutaneous
malignancy found all over the world [1]. In the skin, UVB primarily affects the epidermis
by impacting its main cells, denominated keratinocytes, resulting in the production of

mutagenic elements when UVB interacts with the genetic material of these cells [2,3].

UVB radiation creates an imbalance in the cell's redox state by boosting the
formation of reactive oxygen species (ROS) and reducing endogenous antioxidants.
This insufficient antioxidant system favors oxidative stress and can cause structural
consequences to the cell, potentially leading to its death. Measures to reduce oxidative
damage, such as the incorporation of substances with antioxidant properties are useful

for containing tissue injury [4,5].

In addition, high concentrations of ROS foment the initiation of the inflammatory
process. The regulation of the response involves signaling mechanisms such as
nuclear factor kappa B (NF-kB), an established factor in this ambit that causes the
generation of various important elements of inflammation. The migration of immune
cells including neutrophils, the secretion of mediators entitled cytokines and
chemokines are substantial events that restrict injury to the affected parenchyma.
Unending and unregulated responses can exacerbate damage and prevent tissue

integrity from being restored [6,7].

A class referred to as specialized pro-resolving mediators (SPMs) has aroused
a great deal of interest due to their therapeutic capabilities. These SPMs manage the
resolution process of inflammation by stimulating tissue restoration processes and
blocking components of the inflammatory response [8,9]. One of the groups of SPMs
consists of the resolvins of the D series, which originate from docosahexaenoic acid
(DHA) [10]. Another route to producing SPMs is by functionally changing the
cyclooxygenase-2 (COX-2) enzyme to lipoxygenase in the presence of aspirin,
enabling the formation of SPM epimers such as the resolvin D1 epimer (17(R)- resolvin
D1) [11].
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In experimental research, the endogenous beneficial effect of 17(R)-RvD1 has
been investigated. Mice were exposed to cigarette smoke associated with bacterial
infection (Haemophilus influenzae) and treated with 17(R)-RvD1. The evaluation of
parameters such as the restriction of the synthesis of pro-inflammatory cytokines IL-
18, IL-6, and TNF-a revealed a significant reduction in lung inflammation [12]. The
treatment containing 17(R)-RvD1 showed anti-inflammatory action in animals with
hydrochloric acid-induced acute lung injury. The lipid mediator was able to decrease
inflammatory cytokines, polymorphonuclear neutrophil (PMN) recruitment, and NF-«kB
p65 nuclear translocation [13]. A recent study reports that intravenous application of
RvD1 analog protected the skin of mice against inflammation and oxidative stress
caused by UVB radiation [14].

The therapeutic properties of 17(R)-RvD1 have been well documented in
experimental disease models. However, there are no reports of this lipid being used
as a topical preparation against UVB photo-oxidative damage. This work aims to
contribute innovatively towards the search for new compounds that can advance the

treatment of skin diseases.
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2. Materials and methods

2.1. Chemical compounds

The constituents used in the formulation (Polawax®, caprylic/capric triglyceride,
Phenonip®) were sourced from Galena (Campinas, SP, Brazil) and
Acryloyldimethyltaurate/VP Copolymer (Aristoflex AVC®) from Pharmaspecial (S&o
Paulo, SP, Brazil). Glycerol, propylene glycol from Biotec (Pinhais, PR, Brazil). 17(R)-
resolvin D1 with purity =2 95% (Cayman Chemical, MI, USA). Hydroxymethyl
aminomethane (Tris) from Amresco (Solon, OH, USA). Tert-butyl hydroperoxide from
Acros (Pittsburgh, PA, USA). Acrylamide, sodium dodecyl sulfate (SDS), platinum
SYBRGreen, and superscript Il kits were obtained from Invitrogen. Immunoenzymatic
assay kits (ELISA) for cytokine dosing from eBioscience (San Diego, CA, USA).
Brilliant blue R, reduced glutathione (GSH), 2,2'-azinobis (3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS), 2,4,6-tripyridyl-S-triazine (TPTZ), Trolox, 5,5’-dithiobis (2-
nitrobenzoic acid) (DTNB), o-dianisidine, nitroblue tetrazolium (NBT) and

bisacrylamide were obtained from Sigma-Aldrich (St Louis, MO, USA).

