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CEZAR, Talita Laiane Cardozo. Potencial terapéutico de formulacdes tdpicas
contendo Maresina 1 e Lipoxina A4 na inflamagdo e estresse oxidativo
induzidos pela radiacdo UVB. 2021. 112 f. Tese (Doutorado em Ciéncias da
Saude) — Universidade Estadual de Londrina, Londrina, 2021.

RESUMO

A pele € o maior 6rgdo do corpo humano em extensdo e a primeira barreira do
organismo a fatores do meio externo. Entre estes, destaca-se a exposicdo a
radiacdo UVB que pode causar aumento dos radicais livres, inflamagéo cuténea, a
qual pode levar ao desenvolvimento de cancer e envelhecimento precoce. O
entendimento contemporaneo da resolucdo da inflamacéo envolve a sinalizacdo de
vias pro-resolutivas com a biossintese de mediadores lipidicos pro-resolutivos
especializados (SPMs), que tem a funcdo de limitar o processo inflamatério e
promover sua resolucdo. Dentre eles, podemos destacar a MaR1, um SPM derivado
do &cido graxo decosahexaenodico (DHA), e a LXA4, um SPM derivado do &cido
araquidénico (AA). Ambas moléculas possuem efeitos analgésico, anti-inflamatorios
e antioxidade. Assim, est pesquisa teve como objetivo avaliar a eficacia terapéutica
de formulacfes tépicas contendo MaR1 ou LXA4 (incorporadas em creme e gel
creme, respectivamente) nos danos cutaneos induzidos pela radiagdo UVB em
camundongos. Para induzir danos a pele, camundongos sem pelo da linhagem
HRS/J (CEUA n°017/2015, processo CEUA n° 1447.2015.10) foram expostos a uma
dose de irradiacdo UVB aguda de 4,14 J/cm?, e as amostras de pele dorsal foram
coletadas para avaliar a resposta inflamatéria e o estresse oxidativo por meio dos
testes de edema de pele, atividade da mieloperoxidase (MPO), atividade/secrecao
de metaloproteinase-9, capacidade antioxidante global (FRAP), niveis dos
antioxidantes endogenos glutationa reduzida (GSH) e catalase (CAT), producédo de
anion superoxido e hidroperoxidos lipidicos e avaliacdo histopatolégica pelas
coloracdes de hematoxilina eosina (H & E), azul toluidina e tricromico de masson. Os
resultados in vivo evidenciaram que as formulacdes tépicas contendo MaR1 ou
LXA4 reduziram a inflamagé&o cutanea, diminuindo o edema de pele, o recrutamento
de neutrdfilos, a atividade de metaloproteinase-9, a apoptose dos queratinécitos, o
espessamento da epiderme, o numero de mastdcidos e a degradacéo de fibras de
colageno comparada com 0s grupos controles. A mesma comparacao foi realizada
para se determinar o efeito das formulagdes topicas contendo MaR1 ou LXA4 contra
0 estresse oxidativo induzido pela radiagdo UVB e foi demonstrado que estas
formulagc6es mantiveram os niveis de reducéo ferrica (FRAP), de GSH e a atividade
da CAT semelhantes ao grupo ndo irradiado, e ainda diminuiram a producédo de
hidroperoxidos lipidicos e de anions superdxidos. Dessa forma, os resultados
sugerem que as formulagbes contendo MaR1 ou LXA4 sdo um potente aliado na
prevencao/resolucao da inflamacgéo da pele e inibicdo do estresse oxidativo induzido
pela radiacdo UVB.

Palavras-chave: maresina 1; lipoxina A4; antioxidante; inflamacé&o; radiacdo UVB.



CEZAR, Talita Laiane Cardozo. Therapeutic potential of topical formulations
containing Maresin 1 and Lipoxin A4 in inflammation and oxidative stress
induced by UVB radiation. 2021. 112 p. Teses (Doutorado em Ciéncias da Saude)
— Universidade Estadual de Londrina, Londrina, 2021.

ABSTRACT

The skin is the largest organ in the human body in extension and the body's first
barrier to external factors. Among these, exposure to UVB radiation stands out,
which can cause an increase in free radicals, skin inflammation, which can lead to
the development of cancer and premature aging. The contemporary understanding of
inflammation resolution involves the signaling of pro-resolving pathways with the
biosynthesis of specialized pro-resolving lipid mediators (SPMs), which have the
function of limiting the inflammatory process and promoting its resolution. Among
them, we can highlight MaR1, a SPM, derived from docosahexaenoic fatty acid
(DHA), and LXA4, a SPM derived from arachidonic acid (AA). Thus, this research
aimed to evaluate the therapeutic efficacy of topical formulations containing MaR1 or
LXA4 (incorporated in cream and gel cream, respectively) on skin damage induced
by UVB radiation in mice. To induce skin damage, hairless mice of the HRS/J lineage
(CEUA n°017/2015, CEUA process n°1447.2015.10) were exposed to an acute UVB
irradiation dose of 4.14 J/cm?, and as skin dorsal samples were collected to assess
inflammatory response and oxidative stress through the tests of skin edema,
myeloperoxidase (MPO) activity, metalloproteinase-9 activity / secretion, global
antioxidant capacity (FRAP), levels of endogenous antioxidants reduced glutathione
(GSH) and catalase (CAT), production of superoxide anion and lipid hydroperoxides
and histopathological evaluation by evaluation by hematoxylin eosin (H&E), toluidine
blue and masson trichrome. The in vivo results showed that topical formulations
containing MaR1 or LXA4 reduced skin inflammation, decreasing skin edema,
neutrophil recruitment, metalloproteinase-9 activity, keratinocyte apoptosis,
epidermal thickening, mast cell number and collagen fiber degradation compared to
control groups. The same comparison was performed to determine the effect of
topical formulations containing MaR1 or LXA4 against oxidative stress induced by
UVB radiation and it was found that these formulations maintained ferric reduction
levels (FRAP), GSH and CAT activity at levels basic, and also decreased the
production of lipid hydroperoxides and superoxide anions. Thus, the results suggest
that formulations containing MaR1l or LXA4 were a potent ally in the
prevention/resolution of skin inflammation and inhibition of oxidative stress induced
by UVB radiation.

Key words: 7(R) maresin 1; lipoxin A4; antioxidant; inflammation; UVB radiation.
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1 INTRODUCAO

1.1 PELE E A RADIACAO ULTRAVIOLETA (RUV)

A pele do ser humano, que corresponde a 15% de seu peso corporal, € um 6rgao
que reveste e delimita o organismo, sendo uma interface bioldégica com o meio ambiente
continuamente exposta a fatores que ameacam a integridade de estruturas celulares.
Essencialmente dindmica, a pele apresenta alteragdes constantes, sendo dotada de grande
capacidade renovadora e de reparacéao (AFAQ et al., 2003; HIRAMOTO et al., 2012).

Com organizagédo estratificada € composta por trés camadas - a hipoderme, a derme
e epiderme (Figura 1). A hipoderme, camada mais profunda, é composta por tecido adiposo
e conjuntivo, funcionando como depdsito de calorias, protegendo o organismo de traumas e
variagbes de temperatura, modela o corpo e permite a mobilidade da pele em relacdo as
estruturas subjacentes. A derme € constituida de tecido conjuntivo e fica acima da
hipoderme; nela se situam os vasos sanguineos e linfaticos, terminacdes nervosas, foliculos
pilosos, glandulas sebaceas e sudoriparas. Ja a epiderme esta disposta em camadas: basal
ou germinativa, espinhosa, granulosa, licida e estrato corneo, sendo esta Ultima a camada
mais externa da epiderme e a principal responsavel pela funcdo barreira que a pele
desempenha.

Hipoderme

Figura 1: Figura adaptada de (KHAVKIN; ELLIS, 2011). As 3 camadas da pele: epiderme,
derme e hipoderme
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As principais células presentes na epiderme sdo 0s queratindcitos que representam
aproximadamente 95% da sua composicdo (FONSECA et al.,, 2011; KHAVKIN; ELLIS,
2011).

Os queratinécitos criam uma barreira fisica de protecdo da pele, além de
acumularem pigmentos de melanina. A melanina esta relacionada com funcfes importantes
na pele como a homeostase epidérmica, eliminacéo de radicais livres e, possivelmente, até
mesmo com atividade antimicrobiana, além de bloquear a penetracdo da radiacéo
ultravioleta (RUV) na pele (D’ORAZIO; HAIMAN; MACFADYEN, 2013; HALLER et al., 2002).

A RUV é o fator fisico mais importante que atinge a pele e uma das principais causas
de danos, que resulta em lesbes pré-cancerosas, cancerosas e aceleracdo do
envelhecimento cutdneo. A RUV atinge diferentes camadas da pele dependendo do
comprimento de onda, e assim interage com diferentes células localizadas em
profundidades distintas do tecido cutdaneo (CASAGRANDE et al., 2007; QUAN et al., 2009b;
SAIJA, 2000; TOUITOU; GODIN, 2008).

A RUV pode ser dividida didaticamente em UVA (320 a 400nm), UVB (290 a 320nm)
e RUVC (200 a 290nm) (Figura 2). Aproximadamente 95% da RUV que chega a superficie
da Terra é formada por UVA e somente 5% por UVB (AFAQ; ADHAMI; MUKHTAR, 2005a).

Raios Raios Luz

Raios X Ultravioleta

by . Ondas
cosmicos gama VIS8l l Infravermelho

de radio

uveC uvB UVA-2 UVA-1

200 nm 290 nm 320 nm 340 nm 400 nm 760 nm

Comprimento de onda, nanémetros (1) ————
<«—— Frequéncia (v)

Figura 2: Espectro eletromagnético (ADRIANO et al., 2013)

Quanto menor o comprimento de onda, mais energética é a radiacdo, e, portanto,
maior o grau de severidade das lesdes. Assim, os raios UVC s&o 0s mais danosos ao ser
humano, porém, sdo absorvidos pela camada de oz6nio e normalmente ndo atingem a
Terra. Ja as radiacbes UVB e UVA sédo capazes de penetrar a camada de 0zodnio e atingir a
superficie do planeta, atuando de maneira especifica conforme suas caracteristicas
energéticas, causando lesbes com diferentes niveis de gravidade no organismo (LEBER et
al., 2016).
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A radiacdo UVA é de comprimento de onda longo, sendo menos energética quando
comparada a UVB, portanto é capaz de penetrar profundamente a pele, interagindo assim
tanto com os queratindcitos da epiderme, quanto com os fibroblastos dérmicos (PAZ et al.,
2008). Os efeitos da UVA sdo queimadura solar, envelhecimento precoce da pele e

supressao da funcéo imune.

Ja a radiacdo UVB apesar de representar apenas 5% da radiacdo RUV que atingem
a superficie terrestre, € mais energética que a UVA, alcancando a epiderme, afetando
diretamente os queratindcitos e a por¢cdo superior da derme (Figura 3). Desta forma, além
da formacéo de radicais livres e outras espécies reativas e todos os danos por elas gerados,
a UVB causa também alteragfes diretas no DNA, podendo levar a mutacdes, responsaveis
pela formacdo de fotoprodutos diméricos, como pirimidinas, que podem causar leses

cutaneas pré-malignas.

A radiacdo UVB pode também causar manchas, descamacdo e queimaduras com
vermelhiddo e bolhas (BRITTO et al., 2017; LUIS; PEREZ; GONZALEZ, 2007; NICHOLS;
KATIYAR, 2010; SANTANA BALOGH et al., 2011; SHETTY et al., 2015a; TEWARI et al.,
2013a).

uve VB VA
200 —290nm | 200 —320nm | 290 — 400nm

Camadg de Ozdnio >

Estrate Co 1neu

[ ; E pid]:rme

hd " Derme

Hipederme

Figura 3: Absorcdo da RUV pelas camadas da pele. UVC radiacdo de menor comprimento
de onda sendo blogueado pela camada de oz6nio. UVB absorvida principalmente pela

epiderme. UVA absorvida tanto pela epiderme como pela derme (Prépria autora).
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As radiacOes ao atingirem a pele, sdo parcialmente refletidas, refratadas e, em parte
absorvidas. As moléculas que estao presentes na pele (lipidios, proteinas, cidos nucléicos)
e apresentam dupla ou tripla ligacdes de carbono com carbono em sua estrutura podem
absorver a RUV, sendo entdo denominadas de cromoéforo. Quando o croméforo absorve o
féton, a molécula deixa o estado de repouso e torna-se excitada e, portanto, € capaz de
reagir com moléculas do meio biologico, levando a formacéo de fotoprodutos, ou, ainda a
modificagbes bioquimicas, ou mesmo a alteracdes celulares e, finalmente a altera¢des
teciduais (TEWARI et al., 2013b; XU; FISHER, 2005).

1.2 ESTRESSE OXIDATIVO INDUZIDO PELA RADIAGCAO UVB E ANTIOXIDANTES ENDOGENOS

Os radicais livres sdo definidos como toda espécie que possui um ou mais elétrons
desemparelhados (Sun et. al.1990). Na natureza o principal componente gerador de radicais
livres é 0 oxigénio no estado fundamental (O.). As espécies geradas a partir do oxigénio sédo
denominadas espécies reativas do oxigénio (EROs) que inclui também espécies que ndo
possuem elétrons desemparelhados, mas que sao muito reativas em decorréncia de sua

instabilidade, como o perdxido de hidrogénio (RIBEIRO et al., 2005).

A concentracdo de EROs dentro das células é extremamente baixa em condi¢cfes
de homeostasia, pois 0 organismo apresenta mecanismos enddgenos para manter 0s niveis
de EROs dentro dos limites fisiologicos (RIBEIRO et al., 2005). A pele apresenta uma
grande quantidade de antioxidantes enzimaticos como a superéxido dismutase (SOD), a
catalase (CAT) e glutationa peroxidase (GPx) assim como, antioxidantes hidrofilicos e
lipofilicos de baixo peso molecular, GSH (glutationa reduzida), vitamina C e E, carotendides
e 0 acido urico para protegé-la dos danos oxidativos (POLETTA; SIMONIELLO; MUDRY,
2016). A maior parte destes antioxidantes concentra-se na epiderme, visto ser a camada

mais exposta as agressoes (FUCHS, 1998).

A exposicdo da pele a RUV leva a uma producdo excessiva de EROs, como o
anion superoxido (O2’), o radical hidroxil (OH") e o radical peroxil (IVAN et al., 2014a), além
de reduzir os antioxidantes enddégenos, como a SOD e GSH (HUANG; BERNERD;
HALLIDAY, 2009; IVAN et al., 2014a; WEI et al., 2002).

