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SAITO, Priscila. Resolvina D5 protege a pele contra danos inflamatérios e
oxidativos causados pela radiagcdo UVB em camundongos sem pelo. 2021. p
140. (Doutorado em Ciéncias da Saude) — Universidade Estadual de Londrina,
Londrina, Parana.

RESUMO

A pele é o maior 6rgao do corpo humano e a principal barreira de protegdo do
organismo contra agressores externos. Entre os fatores externos destaca-se a
exposicao a radiagao UVB que € uma das principais causas de danos na pele. A
exposi¢cao aguda a radiagado UVB acarreta uma série de efeitos adversos na pele
como edema, queimaduras solares, eritema, inflamagcao e imunossupressao.
Além disso, a exposi¢cao cronica pode levar ao envelhecimento precoce e ao
desenvolvimento do cancer de pele. Neste contexto, a utilizacdo de mediadores
lipidicos anti-inflamatérios/pro-resolugdo como a resolvina D5 (RvD5) para
enriquecer o sistema de protecdo endoégeno e controlar os processos lesivos
induzidos pela radiagdo UVB tornam-se uma alternativa promissora. As RvD5 de
maneira geral inibem a producdo de citocinas, o recrutamento de células pro-
inflamatdrias e induzem o aumento de moléculas antioxidantes. No presente
trabalho foram avaliados os efeitos terapéuticos e mecanismos de acido da
RvD5, administrada por via intraperitoneal (ip) ou em formulagao tépica, nos
danos cutaneos inflamatérios e oxidativos induzidos pela radiagdo UVB em
camundongos sem pelo. Os resultados in vivo demonstraram que os tratamentos
sistémico (ip) e tépico com RvD5 reduziram a inflamagao cutanea e protegeram
a pele do estresse oxidativo induzidos pela radiacdo UVB. A melhora no
processo inflamatoério foi constatada pela diminuicdo do edema de pele, do
recrutamento de neutréfilos, da atividade/secrecdo da metaloproteinase-9 e da
producdo de diferentes citocinas induzidas pela radiacdo UVB. Houve a
diminuicdo do numero de queratindcitos apoptoticos, de mastécitos, do
espessamento da epiderme e da degradagcado das fibras de colageno. O
tratamento com RvD5 também protegeu a pele do estresse oxidativo, por manter
a glutationa reduzida e a atividade da catalase em niveis basais, e ainda diminuiu
a producao de hidroperoxidos lipidicos e de anions superoxidos. A RvD5 também
foi capaz de aumentar a expressdo de RNAm para NADPH: quinona
oxidoredutase 1 (NQO1), fator nuclear [derivado eritroide-2] tipo 2 (Nrf2) e heme-
oxigenase 1 (OH-1). Esses resultados sugerem o uso do mediador lipidico RvD5
como estratégia promissora para controlar doengas cutédneas causadas pela
exposigao a radiagao UVB.

Palavras chaves: citocinas, pré-resolugcado, mediador lipidico, catalase



SAITO, Priscila. Resolvin D5 protects to skin against inflammatory and oxidative
damage induced by ultraviolet B irradiation in hairless mice. 2021. p 140 (Health
Science Thesis) - Londrina State University, Londrina, Parana.

ABSTRACT

The skin is the largest organ of the human body and the organism’s main
protection barrier against external aggressors. Among the external factors, UVB
irradiation is one of the main causes of skin damage. Acute exposure leads to a
number of adverse effects, such as edema, sunburn, erythema, inflammation,
and immunosuppression. Chronic exposure can lead to premature aging and the
development of skin cancer. In this context, the use of anti-inflammatory/pro-
resolution lipid mediators such as resolving D5 (RvD5) to enrich the endogenous
protection system and thus control the harmful processes induced by UVB
irradiation becomes a promising alternative. RvD5, induces the expression of
antioxidant molecules and inhibits cytokine production along with the recruitment
of pro-inflammatory cells. In the present study, the therapeutic effects and
mechanisms of action of intraperitoneal (ip) or topical administration of RvD5 on
inflammatory and oxidative skin damage induced by UVB irradiation in hairless
mice were evaluated. In vivo results demonstrated that both systemic ip
treatment and topical treatment reduced skin inflammation and protected the skin
from oxidative stress induced by UVB irradiation. Reduction of inflammatory
process was evidenced by the decrease of skin edema, neutrophil recruitment,
metalloproteinase-9 activity/secretion, and the production of different cytokines
induced by UVB irradiation. There was also a decrease in the number of sunburn
cells, mast cells, epidermal thickness, and degradation of collagen fibers.
Treatment of mice with RvD5 also protected the skin from oxidative stress by
maintaining the levels of reduced glutathione (GSH) and catalase activity to basal
levels, and even decreased the production of lipid hydroperoxides and
superoxide anions. RvD5 was also able to increase mRNA expression for
NAD(P)H: quinone oxidoreductase 1 (NQO1), nuclear factor [2 erythroid-derived]
type 2 (Nrf2) and heme oxygenase 1 (OH-1). These results suggest the use of
the lipid mediator RvD5 as a promising strategy to control UVB-induced
cutaneous diseases.

Keywords: cytokines, pro-resolution, lipid mediator, catalase
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1. INTRODUGAO

1.1.Pele

O 6rgao mais extenso do corpo humano € pele que constitui cerca de 16%
da nossa massa corporal (D’ORAZIO et al., 2013). Ela fornece uma barreira
fisica protetora entre o corpo e 0 meio ambiente, evitando a perda de agua e
eletrdlitos, reduzindo a penetragcdo de produtos quimicos e protegendo contra
microrganismos patogénicos, além de fazer a manutencdo da temperatura
corporal e fornecer vigilancia imunolégica (AFAQ; ADHAMI; MUKHTAR, 2005;
FONSECA et al., 2011a; KHAVKIN; ELLIS, 2011).

A pele é organizada em trés diferentes camadas: epiderme, derme e
hipoderme (Figura 1). As duas camadas primarias, epiderme e derme, sao
constituidas por componentes epiteliais, mesenquimais, glandulares e
neurovasculares (D’ORAZIO et al., 2013; KHAVKIN; ELLIS, 2011).

A epiderme é a camada mais externa e, portanto, a principal barreira de
protecdo do corpo contra os estressores ambientais, como patdégenos
infecciosos, agentes quimicos e a radiagao ultravioleta (RUV) (D’ORAZIO et al.,
2013; KHAVKIN; ELLIS, 2011). As principais células presentes na epiderme sao
os queratindcitos que representam aproximadamente 95% da sua composicao
(KHAVKIN; ELLIS, 2011).

Os queratindcitos criam uma barreira fisica altamente eficaz de protecao
da pele, além de acumularem pigmentos de melanina que s&o eficazes no
bloqueio da penetragdo da RUV na pele. A melanina também esta relacionada
com fungdes importantes na pele como a eliminagdo de radicais livres
(D’ORAZIO et al., 2013).

A derme é a camada intermediaria da pele, localizada entre a epiderme e
a hipoderme. O principal constituinte da derme é o colageno, uma proteina
estrutural fibrilar, que proporciona resisténcia mecanica a pele (KHAVKIN;
ELLIS, 2011). Além disso, a derme abriga estruturas cutaneas, incluindo foliculos
capilares, nervos, glandulas sebaceas e glandulas sudoriparas. A derme
também é rica em células imunes e fibroblastos, que participam ativamente de

muitas respostas fisioldgicas da pele (HART et al., 1998).



A hipoderme é a camada mais profunda da pele e fica abaixo da derme.
Ela isola o corpo e o protege de lesbes mecénicas, além de servir como reserva
de fornecimento de energia. As principais células da hipoderme s&o os
adipocitos (KHAVKIN; ELLIS, 2011).

Figura 1: Histologia normal da pele. Camada 1: Epiderme (50 — 150 pum);
Camada 2: Estrato corneo (10-15 um); Camada 3: Derme. Modificado. (MENON;
CLEARY; LANE, 2015).

1.2.Radiagao ultravioleta

O espectro 6ptico completo da luz solar abrange: infravermelho, luz visivel
e radiagao ultravioleta (RUV) (DUPONT; GOMEZ; BILODEAU, 2013).

Os fétons UV situam-se entre os comprimentos de onda da luz visivel e
da radiagdo gama e podem ser divididos em UVA, UVB e UVC com base nas
suas propriedades eletrofisicas. Os fotons UVC tém os comprimentos de onda
mais curtos (100-280 nm) e mais alta energia, o UVA o comprimento mais longo
(320- 400 nm), mas com fotons menos energéticos e o UVB esta entre eles (320-
280 nm).

A UVC é a mais energética e lesiva para as células, porém é totalmente
filtrada pela camada de ozbnio, ja a UVA e a UVB sao capazes de atravessar a
camada de ozbénio e causar uma seéerie de efeitos lesivos na pele
(KULLAVANIJAYA; LIM, 2005).

Os raios ultravioletas penetram na pele de maneira dependente do

comprimento de onda. O UVA de comprimento de onda mais longo alcanga as
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camadas mais profundas da pele, principalmente a derme. Em contraste, o UVB
€ predominantemente absorvido nas camadas mais superficiais da pele, a
epiderme, principalmente pelos queratindcitos (FERNANDEZ-GARCIA, 2014;
SAMPLE; HE, 2017; TEWARI et al., 2013).

O espectro da radiagdo UVB é considerado o mais prejudicial e lesivo da
RUV para pele humana (AFAQ; ADHAMI; MUKHTAR, 2005; FIGUEIREDO et
al.,, 2014; HUPEL; POUPART; AR GALL, 2011). Diferentemente da radiagao
UVA que nao é absorvida pelo acido desoxirribonucleico (DNA), a radiagédo UVB
tem como principal consequéncia os danos diretos no DNA, além dos danos
indiretos ocasionados pela produgéo de espécies reativas do oxigénio (EROS) e
desta forma é mais relevante para a fotocarcinogénese (EMRI; HORKAY;
REMENYIK, 2006).

A longo prazo a superexposicdo a luz solar esta associada ao
fotoenvelhecimento, imunossupressao e desenvolvimento de cancer de pele e,
tanto o fotoenvelhecimento quanto os efeitos indutores do cancer pela RUV, séo
mediados pela toxicidade direta e indireta da RUV ao DNA (KULLAVANIJAYA;
LIM, 2005; PANICH et al., 2016).

A exposi¢ao da populacdo a RUV ocorria principalmente por meio da
exposi¢cdo ocupacional a luz solar. Porém, nos ultimos anos a exposigcéo
recreativa aos raios ultravioleta teve um aumentou drastico devido as atividades
de lazer ao ar livre e ao bronzeamento artificial para fins estéticos (DORE;
CHIGNOL, 2012; GODAR, 2005).

A RUV é o fator de risco mais importante para o desenvolvimento de
cancer de pele. A RUV é um agente mutagénico que atua tanto como iniciador
como promotor de tumor (D’ORAZIO et al.,, 2013) e esta epidemiologica e
molecularmente ligada aos trés tipos mais comuns de cancer de pele, carcinoma
basocelular, carcinoma espinocelular e melanoma maligno (D’ORAZIO et al.,
2013). Ressalta-se que a forma mais mortal de cancer de pele € o melanoma |
(D’ORAZIO et al., 2013).

Segundo o Instituto Nacional de Cancer (INCA), o cancer de pele € o mais
prevalente no Brasil € no mundo, e corresponde a 30% de todos os tumores
malignos do Pais (INSTITUTO NACIONAL DE CANCER JOSE ALENCAR
GOMES DA SILVA, 2022).

18



< RADIACAO SOLAR
UVA UVB uvc

400 nm 320 nm 280 nm 100 nm

L=

Atmosfera, Ozo6nio

—— Derm Epiderme

I " Alteragées no Dimeros de
Dano oxidativo Mutacgées . . R
ciclo celular ciclopiramidina

Quebra na fita Modificagbes nas bases 6-4
de DNA nitrogenadas do DNA fotoprodutos

Figura 2: Espectro eletromagnético de radiagdo UV e efeitos bioldgicos na pele.
Adaptado (D’ORAZIO et al., 2013).

1.3.Resposta inflamatéria induzida pela radiagao UVB

Abundante no meio ambiente, a radiacéo ultravioleta contribui para uma
variedade de doencas da pele, incluindo inflamacéao, envelhecimento precoce e
cancer (D’ORAZIO et al., 2013).

Dentre os muitos efeitos na fisiologia da pele, a exposi¢gao constante a
RUV pode acarretar consequéncias agudas e/ou crbénicas. Um dos efeitos
agudos causados pela RUV na pele é a indugdo do processo inflamatério
(CLYDESDALE; DANDIE; MULLER, 2001; D’ORAZIO et al., 2013). Eritema e
mudancas histolégicas como o espessamento da epiderme, edema e infiltragéo
perivascular sao sinais que indicam inflamagao induzida por UVB (BALUPILLAI
et al.,, 2015).

Os queratindcitos sdo os primeiros alvos da RUV. Eles desempenham um
papel fundamental na resposta inflamatéria da pele, sendo responsaveis pela
liberagao de varios mediadores inflamatérios (FERNANDO et al., 2016; REUTER

et al,, 2010). A radiagdo UVB induz uma cascata de citocinas, mediadores
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vasoativos e neuroativos na pele que, juntos resultam em uma resposta
inflamatodria que leva a ocorréncia de queimaduras solares (CLYDESDALE;
DANDIE; MULLER, 2001; D’ORAZIO et al., 2013).

Ao lesionar as células, a RUV induz vias de respostas aos danos nos
queratindcitos. Sinais de danos, ativam a p53, um gene supressor tumoral, que
altera a fisiologia dos queratindcitos, mediando a parada do ciclo celular,
ativando o reparo de DNA e induzindo a apoptose se o dano for suficientemente
grande (COELHO et al., 2009). Os queratinécitos ativam as vias apoptoticas e
morrem, quando a dose de UV excede o limiar de resposta ao dano da célula.
Esses queratinécitos apoptoticos podem ser identificados por seus nucleos
picnoticos e s&o conhecidos como sunburn cells do termo em inglés que pode
ser traduzido como “células queimadas pelo sol” (D’ORAZIO et al., 2013). A
célula queimada pelo sol é uma marca morfolégica da pele superexposta a luz
solar. O papel funcional da célula queimada de sol é a remocéo rapida de células
com danos irreparaveis ao DNA para prevenir sua possivel transformacao
neoplasica (SVOBODOVA et al., 2012).

A liberacao de citocinas induzida pela radiacdo UVB é essencial para o
recrutamento de células inflamatérias na pele, as quais estimulam a proliferagao
dos queratindcitos levando ao aumento da espessura epidérmica, processo
denominado de hiperqueratose (SCOTT et al., 2012).

Horas apos a exposicao a RUV, os sinais de resposta ao dano diminuem
e 0s queratinécitos epidérmicos comegam a se proliferar de forma intensa
mediados por uma variedade de fatores de crescimento epidérmicos. O aumento
da divisdo celular dos queratindcitos apos a exposi¢ao aos raios ultravioleta leva
ao acumulo de queratindcitos na epiderme. Essa hiperplasia epidérmica protege
melhor a pele contra a penetragao de RUV (SCOTT et al., 2012).

No inicio do processo inflamatorio, além dos queratindcitos, células do
sistema imunologico também sdo ativadas e passam a produzir grandes
quantidades de citocinas, quimiocinas e outros mediadores inflamatérios
(DURAN-ANIOTZ et al., 2013). Esses mediadores inflamatérios promovem a
atracdo de diferentes tipos celulares para epiderme, como os neutréfilos e
macréfagos (WITKO-SARSAT et al., 2000).

Os neutrdfilos constituem a primeira linha de defesa imunoldgica e sdo os

primeiros a migrarem para o local da lesdo (SEKI et al., 2010). Esses fagdcitos
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sao responsaveis pela produgéo adicional de anion superoxido (O2™) via ativagao
da enzima nicotinamida adenina dinucleotideo fosfato (NADPH) oxidase 2,
chamado de burst respiratério. Concomitantemente, ocorre a producao de H20o,
ambos fazem parte do sistema antimicrobiano dependente de oxigénio dos
leucécitos fagociticos (GARCIA et al., 1999; ROBINSON; OHIRA; BADWEY,
2004).

Uma das subunidades da NADPH oxidase é a gp91°P"°, que catalisa a
transferéncia de elétrons do NADPH para o O e esta diretamente envolvida na
producao de O2" induzida pela radiacdo UVB. O Oy~ é uma espécie reativa
intermediaria utilizada como substrato para geragéo de espécies mais reativas
como o radical hidroxil ("OH), H203, oxigénio singlete ('O) e peroxido nitrito
(ONOO") (ANRATHER; RACCHUMI; IADECOLA, 2006; GARCIA et al., 1999;
ROBINSON; OHIRA; BADWEY, 2004).

O propésito do burst respiratério de fagocitos € gerar compostos
microbicidas. Esses compostos fazem parte do mecanismo de defesa contra
agentes infecciosos (ANRATHER; RACCHUMI; IADECOLA, 2006; WINROW et
al., 1993). Na auséncia de um processo infeccioso, como € o caso da inflamagéao
induzida pela exposi¢cdo a RUV, a presenca de neutréfilos representa fonte
adicional de EROS que tende a contribuir para a intensificacdo do dano tecidual
e inflamagao (CLYDESDALE; DANDIE; MULLER, 2001).

Além disso, a exposi¢gao a RUV leva a ativagao do fator de transcricao
nuclear kB (NF-kB). NF-kB regula a expressao de genes pro-inflamatdrios, anti-
apoptoticos e a resposta imune modulatéria. A ativagcado desse fator induz a
expressao de gp91°P"°* que, por sua vez leva a maior producao radical O2" via
NADPH oxidase aumentando a producao de EROS, existindo assim um ciclo de
feedback positivo importante para o aumento da produgdo de EROS e ativacao
do NF-kB (ANRATHER; RACCHUMI; IADECOLA, 2006; WINROW et al., 1993).

A partir da ativacéo celular dos neutrofilos, ocorre também a liberagéo de
enzimas microbicidas presentes em seus granulos azurdéfilos, como a
mieloperoxidase (MPO) (WITKO-SARSAT et al., 2000). A MPO utiliza o H202
formado durante o burst respiratorio para produzir o acido hipocloroso, um
potente agente citotoxico (ANRATHER; RACCHUMI; IADECOLA, 2006).

Além disso, a MPO interage com outros substratos gerando uma grande
variedade de subprodutos. Os oxidantes derivados da MPO também estéo
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implicados em processos nao relacionados a defesa do hospedeiro, como a
carcinogénese (LONDON; LEHMAN; TAYLOR, 1997; WITKO-SARSAT et al.,
2000). Portanto, a exposic¢ao substancial a RUV pode levar a efeitos prejudiciais,
como o dano tecidual devido em parte aos mecanismos de vigilancia do
organismo tentando eliminar as células danificadas através da apoptose e do
processo inflamatério (CLYDESDALE; DANDIE; MULLER, 2001).

Neutrodfilos, macréfagos, mastécitos, eosinoéfilos, queratindcitos e células
endoteliais podem produzir metaloproteinases de matriz (MMPs)
(SVOBODOVA; WALTEROVA; VOSTALOVA, 2006), em resposta a multiplos
estimulos, como estresse oxidativo, radiagdo UV e citocinas (GRADY et al.,
2007). As MMPs sao enzimas proteoliticas dependentes de zinco responsaveis
pela degradagéao de proteinas da matriz extracelular (MEC), como o colageno, a
fibronectina, a elastina e os proteoglicanos, contribuindo para o
fotoenvelhecimento (KIM et al., 2011; QUAN et al., 2009). Além disso, as MMPs
desempenham um papel crucial na fotocarcinogénese, regulando varios
processos relacionados a progresséo de tumores, incluindo a iniciagao do tumor,
o crescimento, a angiogénese e a metastase (PITTAYAPRUEK et al., 2016). A
exposigao cumulativa a radiagdo UVB induz a geragdo de EROS em excesso na
pele, levando ao aumento da atividade da proteina ativadora (AP) -1 e
consequente aumento da expressdo de MMPs, especificamente MMP-1, MMP-
3 e MMP-9, o que acarreta na degradagédo continua das proteinas da matriz
extracelular e em uma taxa reduzida de renovagao/sintese de colageno
(PITTAYAPRUEK et al., 2016; SVOBODOVA; WALTEROVA; VOSTALOVA,
2006).

A MMP-9 é uma gelatinase, conhecida como gelatinase B ou colagenase
tipo 1V, dependente da ativacdo da AP-1 para ser expressa. E secretada
predominantemente por neutrofilos, mastocitos e macréfagos e apresenta
atividade proteolitica contra o principal componente da membrana basal, o
colageno tipo IV (BOYD et al., 2008; FORTINO et al., 2007; KIM et al., 2012;
ONOUE et al., 2003). A MMP-9 derivada de células inflamatérias desempenha
um papel importante no desenvolvimento, crescimento, angiogénese e
metastase de tumores. Essa capacidade € atribuida principalmente a clivagem
do colageno tipo IV. Além disso, as gelatinases regulam a atividade de varios

fatores de crescimento e citocinas, isso afeta a resposta imune e a angiogénese,
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levando a proliferagcdo e manutengcdo de tumores primarios e metastaticos
(HERNANDEZ-PEREZ et al., 2012; PITTAYAPRUEK et al., 2016).

Um dos parametros associados ao processo inflamatoério induzido pela
radiacdo UVB é o edema de pele. O edema é causado pelo acumulo de fluido
extracelular na pele devido ao excesso de seu extravasamento dos vasos
sanguineos hiperpermeaveis durante o processo inflamatério (AHMAD et al.,
2001). A exposicao a radiagdo UV estimula a produgédo de prostaglandina E2
(PGE2) na pele. Sua produgao ocorre pela liberagdo aumentada de &acido
araquidbénico das membranas celulares. A PGE2 atua como um promotor no
processo de carcinogénese contribuindo para a proliferagdo descontrolada de
células danificadas que podem formar tumores de pele. Essa prostaglandina é
responsavel por causar edema, vasodilagao, febre e dor inflamatoria.

Além dos eventos inflamatorios ja descritos acima, a exposi¢ao aguda da
pele humana a radiagdo UVB é caracterizada por eritema, hiperpigmentacao
seguida de bronzeamento tardio e espessamento da epiderme
(KULLAVANIJAYA; LIM, 2005). O bronzeamento tardio € uma reacao de defesa
da pele a exposicao aos raios UVB envolvendo o estimulo da sintese de
melanina e tem como principal objetivo reduzir as queimaduras solares. Porém,
seu efeito protetor contra o cancer induzido pela RUV é limitado (PANICH et al.,
2016).

A RUV é comprovadamente um potente indutor da producgao de citocinas.
Diferentes trabalhos mostram que a radiacdo UVB induz a produc¢ao de citocinas
pro-inflamatérias como TNF-a, IL-10 e IL-6 e anti-inflamatérias IL-10 e TGF-8 em
modelos in vivo (MARTINEZ et al., 2018; SAITO et al., 2018). A IL-1B e TNF-a
participam da inducdo de ERQOS, os quais, por sua vez, induzem a produgao de
mais citocinas. Esse ciclo de EROS e citocinas tende a retroalimentar a producao
reciproca, perpetuando assim o processo inflamatério (FUCHS et al., 2001).