2.2. Preparation of a topical formulation containing 17(R)-RvD1 and a
procedure for evaluating its efficacy in mice exposed to UVB

radiation

This research was developed using hairless mice (HRS/J) weighing between
20-30g. The animals were maintained under conditions that complied with the Animal
Ethics Committee (CEUA) of the Londrina State University standards (Registration
number 11146.2016.97). The mice were divided into four groups of 6 animals each for
the tests. These groups were the negative control (without irradiation), positive control
(with irradiation), base formulation (irradiated and treated with a formulation without
lipid), and 17(R)-RvD1-TF (irradiated and treated with a formulation of 0.9 ng/treatment
17(R)-RvD1).

The dose of 17(R)-RvD1 (0.9 ng/0.5g of formulation) incorporated into the

formulation was established according to dose-response experiments in this work and
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a recent study by our research group using another route of administration [14]. The
animals were treated with 0.5 g of the formulation topically on their dorsal side.
Treatment occurred 6h before, just before, and 30 min after irradiation, with or without
17(R)-RvD1 [15].

The emulsion was created using Polawax® non-ionic self-emulsifying wax
(cetostearyl alcohol and sorbitan monostearate 20 OE) (2%). The formulation also
contains a dispersion of Aristoflex® AVC 5% (acryloyldimethyltaurate/VP copolymer)
(20%), caprylic/capric triglyceride (5%), propylene glycol (6%), Phenonip®
preservative solution (0.8%) and purified water to complete 100% of the formulation.
17(R)-RvD1 (0.9 ng/0.5¢g of formulation) was integrated into the mixture after 24 hours.
An emulsion containing only the base formulation (without 17(R)-RvD1) was also

analyzed.

2.3. Experimental model of exposure to UVB radiation

The light source used in the skin damage experiments was a fluorescent UVB
lamp model PHILIPS TL/12 40W RS (MEDICAL-HOLLAND) with a maximum emission
peak of around 313 nm. The dose of radiation sufficient to cause alterations in the
parameters analyzed between the groups was 4.14 J/cm? [16].

After exposing and treating the animals, their dorsal skins were removed at
different intervals for testing purposes [17]:

= Samples were extracted 12 hours after irradiation to evaluate endogenous
levels of reduced glutathione (GSH), ABTS radical scavenging capacity, iron-
reducing power (FRAP), skin edema, myeloperoxidase (MPO) and
metalloproteinase-9 (MMP-9) activity, as well as for histological examination

(collagen damage, mast cell and apoptotic keratinocyte count, and epidermal

thickness).

= Dorsal skin samples were taken 4 hours after irradiation for cytokine
measurement and gene expression assays.

= The skins were used 2 hours after irradiation to investigate the production of
lipid hydroperoxides (LOOH), superoxide anion using the nitroblue tetrazolium

assay, and the activity of the enzyme catalase.
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2.4. Global antioxidant potential by FRAP and ABTS tests

The skin samples from different groups were mixed in potassium chloride and
then centrifuged for 10 min at 4°C to obtain the final supernatant for the two tests. The
antioxidant present in the sample donates electrons which help in the ferric reduction
of TPTZ (FRAP) and ABTS radical. The colorimetric reactions were monitored in the
spectrophotometer and correlated to a Trolox standard curve. The values were

estimated in nmol Trolox equivalent/mg of skin [18,19].

2.5. Determination of the reduced glutathione (GSH) and catalase

The supernatant of interest was obtained by homogenizing the skin with EDTA
and trichloroacetic acid. The endogenous antioxidant levels were quantified in a
microplate with the addition of the reagent DTNB. The colorimetric reaction was
observed at 405 nm and represented in yM of GSH/mg of skin [20,21].

The homogenate extracted from the skin samples for the catalase test was
centrifuged. An aliquot of the final supernatant was then added to a microplate for
analysis. Hydrogen peroxide was included in the medium to trigger the start of the
reaction. Analyses were measured on the spectrophotometer initially and after 30

seconds at 240 nm (unit of catalase/mg of skin/minute) [22].