As EROs produzidas na pele apés a exposicéo a radiacdo UVB, induzem a ativacao
do fator de transcricdo NF-kB, que é um fator transcricional sensivel a EROs, e desempenha

um papel crucial na ativacdo de mdltiplos genes que codificam diferentes citocinas proé-
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inflamatérias como IL1-B, IL-6, IL-8 (IL = interleucina) e TNF-a (fator de necrose tumoral alfa)
e moléculas de adesao celular, que promovem a liberacédo de proteases e o recrutamento de
células inflamatérias (Figure 4) (CAMPANINI et al., 2014; CARINI et al., 2000; HIRAMOTO
et al., 2012).

A exposicdo a radiacdo UVB, ainda incrementa a producdo de EROs por meio da
ativacdo da enzima nicotinamida adenina dinucleotideo fosfato (NADPH) oxidase (Figure 4).
A NADPH oxidase estad diretamente relacionada a formacdo do O (AFAQ; ADHAMI;
MUKHTAR, 2005b; CAMPANINI et al., 2014; CIRCU; AW, 2010) (Figure 4).

g Vias de Transducéo A A Oz
de Sinal N

Intracelular
-~ | NADPH

I .
Apoptose < MAPEKS= | oxidase

MPs — THF- uJ
MHI[ AL] ==l 4

\ ED: ‘::ITI‘?_-._.,E . F _”_ ] E

N S Micleo
Fotoenvelhecimento ™ ——

Fotocarcinogénese B

Figure 4: Efeitos a nivel celular da exposi¢do a RUV. A RUV aumenta as ROS e a ativa NF-
kKB aumentando a liberacé@o de citoxinas pro-inflamatorias. Além disso, a RUV ativa a via de
sinalizagcdo MAPKs que sdo responsaveis pela vigilancia dos queratinocitos e ativagdo NF-
kB, NADPH oxidase e AP-1. A ativacdo da NADPH oxidade aumenta formacéo do O™
gerando mais ROS. Ja a ativacdo AP1-1 esta relacionada a secrecéo e ativacdo das MMPs,
que sdo enzimas correlacionadas com o fotoenvelhecimento e fotocarcinogénese (Propria

autora).
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A pele responde espontaneamente ao aumento dos niveis de EROs, no entanto esta
resposta pode nado ser suficiente para evitar danos as células (AFAQ; ADHAMI; MUKHTAR,
2005a). Com o aumento da geracdo de EROs, a regeneracdo dos sistemas antioxidantes
endogenos torna-se insuficiente ocasionando a sua deplecdo (VICENTINI et al., 2008). A

consequéncia do desequilibrio entre EROs e antioxidantes é o estresse oxidativo.

O estresse oxidativo pode causar danos celulares e alteracBes bioquimicas com
consequente danos nos lipidios de membrana, proteinas e &cidos nucléicos das células
epidémicas e dérmicas, que interrompem suas funcdes celulares e em dltima instancia pode
causar a morte das células (CASAGRANDE et al., 2006; CIRCU; AW, 2010; VICENTINI et
al., 2008).

O estresse oxidativo ainda é responsavel por uma variedade de doencas
relacionadas a inflamacgéo e ao estimulo oxidativo, como envelhecimento precoce e cancer
de pele (MCADAM; BREM; KARRAN, 2016; SOLIMAN; VAN DROSS, 2016; VENZA et al.,
2015).

Um sistema enddgeno que auxilia a limitar os danos teciduais causados pela
radiagdo RUV é do fator de transcrigdo Nrf2 (fator nuclear [derivado eritroide-2] tipo 2). Este
fator regula a transcricdo de genes para moléculas antioxidantes e anti-inflamatérias como a
hemeoxigenase-1 (HO-1), a qual converte o heme em biliverdina que apresenta efeito
antioxidante e em monéxido de carbono que apresenta efeito anti-inflamatério (CHOI et al.,
2013).

Ambas as radiagbes UVA e UVB induzem a formagdo de EROs e causam danos
cutaneos, porém a UVB causa também danos diretos ao DNA, RNA, proteinas e outros
componentes da célula, sendo absorvida principalmente pelo DNA dos queratindcitos, e
desta forma é mais relevante para a fotocarcinogénese (EMRI; HORKAY; REMENYIK,
2006).
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1.3 RESPOSTA INFLAMATORIA INDUZIDA PELA UVB

Apébs a exposicdo a radiacdo UVB, os queratindcitos iniciam a resposta inflamatoria
por meia da expressdo de uma ampla variedade de citocinas e quimiocinas, como a IL-1j3,
IL-6, IL-8 e TNF-a, sendo por isso consideradas como as principais células que iniciam a
resposta inflamatéria (BANGERT; BRUNNER; STINGL, 2011; BARKER et al., 1991). Além
dos queratindcitos outras células quando estimuladas pela RUV produzem citocinas, como

por exemplo as células de langerhans e os mastécitos (DURAN-ANIOTZ et al., 2013).

Os macrofagos ap6s exposicdo a UVB liberam citocinas, como a IL-10 que tem
como fungdo regular negativamente a resposta imune. Além da IL-10, podemos citar
também a producdo da citocina anti-inflamatoria TGF-3 que apresenta propriedade
regulatéria e esta envolvida em vérios tipos de canceres, inclusive no melanoma (DURAN-
ANIOTZ et al., 2013).

A UVB também ativa a via de sinalizagdo MAPK (proteinas quinases ativadas por
mitdgenos) responsavel pelo sistema de vigilancia nos queratindcitos. Assim, quando o dano
causado pela RUV nessas células for irreparavel os queratindcitos entram em apoptose para
eliminar o DNA danificado e este processo € proporcional ao tempo de exposi¢cdo a RUV.
Fazem parte da familia das MAPK as proteinas ERK (quinase regulada por sinal
extracelular), JNK (quinase c-Jun n-terminal) e p38, a quais ativam NF-kB, NADPH oxidase
e AP-1 (proteina 1) (FONSECA et al., 2011; VAYALIL; ELMENTS; KATIYAR, 2003).

A ativagdo de AP-1 tem sido implicada na inflamacédo, metéstase, angiogénese e
também na promocdo e progressdo de varios tipos de canceres (MEERAN; PUNATHIL;
KATIYAR, 2008). Além disso, o aumento da atividade de AP-1 esta associado a degradacéo

da matriz extracelular através do aumento da expresséao e secrecao de metaloproteinases.

As metaloproteinases s@o enzimas proteoliticas produzidas principalmente por
células polimorfonucleares, macrofagos, queratinécitos fibroblastos e células tumorais
(FISHER et al., 2009). O aumento da producdo de metaloproteinases pelos queratinécitos
epidermais e fibroblastos da derme resulta na degradagé@o do coldgeno e outras proteinas
da matriz extracelular. Este processo é seguido pelo fotoenvelhecimento e danos severos a
pele (QUAN et al., 2009b; RIEGER, 1999).

Em termos préticos, os efeitos da radiagdo UVB na pele podem ser divididos em
resposta imediata, com aparecimento de eritema, edema e infiltrado leucocitario, além da
diminuicdo dos niveis dos antioxidantes endégenos como a glutationa reduzida (GSH) e

tardios com danos as fibras elasticas, no colageno e nas glicosaminoglicanas da matriz
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extracelular da derme, perdendo a elasticidade, e contribuindo para o fotoenvelhecimento da
pele e pér fim a fotocarcinogénese (CARINI et al., 2000; GEORGETTI et al., 2006; MELONI;
NICOLAY, 2003; MONTENEGRO et al., 1995; SAWANE et al., 2011).

A inflamacéo causada na pele pela RUV resulta em um aumento de células como
neutréfilos e macréfagos, estes também produzem grandes quantidades de EROs, como o
anion superoéxido (Halliday, 2005), gerado como produto NADPH oxidase. As células
inflamatérias também produzem mediadores inflamatérios, como citocinas e quimiocinas, as
quais atuam ativando células e recrutando mais células inflamatérias para o foco primario da
inflamacao e induzindo producdo de EROs. Portanto, o estresse oxidativo e a inflamacao,
induzidos pela RUV estdo intimamente relacionados e levam a um circulo vicioso, que
resultard em danos teciduais e em longo prazo, pode conduzir a carcinogénese (REUTER et
al., 2010) (Figura 5).

vEag IL-1p
Imunossupressao -:::][} MF-kB THF-a IL-&
f.'} ‘::'Ea IL-8

MADPH oxidase
Apoptose MAPEK
Danos acDNA ERO= 02s
AP-1
Mutacdes
. Inflamacao
MMP-3 Carcinogenese

Peroxidac3oLipidica

Fotoenvel hecmento

Figura 5: Exemplificac@o dos efeitos da exposicao a radiagdo UVB na pele. Apoés a
exposicao da pele um processo inflamatorio é desencadeado e o estresse oxidativo
instalado. Além disso a radiacdo UVB causa danos no DNA, degradacao do tecido conectivo
e alteracdo da funcao imune, fotoenvelhecimento, queda imunolégica, podendo finalmente

levar ao cancer de pele (Prépria autora).

Dentre os efeitos tardios da exposi¢cdo a radiacdo UVB, a fotocarcinogénese é a
mais preocupante. E bem conhecido o efeito deletério da radiacdo UVB sobre as proteinas e

membranas celulares, levando consequentemente a geracdo de EROs. Entretanto, sabe-se
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que o efeito deletério principal associado a radiacdo UVB est4 relacionado a dimerizacdo
das bases de pirimidina do DNA. Esta dimerizacdo gera distorcdo da estrutura do DNA, e 0
reparo incorreto dessas lesdes conduz a mutagdes, como também ao bloqueio da replicacédo
do DNA e da divisdo celular, e a interrupcdo da transcricdo do DNA necessario para a
sintese de RNA mensageiro (EMRI; HORKAY; REMENYIK, 2006).

Considerando o contexto exposto acima, a RUV exerce multiplos efeitos nas células
da pele, sendo a interacdo entre tais efeitos determinante na resposta gerada pela
exposicdo a radiacdo (WANG; KOCHEVAR, 2005). Normalmente, a exposicdo a RUV pode
causar queimaduras, eritemas dolorosos, danos no DNA, degradacao do tecido conectivo e
alteracdo da funcdo imune, fotoenvelhecimento, queda imunologica, podendo finalmente
levar ao cancer de pele (FUCHS, 1998; LIU et al., 2006). A incidéncia dessas doencas de
pele cresce continuamente, a medida que a estimativa de vida da populagdo aumenta e
maiores quantidades de RUV atingem a superficie da Terra em decorréncia da destruicao
da camada de o0z6nio (MEERAN; MANTENA; KATIYAR, 2006).

1.4 MEDIADORES LIPIDICOS ANTI-INFLAMORIO/PRO-RESOLUCAO

O processo inflamatério € a primeira resposta do sistema imunolégico a infec¢éo ou
lesdo tecidual e tem como funcdo proteger o hospedeiro. Este processo deve ser
"autolimitado"”, pois respostas inflamatdrias excessivas ou inadequadas contribuem para
uma série de doencas humanas agudas e cronicas (CHIANG et al., 2012; SERHAN et al.,
2012b).

A resolucéo da inflamacéo € dependente da liberacdo e acéo biolégica de diversos
mediadores anti-inflamatorios e pro-resolutivos. A finalidade da liberagdo destes mediadores
é restabelecer a homeostase, limitando a lesdo excessiva do tecido e minimizando o
desenvolvimento de inflamacdo crbnica. A falha no processo de resolugédo da inflamacgéo
pode levar a destruicdo do tecido, fibrose, faléncia de érgdos ou evoluir para uma
inflamacé&o crénica (MARTINEZ et al., 2016; SERHAN et al., 2009; SERHAN; SAVILL, 2005;
T; DA; DW, 2002).

Atualmente a resolucao da inflamacéo é considerada um processo ativo e envolve a
sinalizacdo de vias pro-resolutivas (BANDEIRA-MELO et al., 2000; BANNENBERG, 2010).
Na fase inicial da inflamacéo, os derivados dos &cidos graxos poliinsaturados (eicosanoides,
prostaglandinas e leucotrienos) iniciam a resposta quimiotética recrutando células para o

local da inflamacéo, esse processo é seguido pela liberacdo de citocinas pré-inflamatorias
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(BORGEAT; NACCACHE, 1990). Na sequéncia ocorre a biossintese de mediadores
lipidicos pro-resolutivos especializados (SPMs), que tem a funcdo de limitar o processo
inflamatério e promover sua resolucdo (LEVY et al., 2001; SERHAN; SAVILL, 2005 (Figure
6).
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Figure 6: Figura adaptada de (SERHAN et al., 2007). Representagéo da resolucao
da inflamacg&o. A fase inicial da inflamagéo é caracterizada pela liberagdo de mediadores
pro-inflamatdérios e acumulo de neutréfilos, seguido por infiltragdo de mondécitos que se
diferenciam em macrofagos. Esta fase é caracterizada pela formacdo de mediadores anti-
inflamatorios e pré-resolucdo (LXs, Rvs, MaRs e PDs). Esses mediadores reduzem o trafico
de neutrofilos e facilitam a remocéo de células apoptéticas. Esse processo resulta na
producdo de citocinas anti-inflamatorias, como TGF-, IL-10 e PGE2, e diminui¢do da
liberagdo de mediadores pré-inflamatorios, incluindo IL-8, TNF- a e TXA2. (IL = interleucina;
TNF-a = fator de necrose tumoral-a; LTs = leucotrienos; Tx = tromboxano; PGs =
prostaglandinas; LXs = lipoxinas; Rvs = resolvinas; PDs = protectinas; MaRs = maresinas;
TGF-B = fator transformador de crescimento B; VEGF = fator de crescimento endotelial

vascular; PAF = fator ativador de plaguetas; PGE2 = prostaglandina E2).

Os SPMs sdo uma familia de mediadores enddgenos derivados dos acidos poli-
insaturados: acido araquidénico (AA), acido eicosapentaendico (EPA) e acido

docosahexaendico (DHA). Esses mediadores sdo sintetizados durante o processo de
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resolucdo da inflamacédo e incluem 4 classes de moléculas principais: lipoxinas (LXxs),

protectinas (PDs), resolvinas (Rvs) e maresinas (MaRs) (Figure 7).
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Figure 7: Biossintese de mediadores de pro-resolugéo especializados (SPM) a
partir de 4cidos graxos poliinsaturados. SPM séo enzimaticamente derivados de acidos
graxos essenciais, incluindo acido araquidénico, acido eicosapentaendico e acido
docosahexaenoico a partir da acdo de lipoxigenases (LOXs). Figura adaptada de (LEVY;
SERHAN, 2014).

