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Vale, David Laios. Protectina DX em modelo de irradiacao ultravioleta B: avaliagdo
do efeito terapéutico contra os danos foto-oxidativos e inflamatérios na pele de
camundongos sem pelo. 2022. 121 f. Tese (Doutorado em Ciéncias da Saude) —
Universidade Estadual de Londrina, Londrina, 2022.

RESUMO

A atenuacdo dos danos causados por espécies reativas de oxigénio (EROs) e a
resolucdo da inflamagcédo é um processo fundamental para a homeostasia celular.
Durante a exposi¢cdo excessiva a radiacdo UVB, ocorre um desequilibrio na pele,
diminuindo as capacidades antioxidantes endogenas e, devido a diversas reacoes,
ocorre um aumento das EROs em decorréncia do processo inflamatério estabelecido.
Novas substancias séo avaliadas como lipidios pro-resolucdo derivados do 6mega-3,
para reduzir os danos causados pela radiacdo ultravioleta. Dentre estes lipidios
destaca-se a protectina DX (PDX), a qual é obtido a partir da dupla lipoxigenacéo do
acido docohexandico, encontrado em neutrofilos ou exsudatos inflamatérios, com
efeito anti-inflamatoério e antioxidante in vitro e alguns modelos de inflamacdo e
estresse oxidativo in vivo. No entanto, até o momento, seus efeitos contra a pele
exposta a radiacdo UVB néo foram documentados. No estudo atual, os camundongos
sem pelo e os da linhagem LysM-eGFP foram expostos a radiacdo UVB (dose de 4,14
J/icm?) e ap6s, a pele foi coletada para os ensaios para determinacdo do efeito
antioxidante e anti-inflamatério. Mostramos que a PDX administrado por via
intraperitoneal (1 ng administrado antes e apos a irradiacéo) e via topica (0,7 ng em
trés tratamentos) foram capazes de diminuir o edema cutaneo, a atividade da
metaloproteinase-9, a degradacéo de fibras coladgenas, a apoptose dos queratinécitos
e 0 espessamento epidérmico em comparacdo com o grupo irradiado e nao tratado.
Demonstramos que a PDX, nas duas vias de administracdo, manteve os niveis de
glutationa reduzida, a atividade da catalase, o poder redutor do ferro e a capacidade
de reduzir o radical ABTS similares ao controle ndo irradiado. A PDX também diminuiu
a producédo de hidroperéxidos, anions superoxidos e o recrutamento de mastécitos.
Por fim, mostramos a reduc¢édo do recrutamento de neutréfilos marcados em linhagem
LysM-eGFP+ e a diminuicdo de macrofagos no grupo tratado com PDX. Em
conclusdo, nosso estudo sugere que o PDX tem um papel protetor contra danos
fotooxidativos e inflamatérios e pode ser uma terapia eficaz para doencas de pele
relacionadas a exposicao a radiacao.

Palavras-chaves: protectina DX; irradiagcdo UVB; antioxidante; inflamacéao.



Vale, David Laios. Protectin DX in an ultraviolet B irradiation model: evaluation of
the therapeutic effect against photo-oxidative and inflammatory damage in the skin of
hairless mice. 121 p. Thesis (Doutorado em Ciéncias da Saude) — Universidade
Estadual de Londrina, Londrina, 2022.

ABSTRACT

The attenuation of damage caused by reactive oxygen species (ROS) and the
resolution of inflammation is a fundamental process for cellular homeostasis. During
excessive exposure to UVB radiation, there is an imbalance on the skin, reducing
endogenous antioxidant capacities and, due to various reactions, an increase in ROS
occurs as a result of the established inflammatory process. New substances are
evaluated as pro-resolving lipids derived from omega-3, to reduce the damage caused
by ultraviolet radiation. Among these lipids, protectin DX (PDX) stands out, which is
obtained from the double lipoxigenation of docosahexaenoic acid, found in neutrophils
or inflammatory exudates, with anti-inflammatory and antioxidant effects in vitro and
some models of inflammation and oxidative stress in vivo. However, to date, its effects
against skin exposed to UVB radiation have not been documented. In the current study,
hairless mice and those of the LysM-eGFP strain were exposed to UVB radiation (dose
of 4,14 J/lcm2) and after that, the skin was collected for assays to determine the
antioxidant and anti-inflammatory effect. we showed that PDX applied intraperitoneally
(1 ng administered before and after irradiation) and topically (0.7 ng in three
treatments) were able to decrease skin edema, metalloproteinase-9 activity, collagen
fiber degradation, keratinocyte apoptosis, and epidermal thickening compared to the
irradiated and untreated group. We demonstrate that PDX, in both forms of
administration, maintained reduced glutathione levels, catalase activity, iron-reducing
power, and the ability to reduce ABTS radical similar to the non-irradiated control. PDX
also decreased the production of hydroperoxides, superoxide anions, and the
recruitment of mast cells. Finally, we show a reduction in recruitment of labeled
neutrophils in LysM-eGFP+ lineage and a decrease in macrophages in the group
treated with PDX. In conclusion, our study suggests that PDX has a protective role
against photooxidative and inflammatory damage and may be an effective therapy for
skin diseases related to radiation exposure.

Key words: protectin DX; UVB radiation; antioxidant; inflammation.
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1 INTRODUCAO

Diversas interagbes moleculares e celulares reguladas de acordo com as
respostas ao meio ambiente ocorrem na pele. Ela € o maior 6rgado do corpo humano
e apresenta diferentes tipos celulares e estruturas que funcionam cooperativamente
(JUNQUEIRA e CARNEIRO, 2017). Anatomicamente, a pele é dividida em duas
camadas: epiderme e derme. A primeira € constituida de cinco estratos: basal,
espinhoso, granuloso, licido e corneo, 0s quais sdo responsaveis pela adesdo e
replicacdo celular, formacéo de queratina, barreira contra a penetracéo de substancias
e impermeabilidade a 4gua (AZULAY, 2017). A segunda é a responsavel por apoiar a
epiderme e unir a hipoderme, é o local composto por elementos fibrosos, filamentos
difusos e celulares, vasos sanguineos, linfaticos, terminagbes nervosas, foliculos
pilosos, glandulas sebaceas e sudoriparas. Também nesta camada ha fibroblastos,
fibras de colageno tipo | e lll, fibras elasticas e células do sistema imunolégico como
macrofagos e mastocitos (MOTOYAMA e KIHARA, 2017; WOLFF, GOLDSMITH, et
al., 2011).

Um dos principais fatores fisicos que agride a pele é a radiacdo ultravioleta
(RUV), a qual apresenta energia necessaria para causar modificacdes celulares e
moleculares alterando o microambiente cutaneo. A RUV faz parte do espectro
eletromagnético e esta compreendida entre 100 e 400 nm de comprimento de onda.
Ela recebe uma subdivisdo baseada no comprimento de onda, as quais
compreendem: UVA (400-315 nm), UVB (315 a 280 nm) e UVC (menor que 280 nm)
(SHETTY, VENUVANKA, et al., 2015). A RUV consegue atingir diferentes camadas
da pele, por exemplo, a radiacdo UVA consegue penetrar em estratos mais profundos
da epiderme, por outro lado, a radiacdo UVB é absorvida predominantemente na
epiderme afetando os queratinocitos. Ja UVC nao atinge a pele porque é bloqueada
pela camada de ozbnio. Todas as moléculas presentes na pele como lipidios,
proteinas, &cidos nucleicos e que apresentam ligagcdo dupla ou tripla entre os
carbonos, podem absorver esta energia da RUV, sendo denominados posteriormente
de cromdforos (TEWARI, GRAGE, et al., 2013). Os cromoforos reagem com o
oxigénio molecular (O2) gerando espécies reativas de oxigénio (EROs) (XU e FISHER,

2005). Estas por sua vez também sao produzidas pela respiracdo aerdbia, ativacao
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de leucécitos durante a inflamacéo e absorcao de radiacao ionizante produzindo anion
superéxido (HIRAMOTO, KOBAYASHI, et al., 2012).