2.6. Nrf2 and gp91Phox expression

RT-gPCR comprises the reverse transcription of RNA into cDNA, after which
the genetic sequence of interest is amplified and quantified as previously described
[23]. The assay uses the GoTag® 2-Step RT-gPCR System (Promega, Madison, WI,
USA) on a StepOnePlus™ Real-Time PCR system (Applied Biosystems®, Thermo
Fisher Scientific, Waltham, MA, USA). Data are calculated using the comparative 2-
(AACYH method and employing glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as

the reference marker.
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2.7. Superoxide anion generation assay based on nitroblue tetrazolium
(NBT) reduction

The sample supernatant was first placed in a microplate and left for some time.
The NBT compound was then added to the medium to be reduced. The superoxide
radical was indirectly quantified by detecting the colorimetric reaction in a
spectrophotometer at 620 nm. The findings were presented in optical density (OD)/10
mg of skin [16].

2.8. Quantification of lipid hydroperoxides (LOOH)

The method used to detect lipid hydroperoxides involves the initiation of
oxidation of lipid molecules present in skin tissue using tert-butyl hydroperoxide. This
process results in the emission of photons, which can be captured by a luminometer.

The chemiluminescence signal is recorded for 3.600 seconds for each sample [19,24].

2.9. Levels of the cytokine IL-13

The sandwich-type enzyme-linked immunosorbent assay (ELISA) method was
used to prepare the test in a microplate. The supernatant obtained from the
homogenization of the skin with saline was utilized for quantification. The values found
at 490 nm were correlated with curves of defined concentration and measured in

picograms of IL-18 per milligram of protein [23].
2.10. Analysis of skin edema
The effectiveness of the lipid treatment after UVB radiation was tested by
analyzing the difference in skin weights of animals (in milligrams), with skin collected

from a constant area [25].

2.11. Performance of the enzymes myeloperoxidase (MPO) and
metalloproteinase-9 (MMP-9)
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The influx of neutrophils was measured indirectly by the action of the MPO
enzyme (numbers of neutrophils/mg of skin). The formation of a colored compound is
revealed in a spectrophotometer at 450 nm and is the product of the oxidation of the
substrate o-dianisidine by MPO [17,26].

Sodium dodecyl sulfate-polyacrylamide gel zymography (SDS-PAGE) was
employed to identify the MMP-9 enzyme that breaks down the gelatin present in the
medium. The Mini Vertical electrophoresis system (Bio-RAD®) was used to run the
samples and subjected to electric current. The gel was stained with brilliant blue and
destained with acetic acid to visualize the enzyme activity stripes, which were then
examined using the Image J® software (NIH, Bethesda, MD, USA) [27,28].

2.12. Evaluation of histological modifications to the skin using optical

microscopy

Skin tissue samples of 5 um thickness were prepared using standard
histological processing techniques, including paraffin immersion. Masson trichrome
staining was performed to analyze possible modifications in collagen fibers (100x
magnification), which are recognized in blue in the dermal region, and analyzed using
Image J® software (NIH) [29]. The mast cell count was also observed using optical
microscopy on sections of tissue stained with toluidine blue, at a magnification of 400x
[30]. Finally, the epidermal thickness and the number of apoptotic keratinocytes were
characterized using hematoxylin-eosin staining, and examined at magnifications of
400x and 1000x, respectively [31,32].

2.13. Statistical analysis

In vivo statistical analysis was conducted using GraphPad Prism 9 software
(GraphPad Software Inc., San Diego, USA). One-way analysis of variance (ANOVA)
was performed on the data, followed by Tukey's multiple comparisons test (p<0.05).
The results were presented as mean = standard error (SEM) of measurements
obtained from 6 animals in each group per experiment and were representative of two

separate experiments.
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3. Results

3.1.  17(R)-RvD1-TF avoids the depletion of the antioxidant capacity triggered by
UVB radiation