Durante o processo inflamatorio, sdo produzidas citocinas pré e anti-
inflamatorias e o equilibrio entre elas determina a magnitude da resposta
inflamatoria. Para limitar as consequéncias deletérias no organismo da agao
prolongada de citocinas pré-inflamatérias, como TNF-a e IL-183, sua liberagéo &
seguida pela liberagao de citocinas anti-inflamatorias, como IL-10 e IL-13. Essas
citocinas anti-inflamatérias modulam a producéao de citocinas pré-inflamatérias e

consequentemente a resposta inflamatéria (VERRI et al., 2006).
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As citocinas pro-inflamatérias TNF-a e IL-1 3 estdo ligadas a ativagao de
fatores de transcrigdo como o NF-kB (REUTER et al., 2010). O NF-kB, um fator
de transcricdo sensivel ao equilibrio redox, € conhecido por desempenhar um
papel critico na patogénese da inflamagao induzida por UVB e na carcinogénese.
Em geral, o NF-kB esta localizado no citoplasma das células em um estado
inativo, ligado a proteina inibitéria kB (IkB). A radiagdo UVB ativa marcadores
pro-inflamatoérios que iniciam uma cascata de sinalizag&o intracelular, resultando
na fosforilagdo e subsequente degradagao de IkB. A degradacéo de IkB libera o
NF-kB, permitindo que ele se transloque para o nucleo e promova a transcrigao
de varios genes inflamatoérios (ADHAMI; AFAQ; AHMAD, 2003).

A exposicdo a RUV também leva a um aumento do recrutamento de
mastocitos na pele. Ativados pela radiagdo UVB, os mastdcitos degranulam e
liberam histamina. A histamina é a principal amina biogénica dos mastocitos e
esta relacionada com a imunossupressao sistémica induzida pela radiagao UVB
(HART et al., 1998).

1.4.Radicais livres e estresse oxidativo

Os radicais livres podem ser definidos como espécies quimicas que
possuem um elétron desemparelhado que esta sozinho no orbirtal. A presenca
de elétrons desemparelhados geralmente confere um alto grau de reatividade a
um radical livre. Os radicais livres, importantes para os organismos vivos, sao o
radical hidroxil ("OH), &nion superéxido (O2") e radical 6xido nitrico (NO*), além
do acido hipocloroso (HOCI), peroxido de hidrogénio (H202), do oxigénio singleto
('0O2), do peroxinitrito (ONOO~) e do ozénio (Os) que ndo sao radicais livres, pois
nao possuem elétrons desemparelhados, mas podem facilmente levar a
formagéo de radicais livres em organismos vivos (MACHADO ROCHA RIBEIRO
et al., 2005; POLJSAK; DAHMANE, 2012; VALKO et al., 2004).

As espécies radicalares geradas a partir do oxigénio sdo denominadas
EROS que inclui ndo apenas os radicais livres, mas também os nao radicais
('O2, ONOO™, H202 e O3). As EROS representam a classe mais importante de
classe de radicais livres gerados em sistemas vivos (MACHADO ROCHA
RIBEIRO et al., 2005; POLJSAK; DAHMANE, 2012; VALKO et al., 2004).
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Normalmente, as EROS sao produzidas endogenamente na célula a partir
de varios processos metabalicos, incluindo a respiragao celular, que ocorre na
mitocOndria, e é a fonte primaria de EROS intracelulares. No entanto, estimulos
exogenos, como a exposigcao a RUV, também podem levar ao aumento da
producao de EROS. As EROS desempenham um papel duplo como moléculas
necessarias e também prejudiciais a célula. Um nivel apropriado de EROS é
necessario para a fungdo fisioléogica normal das células de mamiferos e,
portanto, € essencial a vida. EROS produzidos por fagociticos, por exemplo,
atuam como armas para que o sistema imunoldgico elimine microrganismos
patogénicos (PANICH et al.,, 2016). Entretanto, EROS em quantidades
excessivas, levam ao estresse oxidativo. Estresse oxidativo é o termo que se
refere ao desequilibrio entre a geracdo de EROS e a atividade de defesa
antioxidante e que tem potencial capacidade de causar lesbes em estruturas
celulares (POLJSAK; DAHMANE, 2012).

A pele contém defesas antioxidantes, que neutralizam as EROS, porém
essas defesas ficardo sobrecarregadas se a dose recebida de RUV for muito
alta, o que resulta em um desequilibrio com consequente dano aos componentes
celulares, como proteinas, lipidios e DNA (ARUOMA, 1994; KEHRER, 1993). As
EROS em excesso desempenham um papel critico no fotoenvelhecimento da
pele humana, além de serem responsaveis por varios tipos de canceres de pele
e outros disturbios inflamatoérios cutaneos (KAWAGUCHI et al., 1996; RECORD
etal., 1991).

A exposicao constante a RUV leva a oxidagao direta do DNA e/ou a
geracao de radicais livres. Os danos cutaneos diretos causados pela exposigao
a RUV estao relacionados a absorgao dessa radiacao por diferentes moléculas
presentes na pele (BALOGH; PEDRIALI; KANEKO, 2011; MAVERAKIS et al.,
2010).

As moléculas presentes na pele capazes de absorver a RUV séo
denominadas de croméforos. A RUV é absorvida por diferentes croméforos na
pele, como melanina, DNA, RNA, proteinas, lipidios, agua e aminoacidos
aromaticos, como a tirosina e o triptofano. A absorcéo de fétons UV por esses
cromoforos resulta em diferentes reacdes quimicas e interagdes secundarias
envolvendo EROS (BALOGH; PEDRIALI; KANEKO, 2011).
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O efeito lesivo direto da RUV ocorre quando o DNA absorve fétons do
UVB. Isso resulta em um rearranjo estrutural de nucleotideos que, em seguida,
leva a defeitos na fita de DNA. Dimeros de pirimidina de ciclobutano (CPD) e
pirimidina (6-4) pirimidona (6-4 fotoprodutos, 6-4 PPs) s&o os principais produtos
de danos ao DNA induzidos por UVB (PANICH et al., 2016).

O dano ao DNA induzido pela RUV desempenha um papel fundamental
na fase de iniciacdo do cancer de pele. Quando deixadas sem reparo ou quando
as células danificadas nédo sio eliminadas por apoptose, as lesées de DNA
expressam suas propriedades mutagénicas, levando a ativagdo de proto-
oncogenes ou a inativagao de genes de supressao tumoral. O reparo eficiente
do dano ao DNA antes da replicacdo € um requisito para evitar que a
carcinogénese ocorra (CADET; DOUKI, 2018).

CPDs e 6-4 PPs sao reparados por meio de um processo conhecido como
reparo por excisao de nucleotideos (NER), principal via no reparo de fotolesdes
induzidas por UV (SVOBODOVA et al., 2012). A falha do NER ou o excesso de
sua capacidade de reparo resulta no acumulo de mutacdes nas células da pele
e € uma etapa importante no desenvolvimento do cancer de pele associado a
RUV (PANICH et al., 2016).

A radiagcao UV também danifica indiretamente o DNA, pela formagao de
radicais livres. A radiagdo UVB ao penetrar nas camadas superficiais da pele,
gera EROS e espécies reativas de nitrogénio (ERNS). A formacao dessas
especies reativas danifica o DNA, causando inflamacéo e queimaduras solares
que consequentemente acarretam no envelhecimento precoce da pele e até
cancer de pele (PANICH et al., 2016).

A exposicao a radiacdo UVB induz a apoptose de queratindcitos pela
inducdo de vias de sinalizagdo envolvendo a proteina quinase ativada por
mitdbgeno (MAPK) incluindo o JNK (quinase c-Jun n-terminal) e p38 quinase
(RYU et al., 2010). Os membros da familia MAPK sdo mediadores da transdugéo
de sinal da superficie celular para o nucleo e desempenham um papel importante
no desencadeamento e coordenacdo de respostas genéticas (VAYALIL;
ELMENTS; KATIYAR, 2003). A fosforilagdo dessas proteinas controla as
atividades de varios fatores de transcricdo implicados na proliferagao,
diferenciagcado e promogao de tumores. A ativagao do JNK regula a transcrigéo
da AP-1 em resposta a estressores ambientais, como a RUV. O aumento da
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atividade da AP-1 tem sido implicado na inflamagao, metastase, angiogénese e
também na promogao e progressdo de varios tipos de canceres (KATIYAR;
MEERAN, 2007). Além disso, a AP-1 também participa da degradagéao da matriz
extracelular dérmica na pele através da expressao da MMP responsaveis pela
degradagao do colageno.

A apoptose dos queratindcitos desempenha um papel critico na regulagéo
do desenvolvimento epidérmico e na restricdo da carcinogénese (RAJ; BRASH,;
GROSSMAN, 2006). Ela equilibra a proliferagcao de células, mantendo a
espessura da epiderme e eliminando células pré-malignas. A apoptose de
queratinécitos desencadeada pela exposi¢cao a RUV representa um importante
mecanismo de defesa contra o cancer, pois elimina queratinécitos com mutagdes
acumuladas ou com outros danos genéticos e/ou oxidativos causados pela
exposigcao a RUV (RAJ; BRASH; GROSSMAN, 2006).

A producdo de EROS induzida pela RUV na pele induz ao estresse
oxidativo quando sua formacéo excede a capacidade de defesa antioxidante da
pele (GODIC et al., 2014; POLJSAK; DAHMANE, 2012). Além disso, a RUV
causa o esgotamento dos antioxidantes enddégenos, aumentando ainda mais o
desequilibrio que causa o estresse oxidativo (DUNAWAY et al., 2018).

Como a pele € o maior 6rgao e também o mais exposto ao meio ambiente,
€ imperativo que mecanismos de protegdo contra lesbes oxidativas estejam
localizados na pele (ROBBINS; ZHAO, 2011). As protegbes enddgenas de nossa
pele incluem: a melanina, os antioxidantes enzimaticos (superoxido dismutase
(SOD) e catalase (CAT), por exemplo) e antioxidantes ndo enzimaticos de baixo
peso molecular (GSH, vitamina C e E, bilirrubina, ubiquinona e acido urico por
exemplo) (GODIC et al., 2014; POLJSAK; DAHMANE, 2012).

A melanina, pigmento produzido pelos melandcitos, é a primeira linha de
defesa contra os danos ao DNA na superficie da pele, mas ndo pode prevenir
totalmente os danos a pele. Uma segunda linha de defesa sdo os processos de
reparo, que removem as biomoléculas danificadas antes que elas se acumulem
e antes que sua presenca resulte em alteragédo do metabolismo celular (GODIC
et al., 2014; POLJSAK; DAHMANE, 2012). Além dos mecanismos de reparo do
DNA, a protecao das células da pele contra o dano ao DNA induzido pela RUV
inclui antioxidantes enzimaticos e ndo enzimaticos (PANICH et al., 2016).

Uma das moléculas antioxidantes endégenas mais importantes € a GSH,
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um tripeptideo hidrofilico que possui grupamentos sulfidrila que atua
neutralizando os radicais livres por meio da doacao de elétrons. Ao doar elétrons
a glutationa deixa a forma reduzida e passa a se apresentar na forma oxidada
(GSSG), sem agao antioxidante. Na presenga de NADPH (doador de elétrons) a
enzima glutationa redutase (GR) é capaz de restaurar o GSSG ao seu estado
basal, tendo como objetivo impedir a paralisagdo do ciclo metabdlico da
glutationa. O excesso de glutationa oxidada em relagao a reduzida pode indicar
a presenga de estresse oxidativo (D’ORAZIO et al., 2013; SCHALLREUTER et
al., 1999).

A SOD ¢é uma enzima antioxidante responsavel por catalisar a quebra do
anion superoxido em oxigénio molecular (O2) e peréxido de hidrogénio (H20>).
Muitos estudos tém mostrado que a atividade antioxidante, principalmente da
superoxido dismutase de manganés (MnSOD), é reduzida em varios tipos de
cancer de pele. Foi evidenciado que atividade da SOD epidérmica esta diminuida
em queratindcitos hiperproliferativos do carcinoma de células escamosas e
epitelioma basocelular (ROBBINS; ZHAO, 2011). O perdxido de hidrogénio
formado por atuagado da SOD pode ser degradado por outras enzimas, como a
CAT e a glutationa peroxidase (GPx). A CAT é uma enzima antioxidante
endogena, que catalisa a conversao de H202 em oxigénio e agua, encontrada
em concentragao elevada na epiderme. A diminuigcdo dos niveis dessa enzima
apods exposicao da pele a RUV representa um potencial dano as macromoléculas
celulares, uma vez que o excesso de H>O> pode gerar o radical -OH, um
poderoso oxidante capaz de produzir danos as todas as bases do DNA
(HALLIWELL, 2009). A GPx é uma seleno-enzima que também pode reduzir o
peroxido de hidrogénio ou hidroperoxidos organicos (incluindo hidroperoxidos
derivados de lipideos) a agua e alcoois na presenga de GSH, completando assim
a acao da SOD (GIROTTI, 1990).

Estudos demonstram que a diminuigao dos niveis da CAT ocorre devido
a sua destruicao direta pela luz solar e aos efeitos indiretos, sejam mediados por
radicais livres ou outras espécies prejudiciais formadas apos irradiagdo UV
(SHINDO et al., 1994).

Durante o estresse oxidativo, o sistema de defesa antioxidante é
regulado por diferentes moléculas sinalizadoras, dentre as quais se destacam o
fator de transcricado Nrf2 (fator nuclear [derivado eritroide-2] tipo 2) e a via do
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elemento de resposta antioxidante (ARE), que modulam a expressao de enzimas
antioxidantes e desintoxicantes, conhecidas como enzimas de fase Il. Nesse
grupo de enzimas, incluem-se a heme oxigenasse-1 (HO-1), NADPH:quinona
oxidoredutase 1 (NQO1) e glutationa-S-transferase (GST), que protegem nosso
corpo de oxidantes prejudiciais. O fator de transcricdo Nrf2 & regulado
negativamente por uma proteina Kelch 1 associada a ECH (Keap-1). Em
condi¢cdes normais, o Nrf2 esta no citoplasma formando um complexo inativo
com o Keap-1, o que evita a sua migrag&o para o nucleo. No estresse oxidativo,
Nrf2 é dissociado do Keap1, migrando para o nucleo e se ligando com ARE, que
esta localizado na regido promotora das enzimas desintoxicantes de fase Il
(CHOI et al., 2013). Enzimas antioxidantes como a CAT, a GPx e SOD séo
reguladas pelo Nrf2 (KOBAYASHI; YAMAMOTO, 2005).

Nrf2 é um fator chave para a citoprote¢do como anticancerigeno, efeito
neuroprotetivo e estimulo a resposta anti-inflamatéria (KOBAYASHI;
YAMAMOTO, 2005). A interrupcao Nrf2 aumenta a regulagdo dos principais
fatores de transcricao inflamatéria, como o fator nuclear kappa B (NF-kB),
metaloproteinase de matriz-9 (MMP-9) e aumento da expressao de macrofagos
inflamatdrios. Nrf2 interfere com vias de sinalizacdo inflamatdria inibindo a
ativacao de NF-kB através da manuteng¢ao do estado redox celular (WANG et
al., 2010).

As moléculas de DNA da pele sao constantemente “bombardeadas” por
EROS provenientes de processos enddgenos, bem como de agentes ambientais
e de fontes de radiagdao. O DNA danificado esta sendo frequentemente reparado
por muitos sistemas de reparo celular. Se a frequéncia de eventos danosos
exceder a capacidade de reparo, o DNA danificado ndo € reparado a tempo e
pode passar para as células-filhas e, assim, desencadear o processo de
iniciagdo e progress&o do tumor (POLJSAK; DAHMANE, 2012).

Além disso, os antioxidantes podem atuar aumentando os sistemas de
reparo do DNA por meio de uma regulagao génica pos-transcricional de fatores
de transcricdo. Os mecanismos de defesa antioxidante celular sédo, portanto,
cruciais para a prevencao ou remoc¢ao dos danos causados pelo componente
oxidante da RUV (POLJSAK; DAHMANE, 2012).
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O processo oxidativo induzido pela radiagao UVB afeta macromoléculas
como os lipidios. Os radicais livres em excesso agem sobre a membrana
bioldgica das células e a disponibilidade de acidos graxos poli-insaturados regula
o processo de peroxidagéo lipidica. O termo peroxidagao lipidica (LPO) se refere
a degradacao oxidativa de fosfolipideos, colesterol e outros acidos graxos
insaturados na presenga de oxigénio. Niveis elevados de peroxidagcdo estao
associados a efeitos prejudiciais nos sistemas biolégicos, como perda de fluidez,
inativagdo de enzimas de membrana e receptores, além do aumento da
permeabilidade de ions, que pode levar a ruptura da membrana (GIROTTI, 1990;
KATIYAR; MEERAN, 2007). A LPO leva a uma desorganizacdo da membrana
celular com liberagdo de acido graxo, como o acido araquiddnico, a partir de
fosfolipideos resultando em niveis aumentados de prostaglandinas que
medeiam reacgdes inflamatorias na pele (Figura 3) (HALLIDAY, 2005).
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Figura 3: Peroxidacao dos lipideos de membrana. Adaptado (Pillai, S. et all,
2005).

1.5. Mediador lipidico RvD5

O processo inflamatério € a primeira resposta do sistema imunoldgico a

infeccdo ou lesao tecidual. Tem fungao protetora e é necessario para garantir a
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continuidade da saude do organismo. No entanto, respostas inflamatorias
excessivas ou inadequadas contribuem para uma série de doencas humanas
agudas e cronicas (DUVALL; LEVY, 2016; SEKI et al., 2010). A resposta
imunoldgica inicia-se pelo processo inflamatério agudo que pode progredir para
o cronico. Para que nao haja transigcéao da inflamag&o aguda para a crénica, s&o
produzidos mediadores lipidicos locais para resolugdao da inflamagao,
denominados de mediadores lipidicos pro-resolucdo, do termo em inglés
specialized pro-resolving mediators (SPMs). Esses mediadores atuam em
conjunto para o reestabelecimento da homeostase do tecido apos lesdes,
controlando a magnitude e a extensao dos eventos inflamatérios (CHIURCHIU
etal.,, 2016).

A fase de resolugao da inflamacgao, antes considerada um evento passivo,
agora é conhecida por ser um evento altamente regulado, ativo e complexo que
termina a resposta inflamatéria assim que a ameacga for contida. Essa fase é
orquestrada por SPMs que limitam a resposta imunolégica dentro do tecido
afetado (SEKI et al., 2010; T. et al., 2017).

O fracasso na resolugdo da inflamagdo aguda leva a varias
consequéncias como: inflamagado crénica, excesso de dano tecidual,
desregulacgéo da cicatrizagc&o de tecidos e tem sido implicada em multiplos tipos
de doenga, inclusive na patogénese do cancer (SERHAN, 2014; SOMMER;
BIRKLEIN, 2011) quando associada ao estresse oxidativo (NISHISGORI, 2015;
WANG et al., 1991).

Os SPMs sao ativos em doses de picogramas a hanogramas e tém agoes
variadas que promovem o controle da inflamagao, encurtam o intervalo de tempo
para resolugao, promovem a cura e aliviam a dor inflamatéria (DUVALL; LEVY,
2016). Evidéncias crescentes indicam que a produgéo de SPMs é alterada e
frequentemente diminuida nos tecidos afetados e na circulagédo em um espectro
de doencas inflamatérias crénicas (SERHAN; LEVY, 2018).

Os SPMs séao biossintetizados a partir de acidos graxos poli-insaturados,
como o 6mega-3. A biossintese enzimatica desses SPMs ocorre em fluidos e
orgaos do corpo humano, como sangue periférico, liquido cefalorraquidiano,
placenta, fluidos sinoviais, urina, expectoracdo, baco e nddulos linfaticos
(SHANG et al., 2019).
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Por meio de acbes celulares especificas esses SPMs atuam como
potentes reguladores da infiltragdo de neutrdéfilos, produgdo de citocinas e
quimiocinas e depuracdo de neutréfilos apoptoticos por macrofagos,
promovendo o retorno a homeostase do tecido (DUVALL; LEVY, 2016).

Os acidos graxos 6mega 3 sdo conhecidos por serem nutrientes
essenciais, mas que n&o s&o produzidos por humanos de forma significativa.
Sao encontrados principalmente em 6leos de peixe da dieta (DUVALL; LEVY,
2016). Pertencem a familia do 6mega-3 o acido docosaexaenoico (DHA) e o
acido eicosapentaenoico (EPA), constituintes significativos da membrana celular
e precursores de mediadores lipidicos importantes, como as resolvinas,
maresinas e protectinas (DUVALL; LEVY, 2016). Também pertencem a familia
das SPMs as lipoxinas (LXs) que sao metabdlitos do acido araquidénico com
reconhecidas atividades anti-inflamatérias e pré-resolugao (SERHAN; LEVY,
2018).

A figura 4 ilustra as diferentes etapas da inflamag&o aguda que envolvem
a biossintese de SPMs e consequente resolugao do processo inflamatdrio.
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Figura 4: Resposta inflamatéria aguda e seu resultado ideal: resolugéo
completa. (A) Biossintese dos SPMs e inicio da resolugao ativa do processo
inflamatorio. Etapas definidas no curso de inflamagéo aguda: edema, infiltragéo
de neutrdfilos polimorfonucleares humanos (PMN) e recrutamento de

mondcitos/macréfagos para exsudatos inflamatorios. A redugédo no numero de
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PMN coincide com a biossintese dos SPMs: lipoxinas, resolvinas (séries E e D),
protectinas e maresinas na resolugéo da inflamagéao. (B) Cada familia de SPMs
€ estruturalmente distinta e possui potentes acdes pro-resolugdo. Adaptado
(SERHAN; LEVY, 2018)

Os acidos graxos EPA e DHA encontram-se em circulagéo no plasma e
quando ha processo inflamatério agudo do tecido, eles se movem para o local
da les&o, onde s&o convertidos enzimaticamente em SPMs para interagir com
as células imunes locais (). Além disso, na ativagédo celular, o DHA e o EPA
podem ser rapidamente liberados das membranas celulares por meio da
atividade de enzimas secretoras de fosfolipase A2, que hidrolisam os
fosfolipidios, para liberar acidos graxos (DUVALL; LEVY, 2016).
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Figura 5: EPA e DHA estao disponiveis nos locais de inflamagao aguda. A) Os
acidos graxos 6mega-3 EPA e DHA circulam no plasma. Na les&o, eles se
movem com edema para os locais de tecido de inflamag&o aguda, onde sdo
convertidos em SPMs para interagir com as células imunes locais. E mostrado
na ilustracdo a inflamagédo pulmonar aguda causada pela asma alérgica.
Adaptado (DUVALL; LEVY, 2016)
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O acido DHA sofre agao enzimatica e origina as resolvinas da série D, as
protectinas e as maresinas, ja o acido EPA origina as resolvinas da série E (LI
et al., 2020).