A geracao excessiva de EROs, em consequéncia da exposi¢ao prolongada a
RUV, pode interferir com mecanismos de acéo e interacéo direta com o DNA, RNA e
outros componentes celulares (MARTINEZ, PINHO-RIBEIRO, et al., 2015;
FERNANDEZ, VAN LONKHUYZEN , et al.,, 2014). No entanto, a pele apresenta
mecanismos para inibir ou remover as EROs utilizando enzimas como a catalase,
superoxido dismutase, glutationa peroxidase e outras substancias presentes como
alfa tocoferol e beta caroteno (HUBER, ALMEIDA e FATIMA, 2008). Quando a
producdo de EROs ultrapassa a capacidade das células em reduzi-las quimicamente,
a concentracao de radicais livres aumenta incontrolavelmente, rompendo o equilibrio
oxidante/antioxidante, instalando-se o estresse oxidativo cutaneo, desencadeando o
inicio do processo de carcinogénese (VITALE, KISSLINGER, et al., 2013; SOLIMAN
e DROSS, 2016; VENZA, VISALLI, et al., 2015).

Além dos efeitos oxidantes, a RUV causa inflamacéo através da ativacédo dos
gueratindcitos em expressar uma variedade de citocinas, quimiocinas e recrutamento
de outras células do sistema imune como mastocitos e neutrofilos. Estas células
polimorfonucleares liberam diversas enzimas como as metaloproteinases
responsaveis em degradar o colageno, influenciando diretamente no
fotoenvelhecimento cutdaneo (TERUI, OKUYAMA e TAGAMI, 2001; VERRI,
VICENTINI, et al., 2012). Somado a isso, elas também geram EROs, necessitando
ainda mais da acédo dos antioxidantes enddgenos para reestabelecer a homeostasia
celular. Ao nivel molecular, a RUV induz a fosforilagé@o de tirosina-quinase associada
ao receptor de proteina-quinase C, ativa fatores de transcricdo como o fator nuclear
kappa B (NF-kB), fator de proteina-1 (AP-1) e p53, 0s quais expressam uma série de
genes responsaveis pela producéo de enzimas que regulam o ciclo celular, estimulam
a producédo de interleucinas inflamatérias (IL-1B, IL-6 e TNF-a) e anti-inflamatoria (IL-
10) (AHN, KIM, et al., 2013; KWON, AHN, et al., 2015).

Clinicamente, a RUV causa modificacdes cutaneas agudas em decorréncia
da inflamagé&o local como eritema, edema, dor e alteracéo do tecido. A queimadura
solar € a principal consequéncia aguda que ocorre apds 0 excesso de exposicdo a
RUV (SKOTARCZAK, OSMOLA-MAAKOWSKA, et al., 2015). N&o obstante, outras
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doencas cutaneas também podem se desenvolver como a urticaria solar, dermatite
actinica cronica e tantas outras sdo agravadas pela exposicdo a RUV como Lupus
Eritematoso Sistémico, Dermatomiosite, Porfiria cutanea e o Xeroderma Pigmentoso
(JUNIOR, CHIACCHIO e CRIADO, 2018). Este ultimo, por exemplo, € uma doenca
genética, na qual ndo ha proteinas de reparo celular e a RUV amplifica os danos no
DNA dos queratindcitos aumentando o risco de desenvolvimento de melanoma e

outras neoplasias cutaneas (BLACK, 2016).

Nexte contexto, novas terapias sdo necessarias para controlar ou inibir a
inflamacéo e o estresse oxidativo cutaneo induzidos pela radiagdo UVB. Uma nova
classe de farmacos ganhou repercussdao pelo seu efeito anti-inflamatoério
denominados lipidios pro-resolucao (SERHAN, 2014). Estudos anteriores jA mostram
efeito terapéutico do uso de maresina e resolvina no modelo de irradiagdo UVB em
pele de camundongos (CEZAR, MARTINEZ, et al., 2019; SAITO, MELO, et al., 2018).
A administracdo intraperitoneal e topica destes LPR pode afetar as alteracdes
moleculares desencadeadas pela RUV e consequentemente as sequelas bioldgicas e

clinicas resultantes.

Deste modo, destaca-se a protectina DX, um &cido graxo poliinsaturado di-
hidroxilado, isbmero da protectina D1, pertencente a classe de mediadores endégenos
referidos como mediadores lipidicos pré-resolucdo (SERHAN e PETASIS, 2011). A
PDX é um acido produzido por dupla lipoxigenacdo do acido docohexandico que
apresenta propriedade anti-inflamatoria além das acdes pro-resolucéo, incluindo a
inibicdo da infiltracdo de células polimorfonucleares, protecdo dos 6rgaos afetados e
estimulacdo da regeneracéo do tecido (LAGARDE, GUICHARDANT e BERNOUD-
HUBAC, 2020). H4 estudos que mostram que a PDX regula citocinas, aumenta limiar
de dor e estimula as a¢des mediadas por macréfagos como a propria fagocitose
(FONSECA, ORLANDO, et al., 2017).

N&o h& na literatura o uso de PDX para avaliagdo de inflamagéo e estresse
oxidativo cutéaneo induzidos pela radiacdo UVB. Sendo assim, a proposta deste
trabalho foi avaliar o efeito terapéutico da PDX in vivo, administrada por via

intraperitoneal e via topica contra os danos causados pela exposicédo a RUV.

Os proximos topicos abordardo os danos causados na pele por exposi¢céo a

UVB e PDX como farmaco promissor as novas abordagens terapéuticas.
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1.2 INTERACAO DA RADIACAO UVB COM A PELE

No inicio do século XIX, Johan Ritter identificou no espectro solar uma regiao
gue estava além da luz visivel violeta denominada de radiacdo ultravioleta, a qual
compreende o comprimento de onda que varia de 400 a 100 nm. Em 1932 foi
apresentada, pela primeira vez na reunido de Copenhague do Segundo Congresso
Internacional de Luz, as propriedades de transmisséo de trés filtros de lampadas as
quais dividem a RUV em UVA (320-400 nm), UVB (290-320 nm) e UVC (abaixo de
290 nm) (LIM, HONIGSMANN e HAWK, 2007). Esta divisdo, especialmente para a
pesquisa em pele € de extrema importancia jA que a radiacdo UVA consegue
ultrapassar a camada epidérmica e a UVB é essencialmente absorvida na primeira
camada cutanea (SHETTY, VENUVANKA, et al., 2015).

A radiacdo eletromagnética € avaliada baseando-se na teoria das particulas
e sua energia é denominada fotons. A energia de cada foton é expressa pela lei de
Planck, na qual os niveis de energia sdo iguais a constante de Planck multiplicado
pela frequéncia do foton (LIM, HONIGSMANN e HAWK, 2007). O produto desta
eqguacao entdo é inversamente proporcional ao comprimento de onda. Ou seja, quanto

maior o comprimento de onda menor € o conteido energético.

No entanto, a dose necesséaria de radiacdo UV para resultar eritema ou
quaisquer lesBes cutaneas € calculado pelo tempo de exposi¢do e irradiancia da
lampada UVB (CASAGRANDE, GEORGETTI, et al., 2006a). A irradiancia se refere a
intensidade de radiacdo incidente (medida por um aparelho chamado radiémetro) e
expressa em unidades miliwatts por centimetro quadrado. A dose € calculada pelo

tempo integral da irradiancia e é expressa em Joules por centrimetro quadrado.

tempo exposicdo (min) x 60 x irradiancia (_rcnnlilg)

1000

Dose de irradiacao ( 2):
cm

A dose minima necessaria para causar eritema leve é de 0,7Jcm2. Shindo et
al., 1994 verificou que a exposicao solar durante 4-5 horas no outono em uma latitude
na Califérnia (38°N) resultava em uma dose de irradiacdo de 25 Jcm™?. Em outro
estudo foi comparada a dose de irradiagdo de UVA e UVB em um mesmo local
(latitude, longitude e altitude) e identificaram que a UVA foi maior durante o dia,

conforme ilustrado abaixo:
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Figura 1: Comparacéo entre incidéncia de radiagdo UVA e UVB em um dia de verdo de céu
claro (2015) na latitude de 29°4'S (Sul do Brasil) usando radiometros de banda larga UVB/UVA
continuos (EKO Instruments Trading, Téquio, Téquio-para, Japéo) (SCHUCH, MORENO, et
al., 2017).