In this study, the skin's antioxidant capacity was evaluated using ABTS and
FRAP global parameters, as well as endogenous levels of GSH and catalase activity.
The positive control group exposed to UVB radiation along with the group exposed and
treated with the formulation without the lipid (base formulation) showed a decrease in
the antioxidant system compared to the negative control group (non-irradiated and
untreated). However, the group treated with 17(R)-RvD1-TF was able to improve the
antioxidant parameters mentioned above and the group containing the formulation

without the lipid had no significant effect, as shown in Figure 1.
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Figure 1. 17(R)-RvD1-TF (0.9 ng/treatment) improves the antioxidant system of skin

exposed to UVB radiation. The samples were collected 12 hours after the end of

irradiation and the antioxidant capacity was measured using ABTS (A), FRAP (B) and

GSH (C). Catalase activity (D) was analyzed in skin samples obtained 2 hours after

the end of irradiation. Bars are means + SEM of 6 mice per group and represent two

separate experiments. One-way ANOVA followed by Tukey’s test. *p<0.05 versus the

negative control group; #p<0.05 versus UVB- induced groups.
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3.2. 17(R)-RvD1-TF attenuates oxidative damage even after UVB radiation and

enhances mRNA expression of gene involved in antioxidant response

The work measured the oxidative damage induced by UVB radiation on the skin.
Two tests were used to measure the injury: the superoxide anion radical production
(NBT reduction) and the lipid hydroperoxide (LOOH) assay. The groups that were
exposed to UVB radiation showed significantly higher results in both tests. However,
the group that was exposed to UVB radiation and treated with 17(R) RvD1 reported a
reduction in the oxidative damage caused by the UVB radiation on the skin (as shown
in Figure 2A-B).

As part of our research on the antioxidant effects of the lipid mediator, we
studied the gene expression of Nrf2 - the factor responsible for regulating the response
against oxidative injury - and the gp91°P"x subunit associated with ROS. Our findings
indicate that 17(R)-RvD1-TF can improve the skin's oxidative profile. Specifically, it
increases the expression of MRNA for Nrf2 and reduces the action of gp91Phox after
exposure to UVB radiation (Figure 2C-D). The base formulation (without 17(R)-RvD1)
had no favorable effect.
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Figure 2. 17(R)-RvD1-TF (0.9 ng/treatment) increases mRNA expression of Nrf2 and
minimizes oxidative damage by downregulating gp91°"°%, superoxide anion and lipid
hydroperoxide production after UVB. Superoxide anion (A) and lipid hydroperoxides
production (B) were analyzed at 2 h after UVB. Nrf2 (C) and gp91phox (D) mRNA
expression were evaluated by quantitative polymerase chain reaction (qQPCR) in
samples collected 4 h after UVB radiation. Bars are means + SEM of 6 mice per group
and represent two separate experiments. One-way ANOVA followed by Tukey’s test.

*p<0.05 versus the negative control group; #p<0.05 versus UVB- induced groups.
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3.3.  17(R)-RvD1-TF suppresses skin inflammation induced by UVB irradiation,
reducing the production of the cytokine IL-13

One of the main pro-inflammatory cytokines was investigated to evaluate the
inflammatory response and the activity of 17(R)-RvD1-TF versus UVB. The results
showed that UVB radiation increased the production of the pro-inflammatory cytokine.
In contrast, 17(R)-RvD1-TF had an anti-inflammatory effect by reducing the production

of the same cytokine (Figure 3).
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Figure 3. 17(R)-RvD1-TF (0.9 ng/treatment) reduces inflammatory cytokine production
after UVB. IL-1B protein levels by ELISA in samples obtained 4 hours after UVB
radiation. Bars are means + SEM of 6 mice per group and represent two separate
experiments. One-way ANOVA followed by Tukey’s test. *p<0.05 versus the negative

control group; #p<0.05 versus UVB- induced groups.
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3.4. 17(R)-RvD1-TF decreases skin edema and the action of the enzymes
myeloperoxidase (MPO) and metalloproteinase-9 (MMP-9).