As resolvinas da série D podem atuar por diferentes mecanismos anti-
inflamatorios. Dentre eles podemos citar a inibicdo do NF-kB, que regula a
expressao do fator de necrose tumoral-a (TNF-a), pela redugéao significativa da
expressdo de RNAm para NF-kB ou aumento da expresséao da proteina inibidora
de NF-kB (I-kb). Outro mecanismo seria a inibicdo da ativacao MAPK pelo
bloqueio da fosforilagao da p38 MAPK e JNK (LI et al., 2020).

Dentre as resolvinas da série D, podemos enfatizar a RvD5, um mediador
lipidico derivado do DHA pela agdo da enzima 5-lipooxigenase conhecida por
exercer efeitos anti-inflamatérios (CHUN et al., 2020) e foco do nosso trabalho.

A RvDS5 faz a contra regulacdo de genes pro-inflamatorios, incluindo
aqueles que codificam NF-kB e TNF-a durante o processo inflamatério, além de
aumentar a fagocitose de neutréfilos e macrofagos a agentes infecciosos
(SERHAN; LEVY, 2018).

A RvD5 produz suas agdes benéficas por meio de receptores especificos
acoplados a proteina G, como o GPR32. Além disso, receptores especificos
adicionais para RvD5 podem existir em células imunes (por exemplo,
macréfagos) que medeiam a redugao da dor induzida por processo inflamatério.
Notadamente, a RvDS é uma importante resolvina produzida por macréfagos M2
humanos (LUO et al., 2019; WERZ et al., 2018). Na figura 6 temos a estrutura
molecular da RvD5.
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Figura 6: Estrutura molecular da RvD5 (OGAWA et al., 2017)

Estudo realizado por Chun, et al. 2019, constatou que a RvD5 é capaz de

inibir a producao de mediadores inflamatorios importantes como a interleucina 6
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(IL-6) e o ligante 5 de quimiocina (motivo C-C) (CCL5) em células THP-1
humanas. As células THP-1 quando estimuladas por lipopolissacarideo (LPS)
desencadeiam a produgao de citocinas pro-inflamatérias (IL-6 e CCL5) por
monaocitos e macrofagos pela ativagao da MAPK e do NF-kB. Foi constado que
a fosforilagao de proteinas MAPK incluindo ERK, JNK e p38 é aumentada apos
o tratamento com LPS. No entanto, o tratamento com a RvD5 atenua as
respostas inflamatérias ao inibir a fosforilaggo de ERK/MAPK e
consequentemente a producgao de IL-6 e CCL5. Além disso, o estudo mostrou
que a RvD5 foi capaz de inibir a producao induzida por LPS nas células THP-1
de citocinas pro-inflamatoérias como TNF-aq, IL-1, IL-6 e enzimas induziveis como
a ciclooxigenase (COX-2) e o o6xido nitrico sintase induzivel (INOS) em
monocitos e macréfagos, modulados via ativagdo do NF-kB. Também foi
verificado que a RvD5 inibiu a ativagéo induzida por LPS do NF-kB (CHUN et al.,
2020).

Outro estudo realizado por Ganesan et al., 2020 relatou que a RvD5 ativa
a fosfolipase D (PLD), uma lipase de membrana que modula as fungbes dos
fagdcitos, favorecendo a resolugcdo da inflamagédo aguda (GANESAN et al.,
2020).

Em 2012 Chiang et al., realizaram um estudo em camundongos a fim de
identificar o papel do mediador lipidico RvD5 na resolugdo de processo
infeccioso causado por Escherichia coli. Constatou-se que a RvD5 acelerou a
resolugcdo da infecgéo, pois aumentou a fagocitose de E. coli por neutréfilos
polimorfonucleares humanos (PMN) e macréfagos pela ativagao do receptor
GPR32, além de contra-regular os genes pro-inflamatoérios, incluindo NF-kB e
TNF-a (CHIANG et al., 2012).

A RvDS também atua na regulacdo da fungdo da barreira epitelial
intestinal. Um estudo realizado em camundongos, revelou que a diminuigdo dos
niveis deste mediador durante a artrite inflamatéria esta ligada ao aumento da
permeabilidade da barreira intestinal e inflamacéao das articulagdes. O tratamento
de camundongos artriticos com RvD5 foi capaz de restaurar a fung&o da barreira
intestinal, reduzir o trafego de leucdcitos e limitar a inflamacéo das articulacoes.
A reducédo dos niveis de RvD5 na artrite inflamatdria ocorreu devido ao aumento
do seu metabolismo local (FLAK et al., 2019).
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Esses resultados reforcam o potencial benéfico desse mediador no

controle da inflamacdo cutdnea. E importante destacar que, apesar do
estabelecimento do papel enddgeno e efeito anti-inflamatorio e pro-resolugdo em
alguns modelos de doenga, ainda ndo existem evidéncias do papel ou efeito
terapéutico da RvD5 na inflamacéao e estresse oxidativo induzido pela radiagéo
UVB.
Considerando o efeito sinérgico da produgcdo de EROS e de mediadores
inflamatorios, a melhora do sistema antioxidante endégeno e a resolugédo da
inflamagao tornam-se abordagens promissoras para prevenir e/ou tratar os
danos cutaneos induzidos pela radiagdo UVB (FONSECA et al., 2010). Neste
contexto, a avaliagdo de mediadores lipidicos anti-inflamatoérios/pré-resolucéo
para enriquecer o sistema de prote¢cdo enddgeno e assim controlar os processos
lesivos induzidos pela radiagdo UVB tornam-se uma alternativa interessante,
visto que o uso de protetores solares ndo é totalmente seguro. Estudos
demonstraram que os protetores solares podem penetrar na pele e induzir a
producéo de EROS e o seu uso pode estimular a exposigao prolongada ao sol,
pois retardam a ocorréncia de queimaduras solares (HANSON; GRATTON;
BARDEEN, 2006). Estudos epidemioldgicos e clinicos confirmaram que o uso
de filtros solares para defesa da pele € util, mas sua protecdo nédo é adequada
para prevenir todos os riscos de doengas cutaneas relacionadas ao sol
(BALUPILLAI et al., 2015). Isso pode estar relacionado ao uso inadequado,
protecdo espectral incompleta e a toxicidade dos filtros UV e/ou outros
componentes (BALUPILLAI et al., 2015).

2. OBJETIVOS DO TRABALHO

2.1.Geral

O objetivo geral deste trabalho foi avaliar o efeito da RvD5 na inflamagéao

e estresse oxidativo induzidos pela radiagdo UVB em camundongos sem pelo.

2.2.Especificos
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Avaliar a eficacia e mecanismo de ag¢ado in vivo da RvD5 quando

administrada via intraperitoneal (ip) e em formulagédo de uso tépico na redugao

do estresse oxidativo e inflamagéo cuténea induzidos pela radiagédo UVB com

enfoque em:

Edema de pele;
Avaliagédo do poder antioxidante da pele por meio dos ensaios de ABTS
(2,2’ azino-bis (3-etilbenzotiazolina-6-acido sulfénico) e FRAP (Poder
antioxidante de redugéo férrica);
Migracao do infiltrado leucocitario (ensaio da mieloperoxidase);
Atividade/secrecado de metaloproteinase-9;
Niveis do antioxidante enddégeno GSH e atividade da CAT.
Producao de hidroperdxidos e de anion superdéxido
Producdo de citocinas proé-inflamatérias (IL-1p e TNF-a) e anti-
inflamatérias (TGF- e IL-10);
Expressdo de RNAm para Nrf2, NQO1e OH-1 por reagdo em cadeia da
polimerase (PCR) quantitativa;
Avaliagao histologica da pele para determinar:

o [Espessura e numero de queratindcitos apoptéticos na epiderme

o Numero de mastocitos na derme

o Densidade das fibras de colageno da derme.

3. MATERIAIS

3.1.Reagentes

Resolvina D5 foi obtida da Cayman Chemical (Ann Arbor, Michigan,

USA). Acido cloridrico, hidroxido de sédio e fosfato de potassio da Merck (grau

analitico, Darmstadt, Hessen, Alemanha); terc-butil hidroperoxido, azul brilhante

R, glutationa reduzida (GSH), brometo de hexadeciltrimetil aménio (HTAB), o-

dianisidina, nitroblue tetrazolium (NBT), bisacrilamida foram obtidos da Sigma-
Aldrich (St Louis, MO, USA). Hidroximetil aminometano (Tris) da Amresco
(Solon, OH, USA). Acrilamida, dodecil sulfato de sodio (SDS). Acrilamida, dodecil
sulfato de sédio (SDS), enzima transcriptase reversa (Superscript® Ill), Oligo
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(dT)12-18 primers, Platinum SYBRGreen® e primers da Invitrogem (Carlsbad,
CA, USA). Kits de ensaio imunoenzimatico (ELISA) para dosagem de citocinas
da eBioscience (San Diego, CA, USA). Todos os outros reagentes utilizados

foram de grau analitico.

3.2. Equipamentos

Agitador mecénico, Fisatom®; Balanga analitica, HR-120, A&d®,
precisdo de 4 casas; Banho-maria, 314/2 DN, Nova Etica®; Banho-maria 100,
Fanem; Centrifuga refrigerada, Rotina 46R, Hettich Zentrifugen®; Céamara de
madeira projetada para irradiagdo; 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 Elmer®; pHmetro, Tec-
3MP, TECNAL®; Radibmetro IL 1700 Research Radiometer. Detectores:
SED240 - filtro UVB (290nm), SED005 - filtro UV (350nm); Sistema de
eletroforese Mini Vertical, Mini-Protean® Tetra System, Bio-RAD®;

4. METODOS

4.1. Animais experimentais

Foram utilizados camundongos sem pelo da linhagem HRS/J, do sexo
feminino, adultos, pesando em média 25g. Os camundongos foram mantidos no
Biotério do Centro de Ciéncias da Saude/UEL onde foi utilizado ciclo claro/escuro
(12/12 h) com temperatura controlada (22 + 2°C) e livre acesso a agua e a ragao.
O projeto foi aprovado pela Comissdo de Etica no Uso de Animais (CEUA) da
Universidade Estadual de Londrina e os experimentos foram realizados segundo
suas normas (registro Of. CIRC. CEUA sob o n° 148/2016, processo n°
11146.2016.97).

4.2.Sistema e fonte de radiagao UVB
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A fonte de luz utilizada nos experimentos para inducdo do estresse
oxidativo e processo inflamatério agudo nos camundongos foi uma lampada UVB
fluorescente modelo PHILIPS TL/12 40W RS (MEDICAL-HOLANDA). A lampada
emite radiagao na faixa de A de 270 a 400nm com pico maximo de emissao em
torno de 313 nm. A dose de radiagao utilizada para indugao da inflamacéao e do
estresse oxidativo foi de 4,14 J/cm? (CAMPANINI et al., 2013). A lampada foi
instalada em uma caixa retangular de madeira com capacidade para 6 caixas
menores, desenvolvida especificamente para esse fim. Os camundongos foram
distribuidos nessas caixas menores e sobre eles foi colocada uma tela que
restringe a altura da caixa e garante a exposigao total do dorso dos animais a
luz UV. Durante toda a irradiagao foi realizado o rodizio das caixas para
assegurar igual dose de irradiagdo nos animais, pois ocorre variagbes de

emissao de luz ao longo da lampada.

4.3.Protocolo experimental de avaliacdo da eficacia da RvD5 em

camundongos

4.3.1. Tratamento dos camundongos via ip

Os animais foram alocados aleatoriamente em seis grupos contendo
seis animais cada grupo, sendo:
e Grupo 1: Controle n&o irradiado e tratado com salina
e Grupo 2: Controle irradiado e tratado com salina
e Grupo 3: Irradiado e tratado com a dose RvD5 0,003 ng/animal
e Grupo 4: Irradiado e tratado com a dose RvD5 0,01 ng/animal
e Grupo 5: Irradiado e tratado com a dose RvD5 0,03 ng/animal

e Grupo 6: Irradiado e tratado com a dose RvD5 0,1 ng/animal

Os animais foram tratados com 200 pL de diferentes doses de RvD5
(0,003, 0,01, 0,03 e 0,1 ng/animal) via ip, em dois diferentes tempos: 1h antes
do inicio da irradiacao e 7h apdés o inicio da irradiacdo (MARTINEZ et al., 2015).
Os animais dos grupos controles receberam tratamento apenas com o veiculo

(salina) utilizado na diluicdo da droga. As doses de RvD5 usadas nos

40



tratamentos foram selecionadas com base nos experimentos de dose resposta

realizados nesse trabalho.

4.3.2. Tratamento dos animais com formulagao topica

Os animais foram tratados com formulagcédo topica contendo RvD5 ou
tratados com a formulagao controle (sem RvD5). As formulagdes foram aplicadas
em todo o dorso dos animais com o auxilio de um pincel, cerca de 0,5g de
formulacao, 1h antes, 5 min antes da irradiacéo e 5 min apos o fim da irradiagéo.
A concentracdo de RvD5 utilizada na formulagdo foi de 0,01ng/0,5g de
formulacdo por tratamento, ao total foram realizados 3 tratamentos. A dose foi
escolhida de acordo com os resultados obtidos nos testes preliminares desse
estudo, com o tratamento via ip.

Os animais foram alocados aleatoriamente em trés grupos contendo seis
animais cada grupo, sendo:

e Grupo 1: Controle ndo irradiado e nao tratado
e Grupo 2: Controle irradiado e tratado com a formulagao controle (sem

RvD5)

e Grupo 3: Irradiado e tratado com a formulacido tépica de RvD5 0,01

ng/tratamento

4.4. Preparo da formulacgao topica

A comparacgao entre os resultados obtidos pelo tratamento via ip e tdpica
dos camundongos € importante para determinar se o tratamento local (via topica)
é tao eficaz quanto o tratamento sistémico (ip).

As formulagdes foram preparadas e divididas em duas porgdes, sendo
uma reservada para controle (sem adi¢cao da RvD5) e outra acrescida de 0,01ng
de RvD5 por 0,5g de formulagao.

As porcentagens dos componentes utilizados para o preparo da emuls&o
constam na Tabela 1. Para o preparo da formulagdo aqueceu-se separadamente
a fase A (lipossoluvel) e a fase B (hidrossoluvel) até a temperatura de 70 °C.
Apoés a fusdo dos solidos e quando as duas fases atingiram a temperatura
determinada, verteu-se a fase B sobre a fase A com agitagado constante até a
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formacgao de uma emulséo e resfriamento completo. Quando a emulsao atingiu
a temperatura ambiente adicionou-se a fase C e D. Apds 24 horas do preparo
da formulagao foi incorporada a RvD5 0,01ng/0,5g de formulagéo. A formulagao
foi usada para o tratamento dos animais imediatamente apos adigdo da RvD5

Tabela 1: Componentes da formulag&o contendo RvD$5

Matérias-primas %

A Polawax®' (emulsionante e doador de viscosidade) 2%
Triglicerideos do acido caprico e caprilico (emoliente) 5%

5 Agua gsp* 100%
Dispersao de Aristoflex®? 5% 20%
Propilenoglicol (umectante e solubilizante) 6%

¢ Phenonip® (conservante) 0,8%

"Polawax®: Base auto emulsionante n&o-iénica (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.

4.5.Coleta das amostras de pele

Dependendo do teste realizado, os animais foram eutanasiados com 3%
de isoflurano e as peles coletadas 12h ap6s o final da irradiacdo ou anestesiados
(3% de isoflurano), decapitados e as peles coletadas 2h e 4h apods o final da
irradiacao.

A coleta da pele dos animais para analise foi realizada em diferentes
tempos, de acordo com protocolos experimentais pré-estabelecidos. Para as
analises de edema, dosagem de GSH, FRAP, ABTS, MPO, atividade/secregao
da MMP-9 e histologia as peles dos animais foram coletadas 12 horas apos o
fim da irradiac&o. Ja para as analises de atividade da CAT e producéo de anion
superoxido (NBT) as peles foram coletadas 2h apds o fim da irradiagao e para
as analises de citocinas, peroxidacao lipidica e PCR, 4 horas ap0és a irradiagao
(Figura 7 e 8) (CAMPANINI et al., 2013; MARTINEZ et al., 2015; SAITO et al.,
2018).
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Edema, ABTS,
Tratamento P FRAP, GSH, MPO,
90 min ftocina MMP-9 e histologia
PCR
Tempo 0
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NBT e LOOH
UVB I
5he30 min
(4,14 Jlcm?)
2h 4h 12h

- 60 min Tratamento

Figura 7: Fluxograma dos tempos de tratamentos ip e tempos de coleta das
peles dos animais de acordo com os protocolos experimentais pré-estabelecidos
para avaliacdo da eficacia da RvD5 administrada via ip. Os animais foram
submetidos a radiagdo UVB por um periodo de 5 horas e 30 min (4,14. J/cm?).
Nos animais foi realizado um pré-tratamento com RvD5 1h antes e um 7h apés
inicio da irradiagdo (0,003, 0,01, 0,03 e 0,1 ng/animal). Os animais foram
eutanasiados e as amostras de pele foram coletadas em diferentes tempos: 2
horas, 4 horas e 12 horas apés o fim da irradiagao UVB de acordo com o teste a

ser realizado.

Edema, FRAP,
Trat " ABTS, GSH, MPO,
ratamento MMP-9 e histologia
Tempo 0
-5 min [ A \ 5 min Catalase,
NBT e LOOH
uvB
5he30 min
(4,14 J/cm?)
2h 12h
- 60 min
Tratamento Tratamento

Figura 8: Fluxograma dos tempos de tratamentos topicos e tempos de coleta
das peles dos animais de acordo com os protocolos experimentais pré-
estabelecidos para avaliagdo da eficacia da formulagéo topica contendo RvD5.
Os animais foram submetidos a radiagao UVB por um periodo de 5 horas e 30
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min (4,14. J/cm?). Nos animais foi realizado um pré-tratamento tdpico com a
formulagao contendo 0,01 ng/tratamento de RvD5 1h antes, 5 min antes e 5 min
apos o fim da irradiacdo. Os animais foram eutanasiados e as amostras de pele
foram coletadas em diferentes tempos: 2 horas e 12 horas apds o fim da

irradiacdo UVB de acordo com o teste a ser realizado.

4.6. Avaliagao do edema de pele

No processo inflamatério agudo, desencadeado pela exposi¢gao a RUV,
ocorre a liberacdo de mediadores quimicos que aumentam a permeabilidade do
endotélio vascular, levando a formagcdao de edema como resultado do
extravasamento de fluidos e proteinas para pele (Figura 9) (DUSTING;
MACDONALD, 1995).

INFLAMADO @ Fluxo sanguineo |

Dilatacao da

5 Dilatagao!
Expansao da arvore capilar da vénula

z Extravasamento de
(3) Emigrag@o de neutréilo l @ proteinas plasméticas

—» edema

Figure 9: Manifestagdes locais da inflamagao aguda. 1) Vasodilatagéo e
aumento do fluxo sanguineo (causando eritema e calor). 2) Extravasamento e
extravascular deposigdo de plasma e proteinas. 3) Migragdo de leucdcitos e
acumulagao no local da lesdo. Adaptado Kumar el al: Robins & Cotran Pathologic

Basis of disease. 8th Edition.

Para avaliacao do edema de pele associado ao processo inflamatério foi
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feita a coleta das amostras de pele do dorso dos animais com o auxilio de um
molde com area fixa (5 mm didmetro). O edema foi expresso pela variagdo do

peso de pele entre os diferentes grupos controles e tratados (IVAN et al., 2014).

4.7.Determinacgao da atividade da mieloperoxidase (MPO)

Foi realizada a quantificagdo da atividade da enzima mieloperoxidase
(MPO) como marcador do infiltrado de leucdcitos (mondcitos/macrofagos e
neutréfilos) na pele apds a irradiacao UVB (KATIYAR; MEERAN, 2007).

As amostras de pele foram coletadas em tampao fosfato 50mM (pH 6,0)
contendo 0,5% de brometo de hexadeciltrimeti aménio (HTAB),
homogeneizadas com auxilio do Tissue-Tearor (Biospec 985370) e
centrifugadas (16,100 g por 2 min a 4°C). Para realizagao do ensaio, 30 yL do
sobrenadante de cada amostra foram misturados com tampao fosfato 50mM (pH
6,0) contendo 0,167mg/mL de o-dianisidina e 0,015% de perdxido de hidrogénio.
A atividade da MPO foi determinada espectrofotometricamente em 450nm
(EnSpire, Perkin Elmer). A atividade da MPO das amostras foi obtida através da
comparagao com a atividade da MPO de uma curva padrao de neutrdfilos. Os
resultados obtidos foram expressos em numeros de neutréfilos/mg de pele
(CASAGRANDE et al., 2006).

4.8. Determinacao da atividade/secregao de metaloproteinase-9 (MMP-9)

Para avaliacdo da atividade da MMP-9, foi utilizada a técnica de
zimografia em gel de poliacrilamida com dodecil sulfato de sédio (SDS), método
utilizado para deteccao de proteases. A analise detecta enzimas que degradam
a gelatina presente no gel (FONSECA et al., 2011a; KIM et al., 2007).

Foi feito um pool das amostras de pele de cada grupo e armazenadas
em eppendorfs. As amostras foram homogeneizadas com auxilio do
homogeneizador de tecidos Tissue-Tearor (Biospec 985370), na propor¢ao 1:4
em tampéao fosfato Tris/HCI 50mM (pH 7,4) com cloreto de calcio (CaClz) e 1%
de inibidores de proteinases (fenantrolina, fluoreto de fenilmetilsulfonila e N-

etilmaleimida).
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Os homogenatos foram centrifugados duas vezes a 12.000 g por 10 min
a 4°C e os sobrenadantes foram submetidos ao ensaio de zimografia. Aliquota
de 50 pyL do sobrenadante foi diluida em 10 yL de tampao Tris/HCI (pH 6,8)
contendo 20% de glicerol, 4% de dodecil sulfato de sodio (SDS) e 0,001% de
azul de bromofenol. Em seguida estas amostras foram colocadas em banho-
maria a 37°C durante 8 minutos imediatamente antes de ser aplicada no gel de
eletroforese. A espessura do gel utilizado foi de 1 mm, composto por um gel de
separacao e um gel de concentragéo, preparado conforme Tabela 2.

Tabela 2: Constituintes do gel de separagao e do gel de concentragéo.

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

Apos a finalizagéo da solugao do gel de separagao e de concentragao, os
mesmos foram aplicados no aparato especifico do sistema de eletroforese mini
vertical (Bio-RAD®).

O interior da cuba de eletroforese foi preenchido com tamp&o 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. Apos, foram
aplicados 25 pL de cada amostra. Durante a eletroforese a corrente aplicada foi
de 10 mA para o gel de concentragao e 13 mA para o gel de separacéo, sendo
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que a ultima corrente foi mantida constante por 15 minutos apds a saida do
corante do gel de separacgéo.

Ao término da eletroforese o gel de poliacrilamida foi lavado por 1 hora
com solugao de Triton X-100 2% sob constante agitagao, posteriormente o gel
foi incubado por 16 horas a 37 °C em tampao Tris/HCI 50 mM (pH 7,4) contendo
CaCl2 10 mM. Ao final da incubagéao o gel foi corado com uma solug&o contendo
0,25% de azul brilhante, 10% de acido acético e 50% de metanol em agua miliQ.
Para visualizagdo das bandas o gel foi descorado com &cido acético 20%
(FONSECA et al., 2011b). A atividade proteolitica foi analisada por meio da
comparagao das diferencas de densidades de cor entre as bandas de cada

grupo pelo programa ImageJ® (NIH, Bethesda, MD, USA).