De maneira geral, essas moléculas inibem a producdo de citocinas, recrutamento
de células pré-inflamatorias, aumentam o recrutamento de células anti-inflamatérias, inibem
a ativacdo do NF-kB, inibem a expressédo/atividade da NADPH oxidase e aumentam a

expressado do Nrf2 e OH-1.
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1.4.1 Maresina l (MaR1)

A MaR1 é sintetizada por macrofagos através da transformacdo do &cido graxo
docosahexaenoico (DHA), que pode ser convertido através de reacdo de 14-lipoxigenagéo
em intermediarios do (DHA), culminando com a produgdo do &cido 7,14-dihidroxidocosa-
47,8,10,12,16Z,19Z-hexaendico, denominado mediador de macréfago. A estrutura molecular
da MaR1 apresenta duas hidroxilas livres e duas duplas liga¢cdes conjugadas (Figure 8). Os
macréfagos sdo a principal fonte de maresinas (FREDMAN; SERHAN, 2011).

COOH

Figure 8: Estrutura molecular Maresina 1: 7,14-dihidroxidocosa-
47.8,10,12,167,19Z-hexaendico.

Evidéncias sugerem que a funcdo pré-resolutiva da MaR1 esteja associada a
interagdo deste mediador com receptores LGR6 (receptor 6 acoplado a proteina G)
(CHIANG et al., 2019). O LGR6 é conhecido por promover o reparo € a regeneracao, e esta
presente em varios tecidos, inclusive é altamente expresso na epiderme e na derme
(SNIPPERT et al., 2010).

A acdo da MaR1l na resolucdo da inflamacdo e estresse oxidativo ja foi
demonstrada por estudos que mostraram que o tratamento com MaR1 em modelo de
inflamacao induzida por extrato de poeira resultou em menor producdo de citocinas IL-6 e
IL-8 em células brénquicas epiteliais (NORDGREN et al., 2013). A MaR1 também reduziu a
inflamacdo em modelo de colite por &cido sulfénico 2,4,6-trinitrobenzeno (TNBS) e por
sulfato de dextrana sodico (DSS) por reduzir a produgdo de citocinas (TNFa, IL-1(, IL-6 e
IFNy dependendo da fase da doenca) e inducdo de macréfagos com perfil M2 devido a
inibicdo da ativagdo do NFkB (MARCON et al.,, 2013a), além de reduzir a inflamagao
pulmonar induzida pelo LPS (lipopolissacarideo), atuando pela inibicdo da producao de
citocinas como TNFa, IL-1B, IL-6 e das quimiocinas KC, MCP-5, MIP-1a e MIP-1y, este
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efeito resulta em menor expressdo de moléculas de adesdo ICAM-1, P-selectina e CD24 e
em menor atividade de mieloperoxidase pulmonar e menor recrutamento de neutréfilos
(GONG et al., 2014).

Além disso, estudos recentes demonstraram que o0 pré-tratamento intraperitoneal
com MaR1 foi eficaz em reduzir o edema cutaneo, recrutamento de neutréfilos (MPO),
migracdo de células LysM-eGFP+, producdo de citocinas pré inflamatorias, atividade de
metaloproteinase-9 de matriz (MMP-9), apoptose de queratindcitos, espessamento
epidérmico, contagem de mastécitos e degradacdo do colageno da pele em camundongos

sem pelos expostos a radiacdo UVB (CEZAR et al., 2019).

1.4.2 Lipoxina A4 (LXA4)

As lipoxinas (LXs) foram descritas pela primeira vez em 1984, apés isolamento de
leucécitos humanos (SERHAN et al.,, 1984). As LXs podem ser formadas a partir do
metabolismo do &cido araquidénico pela acdo das lipoxigenases 5 e 12 (CANNY et al.,
2002; GONG et al., 2014; JOZSEF et al., 2002b). Uma segunda via de formacdo da LXs
envolve a interacdo de plaquetas com neutrofilos (BORGEAT; SHEPPARD, 1990).

Entre as LXs destacamos a LXA4, (Acido 5S, 6R, 15S-trihidroxil-7,9,13-trans-11-cis-
eicosatetraendico). A caracteristica estrutural desse lipidio inclui: duplas conjugadas e OH
livre, 0 que confere a essa estrutura a capacidade de doar elétrons e estabilizar compostos

como radicais livres (Figure 9).

HO OH
COOH

OH

Figure 9: Estrutura molecular Lipoxina A4: Acido 5S, 6R, 15S-trihidroxil-
7,9,13-trans-11-cis-eicosatetraendico
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A atividade anti-inflamatoria e pro-resolutiva das LXA4 foi correlacionada com a
ativacdo do receptor acoplado a proteina G especifico (ALX/FPR2), conhecido como um dos
receptores envolvidos na resoluc¢do da inflamacdo. O receptor ALXR/FPR2 é expresso em
uma variedade de tipos de células, em particular, mondcitos, basofilos, células dendriticas e
linfécitos T, o que reforca seu o papel na resposta imune-inflamatéria (CORMINBOEUF;
LEROQY, 2015). Além disso, a LXA4 reduz a angiogénese e a proliferacdo da fibrose por
inibicdo indireta do receptor CysLT e receptores de fator de crescimento (CHIANG et al.,
2006; GRONERT et al., 2001). Outro receptor potencial de LXA4 é o receptor nuclear de
hidrocarboneto arila que inibe a resposta imune inata de células dendriticas por regulacéo
da expresséo do supressor de sinalizagao de citocina 2 (MACHADO et al., 2006) (Figure
10).

LXA,
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Figure 10: Figura adaptada de (MADERNA; GODSON, 2009). A ativagéo do
receptor ALX pela LXA4 resulta em atividades anti-inflamatdérias e pré-resolucdo. A inibicao
indireta, por meio de outros receptores, como CysLT e receptores de fator de crescimento
(como fator de crescimento endotelial vascular e receptores de fator de crescimento
derivado de plaquetas), reduz a angiogénese e a proliferacédo de células e a fibrose. Outro
receptor potencial de LXA4 é o receptor nuclear de hidrocarboneto arila, que dispara a

expressado do supressor de sinalizacdo de citocina 2.
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Estudos jA demonstraram que a LXA4 reduz a inflamacédo pela inibicdo do
recrutamento de células inflamatérias, producdo de citocinas pré-inflamatérias, funcéo da
NADPH oxidase e inducéo da expressédo de Nrf2 (CHEN et al., 2013; HAN et al., 2016; JIN
et al., 2012, 2014: JOZSEF et al., 2002a; LUO et al., 2013; MIAO et al., 2015; WU et al.,
2015, 2012; YANG et al.,, 2014). Além disso, estudos recentes demonstraram que 0
tratamento sistémico com esse mediador reduz o processo inflamatério e os danos
oxidativos induzidos pela radiagdo UVB (MARTINEZ et al., 2018).

1.5 FOTOQUIMIOPROTETORES

A administragéo topica de formulagées medicamentosas tem se mostrado uma via
eficiente para a protecdo da pele contra os efeitos nocivos da RUV. O uso de formulacdes
topicas torna a administracdo medicamentosa mais segura, pois minimiza efeitos adversos
como metabolismos hepatico, irritagdo gastrointestinal e toxicidade sistémica (CAMPANINI
et al., 2013; CASAGRANDE et al., 2007; NICHOLS; KATIYAR, 2010). Diante disso, €
promissor desenvolver terapias de administracdo topica para o controle da inflamagéo e
estresse oxidativo induzidos pela radiagdo UVB, tendo como alvo seus mecanismos

fisiopatoldgicos.

Estas terapias podem ser consolidadas baseando-se na reducdo ou resolucdo da
inflamacéo tratando o processo desencadeado pela radiacdo UVB com mediadores lipidicos

pro-resolucéo especializados como a MaR1 e a LXA4.

Apesar de pesquisas a respeito da possivel aplicacdo terapéutica destes lipidios, a
investigacdo dos efeitos terapéuticos topicos in vivo em danos fotoxidativos cutdneos ainda
ndo foram avaliados. Assim, o estudo da aplicabilidade de formulagfes topicas contendo
MaR1 ou LPXA4 na fotoquimioprevencao é de grande relevancia clinica e carece ainda de
investigacdo cientifica aprofundada. Em adi¢cdo, emulsGes demonstraram eficacia na
veiculagcdo de antioxidantes exdgenos (CASAGRANDE et al., 2006, CAMPANINI et al.,
2013; MARTINEZ et al 2016) e a adi¢cdo dos lipidios MaR1 ou LXA4 pode gerar produto
topico de alta eficiéncia, tendo em vista a necessidade de suplementacdo da pele com
antioxidantes exdgenos na prevencgdo e na terapia dos danos fotoxidativos causados pela
RUV.
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3 METODOS

3.1 ANIMAIS EXPERIMENTAIS

Foram utilizados camundongos sem pelo da linhagem HRS/J, de ambos 0s sexos,
adultos e com peso de 20 a 30 g. Os camundongos foram mantidos no Biotério do Centro de
Ciéncias da Saude da Universidade Estadual de Londrina com temperatura controlada de
22+ 2°C, ciclo claro/escuro de 12 horas e com livre acesso a agua e racdo. Os experimentos
foram realizados conforme as normas da Comiss&o de Etica no uso de Animais (CEUA) da
Universidade Estadual de Londrina (registrado no Oficio Circular CEUA n°017/2015,
processo CEUA n° 1447.2015.10).

3.2 SISTEMA E FONTE DE RADIAGAO UVB

A fonte de luz utilizada nos experimentos para inducdo de estresse oxidativo e
processo inflamatério agudo nos camundongos foi uma lampada UVB fluorescente modelo
PHILIPS TL/12 40W RS (MEDICAL-HOLANDA). A lampada emite radiagdo na faixa de 270
a 400nm com pico maximo de emissdo em torno de 313 nm. A dose de radiagdo utilizada
para inducédo da inflamacdo 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 de polipropileno padrdo de 30 x 19,5 x 13 cm, desenvolvida especificamente para
esse fim. Os camundongos foram distribuidos aleatoriamente e sobre eles foi colocada uma
tela que garante a exposicao total do dorso dos animais a luz RUV. Durante toda a
irradiagcéo foi realizado o rodizio das caixas para assegurar igual dose de irradiagdo nos

animais, pois pode ocorrer varia¢cdes de emisséo de luz ao longo da lampada.
3.3 PREPARO DE DIFERENTES FORMULAGOES TOPICAS
As formulacdes topicas foram preparadas sem a adicao dos lipidios. Posteriormente

foram divididas em duas porc¢des, sendo uma reservada para controle (sem a adicdo do

farmaco) e a outra acrescida dos lipidios MaR1 ou LXA4.
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3.3.1 Formulacéo creme (1) contendo ou nhdo MaR1

Componentes p/p (%) p/p (%)
Polawax®! (agente de consisténcia com

10 10
emulsificante)
Triglicerideo caprilico/caprico (emoliente) 5 5
Propilenoglicol (umectante) 6 6
Phenonip® (conservante) 0,4 0,4
Agua deionizada (gsp)* 100 100
MaR1 (farmaco) 1 ng/g formulagéo -

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

2Phenonip: mistura de parabenos e fenoxietanol;

*Quantidade suficiente para preparagao.

Tabela 1: Formulag&o creme contendo ou ndo MaR1
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3.3.2 Formulacéo Gel-Creme (2) Contendo ou Nao LXA4

Componentes p/p (%) p/p (%)
Polawax®! (agente de consisténcia com
emulsificante) ’ ’
Aristoflex®? (dispersdo 5%) (coldide

20 20
hidrofilico)
Triglicerideo caprilico/caprico (emoliente) 5 5
Propilenoglicol (umectante) 6 6
Phenonip®® (conservante) 0,4 0,4
Agua deionizada (gsp)* 100 100
LXA4 (farmaco) 20 ng/g formulacao -

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

2Aristoflex®:  Co-polimero do &cido sulfonico acriloildimetiltaurato e vinilpirrolidona
neutralizado (formador de gel anidnico);

3Phenonip: mistura de parabenos e fenoxietanol;

*Quantidade suficiente para preparagao.

Tabela 2: Formulag&o gel-creme contendo ou ndo LXA4

3.4 PROTOCOLO EXPERIMENTAL PARA APLICACAO TOPICA DAS FORMULAGCOES CONTENDO
MAR1 ou LXA4

Os camundongos foram distribuidos em seis grupos com seis animais cada:

Grupo 1: controle néo irradiado e nao tratado;

Grupo 2: controle irradiado e néo tratado;

Grupo 3: controle irradiado e tratado com a formulagéo 1;

Grupo 4: controle irradiado e tratado com a formulagéo 2;

Grupo 5: irradiado e tratado topicamente com formulacdo 1 contendo MaR1

Grupo 6: irradiado e tratado topicamente com formulacdo 2 contendo de LXA4;

Os camundongos foram tratados topicamente com 0,5 g de formulacdo que

continha 0,5 ng de MaR1 ou 10 ng de LXA4 1 hora e 10 minutos antes do inicio da sessao
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de irradiacdo UVB e logo apds o fim para atingir as doses totais de 1,5 ng/animal e 30

ng/animal de MaR1 e LXA4, respectivamente (Figure 11).

As doses de MaR1 e LXA4 foram escolhidas com base em estudos previamente
publicados (CEZAR et al., 2019; MARTINEZ et al., 2018; SAITO et al., 2018a). Doze horas
apos o final da irradiacdo os animais foram eutanasiados e as amostras de pele foram
coletadas para os seguintes ensaios: edema, atividade de mieloperoxidase, avaliacdo de
FRAP; niveis de GSH, atividade de metaloproteinase (MMP-9), capacidade em reduzir
apoptose dos queratindcitos, capacidade em reduzir o espessamento da epiderme, nimero
de mastécitos e degradacdo das fibras de colageno. O segundo tempo de irradiacéo foi
realizado com a mesma quantidade de animais e mesmo esquema de tratamentos, com a
eutanasia ocorrendo 2 horas apos o final da irradiagéo e a pele coletada foi utilizada para os
seguintes ensaios: producdo de anion superoxido, atividade da catalase e producgdo de
hidroperéxido lipidico (LOOH).

As amostras foram divididas para os diferentes testes e armazenadas a -80°C para
as andlises com exceg¢do das amostras para histologia. O teste de edema cutaneo foi

realizado no mesmo dia em que a pele foi retirada.