After UVB exposure, significant increases in the radiated and untreated group
(positive control) and the radiated and treated with topical formulation without 17(R)-
RvD1 group (vehicle) were observed in the results obtained by the indirect neutrophil
influx assay (MPO), skin edema, and electrophoresis gel zymography for MMP-9
activity when compared to the negative control group. Additionally, the topical
application of 17(R)-RvD1-TF revealed significant inhibition of inflammatory

parameters and the base formulation did not show a positive result (Figure 4).
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Figure 4. 17(R)-RvD1-TF (0.9 ng/treatment) inhibits the inflammatory parameters of
skin edema, MPO and MMP-9 activity triggered by UVB. The skin edema (A),
myeloperoxidase (B) and MMP-9 activity (C) were determined in samples collected 12
h after the end of irradiation. Panel (C) presents data analysis of the activity of MMP-9
and a representative image. NC: negative control; PC: positive control. Bars are means
+ SEM of 6 mice per group and represent two separate experiments. One-way ANOVA
followed by Tukey’s test. *p<0.05 versus the negative control group; #p<0.05 versus

UVB- induced groups.



96

3.5. 17(R)-RvD1-TF recovers collagen fiber decomposition after UVB radiation

UVB radiation has an impact on the collagen fibers situated in the dermis. The
behavior of the positive control and vehicle groups was similar. However, the treatment
that included 17(R)-RvD1 had a positive effect and could repair the collagen damage,

in contrast to the other irradiated groups as shown in Figure 5.
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Figure 5. 17(R)-RvD1-TF (0.9 ng/treatment) reduces the deterioration of collagen
fibers after UVB. Skin samples were collected and evaluated for collagen fiber intensity
12 hours after exposure to UVB. The skin sections were stained with Masson's
trichrome and observed in blue. The images were analyzed using Image J software at
100x magnification. Bars are means + SEM of 6 mice per group and represent two
separate experiments. One-way ANOVA followed by Tukey’s test. *p<0.05 versus the

negative control group; #p<0.05 versus UVB- induced groups.
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3.6. 17(R)-RvD1-TF declines mast cell proliferation in mice exposed to UVB

radiation

Mast cells suppress the immune system and are found in the skin's dermis layer.
In the groups exposed to UVB and treated without the lipid, the proliferation of these
cells was observed. On the other hand, the results showed that using treatment
containing 17(R)-RvD1-TF significantly reduced the number of mast cells compared to

the other groups exposed to UVB (Figure 6).
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Figure 6. 17(R)-RvD1-TF (0.9 ng/treatment) inhibits UVB irradiation-induced mast cell
count. Mast cell numbers were evaluated using toluidine blue in skin samples collected
12 h after the irradiation and were examined using light microscopy (400x
magnification). Bars are means + SEM of 6 mice per group and represent two separate
experiments. One-way ANOVA followed by Tukey’s test. *p<0.05 versus the negative

control group; #p<0.05 versus UVB- induced groups.
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3.7. 17(R)-RvD1-TF oppresses the increase in epidermal thickness and sunburn

cell count

Sections of cutaneous tissue stained with hematoxylin-eosin demonstrated that
the thickness of the upper layer of skin on the back was significantly enhanced after
exposure to UVB radiation in the groups that were exposed and not treated with a lipid
mediator. In contrast, when treated with a topical application containing 17(R)-RvD1,
the thickening of the skin was reduced (Fig. 7).

The exposure to UVB radiation triggered an increase in the number of sunburn
cells, which are keratinocytes that undergo apoptosis. This increase was observed in
both the group that was exposed to UVB radiation without any lipid mediator treatment
and the positive control group. Nevertheless, the group that was exposed to UVB
radiation and treated with 17(R)-RvD1-TF showed a considerably limited apoptotic
process, in comparison to the other groups that were exposed to UVB radiation (as

shown in Fig. 8).
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Figure 7. 17(R)-RvD1-TF (0.9 ng/treatment) reduces UVB irradiation-induced increase
of epidermal thickness. Epidermal thickness was assessed by examining hematoxylin-
eosin-stained skin samples collected 12 hours after irradiation using light microscopy
at 400x magnification. Bars are means + SEM of 6 mice per group and represent two
separate experiments. One-way ANOVA followed by Tukey’s test. *p<0.05 versus the

negative control group; #p<0.05 versus UVB- induced groups.
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Figure 8. 17(R)-RvD1-TF (0.9 ng/treatment) decreases the multiplication of apoptotic
keratinocytes after UVB. Sunburn cells were evaluated by examining hematoxylin-
eosin-stained skin samples collected 12 hours after irradiation using light microscopy
at 1000x magnification. Bars are means + SEM of 6 mice per group and represent two
separate experiments. One-way ANOVA followed by Tukey’s test. *p<0.05 versus the

negative control group; #p<0.05 versus UVB- induced groups.