4.9.Determinagado da atividade antioxidante global da amostra pelos
ensaios de FRAP e ABTS

A atividade antioxidante global da amostra foi determinada por dois
diferentes métodos: 1) Determinacao da atividade doadora de elétrons ao radical
ABTS; 2) determinagao do poder antioxidante redutor do ferro (FRAP).

As amostras de pele dos animais foram homogeneizadas com o triturador
Tissue-Tearor, Biospec em 400 uL de KCI (1,15%) e, logo apds, centrifugadas a
1.000g por 10 minutos a 4 °C. O sobrenadante foi retirado para a analise. Para
o FRAP foram utilizados 30 yL do sobrenadante das amostras e 150 pL do
reagente FRAP preparado previamente (2,5 mL de uma solugao 10 mM de 2,4,6
tripiridil-S-triazina (TPTZ) em HCI 40 mM, 2,5 mL de FeCl3.6H20 20 mM e 25 mL
de tampéo acetato 0,3 mM (pH 3.6) incubada a 37 °C por 30 min). A leitura foi
realizada em espectofotometro a 595 nm.

Solugdes padrao com diferentes concentragées de Trolox (0,039 a 40
nmol) foram utilizadas para calibragdo. Os resultados foram expressos como
nmol de equivalente de Trolox/mg de pele (KATALINIC et al., 2005).

Para a reacao de ABTS, foi utilizado 7 uL do sobrenadante das amostras
e 200 pL de solugdo de ABTS diluida previamente. A solugdo de ABTS foi
preparada reagindo 7 mM da solu¢do 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 solugdo ABTS foi diluida com tampéao fosfato (pH

47



7.4) até atingir uma absorbancia de 730nm. A reagao foi incubada por 6 min e a
leitura das amostras foi também realizada a 730 nm. Solu¢des padrdo com
diferentes concentragdes de Trolox (0,039 a 40 nmol) foram utilizadas para
calibracdo. Os resultados foram expressos como nmol de equivalente de
Trolox/mg de pele

4.10. Avaliagao dos niveis do antioxidante endégeno GSH

O GSH desempenha um papel importante na protecao de células da pele
contra o dano oxidativo. O dano induzido pela radiagdo UVB é medido pelo
aumento da geragao de EROS que resultam no estresse oxidativo que, por sua
vez, levam a deplecdo de antioxidantes endogenos. A perda de viabilidade
celular mediada pela radiagao UVB esta associada a uma diminuicdo acentuada
do conteudo de GSH que pode predispor a célula a uma defesa menor contra o
estresse oxidativo (HALLIWELL, 2009; ZAID et al., 2007).

As amostras de pele (aproximadamente 0,1g) foram diluidas (1:4) em
EDTA 0,02M e trituradas utilizando o Tissue-Tearor (Biospec 985370). Ao
homogenato foi adicionado acido tricloroacético (TCA) 50% na proporgéao 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 recentrifugado a
2.700 g por mais 15 minutos a 4°C. O sobrenadante final foi retirado para
analise. Para o ensaio, foram utilizados 50 yl do sobrenadante da amostra, 100
Ml de tampéao Tris 0,4 M pH 8,9 e 5ul de uma solugao de 1,9 mg/mL de acido
5,5’-ditiobis-(2-nitrobenzoico) (DTNB) em metanol. A absorvancia foi
determinada em espectrofotdbmetro (EnSpire, Perkin Elmer) apds 5 minutos de
incubacao, em 405 nm. A curva padréo foi preparada com 0 a 150 yM de GSH.
Os resultados foram expressos em yM de GSH/mg de pele (SRINIVASAN;
SABITHA; SHYAMALADEVI, 2007).

4.11. Avaliacao da atividade da CAT

O método é baseado no decaimento da concentracdo de H20O2 que é
diretamente proporcional a diminuigdo da absorbéancia a 240 nm. A diferenca de
absorbancia por unidade de tempo é a medida da atividade da CAT (AEBI, 1984).
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As amostras de pele dos animais foram homogeneizadas em 500 pL de
EDTA 0,02M utilizando o homogeneizador Tissue-Tearor (Biospec 985370). O
homogenato foi centrifugado a 2.700 g por 10 minutos a 4 °C. O sobrenadante
final foi retirado para analise. A determinacao da atividade da CAT na pele foi
realizada em microplaca por meio da adi¢do de 10 pyl amostra, 160 pL tampao
Tris-HCI 1M com EDTA 5 mM pH 8,0, 20 yL agua deionizada e 20 uL H202 200
mM. Foi incluido um branco para cada amostra preparado com 10 uL do
sobrenadante da amostra, 180 pyL de tampéao Tris-HCI 1M com EDTA 5 mM pH
8,0 e 20 pL de agua deionizada. A velocidade com que o H20- é reduzido pela
acao da CAT foi avaliada através da diminuicdo no valor da absorbancia pela
diferenca entre a leitura inicial e a leitura 30 segundos apés a adigao do H20>
200 mM. A leitura foi realizada em espectrofotobmetro 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).

4.12. Avaliagcao da producgao de hidroperéxido (LOOH)

A peroxidacgao lipidica é uma das expressdes organicas mais importantes
do estresse oxidativo (YAGI, 1987). A oxidagao dos lipideos foi mensurada a
partir da formacdo de hidroperoxidos que sao os produtos primarios na
peroxidagao lipidica (LINGNERT; VALLENTIN; ERIKSSON, 1979).

A producdo de hidroperoxido foi avaliada por método de
quimiluminescéncia descrito anteriormente (MARTINEZ et al., 2015). O método
€ baseado na determinagdo de quimioluminiscéncia iniciada pelo tert-butil
hidroperéxido (GONZALEZ FLECHA; LLESUY; BOVERIS, 1991).

As amostras de pele dos animais foram homogeneizadas em 800 pL de
tampao fosfato (pH 7,4) com auxilio do Tissue-Tearor (Biospec 985370). Em
seguida, foram centrifugadas a 700 g por 2 minutos a 4 °C. Para o ensaio, 250
ML do sobrenadante foram adicionados a 1730 yL de meio de reagao (KCI
120mM, tampéo fosfato pH 7,4 30 mM) e 20 uL de tert-butil hidroperéxido 3 mM.
Este ensaio foi realizado em contador B marca Beckman® LS 6000
(FULLERTON, CA, EUA) em uma faixa de contagem nao coincidente com a
resposta entre 300 e 620 nm. Todo o experimento foi realizado ao abrigo da luz
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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.

4.13. Avaliacao da produgao de anion superoxido (O2™)

A producdo de anion superéxido € aumentada apdés a exposicao a
radiagcao UVB (YASUI et al., 2006). A dosagem de anion superoéxido foi realizada
através do ensaio de reducao do nitroblue tetrazolium (NBT) (SAITO et al., 2018).
As amostras de pele foram homogeneizadas com o Tissue-Tearor (Biospec
985370) em EDTA 0,02 M e centrifugadas (2000 g por 20 segundos a 4°C). Para
a reagao, o sobrenadante (50 pL) foi incubado em microplacas por 1 hora. Em
seguida, o sobrenadante foi removido e adicionado NBT (1mg/mL) as células
fixadas. Apds 15 minutos, o NBT foi cuidadosamente removido e ao precipitado
foram adicionados 20 uL de metanol 100% para fixar. O composto formado pela
reducéo do NBT (formazan) foi solubilizado com 120 uL de KOH 2M e 140 uL de
dimetilsuféxido (DMSQO). A reducdo do NBT para formazan foi medida em
espectrofotbmetro de microplacas (EnSpire, Perkin Elmer) a 620 nm e os
resultados foram apresentados como densidade 6ptica (OD)/10 mg de pele
(CAMPANINI et al., 2013).

4.14. Dosagens das citocinas pro-inflamatoérias: IL-1p e TNF-a e

citocinas anti-inflamatérias: TGF-$ e IL-10

As amostras de pele foram homogeneizadas em salina (500 yL) com o
Tissue-Tearor (Biospec 985370) e centrifugadas a 2000 g por 15 mina 4 °C. Os
sobrenadantes foram utilizados para quantificacdo das citocinas IL-13, TNF-a,
TGF-B e IL-10 através da técnica de enzimaimunoensaio (ELISA) do tipo
sanduiche com diferentes kits comerciais disponiveis de acordo com as
instrugbes de uso do fabricante. Os resultados foram obtidos comparando as
densidades Opticas em 490 nm das amostras com as densidades das

respectivas curvas padrdes das citocinas (VERRI et al., 2008).
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4.15. Expressao de RNAm para Nrf2, NQO1 e OH-1 por reagao em

cadeia da polimerase (PCR) quantitativa

As amostras de pele foram coletadas em reagente trizol e
homogeneizadas para a extragcdo do RNA total. O RNA total foi transcrito por
acao da enzima transcriptase reversa, e o DNAc obtido foi usado para
amplificagdo especifica do RNAm de interesse. A expressao quantitativa de
RNAm para Nrf2, NQO1 e OH-1 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 solugao de DNAc, agua MiliQ tratada com dietilpirocarbonato e uma
solugdo contendo cada primer. O sistema utilizado realiza as reacbes de
amplificagdo e detecgado, e quantifica as amostras no termociclador ABI5700
(APPLIED BIOSYSTEMS, WARRINGTON, REINO UNIDO) por meio da analise
do nivel de fluorescéncia gerado pela incorporagao de nucleases fluorogénicas
(SYBRGreen) aos produtos de amplificagcdo durante o curso da reagdo. A
transcricdo reversa de RNA total para cDNA e gPCR foi realizada usando
GoTaq® 2-Step RT-qPCR System (Promega, Madison, WI, EUA) em um sistema
StepOnePlus™ Real-Time PCR (Applied Biosystems®, Thermo Fisher Scientific,
Waltham, MA, EUA). A expressao génica relativa foi determinada usando o
método comparativo 2—(AACt), e a expressdo do mRNA GAPDH foi usada como
referéncia para integridade tecidual em todas as amostras. Os resultados foram
analisados com base no valor do limiar do ciclo, onde a amplificacdo das
amostras atinge um limiar que permite a analise quantitativa da expressao do
fator avaliado (VERRI et al., 2008). Abaixo a sequéncia do sense e anti-sense

dos primers utilizados (Tabela 3):
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Tabela 3: Primers utilizados para amplificagdo dos genes Nrf2, HO-1 e NQO1

Gene Primer Sequéncia 52> 3’
Nrf2-sense 5 TCACACGAGATGAGCTTAGGGCAA-3’
Nrf2 Nrf2-antisense 5- TACAGTTCTGGGCGGCGACTTTAT-3
HO-1-sense 5- CCCAAAACTGGCCTGTAAAA-3
HO- HO-1-antisense = 5-CGTGGTCAGTCAACATGGAT 3
NQO! NQO1-sense 5- TGGCCGAACACAAGAAGCTG-3’

NQO1-antisense 5-GCTACGAGCACTCTCTCAAACC-3’

4.16. Avaliacao histopatologica por microscopia 6ptica

Para analise histopatologica, as amostras de pele do dorso dos animais
foram coletadas 12 horas apos irradiagdo e armazenadas em formol 10%.
Subsequentemente, as amostras de pele foram fixadas em paraformaldeido 4%
e desidratadas em banhos de solugdes de etanol em concentragdes crescentes
(70%, 95% e 100%). Em seguida, foram diafanizadas com xilol e incluidas em
parafina. Foram preparadas sec¢des de 5 ym que foram coradas com
hematoxilina eosina (H&E), azul toluidina e tricromico de masson.

As seccgbes coradas com H&E foram examinadas utilizando microscopia
Optica a uma ampliacédo de 400 vezes (objetiva de 40) para determinagéo da
espessura epidérmica (DENG et al., 2015) e uma amplificagédo de 1000 vezes
(objetiva de 100) para contagem do numero de queratindcitos apoptoticos
(SCHWARZ et al., 1995). Para contagem de mastdcitos, as secgdes foram
coradas com azul de toluidina e a analise feita em microscopia optica a uma
ampliagao de 400 vezes (objetiva de 40). As analises foram feitas com o software
Infinity Analyze (Lumenera® Software). Ja as secg¢des coradas com tricromico
de masson foram examinadas utilizando microscopia optica a uma ampliagao de
100 vezes (objetiva de 10) para visualizar alteragbes nas fibras de colageno
através da analise da intensidade da coloragdo azul nas areas dérmicas da pele
exposta a radiacdo UVB com auxilio do software Image J (NIH) (SONG et al.,
2016).
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4.17. Analise estatistica dos resultados

Os resultados foram analisados por analise de variancia com um fator
seguido do teste de comparag¢des multiplas de Tukey e apresentados pela média
t erro padrdo da média (EPM) de mensuragdes feitas com 6 animais em cada
grupo e representativos de 2 experimentos separados. As analises estatisticas
foram realizadas usando o software GraphPad Prism 7 (GraphPad Software Inc.,
San Diego, EUA). Os resultados foram considerados significativamente

diferentes para p<0,05.
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Highlights

ABTS

RvD5 protects the skin from the harmful effects of UVB irradiation.

RvDS inhibits UVB-induced skin edema

RvD5 suppress the secretion of MMP-9 and collagen degradation induced
by UVB-irradiation.

RvDS inhibits UVB-induced sunburn cells and mast cells counts

RvDS inhibits UVB-induced skin oxidative stress

RvD5 reduces UVB-induced production of a wide range of cytokines.

2,2-azinobis- (3-ethylbenzothiazoline-6-sulphonic acid)

ANOVA one-way analysis of variance

CAT

catalase

COX-2 cyclooxygenase

DHA

DHA

DTNB

ECM

FRAP

GSH

H202

HTAB

KClI

KOH

docosahexaenoic acid
docosahexaenoic acid

5,5' - dithiobis(2 - nitrobenzoic acid)
extracellular matrix

ferric reducing antioxidant power assay
reduced glutathione

hydrogen peroxide
hexadecyltrimethylammonium bromide
interleucin

nitric oxide synthase

intraperitoneally

potassium chloride

potassium hydroxide
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LOOH lipid hydroperoxides

LPO lipid peroxidation

MMP matrix metalloproteinase
MPO myeloperoxidase

mRNA messenger ribonucleic acid

NADPH nicotinamide adenine dinucleotide phosphate
NBT nitroblue tetrazolium
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Abstract:

Exposure to ultraviolet (UV) irradiation may cause inflammation, premature
aging, and skin cancer. Resolvin D5 (RvD5%) is a lipid mediator that has been
reported with anti-inflammatory and antioxidant properties. However, its effects
and mechanisms on UVB irradiation-induced inflammation and oxidative stress,
which are the aim of this study, are still unknown.The intraperitoneal treatment
with  RvD5 (0.03 ng/mouse) reduced UVB-induced skin edema, matrix
metalloproteinase 9 activity (MMP-9), and glutathione (GSH) depletion. In
addition, RvD5 inhibited UVB-induced hydroperoxide formation and superoxide
anion production. RvDS also increased the Nrf2 and its downstream targets
NQO1 and HO-1 mRNA expression. Regarding cytokines, RvDS inhibited UVB-
induced production of IL-13, TNF-a, TGF-B, and IL-10. These immuno-
biochemical alterations by RvD5 treatment resulted in the reduction of UVB-
induced epidermal thickness, sunburn and mast cell counts, and collagen
degradation. Therefore, the lipid mediator RvD5 inhibits skin damage promoted
by UVB and may be a promising therapeutic approach to control skin disease.

Keywords: Cytokines, antioxidant, lipid mediator, ROS
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1. Introduction

The skin is the largest organ in the human body and constitutes about 16%
of the body mass [1]. It provides a protective physical barrier between the body
and the environment, preventing the loss of water and electrolytes and reducing
the penetration of external aggressors including exposure to ultraviolet (UV)
irradiation, the leading cause of skin damage [2—4]. Overexposure to sunlight has
been associated with photoaging and immunosuppression [5,6], and UV
irradiation is the most important risk factor for the development of skin cancer [1].

UV radiation causes depletion of endogenous antioxidants like catalase
(CAT) and superoxide dismutase (SOD), which results in an imbalance between
ROS production and antioxidant defense mechanisms, resulting in oxidative
stress [7,8]. As a consequence, there is skin inflammation. Erythema and
histological changes such as thickening of the epidermis, edema, and
perivascular infiltration are signs that indicate inflammation induced by ultraviolet
B irradiation (UVB) [9].

During the inflammatory process, pro and anti-inflammatory cytokines
are produced, and the balance between them determines the magnitude of the
inflammatory response [10]. Different studies show that UVB radiation induces
the production of pro-inflammatory cytokines such as TNF-q, IL-1[3, and IL-6 and
anti-inflammatory IL-10 and TGF- in vivo models [11,12]. IL-18 and TNF-a
participate in the induction of ROS, which, in turn, induce the production of more
cytokines. This cycle of ROS and cytokines tends to feedback the reciprocal
production, thus perpetuating the inflammatory process [13].

Inflammation is the first response of the immune system to infection or
tissue damage. It has a protective function, and it is necessary to ensure the
continuity of the organism’s health. However, excessive or inadequate
inflammatory response contributes to several acute and chronic human diseases
[14,15].

Previously considered a passive event, inflammation resolution is now
understood as a highly regulated, active, and complex event that ends
inflammation after the threat is contained. This response is orchestrated by
specialized pro-resolving mediators (SPMs) that limit the immune response within
the affected tissue [15,16]. Therefore, these SPMs are emerging as highly



effective immunoregulatory agents by activating the pro-resolving pathway, as
reported by plenty of scientific evidence gathered in the last two decades since
their discovery [17].

Resolvin D5 (RvD5) is an SPMs derived from docosahexaenoic acid
(DHA) by the action of the enzyme 5-lipooxygenase, known for its anti-
inflammatory effects [18]. In recent years, these lipid mediators have been a
major focus due to their anti-inflammatory and pro-resolution abilities in some
disease models. Their actions include inhibiting the production of pro-
inflammatory cytokines, including TNF-aq, IL-1, IL-6; inhibiting inducible enzymes
such as cyclooxygenase (COX-2) and nitric oxide synthase (iNOS) in monocytes
and macrophages, which are modulated via activation of the nuclear factor kappa
B (NF-kB) transcription [18]. In addition, RvD5 increases phagocytosis of
neutrophils and macrophages to infectious agents [19].

RvD5 produces beneficial actions in human organisms through interaction
with specific receptors coupled to G protein, such as GPR32. Additionally,
specific receptors for RvD5 may exist in immune cells (e.g., macrophages) that
mediate the reduction of pain induced by the inflammatory process. Notably,
RvD5 is a vital lipid mediator produced by human M2 macrophages [20,21].

These observations make it reasonable to think that RvD5 can reduce
inflammation and oxidative injury in other diseases. However, there is no
evidence on the effect of RvDS in UVB irradiation-induced skin inflammation and
oxidative stress, which we reason to be worthy of investigating in the present

study.

2. Materials and methods

2.1.Chemicals

Chemicals were obtained from the following sources: Resolvin D5 from
Cayman Chemical (Ann Arbor, Michigan, USA); brilliant blue R, reduced
glutathione (GSH), hexadecyltrimethylammonium bromide (HTAB), o-dianisidine
dihydrochloride, 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB), nitroblue tetrazolium
(NBT), and bisacrylamide from Sigma-Aldrich (St. Louis, MO, USA); tert-butyl
hydroperoxide from Acros (Pittsburgh, PA, USA); tris from Amresco (Solon, OH,

61



USA); ELISA kits for the determination of cytokine from eBioscience (San Diego,
CA, USA); and acrylamide, sodium dodecyl sulfate (SDS), platinum SYBRGreen,
and superscript Il kits from Invitrogen. All other reagents used were from
pharmaceutical grade.

2.2. Animals

The experiments were performed in hairless mice (HRS/J) weighing 20—
30 g and obtained from the University Hospital of Londrina State University (UEL),
Parana, Brazil. The mice were maintained with free access to water and food
throughout the experiment with a light/dark cycle of 12/12h and temperature-
controlled (23 + 2°C). The Animal Ethics Committee of the Londrina State
University approved all procedures used in this study (CEUA process number
11146.2016.97). All methods were performed following the relevant guidelines
and regulations. All experiments were realized with a minimum number of
animals and minimum suffering. Euthanasia at the end of experiments involved
the procedures of terminal anesthesia with isoflurane 5% (Abbott Park, IL, USA)
and anesthesia with isoflurane 5% following decapitation. The mice were
continuously monitored regarding welfare-related assessment before, during,
and after the experiments.

2.3. Experimental protocol

The mice were randomly assigned to six groups with six animals per
group. The groups were: non-irradiated control treated with vehicle (saline),
irradiated control treated with vehicle (saline), irradiated treated with RvD5 0.003
ng/mouse, irradiated treated with RvD5 0.01 ng/mouse, irradiated treated with
RvD5 0.03 ng/mouse, and irradiated treated with RvD5 0.1ng/mouse. RvD5
dilutions were prepared with saline solution.

Mice were treated with RvD5 (via intraperitoneal administration) 1 h before
and 7 h after the beginning of UVB irradiation exposure [12]. Animals in the
control groups received treatment with vehicle (saline). The doses of RvD5 used
in the treatments were selected based on dose-response curves tested in the
present study.
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After the UVB irradiation exposure, samples of skin mice were dissected
2h, 4 h, or 12 h after the exposure, depending on the assay. Each parameter was
evaluated at a specific time point, which was previously determined as suitable
to detect significant differences between non-irradiated control and irradiated
control groups [22—-24], therefore being valid for determining possible treatment
effects with RvD5.

The results obtained in the assays evaluating skin edema, FRAP, ABTS,
and GSH were utilized for selecting the best dose of RvD5. This dose was used
in the following assays to analyze the effect of RvD5 on UV-induced oxidative
stress (hydroperoxide formation and superoxide anion production) and determine
Nrf2, NQO1, and HO-1 mRNA expression by qPCR. It was also used to evaluate
inflammatory (IL-18 and TNF-a) and anti-inflammatory (TGF-B and IL-10)
cytokine levels, histopathological alterations (epidermal thickness, sunburn cell
counts, collagen degradation, and mast cell counts), and MMP-9 activity.

2.4.Irradiation protocol

UVB lamp (Philips TL/12 RS 40W, Medical-Holand) was used in the
experiments to induce oxidative stress and acute inflammatory process in
hairless mice. The lamp emits light between 270 and 400 nm with peak emission
at 313 nm. The radiation dose used to induce process inflammatory and oxidative
stress was 4.14 J/cm? [11,12].

The lamp was mounted 20 cm overhead the table where the mice were
allocated, and all animals were irradiated simultaneously, as previously described
[25]. 12h after the irradiation, the hairless mice were terminally anesthetized with
5% isoflurane (Abbott [Abbott Park, IL, USA]). The full thickness of the dorsal
skins was removed for edema, MMP-9 activity, GSH assays, and histology
analysis.

For catalase and NBT assays, the hairless mice were anesthetized with
5% isoflurane, followed by decapitation 2h after the end of irradiation. For
evaluation of production hydroperoxides, catalase activity, cytokines
measurement. Finally, for PCR assays, the animals were anesthetized and
decapitated 4h after the end of UVB exposure, and the dorsal skins were
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removed. Each parameter was evaluated at a specific time, which was previously
determined [11,25].