Os animais foram terminalmente anestesiados com 5% de isoflurano apés 12h do
término da irradiacdo. Para os ensaios de 2 horas os animais foram anestesiados com
isoflurano 5% seguidos de decapitacdo apds o término da radiacdo UVB (4,14 J/cm?). As
peles foram lavadas com solugéo de NaCl 145 mM (CASAGRANDE et al., 2006; IVAN et al.,
2014a).

| Tratamentos I|

Edema, MPO, MMP-9,

LOOH., GSH., FRAP e Histologia

NBTe
catalase

TUVB

5h e30 min
(4,14 T'em?) 9

Tempo (horas)

-lhora !-10 min. Apés o fim

Figure 11. Fluxograma dos tempos de tratamento com os protocolos experimentais
para avaliacdo da eficacia da MaR1 e da LXA4 administradas topicamente. Os animais

foram irradiados com radiacdo UVB durante 5 horas e 30 min (tempo necessario para atingir
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4,14 J/lcm?). Os animais foram tratados trés vezes: 1 hora e 10 minutos antes de iniciar a
sessdo de irradiacdo e logo apds o fim, com MaR1 (1,5 ng/animal) e LXA4 (30 ng/animal).
Os animais foram eutanasiados e amostras de pele foram coletadas 2 horas (producéo do
anion superoxido [NBT], atividade da catalase e producédo de hidroperéxido lipidico (LOOH))
e 12 horas (avaliacdo do teste de edema, atividade de metaloproteinase-9 [MMP-9],
atividade de mieloperoxidase [MPO], niveis de glutationa reduzida [GSH], avaliacdo do
poder antioxidante redutor de ferro [FRAP] e andlise histopatoldgica) apds o fim da radiacédo
UVB.

3.4.1 Avaliagcdo do Edema de Pele

A exposicdo em demasia da radiacdo UVB sobre a pele pode causar expressiva
reacdo inflamatoria levando, entre outras consequéncias, ao edema (MARTINEZ et al.,
2015c). As amostras de pele do dorso de cada animal foram coletadas com auxilio de um
molde com area fixa de 5 mm de didmetro e posteriormente foram pesadas (BOLLER et al.,
2010; IVAN et al., 2014a; MARTINEZ et al., 2015c). O efeito dos tratamentos no edema
cutaneo causado pela radiagdo UVB foi mensurado pelo aumento do peso de pele na regido
dorsal. A andlise foi feita comparando-se o0 peso de pele entre os diferentes grupos. Os

resultados foram expressos em mg de pele.

3.4.2 Avaliacdo da Atividade da Enzima Mieloperoxidase (MPO)

Os granulos azurdfilos dos neutrdfilos contém a enzima mieloperoxidase (MPO),
que, na presenca de sais como o ion cloreto, convertem o peréxido de hidrogénio a
hipoclorito. Para o estudo da quantificacdo de MPO foi adicionado no meio reacional o
substrato o-dianisidina, o que resultou em uma soluc¢do colorida que foi analisada pelo
espectrofotbmetro em 540 nm (BRADLEY et al.,, 1982; CASAGRANDE et al., 2006;
MARTINEZ et al., 2015a).

As amostras de pele dos animais (aproximadamente 30 mg) foram coletadas em
microtubos contendo 400 yL de tampéo fosfato de potassio 0,05 M (pH 6,0) com 0,5% de
brometo de hexadecil trietil aménio (HTAB) e mantidas a - 80 °C até o uso. Para realizacao
do ensaio, as amostras foram homogeneizadas com auxilio do homogeneizador de tecidos
Tissue-Tearor (Biospec®). O homogenato foi centrifugado a 16.100 g por 2 minutos a 4°C e

0 sobrenadante foi retirado para o ensaio.
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Em microplaca de 96 pocos, foi adicionado aliquota do sobrenadante das
amostras (30 yL). A reacdo colorimétrica iniciou-se pela adicdo de 200 pL de uma solugao
contendo 10% de tampao fosfato 0,05 M (pH 6,0), 0,0167 % de o-dianisidina e 0,05% de
H.O. em agua deionizada. Apds 20 minutos de reacédo a atividade da MPO das amostras foi
determinada em 450 nm (Asys Expert Plus, Biochrom) e comparada com uma curva padrao

de neutréfilos de concentragcdo conhecida.

A curva padrao foi preparada na mesma placa com a adicdo de 100 pL de tampéo
fosfato 0,05 M e uma solu¢do contendo 200.000 neutrofilos no primeiro pogco (Al) com
posterior diluicdo seriada até o décimo primeiro poco (All). O décimo segundo poco (Al2)
foi utilizado como branco ao qual foi adicionado apenas 200 uL de agua deionizada. Os
resultados foram expressos como atividade da MPO (nimero de neutréfilos/mg de pele)
(CASAGRANDE et al., 2006).

3.4.3 Determinacgéo da Atividade/Secrecdo de Proteinases por Zimografia em Gel de

Poliacrilamida com Dodecil Sulfato de Sodio (SDS)

Para determinacgdo da atividade da MMP-9 foi utilizado o ensaio de zimografia em
gel de poliacrilamida com dodecil sulfato de sddio (SDS-PAGE) (FONSECA et al., 2010). As
metaloproteinases sdo enzimas importantes em degradar as matrizes extracelulares como o
colageno e podem contribuir para o fotoenvelhecimento cutaneo (BAE et al., 2015; LIMA et
al., 2016).

Preparou-se um pool das amostras de pele de cada grupo e as mesmas foram
armazenadas em eppendorfs. As amostras foram homogeneizadas com auxilio do
homogeneizador de tecidos Ultra Turrax® (T18 basic, IKA), na proporcdo 1:4 em tampao
fosfato Tris/HClI 50mM (pH 7,4) com cloreto de calcio (CaCly) e 1% de inibidores de

proteinases (fenantrolina, fluoreto de fenilmetilsulfonila e N-etilmaleimida).

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. Também foi realizada dosagem
de proteinas das amostras pelo método de Lowry 1951. Aliquota de 50 pyL do sobrenadante
foi diluida em 10 pL de tamp&o Tris/HCI (pH 6,8) contendo 20% de glicerol, 4% de duodecil
sulfato de sédio (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.
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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 aplicacdo das amostras, o gel foi submetido a
uma pré-corrida de 10 mA por 15 minutos. Apds, foram aplicados 25 L de cada amostra.
Durante a eletroforese a corrente aplicada foi de 10 mA para o gel de concentracdo e 13 mA
para o gel de separacdo, sendo que a ultima corrente foi mantida constante por 15 minutos

apos a saida do corante do gel de separacéo.

Ao término da eletroforese o gel de poliacrilamida foi lavado por 1 hora com solugéo
de Triton X-100 2% sob constante agitacao, posteriormente o gel foi incubado por 16 horas
a 37 °C em tampao Tris/HCI 50 mM (pH 7,4) contendo CaCl, 10 mM e 0,02% de azida
sodica. Ao final da incubagéo o gel foi corado com uma solugéo contendo 0,25% de azul
brilhante, 10% de acido acético e 50% de metanol em agua deionizada. Para visualizagédo
das bandas o gel foi descorado com &cido acético 20% (FONSECA et al., 2011). A atividade
proteolitica foi analisada por meio da comparacao das diferencas de densidades de cor
entre as bandas de cada grupo pelo programa ImageJ® (NIH, Bethesda, MD, EUA).

3.4.4 Avaliacdo do Poder Antioxidante Redutor do Ferro (FRAP) na Pele

O método de FRAP ja foi utilizado para medir o poder redutor do ferro nos tecidos
do coracdo, rim, figado e cérebro de ratos (KATALINIC et al., 2005a). O ensaio foi adaptado
e utilizado para avaliar o poder antioxidante de reducao férrica da pele (MARTINEZ et al.,
2015c).

As amostras de pele dos animais (aproximadamente 30 mg) dos diferentes grupos
foram coletadas em microtubos contendo 400 pL de KCI 1,15%. Para a realizagdo do
ensaio, as amostras foram trituradas com auxilio do homogeneizador de tecidos Tissue-
Tearor (Biospec®). Em seguida, foram centrifugadas a 1.000 g por 10 minutos a 4°C e o
sobrenadante foi retirado para a andlise. Para a reacdo, foram adicionados em microplaca
contendo 96 pocos, 30 puL do sobrenadante e 150 pyL de reagente FRAP. O branco foi
preparado com 30 pL de KCl a 1,15% e 150 uL do reagente de FRAP. O reagente de FRAP
foi preparado adicionando 2,5 mL de uma solugédo 10 mM de 2,4,6 tripiridil-S-triazina (TPTZ)
em HCI 40 mM com 2,5 mL de cloreto de ferro hexahidratado 20mM e 25 mL de tampéo
acetato 0,3 mM (pH 3,6), e esta solucdo foi incubada a 37°C por 30 min antes do uso. A
microplaca foi lida em espectrofotébmetro a 595 nm (EnSpire, Perkin Elmer). Foi realizada o
preparo de uma curva padrao utilizando-se diferentes concentracfes de trolox (antioxidante
anélogo soluvel da vitamina E) de 0,5 a 20 nmol. Os resultados foram expressos como nmol
equivalente de Trolox/mg de pele (KATALINIC et al., 2005b).
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3.4.5 Avaliacdo dos Niveis do Antioxidante Endégeno (GSH)

A enzima glutationa é importante na homeostasia da pele por eliminar os radicais
livres que foram produzidos durante a exposicdo a radiacdo RUV. O ensaio baseia-se ha
reacdo da quebra da ligacdo do acido 5',5’-ditio-bis-(2-nitrobenzdico) (DTNB) pelo grupo
sulfidrila da glutationa, para tal, € detectado a quantidade do acido 5-mercapto-2-
nitrobenzoico (SRINIVASAN; SABITHA; SHYAMALADEVI, 2007).

As amostras de pele dos animais foram coletadas em microtubos e posteriormente
diluidas (1:4) em EDTA 0,02 M e trituradas em homogeneizador de tecidos Tissue-Tearor
(Biospec®). Ao homogenato foi adicionado &cido tricloroacético (TCA) 50%, com o intuito de
precipitar as proteinas do meio reacional, na proporcdo de 1:0,2 de EDTA e TCA,
respectivamente. A mistura foi centrifugada a 2.700 g por 10 minutos a 4°C. O sobrenadante
foi recentrifugado a 2.700 g por 10 minutos a 4°C, e o sobrenadante final foi retirado para

analise.

Para o ensaio de quantificagcdo dos niveis de GSH na pele foram adicionados 50 pL
do ultimo sobrenadante em microplaca com o meio reacional contendo 100 puL de tampéo
Tris 0,4 M (pH 8,9) e 5 pL de uma solugdo de 1,9mg/mL de acido 5,5-ditio-bis-(2-
nitrobenzadico) (DTNB) em metanol. Apds 5 minutos de incubacéo, a leitura da microplaca foi
realizada no espectrofotometro (EnSpire, Perkin Elmer) em 405 nm. Foi preparada uma
curva padrdo com 5 a 150 uM de GSH. Os resultados foram expressos em uM de GSH/ mg
de pele (Martinez et al. 2015; Srinivasan et al. 2007).

3.4.6 Avaliagdo da Atividade da Catalase (CAT)

A CAT é uma heme enzima responsavel por reduzir o peroxido de hidrogénio em
agua e oxigénio. O nivel dessa enzima se reduz quando ha estresse oxidativo, indicando um
possivel desequilibrio entre a producdo de radicais livres e a agédo antioxidante endégena
(SHETTY et al., 2015b).

As amostras de pele dos animais (aproximadamente 100 mg) foram coletadas em
microtubos e diluidas em 500 pyL de EDTA 0,02 M. Em seguida, foram trituradas (Tissue-
Tearor (Biospec®) e o homogenato foi centrifugado a 2.700 g por 10 minutos a 4°C. O
sobrenadante foi recentrifugado a 2.700 g por 10 minutos a 4°C, e o sobrenadante final foi

retirado para analise.
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A determinacdo da atividade da CAT na pele foi realizada em microplaca de 96
pocos por meio da adicdo de 10 pL de amostra, 160 uL de tampéo Tris-HCI 1M com EDTA 5
mM pH 8.0, 20 pL de agua deionizada e 20 pL de H»O, 200 mM. Ao teste foi incluido um
branco para cada amostra preparado com 10 pyL de amostra, 180 uL de tampéao Tris-HCI 1M
com EDTA 5 mM pH 8.0 e 20 yuL de agua deionizada. A velocidade com que o H>O; é
reduzido pela acdo da CAT foi avaliada por meio da diminui¢cdo no valor da absorbéancia pela
diferenca entre a leitura inicial e a leitura 30 segundos apds a adi¢cdo do H,O, 200 mM. A
leitura foi realizada em espectrofotdmetro de microplaca (EnSpire, Perkin Elmer) em 240 nm
com temperatura mantida em 25 °C. Os valores de CAT foram expressos como unidade de
CAT/mg de pele/minuto.

3.4.7 Avaliacéo da Producéio de Anion Superdxido (O2")

O anion superoxido é um ion produzido endogenamente durante o processo de
respiragdo celular aerébia. No entanto, na exposicdo acentuada a radiacdo UVB pode
apresentar aumento da sua quantidade e consequentemente ativa a enzima superéxido
dismutase, a qual converte o anion superéxido em peréxido de hidrogénio, favorecendo a
geracdo de outro radical que € prejudicial para a manutencdo da homeostasia da célula
(Cha et al. 2014; Martinez et al. 2015).

A producdo de &anion superoxido foi realizada usando o ensaio de redugédo de
nitroblue tetrazolium (NBT) (Campanini et al., 2013). As amostras de pele dos animais
(aproximadamente 100mg) foram coletadas em microtubos, homogeneizadas em 500 uL de
EDTA 0,02 M com homogeneizador de tecidos (Tissue-Tearor (Biospec®) centrifugadas a
2000 g por 20 segundos e o sobrenadante foi retirado para a analise.

Para a reacdo 50 pyL do sobrenadante foi incubado em placas de 96 pogos por 1
hora. Em seguida o sobrenadante foi cuidadosamente removido e as células fixadas foi
adicionado 100 uL de NBT (1 mg/mL). Apés 15 minutos, o sobrenadante foi cuidadosamente
removido e ao precipitado foram adicionados 20 pL de metanol 100% para fixar, 120 pyL de
KOH 2 M e 140 uL de dimetilsulfoxido (DMSO) para solubilizar as particulas de formazan
(NBT reduzido) presentes dentro das células. A reducdo do NBT foi determinada
espectrofotometricamente em 620 nm e os resultados foram apresentados como densidade

Optica (OD)/10 mg de pele.
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3.4.8 Avaliacédo da Producao de Hidroperdxido (LOOH)

O composto tert-butil hidroperéxido € um potente formador de radicais peroxil.
Nas membranas bioldgicas, estes radicais atacam os lipideos gerando lipoperéxidos que
podem reagir com outros lipideos, oxidando-os. Desta forma, o tert-butil inicia uma
reacdo de lipoperoxidacdo em cadeia com outros lipideos que pode ser detectada
através da emisséo de fotons ocorrida durante a formacéo dos lipoperéxidos.