4. Discussion

Previous studies have shown that certain bioactive compounds derived from
DHA, such as resolvin D1 and maresin 1, exhibit antioxidant and anti-inflammatory
properties in the context of UVB-induced skin lesions [17,33]. Lipoxin A4, a lipid
obtained from arachidonic acid, has also demonstrated therapeutic activity against
UVB [20]. Additionally, an intravenously administered analog of resolvin D1 (induced
by aspirin) has been found effective in countering ultraviolet rays [14]. These findings
emphasize that specialized pro-resolution lipid mediators (SPMs) hold significant
potential in mitigating damage caused by solar spectrum component. However, there

is currently no documented evidence regarding the efficacy of topical application of
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resolvin D1 epimer (17(R)-RvD1) about UVB-induced photo-oxidative damage.
Therefore, this paper discusses the therapeutic potential of this mediator incorporated

into a topical formulation in the absence of any existing reports.

The pathophysiological mechanisms of severe diseases such as
cardiovascular, pulmonary and rheumatoid arthritis involve chronic inflammation
process. To prevent irreversible tissue changes, monitoring inflammatory injury is
critical [34]. Four groups of SPMs have been recognized in inflammatory exudates.
These groups include lipoxins, resolvins, maresins, and protectins and have revealed
therapeutic capabilities in resolving inflammation [35]. One of their primary sources is
the consumption of marine products rich in omega-3 fatty acids [36]. DHA, a constituent
of omega-3 fatty acids, is found in biological structures. The transformation of D-series
resolvins is the culmination of a sequence of reactions involving enzymes known as

lipoxygenases [37,38].

Complementary, the biosynthesis of potent endogenous mediators can occur
with the addition of aspirin. One study confirmed this claim using inflammation models
in mice treated with aspirin and DHA. Lipidomic analysis of inflammatory exudates
identified these components by the aspirin-induced pathway with functional change of
COX-2. In addition, the anti-inflammatory effects of these components were evidenced
by a reduction in neutrophil infiltration and cytokines at the focus of inflammation
[11,39]. To clarify, the potential action of 17(R)-RvD1 is similar to resolvin D1. It works
by binding to specific receptors, ALX/FPR2 and GPR32, which promotes its resolving
effects [40,41]. Interestingly, aspirin-induced resolvin epimers are less susceptible to
the action of inactivating oxidoreductase enzymes, which makes them more stable and
extends their activity [42,43].

This study focuses on skin lesions caused by the UVB spectrum of ultraviolet
radiation. Understanding the effects of UVB radiation encourages the search for more
effective therapy methods. Exposure to sources like ultraviolet radiation and
carcinogenic compounds, or even from metabolism, creates unstable molecules that
react with biological components. Fortunately, the body has an antioxidant defense

system that can block the oxidation of elements and reduce the amount of ROS [44,45].
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The measurement of antioxidants is an important parameter in determining
oxidative damage in this study. The ABTS and FRAP assays are used to characterize
non-skin-specific antioxidants. Both assays assess the ability of skin tissue to donate
electrons to stabilize the compounds present in each test [18]. Additionally, the levels
of GSH and catalase were also determined. GSH's sulfhydryl group establishes a vital
role in neutralizing effects, while catalase regulates the number of radical species, such
as hydrogen peroxide and other toxic products that are harmful to cells [46,47]. In a
work that used skin cell culture (L929), a decrease in antioxidant defenses was
observed after exposure to UVB radiation. This was determined through negative
regulation of the ABTS and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical capture
assays, as well as depletion of the antioxidants GSH and catalase [48]. Our findings
support this evidence and confirm that UVB radiation has an oxidative effect on the
skin, as all the tests conducted showed that the exposed groups had exhausted
antioxidant properties. In compensation, the group treated with a topical formulation of
17(R)-RvD1 showed an improvement in the skin's antioxidant response and

demonstrated cytoprotective action.