After collection, the skin samples were stored at —80°C until analysis. For
analysis of cutaneous edema, the samples were weighed immediately after
collection, and for histological examination, the samples were fixed in buffered
formaldehyde.

2.5.Skin edema

Dorsal skin samples were collected carefully with the aid of a 5 mm
diameter mold. The results were expressed in mg of skin tissue obtained from
the weight of each sample. The skin weight from the control group (irradiated and
non-irradiated group) and treated group were compared [11,12].

2.6. Total antioxidant capacity: FRAP and ABTS assays

For FRAP and ABTS assays, skin samples were dissected, homogenized
into buffer containing 1.15% KCI, centrifuged (1,000g in 4 °C for 10 min), and
total antioxidant capacity was determined as described previously [24,26].
Reading was performed at 595 and 794 nm in a spectrophotometer reader
(ENSPIRE, PERKIN ELMER). The results were expressed as nmol Trolox
equivalent per mg of skin tissue. All results were compared to a standard curve

of Trolox (concentration ranging between 0.01-20 nmol) [24,26].

2.7.Quantification of endogenous antioxidant reduced glutathione
(GSH)

GSH method is based on the quantification of the colored compound (5-
mercapto-2-nitrobenzoic acid) formed by breaking the 5,5-dithiobis (2-
nitrobenzoic acid) (DTNB) bond by the glutathione sulfhydryl group [27].

GSH levels were determined as described previously [12]. The
absorbance was performed at 405 nm. The results are presented as uM of GSH
per mg of skin, compared to a standard curve (GSH concentration ranging 5—
150 uM) [27].
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2.8.Matrix metalloproteinase (MMP)-9 activity measurement

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
substrate-embedded zymography was performed as described previously [12].
After electrophoresis, the gels were washed with 2.5% Triton X-100 with 0.05M
Tris-HCI (pH 7.4) for 1h on a rotary shaker to remove SDS and allow proteins to
renature. The gels were then incubated in 0.01 M CaCl2z overnight at 37 °C, and
stained with Brilliant Blue R. After destaining in 20% acetic acid, the proteolytic
activity was analyzed by comparing the intensities of the bands of each group
using the Image J Program. We analyzed 5 gels in total, and each one presented
the results of pools of 6 mice per group (NIH, Bethesda, MD, USA).

2.9.Lipid peroxidation assay (LPO)

Lipid peroxidation was evaluated by the chemiluminescence (QL) method
previously described [12]. The method is based on the measure of the QL initiated
by the tert-butyl hydroperoxide [28]. The reading was conducted in a f—counter
Beckman® LS 6000SC (FULLERTON, CA, USA) in a non-coincident counting for
30 s with a response range between 300 and 620 nm. The results were measured

in counts per min (cpm) per mg of skin.

2.10.Superoxide anion production

Exposure to UVB-induced formation of O~ by keratinocyte skin [29].
Production in the skin was measured using the nitroblue tetrazolium (NBT) assay
as described previously [12]. Reduction of NBT to formazan was determined in
spectrophotometer reader (ENSPIRE, PERKIN ELMER) at 620 nm, and the

results are presented as NBT reduction (OD/ 10 mg of skin).

2.11.Cytokine measurement and Quantitative Polymerase Chain Reaction
(qPCR)

The quantification of cytokines IL-13, TNF-q, IL-10, and TGF- 3 in the skin
was performed using commercial enzyme-linked immunosorbent assay (ELISA)
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kits according to manufacturer’'s instructions (eBioscience). For that, skin
samples were dissected and homogenized into sterile saline (500 yL). Reading
was performed at 450 nm in a spectrophotometer reader (ENSPIRE, PERKIN
ELMER), and the results are expressed as picograms (pg) of each cytokine/mg
of skin tissue compared to the respective cytokine standard curve [30].

2.12.Real-time and quantitative polymerase chain reaction (RT-qPCR).

The quantitative polymerase chain reaction method was described
previously [12]. Briefly, skin samples were collected into Trizol reagent
(Invitrogen), and total RNA was extracted as recommended by the manufacturer.
RNA purity was determined spectrophotometrically in 260/280 nm (between 1.8
and 2.0 for all preparations). Reverse transcription of total RNA to cDNA and
gPCR were performed using GoTagq® 2-Step RT-gPCR System (Promega,
Madison, WI, USA) on a StepOnePlus™ Real-Time PCR System (Applied
Biosystems®, Thermo Fisher Scientific, Waltham, MA, USA). The relative gene
expression was determined using the comparative 2-(*A¢) method, and GAPDH
MRNA expression was used as a reference for tissue integrity in all samples.

Primer sequences were described previously [12].

2.13.Skin histologic evaluation

Skin samples were collected in formol 10%, embedded in paraffin,
sectioned (5 ym), and stained with hematoxylin and eosin, toluidine blue, and
Masson'’s trichrome stain.

For epidermal thickness determination and sunburn cell count, the
sections were stained with H & E and examined using light microscopy at 400x
[31] and a 1000x magnification, respectively [32]. For mast cell count, the
sections were stained with toluidine blue and analyzed under light microscopy at
400x magnification. All analyses were done with the software Infinity Analyze
(Lumenera® Software). Masson’s trichrome staining was also used to analyze
the intensity of the blue coloration in the dermal areas of the skin exposed to UVB
using light microscopy (100x magnification) with the aid of the Image J program
(NIH) as described previously [12]. Histopathological scores are presented
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together with the representative images quantifying the alterations detected
between the groups. Statistical analysis was performed by one-way ANOVA
followed by Tukey’s test [*p<0.05 compared to the non-radiated control group;
#p<0.05 compared to the radiated control group (vehicle)].

2.14 . Statistical analysis

Statistical analysis was performed using GraphPad Prism 7 software
(GraphPad Software Inc., San Diego, USA). Data were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey multiple comparisons test.
Results were presented as mean + standard error (SEM) of measurements made
with 6 animals in each group per experiment. The results were representative of

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

3. Results

3.1.Resolvin D5 (RvD5) reduces UVB irradiation-induced skin edema

The anti-inflammatory effects of RvD5 were first assessed by the edema
assay. Skin edema was inhibited by 0.01 and 0.03 ng/mouse RvD5 treatment
compared with the irradiated group (Figure 1). Skin edema is a parameter
associated with the inflammatory process induced by UV radiation [12] because
it causes increased permeability of the vascular endothelium [33].
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Figure 1. RvD5 reduces the development of skin edema induced by UVB
irradiation. Mice were treated intraperitoneally with 0.003, 0.01, 0.03 or 0.1 ng of
RvDS 1 h before and 7 h after the beginning of UVB irradiation. The skin edema
was determined in samples collected 12 h after the end of irradiation. Results are
presented as tissue weight in milligrams of skin. Bars are representative of two
separate experiments and represent means + SEM of 6 mice per group per
experiment. Statistical analysis was performed by one-way ANOVA followed by
Tukey’s test [*p<0.05 compared to the non-irradiated control group; #p<0.05

compared to the irradiated control group (vehicle)].

3.2.RvD5 inhibits UVB irradiation-induced depletion of skin antioxidants

Given that the overproduction of ROS induced by exposure to UVB
irradiation decreases antioxidant defenses [34,35], we evaluated the effect of
treatment with RvD5 on UVB-induced oxidative stress.

UVB irradiation led to decreased ferric reducing (Figure 2A) and ABTS
scavenging (Figure 2B) tissue abilities. Also, it reduced GSH levels (Figure 2C)
compared with the non-radiated control group. All these oxidative stress
parameters induced by UVB radiation were significantly inhibited by the treatment
with 0.03 ng of RvD5. Besides that, the treatment with 0.01 ng of RvD5 could
inhibit the decreased ABTS scavenging capacity. Based on the result obtained in
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edema, FRAP, and GSH levels, the dose of 0.03 ng/mouse was chosen for the

next assays.

>
W
@

uvB uvB uvB

N
o
=
o
@
=3

-
2
H*
[N
=]

-
=)

°
<
GSH (uM/mg of skin)
*

FRAP (nmol Trolox
/mg of skin)
o
ABTS (nmol Trolox
/mg of skin)

o
o
B

0.003 0.01 0.03 0.1 0.003 0.01 0.03 0.1 0.003 0.01 0.03 0.1

Control RvD5 Control RvD5 Control RvD5
(ng/mouse) (ng/mouse) (ng/mouse)

Figure 2: RvD5 inhibited UVB irradiation-induced decrease of skin antioxidant
capacity. Mice were treated intraperitoneally with 0.003, 0.01, 0.03 or 0.1 ng of
RvDS 1 h before and 7 h after the beginning of UVB irradiation. Total antioxidant
capacity FRAP (A), ABTS (B), and GSH levels (C) were determined in samples
dissected 12 h after irradiation. Results are presented as nmol of Trolox per
milligrams of tissue for FRAP and ABTS assays and micromoles per milligrams
of tissue for GSH assay. Bars are representative of two separate experiments
and represent means + SEM of 6 mice per group per experiment. Statistical
analysis was performed by one-way ANOVA followed by Tukey's test [*p<0.05
compared to the non-irradiated control group; #p<0.05 compared to the irradiated
control group (vehicle)].

3.3.Catalase activity assay

Catalase (CAT) is an important antioxidant enzyme of the skin. The
decrease in levels of this enzyme after UV-irradiation exposure represents
potential damage to cellular macromolecules, as excess hydrogen peroxide
(H202) can generate OH radical, a powerful oxidant capable of causing damage
to all bases of DNA [36]. UVB-irradiation has induced a decreased catalase
activity when compared with not UVB exposure controls. Our results showed that
treatment with RvD5 restored catalase activity (Figure 3).
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Figure 3: RvDS5 inhibited UVB irradiation-induced decrease of skin catalase
activity. Mice were treated intraperitoneally with 0.03 ng of RvD5 1 h before and
7 h after the beginning of UVB irradiation. The catalase activity was evaluated in
the skin samples collected 2 h after the end of irradiation. Bars are representative
of two separate experiments and represent means £+ SEM of 6 mice per group
per experiment. Statistical analysis was performed by one-way ANOVA followed
by Tukey’s test [*p<0.05 compared to the non-irradiated control group; #p<0.05

compared to the irradiated control group (vehicle)].

3.4.RvD5 inhibits UVB irradiation-induced apoptosis of keratinocytes

After high-level exposure to UVB radiation, keratinocytes undergo
apoptosis (sunburn cells) [1]. Sunburn cells were characterized histologically by
chromatin condensation and eosinophilic cytoplasm [37]. UVB-irradiation
induced an increased sunburn cell count in comparison with the non-irradiated
group (Figure 4). RvD5 treatment inhibited sunburn cell formation by 81.23%
compared to the irradiated control group. These data indicate a protective effect
of RvD5 upon UVB irradiation-induced keratinocytes apoptosis.

70



uvB

|

Sunburn Cells
(Cells per field)
»

0.03

Control RvD5
(ng/mouse)

Figure 4: RvD5 reduces UVB radiation-induced sunburn cells. Mice were treated
intraperitoneally with 0.03 ng of RvD5 1 h before and 7 h after the beginning of
UVB irradiation. Sunburn cells were evaluated using hematoxylin and eosin
staining (H & E) in skin samples collected 12 h after the end of irradiation. The
sections stained with H & E were examined using light microscopy at 1000x
magnification. Representative images of the groups: non-irradiated control (A),
irradiated treated with vehicle (B), irradiated treated with 0.03ng/mouse of RvD5
(C). Sunburn cells count is presented in cells per field in panel D. Bars are
representative of two separate experiments and represent means + SEM of 6
mice per group per experiment. Statistical analysis was performed by one-way
ANOVA followed by Tukey's test [*p<0.05 compared to the non-irradiated control

group; #p<0.05 compared to the irradiated control group (vehicle)].

3.5.RvD5 inhibits UVB irradiation-induced epidermal thickening

Exposure to UVB radiation induces an increase in epidermal thickness due
to the hyperproliferation of keratinocytes [38].

Histological analysis of hematoxylin and eosin-stained tissue sections
indicated that epidermal thickness was significantly increased following exposure
to UVB. On the other hand, epidermal hypertrophy was reduced by 65.28%
compared with the irradiated control group when mice were treated with RvD5
0,03 ng/mouse (Figure 5).
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Figure 5: RvD5 reduced UVB irradiation-induced increase of epidermal
thickness. Mice were treated intraperitoneally with 0.03 ng of RvD5 1 h before
and 7 h after the beginning of UVB irradiation. The epidermal thickness was
determined in samples collected 12 h after the end of irradiation and stained with
hematoxylin and eosin staining (H&E). Representative images of the groups:
non-irradiated control (A), irradiated treated with vehicle (B), irradiated treated
with 0.03ng/mouse of RvD5 (C). The epidermal thickness of experimental groups
is presented in um in panel D. The sections stained with H & E were examined
using light microscopy at 400x magnification. Bars are representative of two
separate experiments and represent means £+ SEM of 6 mice per group per
experiment. Statistical analysis was performed by one-way ANOVA followed by
Tukey’s test [*p<0.05 compared to the non-irradiated control group; #p<0.05
compared to the irradiated control group (vehicle)].

3.6.RvD5 inhibits UVB irradiation-induced increase of mast cell counts

Exposure to UV radiation leads to increased recruitment of mast cells into
the skin [39]. Mast cells secrete mediators that trigger inflammation and recruit
other leukocytes such as neutrophils [40].

Treatment with RvD5 0.03 ng/mouse ameliorates UVB irradiation-induced
inflammation by effectively reducing the numbers of mast cells in the skin (Figure
6).
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Figure 6. RvD5 reduced UVB irradiation-induced increase of mast cell count. The
proliferation of mast cells was determined in samples collected 12 h after the end
of the irradiation and stained with toluidine blue. Representative images of the
groups: non-irradiated control (A), irradiated treated with vehicle (B), and
irradiated treated with 0.03 ng/mouse of RvD5 (C). Mast cell count of
experimental groups is presented per field in panel D. Original magnification
400x. Bars are representative of two separate experiments and represent means
1+ SEM of 6 mice per group per experiment. Statistical analysis was performed by
one-way ANOVA followed by Tukey’s test. [*p<0.05 compared to the non-
irradiated control group; #p<0.05 compared to the irradiated control group

(vehicle)].

3.7.RvD5 inhibits UVB irradiation-induced MMP-9 activity and collagen

fibers degradation

MMP-9 is an enzyme secreted predominantly by neutrophils, mast cells,
and macrophages that have proteolytic activity against the main component of
the basement membrane, type IV collagen [41-44]. MMP-9-induced damage to
the collagenous matrix of the skin is one of the hallmarks of photoaging and non-
melanoma skin cancer [45,46].

UVB irradiation increases MMP-9 activity and treatment with RvD5 0.03
ng/mouse reduced the activity of MMP-9. These data evidence that RvD5

reduces dermal connective tissue damage (Figure 7).
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Figure 7. RvD5 inhibited UVB irradiation-induced MMP-9 activity in the skin.
MMP-9 activity was determined in samples collected 12 h after the end of
irradiation. A representative image of gelatin zymography is presented in panel A
and skin MMP-9 activity in panel B. Results are presented as arbitrary units per
sample for MMP-9 activity. Bars are representative of two separate experiments
and represent means + SEM of 6 mice per group per experiment. Statistical
analysis was performed by one-way ANOVA followed by Tukey's test. [*p<0.05
compared to the non-irradiated control group; #p<0.05 compared to the irradiated

control group (vehicle)].

Given the deleterious effect of MMP-9 enzyme activity on collagen fibers,
we quantified collagen density in sections of skin tissue with Masson's trichome
staining [47]. Notably, treatment with RvD5 0.03 ng/mouse reduced the
degradation of skin collagen, as observed by the preservation of the blue color in
the Masson’s trichrome staining compared with the irradiated group (Figure 8).
Therefore, the results of the enzymatic activity assay (MMP-9) and tissue staining

(Masson'’s trichrome) corroborate each other
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the skin. Degradation of collagen was determined in samples collected 12 h after
the end of irradiation and stained with Masson’s trichrome. Representative
images of the groups: non-irradiated control treated with vehicle (salina) (A),
irradiated treated with vehicle (salina), and (B) irradiated treated with 0.03
ng/mouse of RvD5 (C) (100x magnification). Quantitative analysis of collagen
degradation of experimental groups is presented as percentage of staining in
panel D. Bars are representative of two separate experiments and represent
means + SEM of 6 mice per group per experiment. Statistical analysis was
performed by one-way ANOVA followed by Tukey’s test [*p<0.05 compared to
the non-irradiated control group; #p<0.05 compared to the irradiated control group
(vehicle)].

3.8.RvD5 inhibits UVB irradiation-induced cytokine production

Cytokines such IL-1B, TNF-a, TGF-B, and IL-10 are produced after
overexposure to UVB radiation [11,12,48,49]. IL-18 and TNF-a are pro-
inflammatory cytokines involved in various cellular and tissue alterations,
including stimulus of ROS production and MMP-9 by neutrophils [50-52]. IL-10
and TGF- B modulate the production of pro-inflammatory cytokines and,
consequently, the inflammatory response, besides orchestrating tissue repair
[51,53]. RvD5 treatment (dose 0.03 ng/mouse) reduced both pro and anti-
inflammatory UVB-induced cytokines.
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Figure 9: RvDS inhibits UVB irradiation-induced pro-inflammatory cytokines
production (A) IL-1B and (B) TNF-a and inhibits anti-inflammatory cytokines
production (C) IL-10 and (D) TGF-B. Cytokines were determined in skin samples
collected 4 h after the end of irradiation. Bars are representative of two separate
experiments and represent means £+ SEM of 6 mice per group per experiment.
Statistical analysis was performed by one-way ANOVA followed by Tukey’s test
[*p<0.05 compared to the non-irradiated control group; #p<0.05 compared to the

irradiated control group (vehicle)].

3.9.RvD5 reduces UVB irradiation-induced oxidative stress and
enhances mRNA expression of genes involved in antioxidant

response and skin antioxidants

One of the consequences of the inflammatory process caused by
exposure to UVB is that recruited cells, such as neutrophils and macrophages,

produce large amounts of reactive oxygen species (ROS) such as superoxide
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anion [48,54]. Exposure to UVB irradiation increased superoxide anion
production comparable with non-irradiated control (Figure 10A). RvD5 treatment
at 0.03 ng/mouse inhibited superoxide anion production.

TNF-a is up-regulated in response to UV radiation exposure [55]. The
expression mMRNA of this cytokine is increased after UVB radiation exposure, but
RvD5 treatment could inhibit this effect (Figure 10B).

GSH, NQO1, and HO-1 are downstream targets of Nrf2 [56]. We observed
that UVB irradiation decreased mRNA expression of both Nrf2 and NQO1and
increased on HO-1, corroborating with our previous study [12]. RvD5 treatment
(dose of 0.03 ng/mouse) has reversed the down-modulation of Nrf2 and NQO1
MRNA expression. Also, it has increased its mMRNA expression in the skin
(Figures 10C and 10D). RvD5 has increased even more HO-1 mRNA expression
while compared to the irradiated group (Figures 10E). Thus, the antioxidant
effects of RvD5 added to the others (ABTS, FRAP and GSH) contribute to the
attenuation of the skin damages caused by UVB irradiation.
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Figure 10: RvDS inhibits UVB irradiation-induced oxidative stress, mRNA
expression of oxidative stress-related genes, and increased production of ROS.
Superoxide anion production (A) was determined by nitroblue tetrazolium (NBT)
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reduction assay at 2 h; TNF-a (B), Nrf2 (C), NQO1 (D), and HO-1 (E) mRNA
expression were determined by quantitative polymerase chain reaction (qQPCR)
at 4 h after the end of irradiation. Bars are representative of two separate
experiments and represent means £+ SEM of 6 mice per group per experiment.
Statistical analysis was performed by one-way ANOVA followed by Tukey's test.
[*p<0.05 compared to the non-irradiated control group; #p<0.05 compared to the

irradiated control group (vehicle)].

4. Discussion

UV radiation is the most important risk factor for the development of skin
cancer [1]. The harmful effect of UV irradiation in the skin, in particular UVB (280—
315 nm), occurs due to excessive free radical production and direct DNA damage
[57]. Overproduction of ROS causes depletion of endogenous antioxidants and
consequent oxidative stress [7]. In addition, ROS are directly involved in the
induction of the inflammatory process because they stimulate the secretion of
cytokines [22].

Recently, we demonstrated that resolvin D1, a pro-resolution lipid mediator
derived from DHA metabolism, reduces UVB-induced skin inflammatory process
and oxidative stress [12]. However, to our knowledge, the present study shows
for the first time that treatment with RvD5 efficiently reduces the deleterious
impact of UVB-induced skin injury.

RvD5 treatment inhibited the inflammatory process and oxidative stress by
reducing the production of ROS and cytokines resulting in diminished skin cellular
infiltrate, keratinocyte apoptosis, collagen degradation, and depletion of
antioxidants.

The release of cytokines induced by UVB radiation is essential for the
recruitment of inflammatory cells in the skin. These cells stimulate the
proliferation of epidermal keratinocytes contributing to their accumulation,
therefore increasing epidermal thickness and skin edema [38,58]. Epidermal
thickness and skin edema are used as quantitative parameters to assess
inflammation [24]. In the present study, RvD5 treatment inhibited skin
hyperkeratosis and edema.
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Altered dermal and epidermal cytokine profiles have been implicated in the
pathophysiology of various skin disorders and the sunburn reaction. Cytokines
mediate cell growth and differentiation, as well as inflammatory and immune
responses [59]. Here, was demonstrated that RvDS treatment inhibited the
increase of pro-inflammatory cytokines IL-13 and TNF-a and anti-inflammatory
TGF-B and IL-10 induced by UVB exposure. TNF-a is up-regulated in response
to UV radiation exposure and it has been reported as a mouse skin tumor
promoter since TNF-a deficient mice are resistant to the skin cancer development
induced by UV radiation [60]. Further, RvD5 accelerated the resolution of
Escherichia coli infection in mice by counter-regulating pro-inflammatory genes,
including those encoding NF-kB and TNF-a. Furthermore, it increases the
phagocytosis of neutrophils and macrophages to infectious agents [61].IL-13 and
TNF-a participate in the induction of ROS, which, in turn, cause the production of
more cytokines. This cycle of ROS and cytokines tends to feedback each other,
thus perpetuating the inflammatory process [13]. Therefore, these data on the
inhibitory effect of RvD5 over UVB irradiation-induced proinflammatory cytokine
production contribute to explaining, at least in part, the reduction of skin
inflammation (edema, mast cell counts, neutrophil recruitment, MMP-9 activity,
and collagen degradation).

The organism limits the harmful consequences of prolonged exposure to
the action of pro-inflammatory cytokines, such as TNF-a and IL-1(3, by releasing
anti-inflammatory cytokines, such as IL-10 and IL-13. These anti-inflammatory
cytokines modulate the production of pro-inflammatory cytokines, hence the
inflammatory response [51]. TGF- also has an anti-inflammatory contribution
and a tissue repair role since it stimulates fibroblasts to produce collagen [53]. A
study revealed that RvD5 exerts anti-inflammatory effects on human monocytic
THP-1 cells by regulating the phosphorylation of extracellular signal-regulated
kinase (ERK) and nuclear translocation of nuclear factor (NF)-kB. This regulation
inhibited the production of inflammatory cytokines [18].