Uma vez que a RUV possui energia e esta é absorvida pelos componentes da
pele (melanina, proteinas e DNA, por exemplo), ocorre a formagcdo dos croméforos
(YOUNG, 1997). Os croméforos podem liberar a energia absorvida na forma de luz,
calor ou passar por reacfes quimicas. Essas reacfes sdo de maior interesse em
dermatologia pois os produtos formados iniciam mudancas celulares que levam a
respostas clinicas. Exemplo dessa reacdo é a absorcdo da RUV pela 7-
dehidrocolesterol transformando em pré-vitamina D3 até formar a vitamina D3
(IRURETAGOYENA, HIRIGOYEN, et al., 2015). Entretanto, outras reac6es ndo sao
benéficas a pele como, por exemplo, a formacéo de radicais livres gerados a partir
dos croméforos (oxigénio singleto, perdoxido de hidrogénio ou hidroxila)
(TRAUTINGER, 2001).

O estrato cérneo € composto por células achatadas, mortas e sem ndcleo com
gueratina no citoplasma, contendo ceramidas e lipidios neutros (colesterol, acidos
graxos e estéres de colesterol) (FOLDVARI, 2000). A RUV danifica direta e
indiretamente tais lipidios do estrato corneo e as membranas lipidicas das células
vivas, gerando também espécies reativas de oxigénio (EROs) (ZIEGLER, JONASON,
et al., 1994). Todavia, as EROs sao depuradas por mecanismos enzimaticos como a
catalase (decompde o peroxido de hidrogénio em oxigénio e agua), superdxido
dismutase (converte o superéxido em peroxido de hidrogénio), glutationa peroxidase
e 0s ndo enzimaticos como alfa tocoferol, acido ascorbico, beta caroteno (PODDA,
TRABER, et al., 1998; HUBER, ALMEIDA e FATIMA, 2008). Somado a isso, os lipidios



20

oxidados nas membranas dos queratinécitos séo clivados pela enzima fosfolipase A2
para formar o acido araquidénico, o qual é substrato da enzima ciclo-oxigenase 1 e 2
(COX-1 e COX-2) produzindo prostaglandinas que medeiam diversas reacoes
inflamato6rias (MAGNONI, EUCLIDI, et al., 2002).

A pele apresenta mecanismos enddgenos que contrabalanceiam a producgao
das EROs e um destes mecanismos € a ativacao do fator de transcricdo Nrf-2 (fator
nuclear derivado de eritroide -2) (Figura 2). Quando o Nrf-2 é ativado, ele migra para
0 ndcleo da célula e se liga ao elemento responsivo a antioxidante (ARE) induzindo a
expressao de genes que codificam enzimas antioxidantes como a propria superéxido
dismutase, catalase entre outros (BEYER, KELLER, et al.,, 2007). O fator de
transcricdo Nrf-2 também regula a producédo de enzimas anti-inflamatérias como a
hemeoxigenase-1 (HO-1). No entanto a atividade da Nrf-2 pode ser regulada
negativamente pelo aumento de citocinas inflamatérias como a IL-1B e IL-6 e
metaloproteinase-9.

ERO

Ativacdo da
transcricdo

7 \

st
/
/
/

Figura 2: Modelo de ativacao de Nrf-2 pelo fator de crescimento de queratindcitos (KGF) e
pelas EROs. ApGs ativacdo de Nrf-2 ocorre a migracdo para o nucleo e a ligagdo com o
elemento responsivo a antioxidante (ARE) induzindo a transcricdo de genes alvos - figura
modificada (BRAUN, HANSELMANN, et al., 2002).

Algumas proteinas que agem como cromoforos também séo receptores de
superficie celular. A RUV consegue agir em tais receptores de membrana mesmo sem
ligantes e quando ativados, fosforilam proteinas citoplasmaticas responsaveis pela
sinalizacdo celular (producéo de novas proteinas, divisdo celular entre outros). Um
exemplo € o que ocorre com 0s receptores CD95 que sao ativados pela RUV levando
a apoptose celular, independentemente do DNA (BANG, GNIADECKI, et al., 2003).
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No entanto, a RUV também atua em algumas proteinas mantendo-as permantemente
fosforiladas ativando vias de respostas celulares como a producdo excessiva de
metaloproteinases (MMP) (ZIEGLER, JONASON, et al., 1994).

Sobre as modificacdes celulares, € sabido que as células epidérmicas como
queratinécitos, Langerhans, melandcitos e leucdcitos contribuem para liberacdo de
citocinas apds exposicdo a RUV. Diversas citocinas sao liberadas, principalmente
pelos queratindcitos, incluindo IL-1a, IL-1B, IL-3, IL-6, interferon gamma (IFN-y), fator
de necrose tumoral alfa (TNF-a), entre outros (ANSEL, PERRY, et al., 1990; GRONE,
2002). Os danos causados pelas EROs estimulam a liberacdo de IL-18 e TNF-a e
estas iniciam a via de sinalizacao intracelular e a expressao génica para producao de
mais citocinas. Ademais, as EROs fosforilam o inibidor kappa B ativando o fator
nuclear kappa B (NF-kB), que vai até o nucleo e promove a expressao de genes de
citocinas (RYU, KANG, et al., 2019; BELLEZZA, MIERLA e MINELLI, 2010). Este fator
também é ativado pela propria RUV e, portanto, ha aumento da quantidade de
citocinas e com isso ocorre aumento do recrutamento de células do sistema

imunoldgico para a pele deixando o 6rgao inflamado.

Outra via ativada corresponde aos fatores de transcricdo STAT (signal
transducers and activators of transcription) que permitem a proliferacdo e
sobrevivéncia de queratindcitos expostos a UVB e promocédo da inflamacao da pele.
Basicamente, apds a exposicdo a UVB o receptor do fator de crescimento epidérmico
(EGFR) é ativado e entéo fosforila o Janus-associated-kinase (Jak), o qual se liga ao
STATS3 e através de uma cascata de reacfes se une ao DNA e aumenta a transcricao
de genes pro-inflamatorios e inibe a apoptose (Figura 3) (FEEHAN e SHANTZ, 2016).

UVB
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STAT3
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Figura 3. Radiacdo UVB estimula a inflamacdo e a sobrevivéncia da célula através da via

STATS3 (fator de transcricdo ativado por tirosinas quinases) pelo receptor EGFR (fator de
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crescimento epidérmico) ou pela ativacdo das PKCs (proteinas quinases C) - figura
modificada (FEEHAN e SHANTZ, 2016).

A exposicdo a RUV altera a morfologia dos queratinocitos condensando a
cromatina e formando as células denominadas “sunburns cells” resultando no
processo de apoptose (YOUNG, 1987; LAETHEM, CLAERHOUT, et al., 2005). Apesar
disso, ocorre estimulo da camada basal replicando mais queratinécitos e, como
consequéncia ha o aumento da espessura da camada epidérmica evidenciado em
outros estudos (CEZAR, MARTINEZ, et al.,, 2019; KUMAGAI, MARTINEZ, et al.,
2021). O o6xido nitrico, é outra substancia produzida pelos queratinéticos e que reage
com o superdxido formando peroxinitrito. Este € um potente ativador de varias vias de
sinalizagédo, incluindo MAPK (Mitogen Activated Protein Kinases) e as cascatas de
sinalizacdo da tirosina quinase. O Oxido nitrico também desempenha funcdo na
resposta inflamatéria causando vasodilatacdo e eritema (LORCA e WU, 2020;
CHANG, TSAO, et al., 2003).