The ability of antioxidant components to regulate cellular balance is controlled
by nuclear factors like nuclear factor erythroid 2-related factor 2 (Nrf2). Nrf2 enables
the expression and transcription of components that help fight against stressful
conditions [49,50]. In an animal model of acute kidney injury produced by the herbicide
paraquat, the potential activity of 17(R)-RvD1 was determined to inhibit nephrotoxicity.
The attenuation of oxidative stimulation after lipid treatment was associated with the
activation of Nrf2 and the expression of its target genes with antioxidative action, such
as NADPH:quinone oxidoreductase-1 (NQO1), heme oxygenase-1 (HO-1), and
superoxide dismutase1 (SOD1) [51]. Our research validated the information in the
literature, showing that the topical application of 17(R)-RvD1-TF reduced oxidative
injury to the skin when exposed to UVB photo-oxidative damage by positively

regulating the Nrf2 signaling route.

It is known that ROS can be stimulated by the enzyme system nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (NOX), which transfers electrons
across membranes to oxygen [52,53]. Neutrophils have a specific type of NOX enzyme
called NOX2, which is also involved in secreting the superoxide radical during the

respiratory burst phenomenon to combat aggressors [54,55]. In our study, we
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investigated the expression of the NOX 2 subunit (gp91P"*) and measured the
superoxide radical using the NBT assay. Our results showed that 17(R)-RvD1-TF had

an antioxidant effect on the skin, as evidenced by a decrease in these indicators.

Oxidative damage to lipids can occur due to higher levels of ROS caused by
UVB radiation. This can lead to the worsening of existing tissue injuries. In biological
membranes, the formation of peroxyl radicals can cause damage to other fatty acids
and proteins, resulting in disruption of their integrity [56]. Study have shown that
exposure to UVB radiation leads to increased levels of the lipid peroxidation product,
malondialdehyde, in fibroblast and keratinocyte cultures [57]. Lipid decomposition can
cause iron-dependent cell death (ferroptosis) and the production of pro-inflammatory
mediators [58]. After consolidating scientific literature, this report demonstrated that
17(R)-RvD1, a pro-resolution lipid, reduced UVB-induced lipid oxidation as measured

by chemiluminescence.

The inflammatory process is an eminent episode in the damage caused by
exposure to UVB radiation [59]. One of the main inflammatory biomarkers that triggers
immune cell activation towards the injured area is the cytokine IL-13 [60,61]. This
biomarker is produced by phagocytic cells and epithelial cells such as keratinocytes. It
activates other inflammatory components, such as adhesion molecules, and also leads
to edema (vasodilation) [62,63]. With the guidance of cytokines and chemokines,
neutrophils move towards the zone of operation to protect the body. The defense
mechanism involves the secretion of enzymatic and oxidative substances.
Myeloperoxidase contributes to oxidative stress by synthesizing oxidants for
antimicrobial purposes. Additionally, neutrophils secrete metalloproteinases that break

down the extracellular matrix to insert leukocytes to enter the injury scene [64,65].

The effects of 17(R)-RvD1 on inhibiting inflammatory processes were studied in
a model of intestinal inflammation. The results showed that colonic inflammatory
damage was reduced, with decreased expression of mRNA for NF-kB and its
inflammatory components such as adhesion molecules VCAM-1 (vascular adhesion
molecule-1) and ICAM-1 (intercellular adhesion molecule-1), as well as limited
activation of the p65 subunit of NF-kB analyzed through immunohistochemistry and
the chemokine CXCL1/KC (keratinocyte-derived chemokine) through enzyme-linked
immunosorbent assay. It's important to note that inflammatory mediators are activated
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by the relevant NF-kB inducing pathway [66]. The in vivo findings of the present study
also revealed that UVB radiation triggered an increase in inflammatory markers such
as edema, pro-inflammatory cytokine IL-1f3, activity of enzymes MPO and MMP-9, and
degradation of the dermal matrix by collagen analysis. However, topical application of
17(R)-RvD1-TF showed anti-inflammatory potential by limiting all of the investigated

markers.