Neutrophils are the first line of immune defense and the first immune cells
to migrate to the injury site [15]. These phagocytes are responsible for the
additional production of superoxide anion (O °) via activation of the enzyme
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 2. Superoxide
anion induces cytokines including TNF-a and IL-1f3, triggering inflammation and
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amplifying oxidative stress [62,63]. RvD5 reduced neutrophil migration and
superoxide anion production, indicating a reduction of phagocyte NADPH
oxidase (NOX2) activity.

One of the consequences of acute exposure to UV radiation is increased
cell division of keratinocytes mediated by various epidermal growth factors
causing epidermal thickening [38]. Also, UVB exposure causes the formation of
sunburn cells (apoptotic keratinocytes). Because apoptosis eliminates cells with
defected DNA promoted by UVR exposure, it contributes to preventing
photocarcinogenesis [54]. Histopathological analysis showed that UVB irradiation
increased sunburn cell counts and epidermal thickening, which was decreased
by RvD5 treatment (0.03ng/mouse).

Dermal mast cells correlate directly with the degree of susceptibility to
systemic immunosuppression induced by long-term UVB exposure, and the
suppression of the immune system avoids tumor killing [39]. UV irradiation
induces the increase of mast cells in the dermis [64]. Mast cells contribute to UV-
induced skin inflammation by releasing inflammatory mediators, including
prostaglandin E2 (PGE-z), leukotrienes (LT), and histamine [65]. Histamine is the
main biogenic amine in mast cells, and it is related to systemic
immunosuppression induced by UVB radiation [39]. In the present study, RvD5
treatment decreased the UVB-induced increase of mast cell counts. Also, it is
possible that RvD5 also inhibits the function of the mediators released by mast
cells. Furthermore, it has been shown that mast cells degranulate and also
produce TNF-a upon direct contact with activated T cells. This mast cell-T cell
interaction regulates TNF-a release. TNF-a is a cytokine triggering inflammatory
responses that occur in the skin and it is specifically involved in the up-regulation
of MMP-9 expression. MMP-9 is an important mediator of extracellular matrix
(ECM) degradation [66]. Furthermore, TNF-a plays a role in the development of
sunburn cells [37]. This information suggests that inhibition of TNF-a production
by RvD5 may contribute to the reduced MMP-9 activity and sunburn cell counts
that we have observed.

RvD5 treatment reduced oxidative stress and improved the skin's
antioxidant capacity after exposure to UVB irradiation by maintaining FRAP,
ABTS scavenging at basal levels and preventing the reduction of GSH levels and
catalase activity. GSH is one of the most important endogenous antioxidant
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molecules, a hydrophilic tripeptide with sulfhydryl groups that neutralize free
radicals by donating electrons [54]. It has been implicated in immune modulation
and inflammatory responses. In addition, increasing intracellular GSH can
decrease the release of cytokines and chemokines from lung cells by decreasing
NF-kB activation [67]. Increased production of ROS following exposure to UV can
deplete these antioxidant defenses, leaving the skin vulnerable to attack from
ROS [54]. Our finding showed that RvD5 increases redox status as indicated by
enhanced GSH levels. CAT was chosen as a marker of acute oxidative stress as
it is the most sensitive antioxidant to ultraviolet radiation. This enzyme converts
H20. to water and molecular oxygen minimizing the damage caused by ROS
within the cell. Maresca et al. observed that UV irradiation exposure induces
alteration of CAT activity in human keratinocytes. This alteration is ascribable not
only to the increase in ROS production but also to a direct effect of UV light. When
CAT activity is reduced, H2O> accumulates in the cell and damages several
structures, including the enzyme itself [68]. RvD5 was capable to block the loss
of cell viability associated with the decrease in endogenous antioxidant defenses
caused by UV exposure.

Further, RvD5 enhanced anti-inflammatory and antioxidant pathways such
as the Nrf2 mRNA expression and its downstream target NQO1 and OH-1 mRNA
expression. Nrf2 is a key factor for cytoprotection for its anticancer,
neuroprotective effect, and role as a stimulator of the anti-inflammatory response
[69]. Nrf2 interruption upregulates the expression of inflammatory macrophages
and the regulation of the main inflammatory transcription factors, such as the NF-
kKB, matrix metalloproteinase-9 (MMP-9) [70]. Nrf2 modulates the expression of
antioxidant and detoxifying enzymes as HO-1 and NQO1 [69,71]. In this study,
UVB irradiation increased HO-1 mRNA expression and decreased Nrf2 and
NQO1 mRNA expression. HO-1 is an important antioxidant and anti-inflammatory
enzyme essential to cell resistance during oxidative and other stress conditions.
Enhanced HO-1 mRNA expression was associated with the resolution of
inflammation and natural killer (NK) cell-mediated cytotoxicity, which may explain
why HO-1 production increases while other antioxidant enzymes are inhibited
[72,73]. Treatment with RvDS increased Nrf2 mRNA expression, which resulted
in an enhancement of HO-1 and NQO1 mRNA expression. Nrf2 controls GSH

expression by regulating glutathione reductase (GSR) [74]. GSH redox status is
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critical for the transcriptional regulation of proinflammatory genes [67]. Therefore,
RvD5 presents an active role in inducing Nrf2 that might be orchestrating the
antioxidant responses.

In summary, the present study demonstrated for the first time that
treatment with RvD5 effectively inhibits oxidative and inflammatory damage
induced by UVB irradiation in hairless mice. RvDS5 inhibited the inflammatory cell
counts in the skin (sunburn cells and mast cells). The migration and activation of
inflammatory cells were damped by reducing cytokine production and inducing
antioxidant and anti-inflammatory genes. Those results showed that RvD5
protected the skin from UVB irradiation-induced tissue alterations such as
collagen degradation. Therefore, the present results suggest RvD5 as a potential
therapy to control UVB-induced skin inflammation- and oxidative stress-related

alterations.

5. References

[1 J. D’Orazio, S. Jarrett, A. Amaro-Ortiz, T. Scott, UV radiation and the skin,
Int. J. Mol. Sci. 14 (2013) 12222-12248.
https://doi.org/10.3390/ijms140612222.

[2] F. Afaq, V.M. Adhami, H. Mukhtar, Photochemoprevention of ultraviolet B
signaling and photocarcinogenesis, Mutat. Res. - Fundam. Mol. Mech.
Mutagen. 571 (2005) 153-173.
https://doi.org/10.1016/j.mrfmmm.2004.07.019.

[3] Y.M. Fonseca, C.D. Catini, F.T.M.C. Vicentini, J.C. Cardoso, R.L.
Cavalcanti De Albuquerque Junior, M.J. Vieira Fonseca, Efficacy of
marigold extract-loaded formulations against UV-induced oxidative stress,
J. Pharm. Sci. 100 (2011) 2182-2193. https://doi.org/10.1002/jps.22438.

[4] J. Khavkin, D.A.F. Ellis, Aging Skin: Histology, Physiology, and Pathology,
Facial Plast. Surg. Clin. North Am. 19 (2011) 229-234.
https://doi.org/10.1016/j.fsc.2011.04.003.

[5] P. Kullavanijaya, H.W. Lim, Photoprotection, J. Am. Acad. Dermatol.
(2005). https://doi.org/10.1016/j.jaad.2004.07.063.

[6] U. Panich, G. Sittithumcharee, N. Rathviboon, S. Jirawatnotai, Ultraviolet
radiation-induced skin aging: The role of DNA damage and oxidative stress

82



[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

in epidermal stem cell damage mediated skin aging, Stem Cells Int. (2016).
https://doi.org/10.1155/2016/7370642.

S. Dunaway, R. Odin, L. Zhou, L. Ji, Y. Zhang, A.L. Kadekaro, Natural
antioxidants: Multiple mechanisms to protect skin from solar radiation,
Front. Pharmacol. (2018). https://doi.org/10.3389/fphar.2018.00392.

Y. Shindo, E. Witt, D. Han, L. Packer, Dose-response effects of acute
ultraviolet irradiation on antioxidants and molecular markers of oxidation in
murine epidermis and dermis, J. Invest. Dermatol. (1994).
https://doi.org/10.1111/1523-1747.ep12373027.

A. Balupillai, R.N. Prasad, K. Ramasamy, G. Muthusamy, M.
Shanmugham, K. Govindasamy, S. Gunaseelan, Caffeic Acid Inhibits UVB-
induced Inflammation and Photocarcinogenesis Through Activation of
Peroxisome Proliferator-activated Receptor-y in Mouse Skin, Photochem.
Photobiol. (2015). https://doi.org/10.1111/php.12522.

W.A. Verri, T.M. Cunha, C.A. Parada, S. Poole, F.Q. Cunha, S.H. Ferreira,
Hypernociceptive role of cytokines and chemokines: Targets for analgesic
drug development?, Pharmacol. Ther. (2006).
https://doi.org/10.1016/j.pharmthera.2006.04.001.

R.M. Martinez, V. Fattori, P. Saito, C.B.P. Melo, S.M. Borghi, I.C. Pinto,
AJ.C. Bussmann, M.M. Baracat, S.R. Georgetti, W.AV. Jr, R.
Casagrande, Lipoxin A4 inhibits UV radiation-induced skin in fl ammation
and oxidative stress in mice, J. Dermatol. Sci. (2018).
https://doi.org/10.1016/j.jdermsci.2018.04.014.

P. Saito, C.P.B. Melo, R.M. Martinez, V. Fattori, T.L.C. Cezar, |.C. Pinto,
A.J.C. Bussmann, J.A. Vignoli, S.R. Georgetti, M.M. Baracat, W.A. Verri,
R. Casagrande, The Lipid Mediator Resolvin D1 Reduces the Skin
Inflammation and Oxidative Stress Induced by UV Irradiation in Hairless
Mice, Front. Pharmacol. (2018). https://doi.org/10.3389/fphar.2018.01242.
J. Fuchs, T.M. Zollner, R. Kaufmann, M. Podda, Redox-modulated
pathways in inflammatory skin diseases, Free Radic. Biol. Med. (2001).
https://doi.org/10.1016/S0891-5849(00)00482-2.

M.G. Duvall, B.D. Levy, DHA- and EPA-derived resolvins, protectins, and
maresins in airway inflammation, Eur. J. Pharmacol. (2016).
https://doi.org/10.1016/j.ejphar.2015.11.001.

83



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

H. Seki, T. Sasaki, T. Ueda, M. Arita, Resolvins as Regulators of the
Immune  System, Sci. World J. 10 (2010) 818-831.
https://doi.org/10.1100/tsw.2010.72.
G.T,D.J,C.RA,C.DF,AM,B.D.,,A. L,V.N,D.C,H. TV, S.
C.N., P. M., Protectin D1n-3 DPA and resolvin D5n-3 DPA are effectors of
intestinal protection, Proc. Natl. Acad. Sci. U. S. A. (2017).

A. Leuti, M. Maccarrone, V. Chiurchiu, Proresolving lipid mediators:
Endogenous modulators of oxidative stress, Oxid. Med. Cell. Longev. 2019
(2019). https://doi.org/10.1155/2019/8107265.

H.W. Chun, J. Lee, T.H. Pham, J. Lee, J.H. Yoon, J. Lee, D.K. Oh, J. Oh,
D.Y. Yoon, Resolvin D5, a Lipid Mediator, Inhibits Production of Interleukin-
6 and CCL5 Via the ERK-NF-kB Signaling Pathway in Lipopolysaccharide-
Stimulated THP-1  Cells, J. Microbiol.  Biotechnol.  (2020).
https://doi.org/10.4014/jmb.1907.07033.

C.N. Serhan, B.D. Levy, Resolvins in inflammation: Emergence of the pro-
resolving superfamily of mediators, J. Clin. Invest. (2018).
https://doi.org/10.1172/JCI97943.

X. Luo, Y. Gu, X. Tao, C.N. Serhan, R.-R. Ji, Resolvin D5 Inhibits
Neuropathic and Inflammatory Pain in Male But Not Female Mice: Distinct
Actions of D-Series Resolvins in Chemotherapy-Induced Peripheral
Neuropathy, Front. Pharmacol. (2019).
https://doi.org/10.3389/fphar.2019.00745.

O. Werz, J. Gerstmeier, S. Libreros, X. De La Rosa, M. Werner, P.C. Norris,
N. Chiang, C.N. Serhan, Human macrophages differentially produce
specific resolvin or leukotriene signals that depend on bacterial
pathogenicity, Nat. Commun. (2018). https://doi.org/10.1038/s41467-017-
02538-5.

A.L.M. Ilvan, M.Z. Campanini, R.M. Martinez, V.S. Ferreira, V.S. Steffen,
F.T.M.C. Vicentini, F.M.P. Vilela, F.S. Martins, A.C. Zarpelon, T.M. Cunha,
M.J.V. Fonseca, M.M. Baracat, S.R. Georgetti, W.A. Verri, R. Casagrande,
Pyrrolidine dithiocarbamate inhibits UVB-induced skin inflammation and
oxidative stress in hairless mice and exhibits antioxidant activity in vitro, J.
Photochem. Photobiol. B Biol. 138 (2014) 124-133.
https://doi.org/10.1016/j.jphotobiol.2014.05.010.

84



[23]

[24]

[25]

[26]

[27]

[28]

[29]

R.M. Martinez, F.A. Pinho-Ribeiro, D.L. Vale, V.S. Steffen, F.T.M.C.
Vicentini, J.A. Vignoli, M.M. Baracat, S.R. Georgetti, W.A. Verri, R.
Casagrande, Trans-chalcone added in topical formulation inhibits skin
inflammation and oxidative stress in a model of ultraviolet B radiation skin
damage in hairless mice, J. Photochem. Photobiol. B Biol. 171 (2017) 139—
146. https://doi.org/10.1016/j.jphotobiol.2017.05.002.

R.M. Martinez, F.A. Pinho-Ribeiro, V.S. Steffen, C. V. Caviglione, J.A.
Vignoli, M.M. Baracat, S.R. Georgetti, W.A. Verri, R. Casagrande,
Hesperidin methyl chalcone inhibits oxidative stress and inflammation in a
mouse model of ultraviolet B irradiation-induced skin damage, J.
Photochem. Photobiol. B Biol. (2015).
https://doi.org/10.1016/j.jphotobiol.2015.03.030.

M.Z. Campanini, F.A. Pinho-Ribeiro, A.L.M. Ivan, V.S. Ferreira, F.M.P.
Vilela, F.T.M.C. Vicentini, R.M. Martineza, A.C. Zarpelon, M.J.V. Fonseca,
T.J. Faria, M.M. Baracat, W.A. Verri, S.R. Georgetti, R. Casagrande,
Efficacy of topical formulations containing Pimenta pseudocaryophyllus
extract against UVB-induced oxidative stress and inflammation in hairless
mice, J. Photochem. Photobiol. B Biol. 127 (2013) 153-160.
https://doi.org/10.1016/j.jphotobiol.2013.08.007.

V. Katalinic, D. Modun, |. Music, M. Boban, Gender differences in
antioxidant capacity of rat tissues determined by 2,2777-azinobis (3-
ethylbenzothiazoline 6-sulfonate; ABTS) and ferric reducing antioxidant
power (FRAP) assays, Comp. Biochem. Physiol. - C Toxicol. Pharmacol.
140 (2005) 47-52. https://doi.org/10.1016/j.cca.2005.01.005.

P. Srinivasan, K.E. Sabitha, C.S. Shyamaladevi, Attenuation of 4-
Nitroquinoline 1-oxide induced in vitro lipid peroxidation by green tea
polyphenols, Life Sci. 80 (2007) 1080-1086.
https://doi.org/10.1016/j.1fs.2006.11.051.

B. Gonzalez Flecha, S. Llesuy, A. Boveris, Hydroperoxide-initiated
chemiluminescence: An assay for oxidative stress in biopsies of heart, liver,
and muscle, Free Radic. Biol. Med. 10 (1991) 93-100.
https://doi.org/10.1016/0891-5849(91)90002-K.

H. Yasui, T. Hakozaki, A. Date, T. Yoshii, H. Sakurai, Real-time
chemiluminescent imaging and detection of reactive oxygen species

85



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

generated in the UVB-exposed human skin equivalent model, Biochem.
Biophys. Res. Commun. 347 (2006) 83-88.
https://doi.org/10.1016/j.bbrc.2006.06.046.

W.A. Verri, A T.G. Guerrero, S.Y. Fukada, D.A. Valerio, T.M. Cunha, D. Xu,
S.H. Ferreira, F.Y. Liew, F.Q. Cunha, IL-33 mediates antigen-induced
cutaneous and articular hypernociception in mice., Proc. Natl. Acad. Sci.
U. S. A. 105 (2008) 2723-8. https://doi.org/10.1073/pnas.0712116105.

Y. Deng, A. Ediriwickrema, F. Yang, J. Lewis, M. Girardi, W.M. Saltzman,
A sunblock based on bioadhesive nanoparticles, Nat. Mater. 14 (2015)
1278-1285. https://doi.org/10.1038/nmat4422.

A. Schwarz, R. Bhardwaj, Y. Aragane, K. Mahnke, H. Riemann, D. Metze,
T.A. Luger, T. Schwarz, Ultraviolet-B-Induced Apoptosis of Keratinocytes:
Evidence for Partial Involvement of Tumor Necrosis Factor-a in the
Formation of Sunburn Cells, J. Invest. Dermatol. 104 (1995) 922-927.
https://doi.org/10.1111/1523-1747.ep12606202.

G.J. Dusting, P.S. Macdonald, Endogenous Nitric Oxide in Cardiovascular
Disease and Trans p | an t a ti on Mechanisms of Vasodilatation - NO or,
(1995) 395-406.

A. Godic, B. Poljsak, M. Adamic, R. Dahmane, The role of antioxidants in
skin cancer prevention and treatment, Oxid. Med. Cell. Longev. (2014).
https://doi.org/10.1155/2014/860479.

B. PoljSak, R. Dahmane, Free radicals and extrinsic skin aging, Dermatol.
Res. Pract. (2012). https://doi.org/10.1155/2012/135206.

B. Halliwell, The wanderings of a free radical, Free Radic. Biol. Med. 46
(2009) 531-542. https://doi.org/10.1016/j.freeradbiomed.2008.11.008.
S.A B.R, A Y, M. K, R. H, M. D, L. TA, S. T, Ultraviolet-B-induced
apoptosis of keratinocytes: evidence for partial involvement of tumor
necrosis factor-alpha in the formation of sunburn cells, J. Invest. Dermatol.
104 (1995) 922-927. https://doi.org/10.1111/1523-1747.EP12606202.
T.L. Scott, P.A. Christian, M. V. Kesler, K.M. Donohue, B. Shelton, K.
Wakamatsu, |. Shosuke, J. D’Orazio, Pigment-independent cAMP-
mediated epidermal thickening protects against cutaneous UV injury by
keratinocyte proliferation, Exp. Dermatol. 21 (2012) 771-777.
https://doi.org/10.1111/exd.12012.

86



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

P.H. Hart, M.A. Grimbaldeston, G.J. Swift, A. Jaksic, F.P. Noonan, J.J.
Finlay-Jones, Dermal mast cells determine susceptibility to ultraviolet B-
induced systemic suppression of contact hypersensitivity responses in
mice, J Exp Med. 187 (1998) 2045-2053.
https://doi.org/10.1084/jem.187.12.2045.

T. Quan, Z. Qin, W. Xia, Y. Shao, J.J. Voorhees, G.J. Fisher, Matrix-
degrading metalloproteinases in photoaging, in: J. Investig. Dermatology
Symp. Proc., 2009: pp. 20-24. https://doi.org/10.1038/jidsymp.2009.8.

S. Boyd, K. Tolvanen, S. Virolainen, T. Kuivanen, L. Kylldbnen, U. Saarialho-
Kere, Differential expression of stromal MMP-1, MMP-9 and TIMP-1 in
basal cell carcinomas of immunosuppressed patients and controls,
Virchows Arch. (2008). https://doi.org/10.1007/s00428-007-0526-0.

V. Fortino, E. Maioli, C. Torricelli, P. Davis, G. Valacchi, Cutaneous MMPs
are differently modulated by environmental stressors in old and young
mice, Toxicol. Lett. (2007). https://doi.org/10.1016/j.toxlet.2007.06.004.
H.S. Kim, J.H. Song, U.J. Youn, J.W. Hyun, W.S. Jeong, M.Y. Lee, H.J.
Choi, H.K. Lee, S. Chae, Inhibition of UVB-induced wrinkle formation and
MMP-9 expression by mangiferin isolated from Anemarrhena
asphodeloides, Eur. J. Pharmacol. (2012).
https://doi.org/10.1016/j.ejphar.2012.05.050.

S. Onoue, T. Kobayashi, Y. Takemoto, |. Sasaki, H. Shinkai, Induction of
matrix metalloproteinase-9 secretion from human keratinocytes in culture
by ultraviolet B irradiation, J. Dermatol. Sci. 33 (2003) 105-111.
https://doi.org/10.1016/j.jdermsci.2003.08.002.

M. Brennan, H. Bhatti, K.C. Nerusu, N. Bhagavathula, S. Kang, G.J. Fisher,
J. Varani, J.J. Voorhees, Matrix metalloproteinase-1 is the major
collagenolytic enzyme responsible for collagen damage in UV-irradiated
human  skin., Photochem. Photobiol. 78  (2003) 43-48.
https://doi.org/10.1562/0031-8655.

A.O. Grady, C. Dunne, P.O. Kelly, G.M. Murphy, M. Leader, E. Kay,
Differential expression of matrix metalloproteinase (MMP ) -2 , MMP-9 and
tissue inhibitor of metalloproteinase ( TIMP ) -1 and TIMP-2 in non-
melanoma skin cancer: implications for tumour progression,
Histopathology. 51 (2007) 793-804. https://doi.org/10.1111/j.1365-

87



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

2559.2007.02885.x.

J.H. Song, M.J. Piao, X. Han, K. Ah Kang, H.K. Kang, W.J. Yoon, M.H. Ko,
N.H. Lee, M.Y. Lee, S. Chae, J.W. Hyun, t BA: A review of skin ageing and
its medical therapy, Mol. Med. Rep. 14 (2016) 2937-2944.
https://doi.org/10.3892/mmr.2016.5655.

T.L.C. Cezar, R.M. Martinez, C. da Rocha, C.P.B. Melo, D.L. Vale, S.M.
Borghi, V. Fattori, J.A. Vignoli, D. Camilios-Neto, M.M. Baracat, S.R.
Georgetti, W.A. Verri, R. Casagrande, Treatment with maresin 1, a
docosahexaenoic acid-derived pro-resolution lipid, protects skin from
inflammation and oxidative stress caused by UVB irradiation, Sci. Rep.
(2019). https://doi.org/10.1038/s41598-019-39584-6.