Mais dois fatores de transcricdo estdo envolvidos com a resposta a RUV: AP-
1 e p53. O AP-1 desempenha papel relevante para o ciclo celular uma vez que quando
ativado induz a proliferacéo, diferenciacdo e apoptose celular. Ele também interfere
com a sintese de colageno tipo | e lll, bloqueia o efeito de algumas citocinas como o
TGF-B e aumenta a atividade de enzimas responsaveis por degradar 0s componentes
da matriz extracelular (metaloproteinase) (AHN, KIM, et al., 2013; ONOUE,
KOBAYASHI, et al., 2003).

Ja o p53, conhecido por ser um gene supressor tumoral (TP53), € responséavel
por codificar uma proteina que regula negativamente a progresséo do ciclo celular,
chamada de proteina p53. Essa proteina apresenta meia vida curta, quando nao
mutada (HARRIS, 1996) e se liga a um promotor de gene descrito como WAF1
produzindo a proteina p2l1. Especificamente, a p21 terd um efeito significativo na
divisdo da célula. Para uma célula progredir de G1 para S, na fase de mitose, as
proteinas ciclinas ligam-se as enzimas quinases dependentes de ciclina (CdK) e as
ativam. Entdo este complexo de ciclinas e CdKs fosforilam outras proteinas
responsaveis pela progressao da célula em fase S. Quando ha a presenca do p21,
este se liga ao complexo ciclina e Cdks blogueando sua atividade e impedindo a

fosforilacdo das proteinas responsaveis pela transicdo de fases da célula na mitose.
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Portanto, interrompe-se a fase G1 e a célula entra em apoptose (HAINAUT e
HOLLSTEIN, 1999).

Contudo quando ha mutacdo no gene TP53, ndo ocorre a transcricdo
adequada para proteina supressora tumoral e ndo ativa a transcricao de outros genes,
consequentemente ndo ocorre o bloqueio da atividade da Cdk e a célula néo
interrompe sua progressao durante a mitose impedindo o processo de apoptose (EL-
DEIRY, 2016). A progressao de células com alteracbes no DNA pode levar a um
acumulo de mutagcBes adicionais e aumentar a probabilidade de desenvolver

neoplasia.

Dessa forma, ha inUmeros mecanismos que séo ativados pela RUV levando
a inflamacéo cutanea, ao fotoenvelhecimento e ao cancer de pele (Figura 4). Assim,
0 uso de novas substancias que atuam nos mecanismos fisiopatolégicos surge como

uma alternativa nas terapias de fotoprotecéo e prevencéo de doencas cutaneas.
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Absorvido na camada de — — —

ozdnio " = - T —
Energia absorvida | Absorcao da Iuz UV pelo DNA (fotons) |
pela célula formando T

croméforos N
—— FOTOCARCINOGENESE
! }
| Cromoforos excitados | Producéo de ciclobutano
7 pirimidina e dimeros de
Transferéncia de energia | pimidina cross-linked Redug#o intrinseca da fagocitose
v (fibroblastos envelhecidos) e da
, depuracao autofagica mediada
Antioxidantes » J| Danos produzidos -
pelas EROs —
Ativacdo NF-kB Suprarregulacdo Oxidac&o de lipidios e x
de MMPs proteinas intracelulares
s N
- |
Produgao de EGF, IL-1 Degradagéo de coldgeno Actimulo de células Fagocitose (lisossomos de
TNF-a, IL-3, IL-8 e elastina danificadas Fibroblastos e autofagia)
i =
, »
v =

ENVELHECIMENTO CUTANEO

Figura 4: Mecanismo de acdo da radiacdo UV na pele e suas consequéncias. EROs
espécies reativas de oxigénio, EGF = fator de crescimento epidermal, MMPs =
metaloproteinases, IL = interleucina, TNF = fator de necrose tumoral, X = reacdo bloqueada.
Figura modificada (PEDI¢, PONDELJAK e SITUM, 2020).
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1.2 LIPiDIOS PRO-RESOLUCAO: PROTECTINAS

A injuria inflamatoria ativa mediadores nas células danificadas produzindo
acido araquidonico pelas enzimas fosfolipases e por diferentes reacbes produz as
prostaglandinas, leucotrienos e lipoxinas (ABBAS, KUMAR, et al.,, 2010). As
prostaglandinas sé@o produzidas pelos mastocitos, macrofagos e células endoteliais
através da acdo de duas enzimas, ciclooxigenase-1 e ciclooxigenase-2, e estéo
envolvidas na patogenia da dor, febre, deixando a pele sensivel a dor (alodinia)
(RICCIOTTI e FITZGERALD, 2011). Ja os leucotrienos, formados pela acdo das
lipoxigenases, séo secretados pelos leucdcitos e tEm como acdo a quimiotaxia de
neutrofilos, os quais geram EROs e liberam enzimas lisoss6micas. (WRIGHT,
MOOTS, et al., 2010). As lipoxinas, diferente dos outros dois, inibem o recrutamento
dos leucécitos e os componentes celulares da inflamagcdo (SERHAN, CHIANG e
DYKE, 2008).

Durante anos supunha-se que a resolucao da inflamag&o ocorria de forma
passiva. No entanto, novos estudos mostram que esta fase de resolucdo é
proveniente de lipidios pré-resolucéo derivados do 6mega 3 e classificados em quatro
grupos: lipoxinas, resolvinas, maresinas e protectinas (Figura 5) (SERHAN, CHIANG
e DALLLI, 2018). A fase pro-resolutiva se inicia principalmente em células da imunidade
inata, como neutréfilos e macréfagos. A fase de resolucdo comeca com o
aparecimento de uma classe de mediadores lipidicos, responsavel por direcionar a
sintese para a formacao dos lipidios pro-resolucao. A primeira classe sintetizada sédo
as lipoxinas que iniciam a fase resolutiva da inflamag&o, sendo, posteriormente,
acompanhadas pela sintese de outras classes de lipidios pro-resolucao, provenientes
do acido eicosapentaendico e docohexandico, em concentracdes e tempos diferentes
(SERHAN, 2014).

O &cido eicosapentaendico (EPA) por acédo da enzima COX-2 (dependente ou
nao de acido acetilsalicilico) ou por enzimas do citocromo P450, forma o acido 18-
hidroperoxi-eicosapentaendico e, posteriormente, acido 18-hidroxi-
eicosapentaendico. Este intermediario é convertido por leucécitos humanos em
resolvina E1 e E2 por acdo da enzima 5 lipoxigenase. Ja a resolvina E3 é produzida
pela acdo da enzima 15 lipoxigenase (SERHAN, CHIANG e DALLI, 2018). As

resolvinas da série E ja mostraram reduzir a inflamacé&o dérmica, peritonite, migracao
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de células dendriticas e a producdo de interleucinas inflamatérias em estudos
anteriores (ARITA, BIANCHINI, et al., 2005; ISOBE, ARITA, et al., 2012).

O acido docohexandico (DHA) é encontrado em muitos tecidos, como a retina,
0s pulmdes e o sistema nervoso. Ele € precursor de trés familias de lipidios pro-
resolucdo, quimicamente distintos, os quais incluem as resolvinas da série D,
protectinas e as maresinas. O DHA sofre reacao de lipoxigenacéo produzindo o acido
14-hidroperoxi-docohexandico e entdo forma as maresinas. No entanto, o DHA
também pode reagir com a COX-2 ou a enzima 15 lipoxigenase formando as
protectinas ou as resolvinas da série D (SERHAN, CHIANG e DALLI, 2018). A
maresina e as resolvinas série D ja foram avaliadas em modelo de
inflamacédo/estresse oxidativo em pele e mostraram-se ativas contra os danos
cutaneas causados pela radiacdo UVB (SAITO, MELO, et al.,, 2018; CEZAR,
MARTINEZ, et al.,, 2019). Porém, ainda ndo ha na literatura informacdes sobre
protectina em modelo de irradiagao UVB.