After being exposed to UVB rays, the p53 tumor suppressor gene loses its ability
to repair DNA damage, which can lead to the development of malignant cells. The
appearance of sunburn cells can help prevent the spread of these mutated cells and
reduce the risk of tumor formation [67,68]. UVB exposure can also cause
histopathological disorders such as hyperproliferation of the epidermis and the
presence of mast cells in the dermis, which help to support the skin structure against
produced damage [28,69,70]. Finally, the histological disturbances visualized by
optical microscopy in our study were controlled after topical treatment containing
17(R)-RvD1. The use of topical application of medicaments has a local action on the
injury and minimizes the alteration of the absorption of the active substance [71]. In
short, all the evidence points out that, for the first time, topical application of 17(R)-
RvD1-TF is an innovative therapy for skin lesions caused by UVB radiation, revealing

its importance in the context of new pharmaceutical products.
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5. CONSIDERAGOES FINAIS

A radiacdo UVB pertence ao espectro solar e é determinante na promocéao de
danos ao tecido cuténeo. Os efeitos deletérios da sua exposi¢céo incluem prejuizos a
nivel molecular como a geragao de produtos mutagénicos a partir do DNA, podendo
resultar em cancer de pele e envelhecimento. Seus mecanismos fisiopatolégicos
estdo associados com a produgdo acentuada de radicais livres e deficiéncia do
sistema antioxidante enddgeno. Atrelada a esse fator, a resposta inflamatoria é
desencadeada através da ativagao de vias como o NF-kB, promovendo a acao de
diversos componentes inflamatorios e fontes complementares de EROs, amplificando
os danos teciduais. A utilizagdo de moléculas com atividade terapéutica com objetivo
de controlar a injuria causada por UVB € um caminho bastante promissor. Relatos da
literatura abordam o efeito protetor dos lipidios pro-resolugdo RvD2 e 17(R)-RvD1 em
outras condi¢gbes. No entanto, até onde sabemos, n&do existem evidéncias que
investigam o efeito desses componentes incorporados em formulagdo tdpica no
modelo de lesédo cutanea induzida pela radiagédo UVB.

Os resultados in vivo obtidos nesse estudo demonstraram que os dois lipidios
foram eficazes contra os danos oxidativos e inflamatérios induzidos pela radiagao
UVB. A formulagao tépica contendo RvD2 inibiu o dano inflamatério ao reduzir o
edema cutaneo, atividade da MPO e MMP-9, producéo de citocinas (IL-18, TGF-B e
IL-10), expressdao da COX-2 e IL-1B, dano ao colageno, diminuigdo da espessura
epidérmica, apoptose de queratindcitos e contagem de mastocitos. O efeito
antioxidante da RvD2 esta associado com a manutengdo dos antioxidantes GSH,
catalase e captura do radical ABTS, somados com a reducao da producio de anion
superoxido e hidroperéxidos lipidicos. O tratamento com RvD2 também aumentou a
expressédo de RNAm para o fator envolvido na resposta antioxidante (Nrf2) e reduziu
a expressao da subunidade associada com EROs (gp91Phox).

A formulagao topica contendo 17(R)-RvD1 também reduziu os parametros
inflamatérios e oxidativos que foram avaliados. 17(R)-RvD1 diminuiu o edema de pele,
recrutamento de neutrdfilos, atividade da MMP-9, componentes da analise
histopatologica e produgao da citocina pro-inflamataria IL-13. O estresse oxidativo foi
atenuado com a expressdo de RNAm limitada para gp91°"°*, inibigdo da produgéo de

hidroperdxidos e anion superoxido, além de obter melhora nos niveis antioxidantes
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como GSH, catalase, poder redutor do ferro (FRAP), atividade doadora de elétrons ao
radical ABTS e expressao do fator nuclear Nrf2.

Cabe ainda destacar que, os dois mediadores lipidicos pré-resolugédo RvD2 e
17(R)-RvD1 foram efetivos nas concentracbes em nanogramas. Portanto, nossos
achados fornecem duas moléculas que possuem atividade terapéutica relevante para
o desenvolvimento de novos medicamentos com a finalidade de controlar e/ou

prevenir alteragdes cutaneas decorrentes da exposi¢céo a UVB.
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