A avaliacdo da formacdo de LOOH por quimiluminescéncia (QL) foi realizada em
uma adaptacao da técnica descrita por Flecha et al. 1991 (GONZALEZ FLECHA; LLESUY;
BOVERIS, 1991; MARTINEZ et al.,, 2015a, 2015d). As amostras de pele dos animais
(aproximadamente 100 mg) foram coletadas em microtubos e homogeneizadas em 800 pL
de tampéo fosfato (pH 7,4) com homogeneizador de tecidos (Tissue-Tearor (Biospec®). Em
seguida, foram centrifugadas a 1000 rpm por 2 minutos a 4 °C e 70 yL do sobrenadante
foram adicionados a 420 pL de meio de reacéo tampéo fosfato pH 7,4 20 mM) e 10 uL de
tert-butil hidroperéxido e 10 yL de Luminol. Todo o experimento foi realizado ao abrigo da
luz para evitar a fosforescéncia dos frascos, a 30 °C, durante 120 minutos. Os resultados

foram medidos em contagem por minuto (cpm) por mg de pele.

3.4.9 Avaliacéo Histopatoldgica por Microscopia Optica

Para andlise histopatolégica da pele, as amostras foram coletadas fixadas em
paraformaldeido a 4% e desidratadas em banhos de solu¢cbes de etanol com concentracdes

crescentes (70%, 95% e 100%) e diafanizadas com xilol para incluséo de parafina.

Seccbfes de 5 pm de amostras de pele foram preparadas e coradas com
hematoxilina eosina (H & E). As secgbes coradas com H & E foram examinadas utilizando
microscopia 6ptica a uma ampliacdo de 400 vezes (objetiva de 40) para determinacao da
espessura epidérmica (Deng et al., 2015) e uma amplificacdo de 1000 vezes (objetiva de
100) numero de células apoptéticas (SCHWARZ et al., 1995).

Além disso, secc¢bes dos tecidos também foram coradas com o azul de toluidina
para determinacdo de mastocitos e foram observados por microscopia Optica com o
aumento de 400 vezes (objetiva de 40) (Mouret et al., 2015). As analises foram feitas com o
Infinity Analyze (Lumenera® Software). Por fim, secc¢des dos tecidos foram coradas com
tricrémico de masson e examinadas utilizando microscopia Optica a uma ampliacdo de 100

vezes (objetiva de 10) para visualizar altera¢des nas fibras de colageno através da analise
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da intensidade da coloracdo azul nas areas dérmicas da pele exposta a radiacdo UVB com
auxilio do software Image J (NIH) (SONG et al., 2016).

3.4.10 Analise Estatistica dos Resultados

Todos os resultados foram analisados estatisticamente por andlise de variancia
(ANOVA) com um fator seguido do teste de comparagcdes multiplas de Tukey e
apresentados pela média + erro padrao da média (EPM) de mensuracdes feitas com 6
animais em cada grupo por experimento. As andlises foram realizadas usando-se o software
GraphPad Prism 9 (GraphPad Software Inc., San Diego, EUA). Os resultados foram
representativos de dois experimentos distintos e foram considerados significativamente

diferentes para p<0,05.
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4 RESULTADO e DISCUSSAO - ARTIGO
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ABSTRACT

Acute UVB exposure promotes skin inflammation, oxidative stress and molecular damage.
Long-term exposure to UVB irradiation may lead to carcinogenesis. Our organism has
endogenous mechanisms to actively limit inflammation. Maresin 1 (MaR1; 7R,14S-dihydroxy-
docosa-4Z,8E,10E,127,16Z,19Z- hexaenoic acid) is a pro-resolution lipid mediator derived
from the docosahexaenoic acid, which has already demonstrated anti-inflammatory and pro-
resolution effects due to the damage caused by UVB radiation. However, it remains to be
determined if topical formulation contaning MaR1 treatment can inhibit inflammatory and
oxidative alterations in the skin triggered by UVB. The treatment with topical formulation
contaning MaR1 (1.5 ng/mice relative to the UVB irradiation protocol) reduced UVB-induced
skin edema, neutrophil recruitment (MPO; myeloperoxidase activity), matrix
metalloproteinase-9 activity, keratinocyte apoptosis, epidermal thickening, mast cells counts
and degradation of skin collagen in hairless mice. UVB irradiation caused a decrease of GSH
(reduced glutathione) levels, activity of the enzyme catalase, ferric reducing ability (FRAP),
as well as induced lipid hydroperoxide and superoxide anion production. These parameters
that indicate oxidative stress were inhibited by MaR1 contaning topical formulation treatment.
These findings suggest that topical formulation contaning MaR1 can be used in the

development of skin care products to prevent UVB-induced skin damage.
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Introduction

The skin, as the outermost organ, is a physical barrier between the organism and the
environmental deleterious factors such as ultraviolet radiation (UVR). Excessive exposure to
UVR deplete endogenous antioxidants, making the skin susceptible to the deleterious
actions of reactive oxygen species (ROS) causing premature aging and increasing the risk of

dermatological diseases, such as skin cancer [1]-[4].

UVR can be divided into UVA (320 to 400 nm), UVB (290 to 320 nm) and UVC (200 to 290
nm). UVR that reaches the earth's surface is made of UVA (95%) and UVB (5%) [5]. Both
UVA and UVB radiation induce the formation of photoproducts and cause damage to the
skin, however UVB is considered the most harmful to human skin, as its activates the release
of inflammatory mediators, in addition to causing direct damage to DNA, RNA, proteins and

other cellular components the skin [5]-[9] .

Maresin 1 (MaR1; 7R,14S-dihydroxy-docosa-4Z,8E,10E,12Z7,16Z,19Z-hexaenoic acid) is a
pro-inflammatory degradation product derived from docosahexaenoic acid (DHA) and is
synthesized by macrophages, and MaR1 is the earliest chemical isomer of maresinan anti-
inflammatory and pro-resolution lipid mediator generated endogenously by macrophage

enzymes [10]-[14].

Studies have already demonstrated treatment with MaR1 inhibit the nuclear factor kB (NFkB)
and stimulat the change from macrophages to phenotype anti-inflammatory M2 [15] besides
inhibiting neutrophil adhesion and decreasing the levels of pro-inflammatory cytokines in

lipopolysaccharide (LPS)-induced lung injury in mice [16].

MaR1 also reduced monocyte adhesion and TNF-a induced production of ROS and
inflammatory mediators in vascular smooth muscle and endothelial cells [17]. In addition to
these anti-infammatory and pro-resolution efects, MaR1 also acts as an analgesic by
inhibiting transient receptor potential cation channel subfamily V member 1 (TRPV1)-induced

neuronal currents and reducing chemotherapy-induced neuropathic pain [18]. Other
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evidence suggests MaR1 block protein kinase (PKC) and PKC activitie by reducing bronchial
epithelial cell production of interleukin (IL)-6 and IL-8 in model of dust extract-induced allergic
inflammation [19]. We have recently demonstraded that sistemic treatment with MaR1 been

shown to reduce inflammation and oxidative stress caused by UVB by in hairless mice [20].

These results reinforce the beneficial potential of this mediator in the treatment of cutaneous

inflammations and improvement of the cutaneous antioxidant system.

A recommended measure to prevent skin damage caused by UVR is the use of topical
formulations that contain antioxidant and anti-inflammatory agents [21]-[23]. In this context,
the development of drug formulations for topical use is a promising strategy to reduce the

harmful effects generated by sun exposure.

Thus, in this study we have investigated the topical therapeutic effect of MaR1 embedded in

emulsion on UVB irradiation-induced skin inflammation and oxidative stress in hairless mice.

Material and Method

Drugs and reagents: Reagents from Sigma-Aldrich (St. Louis, MO, USA) were GSH
(reduced glutathione), brilliant blue R, DTNB (5,5'- dithiobis[2-nitrobenzoic acid]), N-
ethylmaleimide, HTAB (hexadecyltrimethylammonium bromide), o-dianisidine
dihydrochloride, TPTZ (2,4,6-Tris(2-pyridyl)-s-triazine), NBT (nitroblue tetrazolium), DMSO
(dimethylsulfoxide) and bisacrylamide. Reagent from Bio-Rad Laboratories (Hercules, CA,
USA) was Precision Plus ProteinTM KaleidoscopeTM Prestained Protein Standards
#1610375. Reagent from Cayman Chemical (Ann Arbor, Michigan, USA) was MaR1
(maresin 1; 7R,14S-dihydroxy-docosa4Z,8E,10E,127,16Z,19Z-hexaenoic acid). Reagent
from Acros (Pittsburgh, PA, USA) was tert-butyl hydroperoxide. Reagents from Amresco
(Solon, OH, USA) were Tris and xylene cyanol. Reagents from Termo Fisher Scientifc
(Waltham, MA, USA) were sodium dodecyl sulfate (SDS) (Superscrip 1ll) and acrylamide. All

other reagents used were from pharmaceutical grade.



853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

44

Animals: The experiments were performed in hairless mice (HRS/J) weighing 20-30 g, sex
matched and obtained from the Londrina State University (UEL), Parana, Brazil. with regular
shaving bedding and free access to water and food, with light/dark cycle of 12/12h. The
Ethics Committee for Animal Use (CEUA/UEL, process number 1447.2015.10) approved all
procedures of this study. All methods were performed in accordance with the relevant
guidelines and regulations. All eforts were made in order to minimize the number of animals
used and their sufering. Euthanasia at the end of experiments involved the sequential
procedures of anesthesia with isofurane 5% (Abbott Park, IL, USA), terminal killing by
cervical dislocation and decapitation. Euthanasia was always performed during the light
cycle. The mice were continuously monitored regarding welfare-related assessment before,

during and afer the experiments.

Formulation: The formulation was prepared using the excipients shown in Table 1. Self-
emulsifying agent was Polawax®. Caprylic/capric triglyceride was used as the emollient and
propylene glycol as moisturizer. Phenonip was used as the preservative and deionized water
was used for the preparation of all formulation. MAR1 added to the formulation at room

temperature. Control formulations did not contain MaR1.
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Table 1: Percent composition (weight/weight) of formulation components

Components weight/weight (%)
Polawax® 10
Caprylic/capric triglyceride 5
Propylene glycol 6
Phenonip 0.4
Deionized water (qsp)* 100

MaR1 1 ng/g formulation

*Quantity sufficient for preparation

aSelf-emulsifying wax (Cetostearyl alcohol and polyoxyethylene derived from a fatty acid

ester of sorbitan 20 OE);

General experimental procedures: Hairless mice were randomly designed to groups with 6
mice each as follows: non-irradiated control, irradiated control, irradiated and treated with
formulation without MaR1, irradiated and treated with the formulation containing MaR1. Mice
received topical treatment on the dorsal surface with 0.5 g of the formulation, 1 h, 10 min

before, and at the end of the irradiation session.

Irradiation protocol: UVB lamp (Philips TL/12 RS 40W, Medical-Holand) emits light
between 270 and 400 nm, peaking at 313 nm, and placed on the top of the irradiation
chamber and positioned 20 cm above the mice. This distance results in an irradiation of
0.209 mW/cm?. The radiation dose for induction of inflammation and oxidative stress was
4.14 Jlcm?, [22], [24]-[26]. Dorsal skin samples were collected in specific time points after
the UVB exposure (12 h for edema, MPO activity, MMP-9 activity, FRAP and GSH assays
and histology. Moreover, 2 h for catalase, NBT assays and for evaluation of production
hydroperoxides) based on previous standardization protocols and stored at —80-C until
analysis [21], [22], [24], [25]. The samples collected by verification of cutaneous edema were

weighed immediately after collecting and by histology were fixed in buffered formaldehyde.
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Skin edema: Dorsal skin biopsy was carefully removed from euthanized mice and weighed
using a precision scale. All samples presented a constant diameter of 5 mm. Results are

expressed in mg of skin tissue obtained from the weight of each sample [24], [27].

MPO activity assay: MPO colorimetric assay was used to determine neutrophil migration to
the skin [27], [28]. Reading was performed at 450 nm. A standard curve of neutrophils was
used to compare the results, which are presented as MPO activity (number of neutrophils x

10* per mg of skin).

Histopathological analysis: Skin samples were fixed in buffered formaldehyde, embedded
in parafn, sectioned (5 mm), and stained with Masson’s trichrome stain for collagen fiber
analysis. Collagen fiber intensity bundles shown in blue were analyzed by ImageJ Program
as described previously [24]. Tissue sections were also stained with hematoxylin and eosin
(H&E), and images were analyzed for epidermal thickness and apoptotic cells [29]. Toluidine
blue staining was also used to determine mast cells count [30]. Histopathological scores are
presented together with the representative images quantifying the alterations detected
between the groups (Original magnification: sunburn cells 100x, Epidermal thickining 40 x

and mast cells counts 40x).

Matrix metalloproteinase (MMP)-9 activity measurement: SDS-PAGE (sodium dodecyl
sulphate polyacrylamide gel electrophoresis) substrate-embedded enzymography was
performed as described previously [24]. After electrophoresis, the gels were incubated with
2.5% Triton X-100 (1h), with 0.05 M Tris-HCI (pH 7.4), 0.01 M CacCl; (overnight, 37 °C), and
stained with Brilliant blue R. The zone of enzyme activity was analyzed by comparing the
groups in the ImageJ Program, after destaining in 20% acetic acid (NIH, Bethesda, MD,

USA).

Total antioxidant capacity - FRAP assay: Skin samples were dissected, homogenized into
ice-cold bufer containing 1.15% KCI, centrifuged (1,000 g in 4 °C for 10 min), and antioxidant

capacity was determined as described previously [24], [31]. Reading was performed at 595
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nm respectively. All results were compared to a standard curve of trolox (concentration
ranging between 0.01-20 nmol). Results are presented as nmol trolox equivalent per mg of

skin tissue.

GSH assay: GSH levels were determined as described previously [24], [32]. Reading was
performed at 405 nm. Results are presented as uM of GSH per mg of skin, compared to

standard curve (GSH concentration ranging 5-150 pM).

Catalase activity assay: To determine catalase activity, it was measured the decay on H>O»
concentration and the oxygen generation [24], [32]. Reading was performed at 240 nm (25
°C) and catalase activity was calculated based on the diference between the reading before
and 30 sec afer H»,O,. Te catalase values were expressed as unit of catalase/mg of

skin/minute.

Superoxide anion production: Superoxide anion (O2™) production in the skin was
measured using the nitroblue tetrazolium (NBT) reagent as described previously [22], [24].
Reading was performed at 620nm. Results are expressed as NBT reduction (OD/ 10mg of

skin).