Human SPM Biosynthesis
Eicosapentaenoic Acid Docosahexaenoic Acid
" COX-2-aspirin " COX-2-aspirin ;

or CYP450 | 15-lipoxygenase Pnp—

18-HpEPE 17-HpDHA 14-HpDHA

18-HEPE Protectins 17-HDHA  Maresins

5-lipoxygenase 15-lipoxygenasae
S-lipoxygenase
RvE1, RvE2 RvE3
Resolvins Resolvins
E series :
D series

Figura 5: Biossintese de lipidios pré-resolugdo. COX-2: ciclooxigenase 2; CYP450: citocromo
P450; 18-HpEPE: &cido 18-hidroperoxi-eicosapentaendico; 18-HEPE: acido 8-hidroxi-

eicosapentaendica; RVE1L: resolvina E1; RVE2: resolvina E2; RVE3: resolvina E3; 17-HpDHA:
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acido 17-hidroperoxi-docohexanéico; 17-HDHA: acido 17-hidro-docohexanéico; 14-HpDHA:
acido 14-hidroperoxi-docohexandico (SERHAN, CHIANG e DALLI, 2018).

Sobre a familia protectina, houve esclarecimento em relagéo a sua estrutura
quimica, uma vez que apresentam 2 substancias derivadas do DHA, as quais
possuem um grupo alcool no carbono 17: neuroprotectina D1(NPD1)/protectina D1
(PD1) e protectina DX (PDX). Atualmente h&d uma divergéncia na literatura a respeito
da protectina D1 (PD1) e a protectina DX (PDX) por conta da configuracdo de seu
carbono assimétrico (BALAS, GUICHARDANT, et al., 2014). Estereoisdbmeros, como
PD1 e PDX séo biologica e farmacologicamente diferentes. A talidomida, que ficou
mundialmente conhecida por causa teratogenecidade com o farmaco levégero (S), é
exemplo da importancia da diferenca dos estereoisbmeros, uma vez que O
enantiomero dextrégero (R) apresenta propriedades analgésicas, sedativas e
antieméticas (TOKUNAGA, YAMAMOTO, et al., 2018). Esclarecer a estrutura quimica
€ importante pois determina a acdo farmacolégica e possibilita 0 desenvolvimento de

novos medicamentos em escala industrial.

Protectin DX =< — - Resolvins

LOX
epoxidation

Protectin D1 -
NPD1

16S, 17S-epoxy-Protectin

Figura 6: Biossintese de protectinas e resolvinas.15-LOX: 15- lipoxigenacdo (SERHAN,
CHIANG e DALLI, 2018).
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O NPD1 foi descoberto em 2003 e foi denominado neuroprotectina devido as
suas propriedades neuroprotetoras no cérebro apos isquemia e acdo contra o
estresse oxidativo e por ter sido o primeiro mediador neuroprotetor (MUKHERJEE,
MARCHESELLLI, et al., 2004). Anos depois, Serhan et al., 2011 mostraram que além
de sua atividade no sistema nervoso, este lipidio pré-resolucéo tem efeitos em outros
orgdos e entdo renomearam para protectina D1 (PD1). Esta substancia é
biossintetizada por meio de uma mono-lipoxigenac¢éo seguida de formacgéo de epdxido
nos carbonos 16 e 17. PD1 foi identificada em cérebro, sangue humano, células gliais,
neutrofilos, macrofagos, células T e epitélio pigmentar da retina (BAZAN, 2009;
SHEETS, JUN, et al., 2013).

PDX (acido 10(S),17(S)Dihidroxi-docosa-4Z,7Z,11E,13Z,15E,19Z-hexaendico)
é uma protectina da série D, ou seja, do DHA (Figura 7). E obtida da dupla
lipoxigenagdo do é&cido docohexandico, encontrado em neutréfilos ou exsudatos
inflamatérios (BALAS, GUICHARDANT, et al.,, 2014). Tem massa molecular de
360,23, logP 5,06, solavel em etanol, absorbancia em 270 nm (CAYMAN CHEMICAL,
2019).

— == =7 — — on PDX

Figura 7: Estrutura quimica de lipidios pré-resolucao derivados do DHA. Diferenca das duplas
ligacbes nos trienos conjugados de NPD1 (Z,E,E) e PDX (E,Z,E) - Modificado (BALAS,
GUICHARDANT, et al., 2014).

1.3 ACAO PRO-RESOLUTIVA DA PROTECTINA PDX

Um dos primeiros estudos a respeito da acao biolégica da PDX mostrou a

diminuicdo da agregacédo plaquetaria induzida por &cido araquidénico e colageno, o
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que nao foi verificado em outros compostos derivados do DHA como os trienos
conjugados E, E, Z (PD1) e os derivados trans (E, E, E). O mecanismo de inibicdo da
agregacao plaquetaria ocorre pela agdo antagdnica da PDX no receptor de
tromboxano A2 e na inibicdo da COX-1 (CHEN, VERICEL, et al., 2011).

A PDX tem efeito antioxidante devido ao aumento de proteinas como catalase
e superéxido dismutase evidenciado em estudo utilizando células endoteliais da veia
umbilical humana e tratadas com hidroperoxido (HWANG, JUNG, et al., 2019). Ela
inibe a producdo de EROs, por meio da inibicdo da NADPH oxidase, induzida por
formil-metionil-leucil-fenilalanina, e a liberacdo de mieloperoxidase por neutrofilos
humanos em uma dose-dependente de 10 puM. No entanto, este ensaio in vitro
mostrou que apenas 8% da PDX foi incorporada aos neutrofilos apés periodo de
incubacdo. Neste mesmo estudo, a COX-2, uma enzima abundante em macro6fagos
ativados e outras células inflamatorias, foi inibida pela presenca da PDX (LIU,
BOUSSETTA, et al., 2014).

Outro mecanismo de acdo da PDX esta relacionado com a supressdo da
enzima o6xido nitrico sintetase induzivel (iNO), presente nos musculos e no figado de
camundongos (WHITE, ST-PIERRE, et al., 2014). O éxido nitrico € liberado durante a
inflamac&o e causa vasodilatacdo com aumento da permeabilidade capilar levando ao
edema, conforme discutido no item 1.2. Somado a isso, este lipidio pro-resolucdo
mostrou-se eficaz em reduzir as citocinas inflamatoérias como TNF-a, IFN-y, IL-10, IL-
2, IL-6 e IL-17, no modelo de resisténcia a insulina. Somado a isso, PDX promove a
fosforilacdo do AMPK (proteina quinase ativada por monofosfato de adenosina)
responsavel pelo processo de modulagéo de diferentes vias metabdlicas, reduzindo a
producdo e a liberacdo de citocinas pré-inflamatérias e contribuindo para a
homeostasia celular (KIM, YANG, et al., 2016). Em outro estudo Jung et al., 2017
demonstraram, em células C2C12 tratadas com palmitato, que o PDX induziu a
fosforilacdo do AMPK, bloqueando o IkB e consequentemente evitando a translocacéo

do fator NF-kB para o nucleo.