R.M. Martinez, F.A. Pinho-Ribeiro, V.S. Steffen, C. V. Caviglione, J.A.
Vignoli, D.S. Barbosa, M.M. Baracat, S.R. Georgetti, W.A. Verri, R.
Casagrande, Naringenin Inhibits UVB Irradiation-Induced Inflammation
and Oxidative Stress in the Skin of Hairless Mice, J. Nat. Prod. 78 (2015)
1647-1655. https://doi.org/10.1021/acs.jnatprod.5b00198.

J.M. Robinson, T. Ohira, J.A. Badwey, Regulation of the NADPH-oxidase
complex of phagocytic leukocytes. Recent insights from structural biology,
molecular genetics, and microscopy, Histochem. Cell Biol. 122 (2004) 293—
304. https://doi.org/10.1007/s00418-004-0672-2.

W.A. Verri, T.M. Cunha, C.A. Parada, S. Poole, F.Q. Cunha, S.H. Ferreira,
Hypernociceptive role of cytokines and chemokines: Targets for analgesic
drug development?, Pharmacol. Ther. 112 (2006) 116-138.
https://doi.org/10.1016/j.pharmthera.2006.04.001.

V. Witko-Sarsat, P. Rieu, B. Descamps-Latscha, P. Lesavre, L. Halbwachs-
Mecarelli, Neutrophils: Molecules, Functions and Pathophysiological
Aspects, Lab. Investig. 80 (2000) 617-653.
https://doi.org/10.1038/labinvest.3780067.

J.W. Penn, A.O. Grobbelaar, K.J. Rolfe, The role of the TGF-$ family in
wound healing, burns and scarring: a review., Int. J. Burns Trauma. 2
(2012) 18-28.

G.M. Halliday, Inflammation, gene mutation and photoimmunosuppression
in response to UVR-induced oxidative damage contributes to
photocarcinogenesis, Mutat. Res. - Fundam. Mol. Mech. Mutagen. 571

88



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

(2005) 107-120. https://doi.org/10.1016/j.mrfmmm.2004.09.013.

R.J. Moore, D.M. Owens, G. Stamp, C. Arnott, F. Burke, N. East, H.
Holdsworth, L. Turner, B. Rollins, M. Pasparakis, G. Kollias, F. Balkwill,
Mice deficient in tumor necrosis factor-a are resistant to skin
carcinogenesis, Nat. Med. (1999). https://doi.org/10.1038/10552.

A. Loboda, M. Damulewicz, E. Pyza, A. Jozkowicz, J. Dulak, Role of
Nrf2/HO-1 system in development, oxidative stress response and
diseases: an evolutionarily conserved mechanism, Cell. Mol. Life Sci. 73
(2016) 3221-3247. https://doi.org/10.1007/s00018-016-2223-0.

E. Fernandez-Garcia, Skin protection against UV light by dietary
antioxidants, Food Funct. 5 (2014) 1994.
https://doi.org/10.1039/C4FO00280F.

C.N. Serhan, J. Dalli, S. Karamnov, A. Choi, C. Park, Z. Xu, R. Ji, M. Zhu,
N.A. Petasis, Macrophage proresolving mediator maresin 1 stimulates
tissue regeneration and controls pain, FASEB J. (2012).
https://doi.org/10.1096/fj.11-201442.

J. Vostalova, A.R. Svobodova, A. Galandakova, J. Sianska, D. Dolezal, J.
Ulrichova, Differential modulation of inflammatory markers in plasma and
skin after single exposures to UVA or UVB radiation in vivo, Biomed. Pap.
157 (2013) 137-145. https://doi.org/10.5507/bp.2013.036.

V. Molho-Pessach, M. Lotem, Ultraviolet radiation and cutaneous
carcinogenesis, Curr. Probl. Dermatol. (2007).
https://doi.org/10.1159/0000106407.

N. Chiang, G. Fredman, F. Backhed, S.F. Oh, T. Vickery, B.A. Schmidt,
C.N. Serhan, Infection regulates pro-resolving mediators that lower
antibiotic requirements, Nature. 484 (2012) 524-528.
https://doi.org/10.1038/nature11042.

F.Y. Yamacita-Borin, A.C. Zarpelon, F.A. Pinho-Ribeiro, V. Fattori, J.C.
Alves-Filho, F.Q. Cunha, T.M. Cunha, R. Casagrande, W.A. Verri,
Superoxide anion-induced pain and inflammation depends on
TNFa/TNFR1 signaling in mice, Neurosci. Lett. 605 (2015) 53-58.
https://doi.org/10.1016/j.neulet.2015.08.015.

V. Fattori, K.G. Serafim, A.C. Zarpelon, S.M. Borghi, F.A. Pinho-Ribeiro,
J.C. Alves-Filho, T.M. Cunha, F.Q. Cunha, R. Casagrande, W.A. Verri Jr.,

89



[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Differential regulation of oxidative stress and cytokine production by
endothelin ETA and ETB receptors in superoxide anion-induced
inflammation and pain in mice, J Drug Target. (2016) 1-27.
https://doi.org/10.1080/1061186X.2016.1245308.

M. a Grimbaldeston, A. Simpson, J.J. Finlay-dJones, P.H. Hart, The effect
of ultraviolet radiation exposure on the prevalence of mast cells in human
skin., Br. J. Dermatol. 148 (2003) 300-6. https://doi.org/10.1046/j.1365-
2133.2003.05113.x.

M. Krystel-Whittemore, K.N. Dileepan, J.G. Wood, Mast cell: A multi-
functional master cell, Front. Immunol. 6 (2016).
https://doi.org/10.3389/fimmu.2015.00620.

D. Baram, G.G. Vaday, P. Salamon, |. Drucker, R. Hershkoviz, Y.A. Mekori,
Human mast cells release metalloproteinase-9 on contact with activated T
cells: juxtacrine regulation by TNF-alpha, J. Immunol. 167 (2001) 4008—
4016. https://doi.org/10.4049/JIMMUNOL.167.7.4008.

|. Rahman, S.K. Biswas, L.A. Jimenez, M. Torres, H.J. Forman,
Glutathione, stress responses, and redox signaling in lung inflammation,
Antioxidants Redox Signal. 7 (2005) 42-59.
https://doi.org/10.1089/ars.2005.7.42.

V. Maresca, E. Flori, S. Briganti, E. Camera, M. Cario-André, A. Taieb, M.
Picardo, UVA-Induced Modification of Catalase Charge Properties in the
Epidermis Is Correlated with the Skin Phototype, J. Invest. Dermatol. 126
(2006) 182—190. https://doi.org/10.1038/SJ.JID.5700021.

M. Kobayashi, M. Yamamoto, Molecular Mechanisms Activating the Nrf2-
Keap1 Pathway of Antioxidant Gene Regulation, Antioxid. Redox Signal. 7
(2005) 385-394. https://doi.org/10.1089/ars.2005.7.385.

H. Wang, L. Mao, L. Qiao, X. Wang, Disruption of Nrf2 enhances the
upregulation of nuclear factor-kappaB activity, tumor necrosis factor- a, and
matrix metalloproteinase-9 after spinal cord injury in mice, Mediators
Inflamm. 2010 (2010). https://doi.org/10.1155/2010/238321.

J.Y. Choi, D.l. Choi, J.B. Lee, S.J. Yun, D.H. Lee, J.B. Eun, S.C. Lee,
Ethanol extract of peanut sprout induces Nrf2 activation and expression of
antioxidant and detoxifying enzymes in human dermal fibroblasts:

Implication for its protection against UVB-irradiated oxidative stress,

90



[72]

[73]

[74]

Photochem. Photobiol. 89 (2013) 453—460. https://doi.org/10.1111/j.1751-
1097.2012.01244 x.

J. Listopad, K. Asadullah, C. Sievers, T. Ritter, C. Meisel, R. Sabat, W.D.
Doécke, Heme oxygenase-1 inhibits T cell-dependent skin inflammation and
differentiation and function of antigen-presenting cells, Exp. Dermatol. 16
(2007) 661-670. https://doi.org/10.1111/j.1600-0625.2007.00581 .x.

R.M. Martinez, F.A. Pinho-Ribeiro, V.S. Steffen, C. V. Caviglione, D. Pala,
M.M. Baracat, S.R. Georgetti, W.A. Verri, R. Casagrande, Topical
formulation containing hesperidin methyl chalcone inhibits skin oxidative
stress and inflammation induced by ultraviolet B irradiation, Photochem.
Photobiol. Sci. 15 (2016) 554-563. https://doi.org/10.1039/C5PP0O0467E.

C.J. Harvey, R.K. Thimmulappa, A. Singh, D.J. Blake, G. Ling, N.
Wakabayashi, J. Fujii, A. Myers, S. Biswal, Nrf2-regulated glutathione
recycling independent of biosynthesis is critical for cell survival during
oxidative stress, Free Radic. Biol. Med. 46 (2009) 443-453.
https://doi.org/10.1016/j.freeradbiomed.2008.10.040.

91



5.2 EFFICACY OF TOPICAL FORMULATION CONTAINING RVD5
AGAINST ULTRAVIOLET B IRRADIATION-INDUCED SKIN
INFLAMMATION AND OXIDATIVE STRESS IN MICE

Journal of Photochemistry and Photobiology B: Biology

Priscila Saito?, Ingrid Caroline Pinto?, Camilla Carolina Arriero Rodrigues?,
Ricardo Luis Nascimento de Matos?, David Laios do Vale?, Cristina de Paula
Barros de Melo?, Ana P. F. R. L. Bracarense®, Marcela M. Baracat?, Sandra R.

Georgetti?, Waldiceu Aparecido Verri Jr®, Rubia Casagrande*?

aDepartamento de Ciéncias Farmacéuticas, Universidade Estadual de Londrina-
UEL, Avenida Robert Koch, 60, Hospital Universitario, 86039-440 Londrina,

Parana, Brazil

bl aboratério de Patologia Animal, Universidade Estadual de Londrina, Campus
Universitario, Rodovia Celso Garcia Cid, Km 380, Londrina, Parana, 86057-970,

Brazil

‘Departamento de Ciéncias Patologicas, Centro de Ciéncias Biologicas,
Universidade Estadual de Londrina-UEL, Rodovia Celso Garcia Cid, Km 80,

PR445, Cx. Postal 10.011, 86057-970, Londrina, Brazil

*Corresponding author. Address: Avenida Robert Koch, 60, Vila Operaria, CEP
86039-440 Londrina, Parana, Brazil. Tel.: +55 43 33712475. E-mail address:

rubiacasa@uel.br (R. Casagrande).




Highlights

- Topical formulation containing RvD5 (RvD5-TF) protects the skin from the

deleterious effects of UVB irradiation.

- RvD5-TF inhibits UVB-induced inflammatory edema and neutrophil

recruitment.
- RvDS-TF suppress the secretion of MMP-9 induced by UVB-irradiation.
- RvDA-TF inhibits UVB-induced sunburn cells and mast cells counts
- RvDA-TF inhibits UVB-induced skin oxidative stress
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Abstract:

Ultraviolet (UV) irradiation contributes to various skin diseases, including
inflammation, premature aging, and cancer. RvD5 is a lipid mediator that has
already demonstrated anti-inflammatory and pro-resolution effects against the
damage caused by UVB radiation. However, it remains to be determined if a
topical formulation containing RvD5 (RvD5-TF) can inhibit inflammatory and
oxidative UVB-triggered alterations in the skin. Thus, the present study aimed to
investigate the potential of topical formulation with RvD5 to inhibit UVB-induced
inflammation and oxidative damage in the skin of hairless mice. It was observed
that RvD5-TF (0.01 ng/mouse) reduced UVB-induced inflammatory parameters
mensurated by skin edema, myeloperoxidase activity, matrix metalloproteinase
9 activity, and histological parameters (collagen degradation, epidermal
thickness, sunburn cells, and mast cell counts). RvD5-TF also inhibited UVB-
induced oxidative stress parameters evaluated by reduction catalase activity,
hydroperoxide formation, and superoxide anion production. Therefore, RvD5-TF
inhibited UVB-induced skin oxidative stress and inflammation, rendering this
resolving lipid mediator a promising therapeutic agent.

Keywords: specialized pro-resolving mediators, photoaging, lipid mediator
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1. Introduction

The skin is the largest organ in the human body and acts as a protective
physical barrier between the body and environmental stressors, such as
pathogens and ultraviolet radiation (UV) [1,2]. Sunlight is vital to life on Earth;
however, excessive exposure to sunlight is associated with photoaging,
immunosuppression, and skin cancer development [3,4].

UV induces the production of reactive oxygen species (ROS) and
consequent oxidative stress [4]. The increased production of ROS leads to an
oxidative imbalance with resultant damage to cellular components, such as
proteins, lipids, and DNA [5,6]. The UVB spectrum is considered the most
damaging and harmful UV radiation for the human skin [7-9] because UVB
causes direct DNA damage [10].

In addition, UV radiation induces the release of a cascade of cytokines,
vasoactive and neuroactive mediators in the skin. Together, these mediators
promote the inflammatory response leading to the occurrence of sunburn [1,11].
A component of this response is the attraction to the epidermis of different cell
types, such as neutrophils and macrophages [12]. The presence of neutrophils
represents an additional source of ROS that tends to contribute to the
intensification of tissue damage and inflammation [11].

Resolvin D5 (RvD5) is a lipid mediator known for its anti-inflammatory
effects and pro-resolution abilities in some disease models. RvD5 is derived from
docosahexaenoic acid (DHA) by enzymatic conversion catalyzed by 5-
lipoxygenase [13]. These lipid mediators have been a significant focus in recent
years. Their actions include a potent antiarthritic effect that consists of regulating
both neutrophil and macrophage responses in inflammatory arthritis. An arthritis
study in mice showed that RvD5 mediators could protect against weight loss (a
marker of disease severity), limit joint edema, and reduce joint concentrations of
the inflammation-initiating prostaglandins. In addition, the same study has
demonstrated that RvD5 administration reduced intestinal inflammation linked
with increased intestinal barrier permeability. This increase is induced by the
decrease of levels of RvD5 in inflammatory arthritis [14].

In another study, RvD5 could counter-regulate pro-inflammatory genes,
including NF-kB and TNF-a, in bacterial infections by Escherichia Coli. Besides
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that, RvD5 enhanced phagocytosis by polymorphonuclear neutrophils and
macrophages, accelerating bacterial clearance [15].

The pro-resolution and anti-inflammatory effects of RvDS are
predominately achieved through G protein-coupled receptor GPR32.
Additionally, specific receptors for RvD5 may exist in immune cells (e.g.,
macrophages) that mediate the reduction of pain induced by the inflammatory
process [16,17].

Altogether, it reasonable to think that RvD5 has the potential to reduce the
inflammation process and oxidative injury in other diseases. However, there are
no studies related to evaluating a topical formulation containing the RvD5
regarding UVB-induced oxidative stress and inflammation. Therefore, this study
aimed to assess the potential of RvD5 lipid mediator in a topical formulation as a
photochemopreventive agent against UVB damage to the skin.

2. Materials and methods

2.1.Chemicals

Resolvin D5 from Cayman Chemical (Ann Arbor, Michigan, USA).
Brilliant blue R, reduced glutathione (GSH), hexadecyltrimethylammonium
bromide (HTAB), o-dianisidine dihydrochloride, 5,5’-dithiobis (2-nitrobenzoic
acid) (DTNB), nitroblue tetrazolium (NBT), and bisacrylamide were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Tert-butyl hydroperoxide from Acros
(Pittsburgh, PA, USA). Tris was obtained from Amresco (Solon, OH, USA). ELISA
kits for cytokine determination were obtained from eBioscience (San Diego, CA,
USA). Acrylamide, sodium dodecyl sulfate (SDS), platinum SYBRGreen, and
superscript Il kits were obtained from Invitrogen. All other reagents used were
from pharmaceutical grade.

2.2. Topical formulation

The topical formulation was an emulsion prepared as described in the
Table 1. To prepare the emulsion, the components of phase A (oil phase) and
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phase B (water phase) were heated separately at 70 °C. After the fusion of the
solids, phase B was poured over phase A, and the two phases were mixed under
constant agitation until the temperature reached 45 °C. Phase C (moisturizer)
and D (preservative) were then added and mixed. After 24 h, RvD5 was added
to the formulation to reach the final concentration of 0.01 ng RvD5/0.5 g of
emulsion. RvD5 added to the formulation immediately before use and kept in a

refrigerator during the interval between treatments.

Table 1 — Components of the formulation containing RvD5

Raw material %
(A) Polawax®! (self-emulsifying wax) 2
Caprylic/capric triglyceride (emolient) 5
(B) Purified water to complet 100
Aristoflex®? dispersion 5% 20
(C) Propylene glycol (moisturizer) 6
(D) Phenonip (preservative) 0,8

'Polawax: nonionic self-emulsifying wax (cetoestearyl alcohol + sorbitan
monoestearate — 20 OE);
2Aristoflex: Ammonium Acryloyldimethyltaurate/VP Copolymer

2.3. Animals

In vivo experiments were performed in hairless mice (HRS/J) weighing 20—
30 g and obtained from the University Hospital of Londrina State University (UEL),
Parana, Brazil. Mice were maintained at a temperature of 23 £ 2°C and under 12
h light and 12 h dark cycles, with free access to water and food. The experimental
protocol for this study was approved by The Animal Ethics Committee of the
Londrina State University (CEUA process number 11146.2016.97). All methods
were performed according to the relevant guidelines and regulations.

2.4 Experimental protocol
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The mice were randomly assigned to four groups with six animals per
group. The groups were: non-irradiated control, irradiated control, irradiated
treated with emulsion without RvD5, and irradiated treated with 0.01 ng/mouse
RvD5-TF.

Mice received topical treatment on the dorsal surface with 0.5 g of the
formulation, 1 h, 5 min before, and 5 min after the beginning of UV irradiation.
Animals in the control groups received treatment with vehicle (saline) used in the
dilution of the drug. The dose of RvD5 used in the treatments was selected based
on dose-response curves tested in the present study.

Samples of mice skin were dissected 2 h, 4 h, or 12 h after the irradiation,
depending on the assay. Each parameter was evaluated at a specific time point,
which was previously determined as suitable to detect significant differences
between non-irradiated control and irradiated control groups [18-21].

2.5.Irradiation

The light source for irradiation was a fluorescent UVB lamp model PHILIPS
TL/12 40W RS (MEDICAL-NETHERLANDS). The lamp emits radiation in the
range of 270 to 400 nm with peak emission at 313 nm. The dose of radiation used
was 4.14 J/cm? [22].

The mice were terminally anesthetized with 5% isoflurane (Abbott [Abbott
Park, IL, USA]) 2, 4, or 12 h after UVB exposure. The full thickness of the dorsal
skins was removed and stored at -80 °C for further analysis. For FRAP, ABTS,
GSH, MMP-9, and histology analysis, the animals were terminally anesthetized
with 5% isoflurane 12 h after the UVB exposure. The mice were anesthetized with
5% isoflurane, followed by decapitation at 2 h for catalase activity, NBT assays,
hydroperoxides production, and 4 h after exposure for cytokine measurement.
Each parameter was evaluated at a specific time, which was previously
determined [20,22]. The samples were weighed immediately after collection to
verify cutaneous edema and fixed in buffered formaldehyde for histology.

2.6.Skin edema
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Edema was determined by the variation of skin weight between the
different control and treated groups [18]. The dorsal skin samples were collected

from the animals with a mold with a fixed area (5 mm diameter) and weighed.

2.7.Myeloperoxidase (MPO) and neutrophil infiltration

Neutrophil infiltration was indirectly determined by MPO activity on the skin
after UVB irradiation. MPO catalyzes the oxidation of o-dianisidine to a colored
compound [18,22,23].

The skin samples were collected in 50 mM phosphate buffer (pH 6.0)
containing 0.5% hexadecyltrimethyl ammonium bromide (HTAB), homogenized
with Tissue-Tearor (Biospec 985370) and centrifuged (16,100 g for 2 min at 4°C).
The reaction was performed adding 200 uL of 0.0167 mg/mL o-dianisidine in 0,05
M phosphate buffer (pH 6,0) and 0.015% hydrogen peroxide to a 30 uL aliquot of
the sample supernatant.

MPO activity was determined spectrophotometrically at 450 nm (EnSpire,
Perkin Elmer) and compared to a neutrophil standard curve. Results were
expressed as number of neutrophils/mg of skin [24].

2.8. Analyses of skin proteinase substrate-embedded zymography

MMP-9 activity was analyzed by polyacrylamide gel zymography
technique with sodium dodecyl sulfate (SDS), a method used to detect and
quantify enzymes that degrade the gelatin present in the gel [25,26].

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
substrate-embedded zymography was performed as described previously (Saito
et al. 2018). After electrophoresis, the gels were washed with 2.5% Triton X-100
with 0.05 M Tris-HCI (pH 7.4) for 1h on a rotary shaker to remove SDS and allow
proteins to renature. In the second stage, gels were then incubated in 0.01 M
CaCl; overnight at 37 °C. The next day, gels were stained with Brilliant Blue R
and destained with 20% acetic acid. The proteolytic activity was analyzed by
comparing the intensities of the bands of treated animal group with the controls

of the untreated groups using the Image J Program. The zones of enzymatic
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activity were detected as regions of negative staining against a dark background.
We analyzed 5 gels in total, and each one presented the results of pools of 6
mice per group (NIH, Bethesda, MD, USA) [24,27].

2.9.FRAP and ABTS assay

For both tests, the samples were homogenized in 1.15% KCI using a
Tissue-Tearor (Biospec), and centrifuged (1,000 g, 10 min, 4°C). For FRAP
assay, the supernatant (30 yL) was mixed with the FRAP reagent (0.3 mM
acetate buffer pH 3.6, 10 mM 2,4,6-Tris(2-pyridyl)-s-triazine in 40 mM
hydrochloride acid, and 20 mM ferric chloride). The ferric reducing ability was
determined at 595 nm in a microplate reader. For the ABTS assay, the
supernatant (7 pL) was mixed with ABTS reagent (7 mM of ABTS and 2.45 mM
of potassium persulfate) in phosphate buffer pH 7. ABTS radical scavenging
ability of skin was measured by the decrease in absorbance at 730 nm. The
results were compared to a Trolox curve (0.01-20 nmol) and presented as nmol
Trolox equivalent per mg of skin [28].

2.10. Quantification of the endogenous antioxidant reduced
glutathione (GSH)

GSH method is based on the detection of the yellow compound 5-
mercapto-2-nitrobenzoic acid formed by 5’,5’-dithyobis (2-nitrobenzoic acid)
(DTNB) breakage of disulfide bond by glutathione sulfhydryl group [29].

Skin samples were homogenized in 0.02 M EDTA using Tissue-Tearor
(Biospec 985370). Briefly, whole homogenates were treated with 50%
trichloroacetic acid and centrifuged at 2,700 g for 10 min at 4°C. The supernatant
was removed and recentrifuged at 2,700 g for a further 15 min at 4°C. The final
supernatant was removed for analysis. For the assay, 50 pL of the supernatant
was mixed with 100 yL of 0.4 M Tris buffer pH 8.9 and 5 pL of a 1.9 mg/mL
solution of DTNB in methanol. The absorbance was measured at 405 nm
(EnSpire, Perkin Elmer). One standard curve of GSH (5 —150 uM) was utilized

101



for data analysis. The results were expressed as yM of GSH per mg of skin
[24,28,29].