Lipid peroxidation assay: Lipid peroxidation was measured by tert-butyl lipid
hydroperoxides (LOOH)-initiated chemiluminescence [29], [32]. Reading was conducted in a
B-counter Beckman®LS 6000SC in a non-coincident counting for 30 s with a response range
between 300 and 620 nm. All runs last 120 min (30 °C). The results were measured in

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

Data analysis: Results are presented as mean values * standard error of the mean (SEM)
and representative of two independent experiments. Each experimental group presented 6
hairless mice per experiment. Statistical analysis was performed on the sofware GraphPad
Prism 9 (GraphPad Sofware Inc., San Diego, CA, USA) using one-way ANOVA followed by

Tukey’s post-hoc. When p < 0.05, results were taken as statistically signifcant.
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Results

Formulation containing MaR1 inhibits the development of skin edema and MPO
activity triggered by UVB irradiation

The possible anti-inflammatory activity of formulation containing MaR1 in UVB-induced skin
inflammation in hairless mice was evaluated. The MPO is a function and activation marker of
neutrophils. The results showed that the UVB irradiation induced a significant increase of
skin edema (Figure 1A) and MPO activity (Figure 1B) in the untreated irradiated group and in
the treated with the base formulation. However, skin edema (Figure 1A) and MPO activity
(Figure 1B) were significantly reduced by the formulation containing MaR1. The base
formulation had no significant effect in reducing edema and MPO.

Formulation containing MaR1 reduces UVB irradiation-induced apoptosis of
keratinocytes and epidermal thickness

UVR was able to induce keratinocytes undergo apoptosis (sunburn cells), which are defined
as shrunken cells within the epidermis that exhibit eosinophilic cytoplasm and condensed
nucleus [33]. Thus, we investigated apoptotic keratinocytes after treatment with the
formulation containing MaR1. The results showed that treatment with formulation containing
MaR1 inhibited sunburn cells compared with in the untreated irradiated group and treated
with the base formulation (Figure 2). One of the consequences of acute exposure to UVR
radiation is inflammation that causes epidermal thickening due to edema, cell infiltration and
cell proliferation [34]. Measurement of hematoxylin and eosin stained tissue sections
indicated that dorsal skin epidermal thickness was significantly increased following UVB
irradiation in the untreated irradiated group and in the one treated with the base formulation
compared to the non-treated control group and non-irradiated. By contrast, epidermal
hypertrophy was significantly reduced when mice were treated formulation containing MaR1
(Figure 3). The base formulation had no significant effect in reducing sunburn cells and
epidermal thickness. These data indicate a protective effect of formulation containing MaR1

upon UVB irradiation-induced keratinocytes apoptosis and epidermal thickness.
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Formulation containing MaR1 inhibits UVB irradiation-induced increase of mast cell
counts

After exposure to UVB irradiation, mast cells secrete mediators that trigger inflammation and
recruit other leukocytes such as neutrophils in the skin of hairless mice. In this study,
treatment with formulation containing MaR1 decreased the number of mast cells compared
to the irradiated controls groups (Figure 4). The base formulation had no significant effect in

mast cell counts.

These data indicate formulation containing MaR1 ameliorates UVB irradiation-induced

inflammation by efectively reducing the numbers of mast cells in the skin.

Formulation containing MaR1 inhibits UVB irradiation-induced MMP-9 activity and
collagen fibers degradation

After the exposure to UVB irradiation, there was a significant increase in the
secretion/activity of MMP-9 in the untreated irradiated group and irradiated tretated with base
formulation. The MMP-9 are enzymes degrade collagen and other extracellular matrix
proteins causing skin photoaging process [35].

Treatment with formulation containing MaR1 reduced MMP-9 acttivity (Figure 5) and the
degradation of skin collagen, as observed by the preservation on the blue/green color in the
Masson’s trichrome staining (Figure 6), and the base formulation had no significant effect.
Therefore, the enzymatic acttivity assay (MMP-9 assay) and tissue staining (Masson’s
trichome) results corroborate each other. These data demonstrate that MaR1 reduces

dermal connective tissue damage.

Formulation containing MaR1 inhibits UVB irradiation-induced oxidative stress

UVB irradiation decreases antioxidant defenses as well as increases other oxidative stress
markers in the skin [24]-[26], [36]. The antioxidant effects of MaR1 contributed to the
attenuation of the skin damages caused by UVB irradiation, because treatment with

formulation containing MaR1 reduce on UVB-induced oxidative stress. UVB irradiation



1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

50

depleted the antioxidant capacity of the skin as observed by reduced activity/levels in the
FRAP assay (Figure 7A), catalase activity assay (Figure 7B), GSH quantitation (Figure 7C).
In addition UVB irradiation increased lipid peroxidation (Figure 8A) superoxide anion
production (Figure 8B), which are marker’s of oxidative stress. Formulation containing MaR1
restored the skin antioxidant capacity as observed in the FRAP (Figure 7A), GSH (Figure 7C)
and catalase assays (Figure 7B). Furthermore, formulation contaning MaR1 inhibited
superoxide anion production (Figure 8B) and lipid peroxidation (Figure 8A), and the base
formulation had no significant effect in oxidative stress. Thus, the antioxidant effects of MaR1

contributed to the attenuation of the skin damages caused by UVB irradiation.

Discussion

Maresin 1 (MaR1) is an antiinflammatory and pro-resolution lipid mediator produced by
macrophages from docosahexaenoic acid (DHA) [10], [12], [37], [38]. We have previously
shown that MaR1 can improve the harmful effects caused by UVB when administered
intraperitoneally [20]. However, the effects of topical treatment with MaR1 embedded in
emulsion in models of UVB-induced inflammation and oxidative stress have not been
reported. To our knowledge, this is the first study demonstrating in vivo efficacy of topical
formulation containing MaR1 for the treatment of UVB-induced oxidative stress and

inflammation.

Treatment with topical formulation containing MaR1 (1.5 ng per mouse) reduced clinical
signs of inflammation and essential pathophysiological inflammatory parameters in the UVB-
induced skin injury model. Formulation contaning MaR1 inhibited skin edema, neutrophils
recruitment (MPO). These results corroborate the inhibitory effect of MaR1 in neutrophil
chemotaxis and macrophage efferocytosis [39], [40]. Furthermore, our results agree with the
inhibitory effects of MaR1 observed in sistemic treatment with this lipid in model UVB-

induced oxidative stress and inflammation [20].
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Epidermal thickness is used as a quantitative parameter to assess inflammation. The
histopathological analysis found that the treatment with MaR1 attenuated the thickening of
the epidermis. Additionally, treatment with MaR1 reduced the number of sunburn cells and
mast cell counts. Sunburn cells and mast cells are used as markers of skin damage caused
by UVB, because after exposition UVB irradiation keratinocytes undergo apoptosis (sunburn
cells) [41] and mast cells secrete mediators that trigger inflammation and recruit other
leukocytes such as neutrophils [42]. Previous studies have shown that MaR1 promoted
resolution of inflammation by accelerating caspase-dependent neutrophil apoptosis [40] and
also reduced apoptosis of pancreatic acinar cells [43]. In another study, RvD1 inhibited
48/80-induced mast cell degranulation and PGE; production [44]. Consistent with our
findings, similar studies also showed that systemic treatment with resolvin D1 (RvD1) and
MaR1 attenuated UVB-induced acute skin damage by reducing epidermal thickening,
sunburn cell number and mast cell count in an injury model skin UVB-induced in hairless

mice [20], [32].

Another inflammatory parameter evaluated was the activity/secretion of metalloproteinase-9
(MMP-9). MMP-9 are enzymes that degrades skin collagen and potentiating negative effects
of the inflammatory response [45]. These enzymes are also associated with the invasive and
metastatic potential of tumors [46]. MaR1 topical treatment inhibited RUV radiation-induced
MMP-9 activity. Corroborating the MMP-9 data, MaR1 also inhibited RUV radiation-induced
collagen degradation as observed in the Masson's trichrome staining. The reduction in MMP-
9 activity is in line with previous studies that showed that systemic treatment with this lipid
reduces the expression of the pro-inflammatory cytokines TNF-a and IL-13 that stimulate
metalloproteinase expression (especially MMP-9) in keratinocytes and cutaneous fibroblasts

[20].

ROS act as second messengers in pro-inflammatory signaling cascades that induce cytokine
production. The release of these inflammatory cytokine is one of the main components of

UVB-induced skin injury [47], In addition, ROS directly damage DNA in addition to causing
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harmful effects on biological systems, such as loss of fluidity inactivation of membrane
enzymes and receptors, and increasing of the permeability of ions, what can lead to cell

membrane rupture [48], [49].

Excessive production of ROS leads to an imbalance between oxidation and antioxidants in
the body, which were re-flected in this study by measurement of the levels of catalase (CAT)
and reduced glutathione (GSH). In present study the topical treatment with MaR1 improved
the antioxidant capacity of the skin after UVB exposition by increasing ferric reducing (FRAP
assay). In addition, MaR1 topical treatment increased the levels of CAT and GSH, which
were findings supported by previous studies [20], [43]. Another finding observed in our study
that corroborates the assertion that topical treatment with MaR1 is a potent agent in the
prevention and resolution of oxidative stress was the reduction in superoxide anion
production and lipid peroxidation induced by UVB. Pro-resolution lipid mediators reduced
oxidative stress in vivo as evidenced by two recent studies showing LXA4 [29] and RvD1 [32]
reduce ROS production induced by UVB. As ROS is known to play a potentially detrimental
role in inflammation, the observed beneficial effects of topical formulation cantaining MaR1

may be partially linked to attenuation of the ROS response.

Evidence suggests that the pro-resolution function of MaR1 is associated with the interaction
of this mediator with LGR6 receptors (G protein-coupled receptor 6) [52]. LGR6 is known to
promote repair and regeneration, and is present in large amounts in the epidermis and
dermis [53]. This finding corroborates with beneficial effects observed in the present study, in
which we demonstrated that topical treatment with a formulation containing MaR1 reduced

UVB-induced skin damage.

The use of topical formulations makes drug administration safer by avoiding adverse effects
such as liver metabolism, gastrointestinal irritation and systemic toxicity, in addition to
improve patient adherence to therapy [21], [27], [28]. The topical formulation containing

MaR1 proved to be a promising agent for the treatment of damage caused by UVB.
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Figures

Figure 1 . Topical formulation containing MaR1 reduces UVB irradiation-induced skin edema
and MPO activity. The skin edema (A) and MPO activity (B) were determined in samples
collected 12 h after the end of radiation. Results are presented as tissue weight in milligrams
for skin edema and as neutrophils x104 per milligram of tissue for MPO activity. 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 non-irradiated group; #p < 0.05 compared to the untreated
irradiated control group (black bar) and irradiated control group treated with base formulation
(red bar).
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Figure 2. Topical formulation containing MaR1 reduced UVB irradiation-induced sunburn
cells formation. The number of sunburn cells was determined in samples dissected 12 h after
the radiation and stained with H&E. Representative images of non-irradiated control (A),
irradiation control (B), irradiated treated with formulation 1 without MaR1 (C), irradiated
treated with 1.5 ng of MaR1/mice (D). Quantitative analysis of sunburn cells in experimental
groups is presented per field in panel E. Original magnification 100x; 100 um. 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 non-irradiated group; #p < 0.05 compared to the untreated irradiated control
group (black bar) and irradiated control group treated with base formulation (red bar).
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Figure 3. Topical formulation containing MaR1 reduced UVB irradiation-induced epidermal
thickening. The epidermal thickness was determined in samples dissected 12 h after the
radiation and stained with H&E. Representative images of non-irradiated control (A),
irradiation control (B), irradiated treated with formulation 1 without MaR1 (C), irradiated
treated with 1.5 ng/mice of MaR1 (D). Epidermal thickness of experimental groups is
presented in um in panel E. Original magnification 40x; 100 ym. 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
non-irradiated group and *p < 0.05 compared to the untreated irradiated control group (black
bar) and irradiated control group treated with base formulation (red bar).
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Figure 4. Topical formulation containing MaR1 reduced UVB irradiation-induced mast cells
counts. The proliferation of mast cells was determined in samples dissected 12 h after the
radiation and stained with toluidine blue. Representative images of non-irradiated control (A),
irradiation control (B), irradiated treated with formulation without MaR1 (C), irradiated treated
with 1.5 ng/mice of MaR1 (D). Mast cells count of experimental groups is presented per field
in panel E. Original magnification 40x; 100 ym. 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 non-
irradiated group and #p < 0.05 compared to the untreated irradiated control group (black bar)
and irradiated control group treated with base formulation (red bar).
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1334  Figure 5. Topical formulation containing MaR1 inhibited UVB irradiation-induced MMP-9
1335  activity in the skin. MMP-9 activity was determined in samples dissected 12 h after the
1336  radiation. Image of gelatin zymography is presented in panel A and skin MMP-9 activity in
1337  panel B. MMP-9 MW 92 kDa. Results are presented as arbitrary units per sample for MMP-9
1338  activity. Bars represent means + SEM of 6 mice per group and are representative of two
1339  separate experiments. Statistical analysis was performed by one-way ANOVA followed by
1340 Tukey's test. *p < 0.05 compared to non-irradiated group; #p < 0.05 compared to the
1341  untreated irradiated control group (black bar) and irradiated control group treated with base
1342  formulation (red bar).
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Figure 6. Topical formulation containing MaR1 inhibited UVB irradiation-induced collagen
degradation in the skin. Degradation of collagen was determined in samples dissected 12 h
after the radiation and stained with Masson’s trichrome. Representative images of non-
irradiated control (A), irradiation control (B), irradiated treated with formulation without MaR1
(C), irradiated treated with 1.5 ng/mice of MaR1 (D). Quantitative analysis of collagen
degradation of experimental groups is presented as percentage of staining in panel E.
Original magnification 20x; 100 um. 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 non-irradiated group; #p < 0.05
compared to the untreated irradiated control group (black bar) and irradiated control group
treated with base formulation (red bar).
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1389  Figure 7. Topical formulation containing MaR1 inhibited UVB irradiation-induced decrease of
1390  skin antioxidant capacity. Total antioxidant capacity FRAP (A), catalase (B) and GSH levels
1391  (C) were determined in samples dissected 12 h after the radiation. For the catalase assay
1392 (D), samples were dissected 2 h after the radiation. Bars represent means + SEM of 6 mice
1393  per group and are representative of two separate experiments. Statistical analysis was
1394  performed by one-way ANOVA followed by Tukey's test. *p < 0.05 compared to non-
1395 irradiated group and #p < 0.05 compared to the untreated irradiated control group (black bar)
1396  and irradiated control group treated with t base formulation (red bar).
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Figure 8. Topical formulation containing MaR1 inhibited UVB irradiation-induced lipid
peroxidation and superoxide anion production. Lipid peroxidation (LOOH) (A) and
Superoxide anion production (NBT reduction) (B) were determined in samples dissected 2 h
after the radiation. 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 non-irradiated group; #**p < 0.05 compared to
the untreated irradiated control group (black bar) and irradiated control group treated with t
base formulation (red bar).
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ABSTRACT

Ultraviolet B (UVB) radiation induces oxidative stress, photoaging, and inflammation in skin
cells. Photochemoprotection of the skin can be achieved by inhibiting inflammation and
oxidative stress induced by UVB radition. Here, we investigated the impact topical
formulation containing lipoxin A4 (LXA4), an lipid mediator with efects antiinflammatory and
pro-resolution, to resolution inflamation and oxidative stress induced by UVB in hairless
mice. Topical formulations containing LXA4 increased levels of the antioxidant catalase
(CAT) and reduced glutathione (GSH). Furthermore, topical formulations containing LXA4
significantly increased ferric reducing ability (FRAP), well as decreased lipid hydroperoxide
and superoxide anion production, resulting in a reduction in UVB-induced reactive oxygen
species (ROS) levels. Additionally, the treatment with formulation containing LXA4 reduced
skin edema, neutrophil recruitment (MPO; myeloperoxidase activity), matrix
metalloproteinase-9 activity (MMP-9), keratinocyte apoptosis, epidermal thickening, mast
cells counts and degradation of skin collagen UVB-induced in hairless mice. In conclusion,
formulation containing LXA4 protects the skin from photoaging, inflammation and UVB-

induced oxidative stress in hairless mice.
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Introduction

Ultraviolet radiation (UVR) is a major cause of aging skin [1]. Excessive exposure to
ultraviolet B (UVB) radiation increases the production of ROS, such as hydrogen peroxide
and superoxide anions, and causes damage to proteins and lipids and reduces antioxidant
levels in the skin, besides promotes skin cancer through multiple mechanisms, including
induction of inflammation, oxidative stress, and DNA damage [2]-[5]. The overproduction of
ROS increases the activity of activator protein 1 (AP-1), responsible for the production of
matrix metalloproteinases (MMPs) [6], [7]. MMPs are enzymes that have collagenolytic
activity and degrade extracellular matrix proteins, such as collagen, contributing to
photoaging [8], [9]. Additionally skin exposed to UVB has high levels of inflammatory
cytokines such as tumor necrosis factor alpha (TNF-a) and interleukin 6 (IL-6), beyond

cyclooxygenase-2 (COX-2) [5].