A PDX é capaz de regular o edema pulmonar através da expressao da
proteina Na, K-ATPase promovendo drenagem do fluido alveolar através da via de
sinalizacdo ligada ao AMPc (adenosina 3',5-monofosfato ciclico) pela via do ALX

(receptor de lipoxina 4) e pela via Nedd4-2 (neural precursor cell expressed
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developmentally down-regulated 4-like) (ZHUO, HAO, et al., 2018). Em outro estudo,
foi analisado o potencial da PDX em lesdo pulmonar aguda induzida por
lipopolissacarideos, o qual mostrou que dentre as trés doses utilizadas (1, 10 e 100
ng/camundongo) apenas o grupo tratado com 1 ng apresentou resultado satisfatorio.
Nesta mesma concentracdo ocorreu a inibicdo de citocinas inflamatérias como IL-13,
IL-6, TNF-a e aumentou a liberagcédo de citocina anti-inflamatoéria IL-10 (TAN, CHEN,
et al., 2018). Estudo feito por Li et al., 2017 mostrou que a PDX inibiu a infiltracdo das
células inflamatdrias e a deposicdo de matriz extracelular (colageno) no modelo de

fibrose pulmonar induzida pela bleomicina, corroborando com estes resultados.

Os macroéfagos, ativados durante o processo inflamatério, sdo derivados de
precursores dos mondcitos e sofrem diferenciacédo especifica dependendo do tecido
lesionado. Os fendtipos dos subconjuntos de macréfagos sdo denominados
macréfago M1 e M2. O primeiro é caracterizado pela producdo de citocinas pro-
inflamatorias, producéo de EROs e promocéao de resposta Thl. Ja o segundo participa
da remodelacédo de tecidos, regulacdo da resposta imune, além de secretar 1L-10,
CCL17, CCI22 e CCL24 (DAVIS, TSANG, et al., 2013). Logo, uma via que pode ser
utilizada para otimizar a resposta inflamatéria € o uso de farmacos que ativem
macrofagos M2. Xia et al.,, 2017 relataram que PDX aumenta a sobrevida de
camundongos em modelo de sepse por meio da atividade fagocitica dos macréfagos,
diminuindo a resposta inflamatoria e facilitando a polarizacdo M2 de macréfagos

peritoneais.

De acordo com as informacdes discutidas, os lipidios pré-resolu¢cdo mostram-
se como substancias promissoras para novos medicamentos por agirem nos
mecanismos fisiopatolégicos ocasionados pela radiacdo UVB. Entretanto, o efeito
terapéutico da protectina DX administrada por via intraperitoneal e incorporada em
formulacéo para uso tépico in vivo ainda néo foi avaliado para modelo de inflamacéo

e estresse oxidativo induzido pela radiagdo UVB.
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2. OBJETIVOS

2.1 OBJETIVO GERAL

Avaliar o efeito antioxidante e anti-inflamatorio/pro-resolucdo do lipidio

protectina DX administrado via intraperitoneal e topica no controle dos danos cutaneos

induzidos pela radiacdo UVB.

2.2 OBJETIVOS ESPECIFICOS

e Avaliar os efeitos terapéuticos, mecanismo de acdo e a melhor dose-resposta

da protectina DX quando administrada via intraperitoneal e incorporado em

formulacéo por via topica no modelo de lesdo cutanea induzida pela radiacdo

UVB com enfoque em:

Edema de pele;

Atividade de metaloproteinase-9;

Recrutamento de macréfagos e neutrofilos;

Atividade do poder antioxidante da pele por meio dos ensaios de ABTS
(2,2"azino-bis (3-etilbenzoatizolina-6-acido sulfénico) e FRAP (poder de
reducdo do ion ferro);

Niveis de antioxidante enddégeno glutationa e catalase;

Producao de hidroperéxidos e de anions superéxidos;

Avaliacdo da espessura da epiderme, densidade de fibras colagenas
namero de queratindcitos apoptoéticos e mastécitos através do ensaio de

histologia.
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3 MATERIAIS E METODOS

3.1 MATERIAIS

3.1.1 Materiais de Consumo

Protectin DX com pureza > 95% (10 (S), 17 (S) - dihidroxi-4Z, 7Z, 11E, 13Z,
153,19Z-4cido docosahexaendico) da Cayman Chemical (Ann Arbor, Michigan, EUA).
Hidroperdxido de tert-butil, TPTZ (2,4,6-Tris (2-piridil) -s-triazina), azul brilhante R,
glutationa reduzida (GSH), brometo de hexadeciltrimetilaménio (HTAB), N-
etilmaleimida, o-dianisidina dicloridrato, fluoreto de fenilmetanossulfonil, &cido 5,5'-
ditiobis (4cido 2-nitrobenzoico) (DTNB), nitroblue tetrazolium (NBT), 2,2'azino-bis (3-
etilbenozotiazolina-6-acido sulfénico) (ABTS), trolox, DMSO (dimetilsulféxido),
bisacrilamida foram obtidos da Sigma-Aldrich (St. Louis, MO, EUA). Acido citrico,
hidréxido de sddio, acido cloridrico e fosfato de potassio Merck (grau analitico,
Darmstadt, Hessen, Alemanha). Isoflurano da Abbott (Chicago, IL, EUA). Xileno cianol
e hidroximetilaminometano (Tris) foram obtidos da Amresco (Solon, OH, EUA).
Acrilamida, dodecilsulfato de sodio (SDS), glicerol, copolimero de
VP/acriloildimetiltaurato de amoénio (Aristoflex®) (5%) e cera auto-emulsificante
Polawax® obtidos da Pharmaspecial (Sdo Paulo, SP, Brazil). Todos os outros

reagentes usados eram de qualidade farmacéutica.

3.1.2 Materiais Permanentes

Camara de madeira projetada para irradiacdo; Lampada ultravioleta
fluorescente PHILIPS TL/12 40W RS-UVB, MedicalHoland®; Radiémetro IL 1700
Research Radiometer. Detectores: SED240 — filtro UVB (290nm), SEDOO5 - filtro UV
(350nm); Deionizador de agua, Purebal Option-Q, Elga®; Homogeneizador de tecidos
Tissue-Tearor (Biospec 985370); Balanca analitica, HR-120, A&d®, precisédo de 4
casas; Banho-maria, 314/2 DN, Nova Etica®; Agitador mecanico, Fisatom®; Banho-
maria 100, Fanem; Centrifuga refrigerada, Rotina 46R, Hettich Zentrifugen®;
pHmetro, Tec-3MP, TECNAL®; Estufa 0-120°C, De Leo & Cia®; Fonte elétrica para
eletroforese MS 300V, Major Science®; Leitor de microplaca, Asys Expert Plus,
Biochrom®; Leitor de microplaca, Enspire, Perkin Elmer®; Leitor de microplaca,
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Multiskan GO, Thermo Scientific; Lumindbmetro Glomax® 20/20; Sistema de

eletroforese Mini Vertical, Mini-Protean® Tetra System, Bio-RAD®.

3.2 METODOS

3.2.1 Diluicao da Protectina DX (PDX)

Solucdo de PDX foi preparada em etanol e armazenda em -80°C até o uso.
No dia dos experimentos, aliquotas da solu¢cdo de PDX foram dissolvidas em salina
para que 200 uL (quantidade usada para aplicacéo intraperitoneal) contivesse 1 ng,
0,1 ng ou 0,01 ng. As doses de PDX para este estudo foram determinadas de acordo
com estudo anterior no qual 1 ng/animal apresentou efeitos pro-resolucdo nao
evidenciados nas doses 10 e 100 ng/animal (TAN, CHEN, et al., 2018). A partir da
dose de 1 ng, foram pesquisados também os efeitos de concentra¢cdes menores (0,1
e 0,01 ng).

ApoOs os ensaios realizados com PDX intraperitoneal, a dose resposta de 1
ng/animal/tratamento (2 ng de PDX ao total) foi escolhida para veiculagdo em emulséo
por apresentar resultados satisfatérios com acéo antioxidante e anti-inflamatéria, ndo

verificada em outras concentracdes de PDX.