2.11.Catalase assay

Catalase activity was evaluated by measuring the decay of H20:
concentration with resulting oxygen generation [30]. Samples were homogenized
in 500 pL of 0.02 M EDTA using a Tissue-Tearor (Biospec), and centrifuged twice
(2,700 g, 10 min, 4°C). 10 pL of supernatants was mixed with 160 yL 1M Tris-
HCI buffer with 5 mM EDTA (pH 8.0), 20 uL of deionized water, and 20 L of 200
mM of H20,. Catalase activity was determined at 25 °C through the difference
between the initial reading and the reading conducted 30 seconds after the
addition of H20O2 at 240 nm. Catalase values were expressed as units of
catalase/mg of skin/minute [24].

2.12.Assay for lipid peroxidation (LPO)

LOOH-initiated chemiluminescence (QL) was determined according to an
adaptation of the technique described previously [31]. The method is based on
the determination of the chemiluminescence initiated by the tert-butyl
hydroperoxide [31]. An increase in QL associated with oxidative stress leads to
the consumption of the antioxidant defenses from the formation of
hydroperoxides [21].

The dorsal skin samples were homogenized in 800 L of phosphate buffer
(pH 7.4) using a Tissue-Tearor (BIOSPEC 985370) and centrifuged at 700 g for
2 min at 4°C. For the assay, 70 pL of the supernatant was diluted to 420 yL of
monobasic potassium phosphate buffer 20 mM (120 mM KCI, 30 mM phosphate
buffer pH 7.4), 20 yL of 10 pL tert-butyl hydroperoxide, and 10uL of luminol. The
reading was conducted with Glomax® TD 20/20 luminometer (PROMEGA, USA)
using 1200 reading points. The experiment was performed at 30°C for 20 min in
the dark to avoid vial phosphorescence activated by light. The results were

measured in counts per min (cpm) per mg of skin.
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2.13.Superoxide anion (O2™) production

The measurement of O production in the skin was performed using the
NBT assay [22].

Skin samples were homogenized in 500 pL of 0.02 M EDTA, using a
Tissue-Tearor (Biospec), and centrifuged (2,000 g, 20 seconds, 4°C). For the
reaction, 50 pL of the supernatant was incubated in a 96-well plate for 1 h. The
nonadherent/non-precipitated supernatant was carefully removed, followed by
adding 100 pL of NBT (1 mg/ml) to each well and incubating for 15 min. The NBT
was then carefully removed and fixed in methanol 100% (20 pL). The compound
formed by the reduction of NBT (formazan) was solubilized by adding 120 pL of
KOH 2M and 140 uL of dimethylsulfoxide (DMSO). Reading was performed at
620 nm. Results are expressed as NBT reduction (OD/ 10 mg of skin) [22,24].

2.14.Skin histologic evaluation

Skin samples were fixed in buffered formaldehyde, embedded in paraffin,
and sectioned (5 um). For collagen fiber analysis, the sections were stained with
Masson's trichrome stain. Collagen fibers density was analyzed by the intensity
of the blue coloration in the dermal areas examined using light microscopy at a
magnification of 100x. UVB unexposed and exposed controls were compared to
the RvD5 treated group with the aid of Image J software (Lumenera® Software).
Tissue sections were also stained with hematoxylin and eosin (H & E) for
determination of epidermal thickness [32] and for counting the number of sunburn
cells [33] using light microscopy at a magnification of 400x and 1000x
respectively. Both analyses were done with the software Infinity Analyze
(Lumenera® Software) [24].

2.15.Statistical analysis
Statistical analysis was performed using GraphPad Prism 7 software

(GraphPad Software Inc., San Diego, USA). Data were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey multiple comparisons test.
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Results were presented as mean + standard error (SEM) of measurements made
with 6 animals in each group per experiment. The results were representative of

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

3. Results and discussion

3.1.RvD5-TF reduces uvB irradiation-induced edema and

myeloperoxidase (MPO) activity in the skin of hairless mice.

Exposure to UVB irradiation stimulates the inflammatory response,
causing edema and inducing the recruitment of neutrophils [34]. Based on that,
the anti-inflammatory action of RvD5-TF was first assessed by the edema assay
and MPO activity (neutrophil marker). As shown in Figure 1A, UVB irradiation
induced significant skin edema, which was significantly inhibited by treatment
with RvD5-TF 0.01 ng/mouse. Recently it was reported that activation of the
vascular endothelial growth factor (VEGF) pathway is necessary for initiating the
acute pathological effects UV-induced in the epidermis. VEGF is a potent
vascular permeability factor mainly produced by epidermal keratinocytes and
fibroblasts. It is upregulated following UV exposure in mice and it induces edema,
erythema, epidermal hyperplasia, and increased vascularity. Also, it causes
edema and the related immediate impact on the skin while working concomitantly
with reactive oxygen species to induce inflammation [35]. The production of
VEGF is modulated by prostaglandin E2 (PGE>). This prostaglandin is released
by skin cells after skin irradiation and it is important in the inflammatory
angiogenesis process and the promotion of skin tumors [36]. It has been reported
that RvD5 reduces PGE: in the inflammatory arthritis model [14]. Thereby, our
results are in accordance with the literature.

The MPO activity is an enzymatic assay that indirectly indicates the
migration of neutrophils to the skin and reflects the MPO activity in these cells
[27,28]. Neutrophils are the first cells to migrate to the injury site [37]. These
phagocytes produce large amounts of pro-inflammatory cytokines and ROS [23],
like superoxide anion (O2") via activation of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase 2. The additional production of ROS contributes to
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the intensification of the inflammatory process and tissue damage [38]. As
observed with edema (Figure 1A), RvD5-TF 0.01 ng/mouse inhibited MPO
activity in the skin (Figure 1B). The neutrophils, when exposed to UV radiation,
trigger a number of mechanisms that can potentially destroy surrounding tissues
and lead to the photoaging effects of the skin [39]. The treatment with lipid
mediator RvDS minimized skin inflammation by reducing inflammatory mediators,
such as cytokines and O>"~ produced by neutrophils.
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Figure 1 — RvD5-TF reduces UVB irradiation-induced skin edema and MPO
activity. The skin inflammation was determined in samples collected 12 h after
the end of irradiation. Skin edema (A) and MPO activity (B). Bars represent
means + SEM of 6 mice per group and are representative of two separate
experiments. Statistical analysis was performed by one-way ANOVA followed by
Tukey’s test [*p<0.05 compared to the non-irradiated control group; #p<0.05
compared to the irradiated control group and irradiated and treated with emulsion
without RvD5 (vehicle)].

3.2.RvD5-TF reduces UVB irradiation-induced MMP-9 activity and

collagen fibers in the skin of hairless mice

MMPs play a crucial role in photocarcinogenesis, regulating several
processes related to tumor progression, including tumor initiation, growth,
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angiogenesis, and metastasis [40]. In addition, overproduction of MMP-9
contributed to premature skin aging [41].

MMP-9 is a gelatinase that depends on the activation of AP-1 to be
expressed. MMP-9 is secreted predominantly by neutrophils, mast cells, and
macrophages and has proteolytic activity against the main component of the
basement membrane, type IV collagen [40].

Cumulative exposure to UVB radiation induces the generation of excess
ROS in the skin, leading to increased activity of the AP-1 and a consequent
increase in the expression of MMPs, specifically MMP-1, MMP-3, and MMP-9,
which leads to the continuous degradation of MEC proteins and a reduced rate
of collagen renewal/synthesis [40,42].

Dysregulation of MMP-9 is associated with inflammatory skin diseases and
the invasive and metastatic potential of cancer cells [43]. Thus, we used
SDS-PAGE zymography to analyze the effects of RvD5-TF on skin MMP-9
activity after exposure to UVB irradiation. As shown in Figure 2, UVB exposure
induced a significant increase in MMP-9 activity in the skin of hairless mice.
RvD5-TF 0.01 ng/mouse significantly inhibited this elevated activity.

Collagen degradation was evaluated using the blue color intensity in
dermal areas of the skin as an indicator of collagen fiber density [24]. As shown
in Figure 3, UVB exposure induced collagen degradation, and RvD5-TF 0.01
ng/mouse inhibited this degradation. This result is in agreement with inhibited
MMP-9 activity with RvD5-TF shown in Figure 2. MMP-9 is a proteolytic enzyme
that degrades extracellular matrix collagen during pathological processes such
as photoaging [44] induced by UVB exposure. Therefore, RvD5 protected the
skin from UVB irradiation-induced tissue alterations such as collagen
degradation.
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Figure 2. RvD5-TF inhibits UVB irradiation-induced increase of MMP-9 activity.
The MMP-9 activity was determined in samples collected 12 h after the end of
irradiation. Images of gelatin zymography (A) and bars represent means + SEM
of 6 mice per group per experiment (B) and are representative of two separate
experiments. Statistical analysis was performed by one-way ANOVA followed by
Tukey's test [*p<0.05 compared to the non-radiated control group; #p<0.05
compared to the radiated control group and irradiated and treated with emulsion

without RvD5 (vehicle)].
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Figure 3 — RvD5-TF inhibits UVB irradiation-induced collagen fibers damage to
the skin of hairless mice. Collagen fiber formation was evaluated using Masson's
trichrome staining in skin samples collected 12 h after the end of irradiation.
Collagen fiber intensity (A) and bundles are shown in blue were analyzed by the
Image J Program (100x magnification). Bars are representative of two separate
experiments and represent means + SEM of 6 mice per group per experiment
(B). Statistical analysis was performed by one-way ANOVA followed by Tukey's
test [*p<0.05 compared to the non-radiated control group; #p<0.05 compared to
the radiated control group and irradiated and treated with emulsion without RvD5

(vehicle)].

3.3.RvD5-TF reduces the UVB irradiation-induced depletion of

antioxidant capacity in the skin of hairless mice.

UVB irradiation produces ROS directly and indirectly via inflammatory
response [45]. Excessive production of ROS causes depletion of the skin’s
natural antioxidants, limiting the self-protecting capacity of the cells and resulting
in oxidative stress [42,46]. Oxidative stress can lead to cell damage (e.g., lipid

peroxidation and DNA fragmentation, apoptosis, and death [47].

108



ROS plays a critical role in the photoaging of human skin, in addition to
being responsible for various types of skin cancers and other inflammatory skin
disorders [48,49].

The antioxidant potential of RvD5-TF 0.01 ng/mouse against the UVB-
induced oxidative damage to the skin was evaluated by: FRAP (Figure 4A), ABTS
(Figure 4B), and GSH levels (Figure 4C).

The ferric reducing antioxidant power (FRAP) assay correlates well with
the levels of antioxidants ascorbic acid, uric acid, and a-tocopherol [50]. In
contrast, 2,2-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical
scavenging capacity reflects the levels of endogenous antioxidant reduced
glutathione (GSH) [45]. As described previously, in both assays, UVB exposure
promoted a decrease of FRAP and ABTS scavenging capacity in the skin [24,28].
Treatment with RvD5-TF 0.01 ng/mouse maintained the antioxidant capacity near
basal levels (Figure. 4A and 4B).

GSH is one of the most important endogenous antioxidant molecules. It is
a hydrophilic tripeptide with sulfhydryl groups that neutralize free radicals through
electron donation [1,51]. The loss of cell viability mediated by UVB radiation is
associated with a marked decrease in the GSH levels that may predispose the
cell to oxidative stress [52,53]. Several reports indicate that tissue injury induced
by UV irradiation results in GSH depletion [54]. The dose of UVB irradiation used
here was able to reduce significantly the GSH levels in the skin, which
corroborates the results of the ABTS assay described above. RvD5-TF 0.01
ng/mouse was capable of inhibiting GSH depletion. Our finding showed that
RvD5-TF increases redox status as indicated by enhanced GSH levels.
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Figure 4. Effect of RvD5-TF on antioxidant capacity of skin after UVB irradiation.
The antioxidant capacity was determined by FRAP (A), ABTS (B), and GSH (C)
assays in samples collected 12 h after the end of irradiation. Bars represent
means + SEM of 6 mice per group and are representative of two separate
experiments [*p < 0.05 compared to the nonirradiated control group; # p < 0.05
compared to the irradiated control group and irradiated and treated with emulsion
without RvD5 (vehicle)].

3.4.RvD5-TF prevents UVB irradiation-induced catalase (CAT) depletion,
lipid peroxidation (LPO), and Oz~ production in the skin of hairless

mice

CAT is one of the main H202-scavenging enzymes. It catalyzes the
conversion of H2O2 into water and Oz [55]. UVB exposure decreases the activity
of this protective enzyme in normal cells [56] by 10-30% [57]. This effect is
probably due to the depletion of the enzyme both by UV radiation itself and by
UV-related ROS [57]. When irradiated with UV, skin is depleted of antioxidants,
among which CAT is the most sensitive [58]. In agreement with previous studies
[20,24,59], our data demonstrate that UVB irradiation exposure reduced CAT
activity in hairless mice. Treatment with RvD5-TF 0.01 ng/mouse reversed this
effect. The decrease in CAT activity can be very harmful because its recovery is
slow and, while the enzyme’s activity remains low, UV pro-oxidant agents can
promote structural damage to the enzyme, which will decrease its functionality
even further. [58]. The reduction of CAT activity results in H2O2 accumulated in
the cell. It damages several structures, including, as mentioned before, the
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enzyme itself [58]. Therefore, our studies demonstrated that RvD5-TF is a
pathway to block the effects of oxidative stress in the skin.

In the presence of UVB irradiation, excessive ROS production causes
massive LPO leading to the generation of oxidation products that are toxic to
biomolecules [60]. LPO is an important organic parameter of oxidative stress [61]
and It was measured by the formation of hydroperoxides [62]. We observed that
UVB exposure induced a significant increase in skin LPO, which was inhibited by
RvD5-TF (Figure 5B). LPO has been implicated as a deleterious factor in various
diseases, including carcinogenesis, mutagenesis, atherosclerosis, and aging.
Many toxic aldehydes are produced from skin lipids upon UV irradiation exposure
and exert their toxic action by reacting with biological nucleophiles [63], also
leading to DNA damage [62]. Therefore, our data indicate that RvD5-TF is
important to protect skin from UV damage caused by lipid peroxidation.

02" is a mutagen and tumor promoter produced by NADH and NADPH in
the presence of O2 and UV radiation. Active oxygen species produced by UV are
in part responsible for sunburn cell formation [64]. The initial free radical
machinery involves enzyme superoxide dismutase (SOD), which converts O2~
directly to hydrogen peroxide (H202) and diatomic oxygen. Then, hydrogen
peroxide is converted by catalase to the harmless product water. Nevertheless,
SOD activity decreases by 50-60% after UV exposure [57]. There was a
significant increase in Oz "~ production in the skin of irradiated mice, which was
inhibited by RvD5-TF (Figure 5C).
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Figure 5. RvD5-TF treatment prevents UVB irradiation-induced catalase (CAT)

depletion and lipid hydroperoxides (LOOH) and superoxide anion production. The
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CAT activity (A), tert-butyl LOOH-initiated chemiluminescence (QL) (B) and
nitroblue tetrazolium (NBT) reduction (C) were determined in samples collected
2, 4, and 2 h after the end of irradiation, respectively. Bars represent means +
SEM of 6 mice per group and are representative of two separate experiments
[*p<0.05 compared to the non-radiated control group; #p<0.05 compared to the
radiated control group and irradiated treated with emulsion without RvD5

(vehicle)].

3.5.RvD5-TF prevents UVB irradiation-induced epidermal thickness and

sunburn cells in the skin of hairless mice

After UVB exposure, keratinocytes undergo apoptosis (sunburn cells) if
the damage is sufficiently large and exceeds the cell recovery limit [1]. Apoptosis
is the major mechanism preserving cell homeostasis and thus preventing skin
carcinogenesis [65]. UVB causes DNA fragmentation in keratinocytes [33], and
DNA-damaged cells are prone to undergo subsequently malignant
transformation [65].

Histologically, sunburn cells present altered morphology as observed by
chromatin condensation and eosinophilic cytoplasm [66]. UVB irradiation
increased the number of sunburn cells and RvD5-TF (0.01 ng/mouse)
significantly reduced sunburn cell counts (Figure 6). UVB radiation induces the
release of TNF-a by keratinocytes. TNF- a cytokine is an important mediator of
immunity and inflammation. It has also the ability to kill growing tumor cells and
it might be involved in the generation of sunburn cells since keratinocytes express
the 55-kD receptor for TNF-a. Schwarz et al. have concluded that TNF- a
contributes to the formation of sunburn cells, but it does not seem to be the only
mechanism involved. Keratinocytes also release a variety of cytokines which may
contribute as well. Therefore, the study supports the concept that UVB-induced
formation of sunburn cells and apoptosis is a multifactorial event [33]. Also, the
reduction in the number of sunburn cells indicates an increase in the
photoprotection of keratinocytes by RvD5-TF.

Hours after the exposure to UV, the signs of damage response decrease,
and epidermal keratinocytes begin to proliferate intensely, mediated by various
epidermal growth factors. Increased cell division of keratinocytes after exposure
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to UV causes epidermal thickening [67]. UVB irradiation induced significant
epidermal thickening compared to the non-radiated control group. This effect was

inhibited by RvD5-TF (0.01 ng/mouse) treatment (Figure 7).
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Figure 6. RvD5-TF reduces UVB radiation-induced sunburn cells. Sunburn cells
were evaluated using hematoxylin and eosin staining (H & E) in skin samples
collected 12 h after the end of irradiation. The sections stained with H & E were
examined using light microscopy at 1000x magnification. Bars are representative
of two separate experiments and represent means + SEM of 6 mice per group
per experiment. Statistical analysis was performed by one-way ANOVA followed
by Tukey’s test [*p<0.05 compared to the non-radiated control group; #p<0.05
compared to the radiated control group and irradiated and treated with emulsion

without RvD5 (vehicle)].
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Figure 7. RvD5-TF reduces UVB radiation-induced epidermal thickness.
Epidermal thickness was evaluated using hematoxylin and eosin staining (H & E)
in skin samples collected 12 h after the end of irradiation. The sections stained
with H & E were examined using light microscopy at 400x (A) magnification. Bars
are representative of two separate experiments and represent means + SEM of
6 mice per group per experiment (B). Statistical analysis was performed by one-
way ANOVA followed by Tukey's test [*p<0.05 compared to the non-radiated
control group; #p<0.05 compared to the radiated control group and irradiated and

treated with emulsion without RvD5 (vehicle)].

3.6.RvD5-TF reduces UVB irradiation-induced mast cell counts in the

skin of hairless mice

UVB irradiation stimulates mast cells to secrete mediators that trigger
inflammation and recruit other leukocytes such as neutrophils [68]. Histamine is
the main biogenic amine in mast cells and is related to systemic
immunosuppression induced by UVB irradiation [69]. UVB exposure caused a
significant increase of mast cells compared to basal conditions of the non-
irradiated control group, and RvD5-TF (0.01 ng/mouse) significantly reduced
mast cell counts (Figure 8). Also, it is possible that RvD5-TF also inhibits the
function of the mediators released by mast cells. Hart et al. have shown that the

downregulation of systemic immune responses in mice after UVB exposure is
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directly correlated with the prevalence of histamine-containing dermal mast cells.
The suppression of the immune system provides a mechanism by which UV-
induced tumors escape immune destruction [69]. Histamine may directly
influence the migration of immune cells into the UV-irradiated site, or to nearby
lymph nodes, and regulate their proliferation and cytokine profiles [70-72].
Furthermore, it has been reported that the mast cells degranulate in response to
direct contact with activated T cells and produce TNF-a in the inflammatory
process. TNF-a is a cytokine triggering inflammatory responses that occur in the
skin and it is involved in the up-regulation of MMP-9 expression [73], as

demonstrated by our results (Figure 2).
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Figure 8 — RvD5-TF reduces UV irradiation-induced mast cells counts. Mast cells
were evaluated using blue toluidine in skin samples collected 12 h after the end
of irradiation. The number of mast cells (A) and the sections stained with blue
toluidine were examined using light microscopy at 400x magnification. Bars are
representative of two separate experiments and represent means + SEM of 6
mice per group per experiment (B). Statistical analysis was performed by one-
way ANOVA followed by Tukey's test [*p<0.05 compared to the non-radiated
control group; #p<0.05 compared to the radiated control group and irradiated and

treated with emulsion without RvD5 (vehicle)].
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4. Conclusion

The topical treatment with a formulation containing RvDS protected the
skin of hairless mice from the harmful effects of UVB irradiation. RvD5-TF has
decreased inflammation markers such as mast cell count, epidermal thickness,
sunburn cells, skin weight, and MMP-9 activity. Furthermore, RvD5-TF improved
the antioxidant defenses in UVB exposed skin by maintaining ferric reducing
ability, ABTS scavenging capacity, glutathione levels, catalase activity, and
inhibiting O™ radical production. Together, these results suggest that topical
treatment with RvD5-containing formulation may be a potential product to prevent
and/or treat skin diseases related to UVB exposition.
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7. CONSIDERAGOES FINAIS

A exposicdo a radiagao ultravioleta induz uma série de efeitos deletérios
na pele, inclusive o envelhecimento precoce e o cancer de pele. A produgao
excessiva de radicais livres, induzida pela UVB, leva a deplecdo dos
antioxidantes endogenos e também ao processo inflamatoério. Assim, o uso de
mediadores lipidicos anti-inflamatorios/pré-resolucdo, como a RvD5, para
enriquecer o sistema antioxidante enddégeno e controlar os processos lesivos
induzidos pela radiacdo UVB torna-se uma alternativa promissora. Estudos
recentes, elencados neste trabalho, evidenciaram efeitos benéficos do uso da
RvD5 na diminuicdo do processo inflamatério na artrite inflamatéria e na
inflamacé&o infecciosa iniciada por E. coli em camundongos. No entanto, ao
nosso conhecimento, ainda ndo existem estudos sobre o uso da RvDS na
melhora ou prevencdo de danos inflamatérios e oxidativos causados pela
radiacdo UVB em camundongos.

Os resultados in vivo obtidos nesse estudo demostraram que ambos os
tratamentos com RvDS5, ip e topico, foram efetivos no controle do processo
oxidativo e inflamatério induzidos pela radiacdo UVB. A RvD5 foi capaz de inibir
o estresse oxidativo por manter os niveis de GSH e atividade de catalase. Além
disso, o tratamento com RvD5 também aumentou a expressdo de RNAm para
proteinas envolvidas na resposta antioxidante e anti-inflamatéria (Nrf2, OH-1 e
NQO-1). Somando-se a isso, a RvD5 também foi capaz de inibir o edema
cutaneo, o recrutamento de neutrdéfilos, a atividade da MMP-9, a producao de
hidroperéxidos lipidicos, o radical superéxido e a produgdo de citocinas
inflamatdrias (IL-1 B, e TNF-a) e anti-inflamatérias (IL-10 e TGF- ). A RvD5
também reduziu a espessura epidérmica, o numero de células apoptéticas, de
mastocitos e a degradagéao de fibras de colageno induzidos pela RUV.

Em concluséo, os resultados do nosso trabalho sugerem que o mediador
lipidico RvD5 pode ser uma nova estratégica para controlar e/ou prevenir os
danos causados pela radiacdo UVB na pele.
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