Lipoxin A4 (LXA4) is an pro-resolution lipid mediator derived from arachidonic acid
metabolism by lipoxygenases 5 and 12 with potent anti-inflammatory actions [10]-[12].
Recent results suggest that systemic treatment with LXA4 inhibits the production of pro-
inflammatory cytokines and oxidative stress, as well as increases the production of anti-
inflammatory cytokines and antioxidant defenses in a UVB-induced skin lesion model in
hairless mice [13]. In another study, LXA4 treatment reduced neutrophil infiltration and
activity in a mouse model with Aspergillus fumigatus keratitis. Furthermore, LXA4 treatment
inhibited the expression of pro-inflammatory mediators, including IL-18, TNF-a, IL-6 and
cyclooxygenase-2 (COX-2), and promoted the expression of the anti-inflammatory factors IL-
10 and Arg-1 in Aspergillus fumigatus (A. fumigatus) keratitis mice models [14]. In addition,
LXA4 treatment attenuated paraquat-induced lung injury in mice, and this was accompanied
by reduced levels of secretion of TNF-a and IL-1B and reduced oxidative stress damage [15].
LXA4 has also been shown to play a protective role in restoring the oxidant/antioxidant
balance by increasing the activity of antioxidant enzymes, besides reduces damage tissues

by inhibiting ROS generation [16]-[18].
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Previous studies have already reported the positive effect of topical treatment with
formulations containing antioxidation and anti-inflammatory agents in reducing the harmful

effects caused by UVB [19]-[22].

Although LXA4 is known to have anti-inflammatory action and reduce oxidative stress its
protective effect on RUV-induced damage when administered topically is not yet known.
Thus, the effects of treatment with topical formulation containing LXA4 on RUV-induced skin

inflammation and oxidative stress in hairless mice was investigated in this study.

Material and Method

Drugs and reagents: Reagents from Sigma-Aldrich (St. Louis, MO, USA) were GSH
(reduced glutathione), brilliant blue R, DTNB (5,5'- dithiobis[2-nitrobenzoic acid]), N-
ethylmaleimide, HTAB (hexadecyltrimethylammonium bromide), o-dianisidine
dihydrochloride, TPTZ (2,4,6-Tris(2-pyridyl)-s-triazine), NBT (nitroblue tetrazolium), DMSO
(dimethylsulfoxide) and bisacrylamide. Lipoxin A4 (LXA4), = 95% purity, was purchased from
Cayman Chemical (Denver, CO, USA). Reagent from Acros (Pittsburgh, PA, USA) was tert-
butyl hydroperoxide. Reagents from Amresco (Solon, OH, USA) were Tris and xylene cyanol.
Reagents from Termo Fisher Scientifc (Waltham, MA, USA) were sodium dodecyl sulfate
(SDS) (Superscrip IlIl) and acrylamide. All other reagents used were from pharmaceutical

grade.

Animals: Sex matched hairless mice (HRS/J) weighing 20 — 30 g were obtained from the
University Hospital of Londrina State University under the following conditions: 12 h dark/12
h light cycle and 23 + 2°C temperature. The mice were maintained with free access to water
and food throughout the experiment. The animal protocol used in this study was approved by
Animal Ethics Committee (CEUA process number 1447.2015.10) of the Londrina State

University

Formulation: Self- emulsifying agent was Polawax®. Aristoflex® was used as thickening

agent. Caprylic/capric triglyceride was used as the emollient and propylene glycol as
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moisturizer. Phenonip was used as the preservative and deionized water was used for the
preparation of all formulation. LXA4 was added to the formulations at room temperature.

Control formulations did not contain LXA4 (Table 1).

Table 2: Percent composition (weight/weight) of formulation

Components weight/weight (%)
Polawax® 2
Aristoflex® (dispersion 5%) 20
Caprylic/capric triglyceride 5
Propylene glycol 6
Phenonip® 0.4
Deionized water (qsp)* 100
Lipoxin A4 20 ng/g formulation

*Quantity sufficient for preparation

aSelf-emulsifying wax (Cetostearyl alcohol and polyoxyethylene derived from a fatty

acid ester of sorbitan 20 OE)

®Ammonium Acryloyldimethyltaurate/VP Copolymer.

General experimental procedures: Hairless mice were randomly designed to groups with 6
mice each as follows: non-irradiated control, irradiated control, irradiated and treated with
formulation without LXA4, irradiated and treated with the formulation containing 30 hg/mouse
LXA4 (10 ng/0.5 g of formulation). Mice received topical treatment on the dorsal surface with

0.5 g of the formulation 1 h, 10 min before, and at the end of the radiation session.

Radiation protocol: UVB lamp (Philips TL/12 RS 40W, Medical-Holand) emits light between
270 and 400 nm, peaking at 313 nm, and placed on the top of the radiation chamber and
positioned 20 cm above the mice. This distance results in an radiation of 0.209mW/cm?. The

radiation dose for induction of inflammation and oxidative stress was 4.14 J/cm?, [23]-[26].
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The hairless mice were terminally anesthetized with 5% isoflurane 12 h after the end of UVB
radiation and the full thickness of the dorsal skins were removed for edema, MPO activity,
MMP-9 activity, FRAP and GSH assays and histology. Moreover, the hairless mice were
anesthetized 5% isoflurane, following by decapitation at 2 h for catalase and NBT, and

evaluation of prodution hydroperoxides [23]-[25], [27].

Skin edema: Dorsal skin biopsy was carefully removed from euthanized mice and weighed
using a precision scale. All samples presented a constant diameter of 5 mm. Results are

expressed in mg of skin tissue obtained from the weight of each sample [22], [24].

MPO activity assay: MPO colorimetric assay was used to determine neutrophil migration to
the skin [21], [22]. Reading was performed at 450 nm. A standard curve of neutrophils was
used to compare the results, which are presented as MPO activity (number of neutrophils x

10* per mg of skin).

Histopathological analysis: Skin samples were fixed in buffered formaldehyde, embedded
in parafin, sectioned (5 mm), and stained with Masson’s trichrome stain for collagen fiber
analysis. Collagen fiber intensity bundles shown in blue were analyzed by ImageJ Program
as described previously [24]. Tissue sections were also stained with hematoxylin and eosin
(H&E), and images were analyzed for epidermal thickness and apoptotic cells [13]. Toluidine
blue staining was also used to determine mast cells count [28]. Histopathological scores are
presented together with the representative images quantifying the alterations detected

between the groups.

Matrix metalloproteinase (MMP)-9 activity measurement: SDS-PAGE (sodium dodecyl
sulphate polyacrylamide gel electrophoresis) substrate-embedded enzymography was
performed as described previously [24]. After electrophoresis, the gels were incubated with
2.5% Triton X-100 (1h), with 0.05 M Tris-HCI (pH 7.4), 0.01 M CaCl, (overnight, 37 °C), and
stained with Brilliant blue R. Te zone of enzyme activity was analyzed by comparing the

groups in the ImageJ Program, afer detaining in 20% acetic acid (NIH, Bethesda, MD, USA).
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GSH assay: GSH levels were determined as described previously [24], [29]. Reading was
performed at 405 nm. Results are presented as uM of GSH per mg of skin, compared to

standard curve (GSH concentration ranging 5-150 pM).

Catalase activity assay: To determine catalase activity, it was measured the decay on H>O»
concentration and the oxygen generation [24], [29]. Reading was performed at 240 nm (25
°C) and catalase activity was calculated based on the diference between the reading before
and 30 sec after H,O,. The catalase values were expressed as unit of catalase/mg of

skin/minute.

Total antioxidant capacity FRAP assay: Skin samples were dissected, homogenized into
ice-cold bufer containing 1.15% KCI, centrifuged (1,000 g in 4 °C for 10min), and antioxidant
capacity was determined as described previously [24], [30]. Reading was performed at 595
nm. All results were compared to a standard curve of trolox (concentration ranging between

0.01-20 nmol). Results are presented as nmol trolox equivalent per mg of skin tissue.

Superoxide anion production: Superoxide anion (O27) production in the skin was
measured using the nitroblue tetrazolium (NBT) reagent as described previously [23], [24].
Reading was performed at 620nm. Results are expressed as NBT reduction (OD/ 10mg of

skin).

Lipid peroxidation assay: Lipid peroxidation was measured by tert-butyl lipid
hydroperoxides (LOOH)-initiated chemiluminescence [13], [31]. Reading was conducted in a
B-counter Beckman®LS 6000SC in a non-coincident counting for 30 s with a response range
between 300 and 620nm. All runs last 120min (30°C). The results were measured in counts

per min (cpm) per mg of skin tissue.

Data analysis: Results are presented as mean valueststandard error of the mean (SEM)
and representative of two independent experiments. Each experimental group presented 6

hairless mice per experiment. Statistical analysis was performed on the sofware GraphPad
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Prism 9 (GraphPad Sofware Inc., San Diego, CA, USA) using one-way ANOVA followed by

Tukey’s post-hoc. When p < 0.05, results were taken as statistically signifcant.

Results

Formulation containing LXA4 reduces UVB radiation-induced edema formation and
MPO activity

Acute exposure to UVB radiation caused skin epidermal hyperplasia, erythema, and edema
formation. Additionally, there is greater migration of neutrophils to the inflammed region. A
marker of neutrophil function and activation is MPO enzyme. The results showed that the
MPO activity and edema in mouse skin significantly increased after UVB radiation in groups
irradiated and untreated and in the irradiated and treated with the control formulation.
However, we observed a significant improvement in the evaluated parameters of edema
(Figure 1A) and MPO (Figure 1B) in the group treated with 30 ng of LXA4 and with the
control formulation no significant effect was observed.

Formulation containing LXA4 reduces UVB radiation-induced skin MMP-9 activity
MMPs are enzymes that enhance the destruction of skin structures and accelerate skin
aging, in addition to amplifying the inflammatory response induced by UVB [32] .

In present study, MMP-9 activity in the skin was induced by UVB exposition, and this
induction was inhibited by topical treatment with formulation containing LXA4. No effect on
MMP-9 activity was observed in mice treated by control formulation without LXA4 (Figure 2A
and B).

Formulation containing LXA4 inhibits the histopathological damage induced by UVB
radiation, reducing apoptosis of Kkeratinocytes, epidermal thickness, collagen

degradation and mast cells

Oxidative stress induced by UVB radiation can directly cause damage to epidermal
keratinocytes by DNA damage, damage of cellular enzymes, or damage to cell membrane

structures through lipid oxidation [33]. The treatment with the formulation containing LXA4
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inhibited the formation of sunburn cells compared with the irradiated control groups (Figure
3). Inflammation caused by UVB increases epidermal thickening and degradation collagen,
resulting from increased cell migration and proliferation [34]. Additionally, the UVB radiation
cause increase of mast cells that secrete mediators that trigger infammation and recruit other
leukocytes such as neutrophils. In present study, the topical treatment with formulation
containing LXA4 reduced epidermal thickness dorsal (Figure 4), collagen degradation (Figure
5) and decreased the

number of mast cells compared to the irradiated controls groups (Figure 6). No significant
effects were observed in mice treated by control formulation without LXA4.

Formulation containing LXA4 prevents UVB radiation-induced decrease of antioxidant

capacity

UVB radiation decreased the skin ferric reducing ability (FRAP) (Figure 7A) compared to
non-irradiated mice group. In turn, the treatment with LXA4 containing formulation inhibited
UVB radiation-induced depletion of FRAP, which were maintained at similar level of the non-
irradiated control group (Figure 7A). UVB radiation also reduced the catalase activity and
GSH levels, which was unaffected by control formulation without LXA4. In line with the FRAP
result, LXA4 containing formulation was able to inhibit the depletion of catalase (Figure 7B)
and reduced glutathione (Figure 7C). No significant effects were observed in mice treated by
control formulation without LXA4 (Figure 7).

Formulation containing LXA4 inhibits UVB radiation-induced O™ production and LPO

of skin

Superoxide anion (O;") is an important source of ROS that is stimulated by UVB. UVB
induces the production of O,", which reacts with hydrogen peroxide (H.O2) generating the
cytotoxic hydroxyl radical ("OH). The "OH radical initiates the process of lipid peroxidation
(LPO), which induces pro-inflammatory products that can damage DNA. In addition, high
levels of peroxidation cause harmful effects on biological systems, such as loss of fluidity,

inactivation of membrane enzymes and receptors, and increased ionic permeability, leading
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to cell membrane disruption [35], [36]. UVB radiation also increased skin LPO while
treatment with formulation containing LXA4 inhibited this parameter reaching similar levels as
for non-irradiated control group (Figure 8A). In this study, O™ production was induced by
UVB in the skin, while treatment with formulation containing LXA4 inhibited this production
reaching non-irradiated control group levels (Figure 8B). No significant effects were observed

in mice treated by control formulation without LXA4 (Figure 8).