3.2.2 Preparo das Formulacdes Tépicas

Para o preparo das formulacdes topicas foi escolhido o copolimero de
acriloildimetiltaurato (Aristoflex® - dispersao a 5%) (20% m/m) pela sua caracteristica
de melhor espalhabilidade e menor risco de interagdo com o farmaco, e a base auto-
emulsionante ndo-ibnica, que neste estudo foi a cera auto-emulsionante Polawax®
(@lcool cetoestearilico + monoestearato de sorbitol polioxietiieno 20 OE) cuja
proporcao estava em 2% (m/m). A escolha dessas bases foi em decorréncia de outros

estudos feitos pelo préprio grupo de pesquisa o qual padronizou este veiculo.

A dispersdo de Aristoflex® foi misturada ao Polawax® ap6s aquecimento
delas até a temperatura 70°C e, a seguir, a emulsédo resultante foi agitada até
resfriamento (40°C). Entéo, foi acrescentado o emoliente triglicerideos de acido
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caprico e caprilico (5%), o agente umectante propilenoglicol (6%) e uma solucéo

conservante (Pheonip®) (0,4%) na formulacao.

Ap0s 24 horas do preparo, as formula¢des foram separadas e identificadas
como formulagéo controle (sem PDX) e formulacdo contendo PDX. Uma aliquota da
solucéo diluida de PDX foi adicionada a formulacéo (0,7ng/0,5g de formulacdo) que
foi aplicada no dorso do animal. A formulacdo controle foi denominada TFC; a
formulagéo contendo PDX foi denominada TFcPDX. Para o estudo tépico foram
padronizados trés tratamentos seguindo o protocolo experimental.

3.2.3 Animais Experimentais

Para os experimentos com administracdo topica e intraperitoneal foram
utilizados camundongos sem pelo da linhagem HRS/J, de ambos os sexos, adultos e
com massa de 20 a 30 g. Apenas para 0S experimentos com administracao
intraperitoneal foram utilizados camundongos da linhagem LysM-eGFP C57BL,
fémeas, adultas e com massa de 25-30 g. Todas as linhagens de 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 racao. 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°148/2016, processo CEUA n°
11146.2016.97). Todos os esforcos foram feitos para minimizar o uso de animais e

seu sofrimento.

3.2.4 Sistema e Fonte de Radiacao UVB

A fonte de luz utilizada nos experimentos para inducdo das lesdes foto-
oxidativas foi a lampada UVB fluorescente modelo PHILIPS TL/12 40W RS (Medical).
A lampada emite radiagdo na faixa A de 270 a 400 nm com pico maximo de emissao
em torno de 313 nm. A medida da irradiancia foi realizada utilizando-se um radidmetro
(IL 1700) com detectores para radiagao UV (SED 005) e, especialmente, para UVB
(SED 240) (CARINI, ALDINI, et al., 2000; CASAGRANDE, GEORGETTI, et al.,
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2006a). A lampada foi instalada numa camara de madeira desenvolvida
especificamente para a inducéo do estresse oxidativo e inflamacéo. Os camundongos
foram separados em caixas de plastico e cobertos com uma tela plastica para garantir
a total exposicao da regido dorsal. Foi realizado um rodizio com as caixas contendo
0s animais devido as variacoes de radiacdo ao longo da lampada. Os animais foram
colocados a 20 cm de distancia da lampada UVB e expostos a radiacao a temperatura
ambiente com livre movimentagédo na caixa (CASAGRANDE, GEORGETTI, et al.,
2006a). Conforme a irradiancia da lampada UVB, os animais ficaram expostos por 5
h e 30 min, resultando na dose de radiagdo de 4,14 J/cm?. Esta dose é capaz de
induzir a inflamacéo e o estresse oxidativo conforme descrito em estudos anteriores
(CAMPANINI, PINHO-RIBEIRO, et al., 2013; IVAN, CAMPANINI, et al., 2014).

3.2.5 Protocolo Experimental para Administracao Intraperitoneal de PDX

Inicialmente os camundongos HRS/J (sem pelo) foram designados
aleatoriamente para diferentes grupos com 6 camundongos cada:

e Grupo 1: controle n&o irradiado;

e Grupo 2: controle irradiado tratado com solucao salina;
e Grupo 3: irradiado e tratado com 0,01 ng de PDX;

e Grupo 4: irradiado e tratado com 0,1 ng de PDX;

e Grupo 5: irradiado e tratado com 1 ng de PDX;

Os camundongos foram tratados por via intraperitoneal, com 200 pL para
atingir as doses de 0,01; 0,1 e 1 ng/animal, 30 minutos antes e 30 minutos apds a
sessdo de irradiacdo (Figura 8). Os animais foram eutanasiados apés 12 horas da
irradiacdo e as amostras de pele foram coletadas para os seguintes ensaios: edema,
avaliacdo de FRAP, capacidade em reduzir o radical ABTS:, niveis de GSH, atividade

de metaloproteinase (MMP-9) e histologia.

A partir da definicho da melhor dose para resposta ao uso de PDX
intraperitoneal, seguiu-se para a segunda fase de experimentos. Nesta fase foram
irradiados os grupos 1, 2 e 5, com a mesma quantidade de animais (6 animais por
grupo), seguindo o mesmo protocolo de tratamentos com a eutanasia 2 horas apés o

final da irradiacéo. A pele coletada foi utilizada para os seguintes ensaios: producéo
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de anion superoxido, atividade de catalase e producéo de hidroperéxidos. A terceira
fase foi realizada usando a melhor dose resposta de PDX intraperitoneal em
camundongos LysM e-GFP seguindo o protocolo de tratamento e dose de irradiacao

com eutanasia destes animais apos 12 horas da irradiacao.

As amostras foram divididas para os diferentes testes e armazenadas a -80°C
para as andlises. Apenas o teste de edema cutaneo foi realizado no mesmo dia em
gue a pele foi retirada. Os animais foram terminalmente anestesiados com 5% de
isoflurano nos ensaios com eutandsia 12 h apos a irradiagdo ou anestesiados seguido
de decapitacdo nos ensaios com eutanasia 2 horas apés o término da radiacdo UVB
(4,14J/cm?). As peles foram lavadas com NaCl 145mM (CASAGRANDE,
GEORGETTI, et al., 2006a; IVAN, CAMPANINI, et al., 2014).

Edema, MMP-9, GSH, FRAP,
CAT, NBT e ABTS, NAG, Histologia e

Tratamento LOOH ensaio de imunofluorescéncia

UVB

5,5 h (4,14J/cm?)

- 30 min 30 min 2h 12h

Figura 8. Fluxograma dos tempos de tratamento com 0s protocolos experimentais para
avaliacdo do efeito antioxidante e anti-inflamatério de PDX administrada intraperitoneal. Os
animais foram irradiados com radiagdo UVB durante 5 horas e 30 min (4,14 J/cm?). Trinta
minutos antes e trinta minutos apos a irradiagdo os animais foram tratados com 200 uL de
solucdo contendo PDX em diferentes doses, para os grupos 3, 4 e 5 (0,01; 0,1 e 1ng/animal).
Os animais foram eutanasiados e amostras de pele foram coletadas 2 horas (para os testes
de producdo do anion superoxido [NBT], atividade da catalase [CAT], producédo de
hidroperéxidos [LOOH]) e 12 horas (para os testes de edema, atividade de metaloproteinase-
9 [MMP-9], niveis de glutationa reduzida [GSH], avaliagdo do poder antioxidante redutor de
ferro [FRAP], transferéncia de elétrons ao radical [ABTS], producédo de N-acetil-glucosamina

[NAG], histologia e ensaio de imunofluorescéncia), apos o fim da radiagdo UVB.
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3.2.6 Protocolo Experimental para Administracdo das Formulagcdes Tépicas

A figura 6 resume o protocolo experimental utilizado para avaliacdo do efeito
terapéutico da PDX administrada nos camundongos por via topica. Para os ensaios,

os animais foram distribuidos em quatro grupos com seis animais cada:

e Grupo 1: controle ndo irradiado;
e Grupo 2: controle irradiado;
e Grupo 3: controle irradiado tratado com formulacao topica sem PDX;

e Grupo 4: irradiado e tratado com formulagéo topica contendo PDX.