Discussion

Solar UVB radiation (290-320 nm) is the most important environmental factor involved in the
pathogenesis of skin cancers. The genotoxic properties of UVB radiation include mainly

induction of oxidative stress, photoaging and photocarcinogenesis [37], [38].

Previous studies have already shown that new families of lipid mediators, called lipoxins,
resolvins, protectins and maresins have a potent effect on resolving inflammation. We have
recently demonstrated that the systemic treatment with lipoxin A4 (LXA4), maresin 1 (MaR1)
and resolvin D1 (RvD1) was efficient in reducing inflammation and oxidative stress in model
a UVB-induced skin lesion in hairless mice [13], [29], [39]. Other studies have also reported
that the LXA4 was able attenuating recruitment of neutrophils, to inhibit the their chemotaxis,
adhesion and transmigration through vascular endothelial [40], [41] and epithelial [42] cells
and by down-regulating production chemokine [43], [44]. Furthermore, the anti-inflammatory
effect of LXA4 have been associated with increased non-phlogistic phagocytosis of apoptotic

neutrophils by macrophages [45].

In the present study, we investigated the effect of topical treatment with LXA4 (30 ng per
mouse) embedded in emulsion in reducing inflammation and oxidative stress UVB-induced in
hairless mice. Neutrophils are among the first cells to respond to injury and microbial
invasion alarms [46]. Formulation contaning LXA4 inhibited neutrophils recruitment (MPO),
suggesting that this mediator reduces inflammation. This data is corroborated by the

observation of reduced skin edema in group mice treated with formulation containing LXA4.
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The effects observed with formulation containing LXA4 in our study are in agreement with
previous findings that showed that LXA4 attenuates neutrophil chemotaxis, endothelial cell
adhesion, transendothelial and transepithelial migration and degranulation [40], [42], [47], in
addition to reducing skin edema and MPO in the UVB-induced acute injury model when

administered intraperitoneally [13].

Studies have already shown that UVB causes induction of the metalloproteise-9 enzyme
(MMP-9), responsible for damage to collagen and elastin (extracellular matrix) in the
epidermis, through the upregulation of transcription factors AP-1 and NF-kappa B [48], [49].
Furthermore, UVB radiation induces Kkeratinocyte apoptosis, degradation collagen and
number mast cell enlargement [50], [51]. Our results showed that topical treatment with
formulation containing LXA4 reduced MMP-9 activity, keratinocyte apoptosis (sunburn cells),
collagen degradation and the number of mast cells. Consistent with our findings,
experimental studies have already shown that LXA4 treatment suppresses MMP-2 and

MMP-9 activity [13], [52].

Inflammation caused by UVB exposure still alters the skin tissue, visualized by epidermal
thickening, which was reduced with formulation containing LXA4 treatment. Similarly, other
lipid mediators such as MaR1 and RvD1 have been shown to reduce keratinocyte apoptosis,
epidermal thickening and mast cell numbers [29], [39]. In addition, the systemic treatment
with LXA4 has also been shown to reduce epidermal thickening, collagen degradation and

the sunburn cells UVB-induced [13].

Another deleterious effect on the body observed after exposure to UVB radiation is the
excessive production of ROS, which can initiate lipid peroxidation, inactivate stress-related
antioxidant proteins, and aggravate skin damage [2], [7]. The increase in lipid peroxidation
and hydroxyl radical production, in addition to the decrease in the skin's antioxidation

capacity, observed by the reduction in the activity of FRAP and the endogenous antioxidants
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CAT and GSH have been used as markers of UVB-induced oxidative stress [2], [13], [22],

[29], [39].

The topical tratament with formulation containing LXA4 not only reduced oxidative stress, but
also improved the antioxidant capacity of the skin after exposure to UVB irradiation by
maintaining catalase and GSH at basal levels. Hydrogen peroxide is converted to water and
oxygen by the enzyme catalase [53], [54]. GSH directly eliminates ROS or indirectly acting

as a glutathione peroxidase coenzyme [55], [56].

Additionally, our results suggest that LXA4 can significantly improve UVB induced oxidative
stress, reducing LOOH and O™ production and in addition to improving the skin antioxidant
capacity, increasing ferric reduction (FRAP assay). Similarly, antioxidative properties of LXA4
and others lipics mediartores have been reported in many other oxidative stress related

studys [13], [29], [39], [57].

The anti-inflammatory and pro-resolving activities of LXA4 were correlated with the activation
of the specific G protein-coupled receptor (ALXR/FPR2), known as one of the receptors
involved in the resolution of inflammation [58]. Recent unpublished studies by the group
showed that UVB increases mRNA expression for the ALXR / FPR2 receptor. Thus, the use
of molecules that control the inflammation via activation of the ALXR/FPR2 receptor, such as
lipoxins, holds promise. This finding corroborates the beneficial effects observed in the
present study, in which we demonstrated that topical treatment with a formulation containing

LXA4 reduced UVB-induced skin damage.

The topical administration of medications, in addition to being safer when compared to other
routes, has already been shown to be efficient in reducing damage caused by UVB [21], [22],
[27]. Thus, the topical formulation containing LXA4 proved to be a promising agent for the
treatment of damage caused by UVB. The anti-inflammatory and pro-resolution effect of this

formulation is possibly associated with ALXR/FPR2 receptor activation.
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Figures

Figure 1. Topical formulation containing LXA4 reduces UVB irradiation-induced skin edema
and MPO activity. The skin edema (A) and MPO activity (B) were determined in samples
collected 12 h after the end of radiation. Results are presented as tissue weight in milligrams
for skin edema and as neutrophils x10* per milligram of tissue for MPO activity. 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 and # p < 0.05 compared to the
untreated irradiated control group (black bar) and irradiated control group treated with base
formulation (red bar).
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Figure 2. Topical formulation containing LXA4 inhibited UVB irradiation-induced MMP-9
activity in the skin. MMP-9 activity was determined in samples dissected 12 h after the
radiation. Image of gelatin zymography is presented in panel A and skin MMP-9 activity in
panel B. MMP-9 MW 92 kDa. Results are presented as arbitrary units per sample for MMP-9
activity. 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 and # p < 0.05 compared to
the untreated irradiated control group (black bar) and irradiated control group treated with
base formulation (red bar).
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Figure 3. Topical formulation containing LXA4 reduced UVB irradiation-induced sunburn
cells formation. The number of sunburn cells was determined in samples dissected 12 h after
the radiation and stained with H&E. Representative images of non-irradiated control (A),
irradiation control (B), irradiated treated with formulation 1 without LXA4 (C), irradiated
treated with 30 ng of LXA4/mice (D). Quantitative analysis of sunburn cells in experimental
groups is presented per field in panel E. Original magnification 100x; 100 um. 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 and # p < 0.05 compared to the untreated irradiated control
group (black bar) and irradiated control group treated with base formulation (red bar).
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Figure 4. Topical formulation containing LXA4 reduced UVB irradiation-induced epidermal
thickening. The epidermal thickness was determined in samples dissected 12 h after the
radiation and stained with H&E. Representative images of non-irradiated control (A),
irradiation control (B), irradiated treated with formulation 1 without LXA4 (C), irradiated
treated with 30 ng/mice of LXA4 (D). Epidermal thickness of experimental groups is
presented in um in panel E. Original magnification 40x; 100 ym. 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
non-irradiated group and *p < 0.05 compared to the untreated irradiated control group (black
bar) and irradiated control group treated with base formulation (red bar).
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Figure 5. Topical formulation containing LXA4 inhibited UVB irradiation-induced collagen
degradation in the skin. Degradation of collagen was determined in samples dissected 12 h
after the radiation and stained with Masson’s trichrome. Representative images of non-
irradiated control (A), irradiation control (B), irradiated treated with formulation without LXA4
(C), irradiated treated with 30 ng/mice of LXA4 (D). Quantitative analysis of collagen
degradation of experimental groups is presented as percentage of staining in panel E.
Original magnification 20x; 100 um. 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 non-irradiated group; #p < 0.05
compared to the untreated irradiated control group (black bar) and irradiated control group
treated with base formulation (red bar).
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2029 Figure 6 Topical formulation containing LXA4 reduced UVB irradiation-induced mast cells
2030 counts. The proliferation of mast cells was determined in samples dissected 12 h after the
2031 radiation and stained with toluidine blue. Representative images of non-irradiated control (A),
2032 irradiation control (B), irradiated treated with formulation without LXA4 (C), irradiated treated
2033 with 30 ng/mice of LXA4 (D). Mast cells count of experimental groups is presented per field in
2034 panel E. Original magnification 40x; 100 um. Bars represent means + SEM of 6 mice per group
2035 and are representative of two separate experiments. Statistical analysis was performed by one-
2036 way ANOVA followed by Tukey’s test. *p < 0.05 compared to non-irradiated group and #p <
2037 0.05 compared to the untreated irradiated control group (black bar) and irradiated control group
2038 treated with base formulation (red bar).
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Figure 7. Topical formulation containing LXA4 inhibited UVB irradiation-induced decrease of
skin antioxidant capacity. Total antioxidant capacity FRAP (A) and GSH levels (C) were
determined in samples dissected 12 h after the radiation. For the catalase assay (B),
samples were dissected 2 h after the radiation. 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 non-
irradiated group and #p < 0. compared to the untreated irradiated control group (black bar)
and irradiated control group treated with base formulation (red bar).
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Figure 8. Topical formulation containing LXA4 inhibited UVB irradiation-induced lipid
peroxidation and superoxide anion production. Lipid peroxidation (LOOH) (A) and
Superoxide anion production (NBT reduction) (B) were determined in samples dissected 2 h
after the radiation. 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 and # p < 0.05
compared to the untreated irradiated control group (black bar) and irradiated control group
treated with t base formulation (red bar).
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5 CONSIDERACOES GERAIS

A exposicdo a radiacdo UVB induz profundas mudancas biol6gicas na pele, pois
afeta os antioxidantes endbégenos que protegem as células contra os efeitos deletérios
causados pelas EROs. Os efeitos podem ser agudos como o eritema, inflamacé&o local e até
mesmo crénico como o fotoenvelhecimento e fotocarcinogénese. Por isso, é necessario o
estudo de novas substancias antioxidantes e anti-inflamatérias com o intuito de prevenir e

tratar a pele contra a acéo da RUV.

Diante desse quadro é promissor desenvolver terapias para o controle da
inflamacdo e estresse oxidativo induzidos pela radiacdo UVB, tendo como alvo seus
mecanismos fisiopatolégicos. Estas terapias podem ser consolidadas baseando-se na
reducdo ou resolucéo da inflamagéo tratando o processo desencadeado pela radiagdo UVB
com mediadores lipidicos anti-inflamatoérios/pré-resolugdo como a 7(R) Maresina 1 e a

Lipoxina A4.

O desenvolvimento de formulacdes para tratamento topico com efeito local é uma
abordagem de via de administracao importante para o tratamento cutaneo. A aplicagcédo
topica possibilita a administracdo de medicamentos de forma segura e efetiva, além de
evitar efeitos como irritagdo gastrointestinal, toxicidade sistémica e metabolismo hepético.
Diante disso, a administracdo de moléculas anti-inflamatorias e antioxidantes por via tépica
tem se mostrado uma alternativa importante e eficaz para a protecdo da pele contra os

danos inflamatérios e oxidativos causados pela UVB.

Apesar de pesquisas a respeito da possivel aplicagéo terapéutica dos lipidios MaR1
e LXA4, a investigacdo dos efeitos terapéuticos de formulacdes topicas contendo esses
mediadores in vivo em danos fotoxidativos cutaneos ainda ndo havia sido avaliados. Assim,
0 estudo da aplicabilidade de formulagbes topicas contendo MaR1l ou LXA4 na

fotoquimioprevencao é uma inovacéo do presente trabalho.

Os resultados in vivo deste trabalho mostraram que o tratamento tépico com o0s
lipidios MaR1 e LXA4 incorporados em creme e gel creme respectivamente protegeu a pele
contra a inflamacé&o e contra os danos oxidativos induzidos pela radiagcdo UVB comparado
com o grupo controle irradiado que nédo recebeu tratamento e com o grupo irradiado que
recebeu tratamento apenas com a base. O efeito antioxidante destas formula¢cdes contendo
os lipidios foi relacionado a manutencdo do poder redutor do ferro, dos niveis de GSH,
atividade de catalase e reducdo da producdo de anion superdxido. Somam-se a isso, as

formulagdes contendo MaR1 e LXA4 também foram capazes de inibir o recrutamento de
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neutrdéfilos, a atividade da MMP-9, a producéo de hidroperoxidos lipidicos, a apoptose dos
queratindécitos, 0 espessamento da epiderme, o nimero de mastdcidos e a degradacdo de

fibras de colageno.

Ambas as formulacdes demonstraram efeitos promissores no modelo utilizado,
contudo uma dose menor da formulagdo contendo MaR1 foi necessaria para produzir os
efeitos descritos neste trabalho. A dose utilizada nesta pesquisa foi 1,5 ng/animal de MaR1
e 30 ng/animal de LXA4. Esta diferenca de dose pode ser associada aos receptores que

cada um destes mediadores ativa.

O lipidio MaR1 ativa o receptor LGR6 que é conhecido por promover o reparo e a
regeneracdo. O receptor LGR6 é amplamente expresso na epiderme e na derme o que
corrobora com o efeito anti-inflamat6rio e antioxidante observados no presente estudo com a

formulacao topica contendo este mediador.

Ja o lipidio LXA4 ativa principalmente os receptores ALXR/FPR2. O receptor
ALXR/FPR2 é expresso em uma variedade de tipos de células, em particular, mondcitos,
basdfilos, células dendriticas e linfécitos T, o que reforga seu o papel na resposta imune-

inflamatoria.

Um outro ponto relevante do presente trabalho é o esquema de tratamento
utilizado. A dose proposta para cada lipidio foi dividida em trés aplicacfes, a primeira uma
hora e a segunda 10 minutos antes do inicio da irradiacdo e a terceira e Ultima aplicacao
logo apés o fim da etapa de irradiacdo. Esta proposta de tratamento possibilita que os
mediadores MaR1 e LXA4 sejam aplicados no 6rgao a ser tratado, o que melhoraria seu
processo de absorcéo e interacdo com as células e tecido alvo. O esquema de tratamento
aplicado nesta pesquisa pode ter contribuido para a resposta anti-inflamatéria e pro-

resolutiva destes mediadores no modelo de lesdo cutdnea induzida pela radiagdo UVB.

Considerando os parametros oxidativos e inflamatérios avaliados e o efeito das
formulacdes contendo MaR1 e LXA4 em reduzir tais parametros, sugere-se as formulacdes
contendo MaR1 e LXA4 como uma nova alternativa terapéutica para o tratamento tépico dos

danos causados pela radiacdo UVB na pele.
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