A partir dos resultados de PDX intraperitoneal (2 ng PDX/animal), os
camundongos foram tratados topicamente, na parte dorsal, com 0,5 g de formulacao
contendo 0,7 ng de PDX, 1 hora antes, 5 minutos antes e 6 horas ap0s o inicio da
sessdao de irradiacdo UVB (Figura 9) (MELO, SAITO, et al., 2021). Os animais foram
terminalmente eutanasiados com 5% de isoflurano para os testes de 12 horas (edema,
atividade de MMP-9, niveis de GSH, avaliacdo de FRAP e capacidade de reduzir o
radical ABTS e histologia) ou anestesiados seguido de decapitacdo para os testes de
2 horas (producéo do anion superoxido, catalase e hidroperdxidos) apés a finalizacao
da exposicao a radiacdo UVB. As peles foram lavadas com NaCl 145mM (KUMAGAI,
MARTINEZ, et al., 2021). O teste de edema cutaneo foi realizado logo apdés a coleta,
as amostras de pele para o ensaio de histologia foram armazenadas em formol 10%

e as amostras para os demais testes foram armazenadas a -80°C para as analises

subsequentes.
Edema, MMP-9, GSH,
CAT, NBT e FRAP, ABTS e
Tratamento Tratamento LOOH Histologia
UVB
Tempo 5.5 h (4,14J/cm?) |
-1h - 5min 5 min 2h 12h

Figura 9. Fluxograma dos tempos de tratamento com 0s protocolos experimentais para
avaliacdo do efeito da PDX administrada por via tépica. Os animais foram irradiados com
radiacdo UVB durante 5 horas e 30 min (4,14 J/cm?). Os animais foram tratados com

formulagado controle e formulagdo com PDX uma hora e 5 minutos antes do inicio da radiacéo



37

e cinco minutos apés a finalizagéo da irradiacao (grupo 3 e 4). Os animais foram eutanasiados
e amostras de pele foram coletadas 2 horas (para os testes de producdo do anion superdxido
[NBT], atividade da catalase [CAT], producéo de hidroperéxidos [LOOH]) e 12 horas (para os
testes de edema, atividade de metaloproteinase-9 [MMP-9], niveis de glutationa reduzida
[GSH], avaliacao do poder antioxidante redutor de ferro [FRAP], transferéncia de elétrons ao

radical [ABTS] e histologia), apos o fim da radiacdo UVB.

3.2.7 Avaliacdo do Edema de Pele

O excesso de exposicdo a radiagdo UVB sobre a pele causa reacéo
inflamatoria levando entre outras consequéncias ao edema cutaneo (MARTINEZ et
al., 2015).

As amostras de pele do dorso de cada animal foram coletadas com auxilio de
um molde com é&rea fixa de 5mm de didmetro e posteriormente foram pesadas e 0s
resultados expressos em miligrama (mg) de pele (IVAN, CAMPANINI, et al., 2014;
MARTINEZ, PINHO-RIBEIRO, et al., 2015). O efeito dos tratamentos no edema
causado pela radiacdo UVB foi mensurado pelo aumento do peso de pele na regiao

dorsal. A analise foi feita comparando-se o peso de pele entre os diferentes grupos.

3.2.8 Determinacédo da Atividade/Secrecao de Proteinases Por Zimografia em Gel de
Poliacrilamida Com Dodecil Sulfato de Sodio (SDS)

A determinacao da enzima metaloproteinase de matriz 9 (MMP-9) foi realizada
através da atividade gelatinase no método de zimografia em gel de poliacrilamida com
duodecil sulfato de sodio (SDS-PAGE) (FONSECA, MARQUELE-OLIVEIRA, et al.,
2011). As metaloproteinases sao enzimas importantes em degradar as matrizes
extracelulares, como o colageno, e podem desenvolver o fotoenvelhecimento cutaneo
(BAE, KARADENIZ, et al., 2015; LIMA, MOTA, et al., 2015).

Foi feito um pool das amostras de pele de cada grupo e armazenadas em
microtubos. As amostras foram homogeneizadas com auxilio do homogeneizador de
tecidos Tissue-Tearor (Biospec 985370), na proporgao 1:4 em tampéo fosfato Tris/HCI
50 mM (pH 7,4) com cloreto de calcio (CaCl2) e 1% de inibidores de proteinases

(fenantrolina, fluoreto de fenilmetilsulfonila e N-etilmaleimida).
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Os homogenatos foram centrifugados duas vezes a 12.000 xg por 10 min a
4°C e os sobrenadantes foram submetidos ao ensaio de zimografia. Aliquota de 50
pL do sobrenadante foi diluida em 10 pL de tampéao Tris/HCI (pH 6,8) contendo 20%
de glicerol, 4% de duodecil sulfato de sddio (SDS) e 0,001% de azul de bromofenol.
Em seguida estas amostras foram colocadas em banho-maria a 37°C durante 8
minutos imediatamente antes de ser aplicada no gel de eletroforese. A espessura do
gel utilizado foi de 1 mm, composto por um gel de separagcdo e um gel de
concentracéo, preparado conforme tabela 1.

Tabela 1. Constituintes do gel de separacédo e do gel de concentracéo

Substancia Quantidade (pL)

Gel de separagdo Gel de concentragdo

Agua miliQ 5870 4060

Tampao Tris/HCI 1 M (pH 8,8) 3750
com 0,4% SDS

Tampao Tris/HCl 0,5 M (pH 6,8) - 1670
com 0,4% SDS

Acrilamida: bis-acrilamida (30:0,8) 5000 860
Gelatina 10% 375

Persulfato de aménio 10% 50 33
Temed 20% 10 6,6

Apbs a finalizacdo da solucdo do gel de separacdo e de concentracdo, 0s
mesmos foram aplicados no equipamento do sistema de eletroforese Mini Verical (Bio-
Rad®). O interior da cuba de eletroforese foi preenchido com tampéao 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 pL
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 separacao, sendo que a ultima corrente foi

mantida constante por 15 minutos ap0s a saida do corante do gel de separacéao.

Depois de finalizada a eletroforese, o gel foi lavado com solucgéo de triton X-
100 2% por 1 hora, sob constante agitacdo e incubado por 12 horas em tampao
Tris/HCI 50 mM (pH 7,4), contendo CaClz 5mM e 0,02% de azida sodica a 37°C. Ao
final da incubacgédo, o gel foi corado com uma solugdo contendo 0,25% de azul

brilhante, 10% de acido acético e 50% de metanol em agua deionizada. Zonas de
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atividade enzimatica foram detectadas como regiées de colorac&do negativa contra um
fundo escuro. A atividade proteolitica foi analisada quantitativamente comparando os
resultados das amostras dos animais tratados com os controles n&o tratados pelo
programa ImageJ (NIH, Bethesda, MD, USA) (ONOUE, KOBAYASHI, et al., 2003;
CASAGRANDE, GEORGETTI, et al., 2006a).

3.2.9 Avaliagdo do Poder Antioxidante Redutor do Ferro na Pele

O poder redutor do ferro nos diferentes tecidos foi avaliado através do método
de FRAP (Ferric Reducing Antioxidant Power) validado em estudo anterior
(KATALINIC, 2005) e adaptado para avaliagdo do poder antioxidante de reducéo
férrica em pele (MARTINEZ, PINHO-RIBEIRO, et al., 2015)

Foram coletadas amostras de pele da regido dorsal (aproximadamente 30 mg)
e homogeneizadas em 500 uyL de KCl a 1,15% com auxilio do homogeneizador de
tecidos Tissue-Tearor (Biospec 985370). Posteriormente, foram centrifugadas a 1.000
xg por 10 min a 4°C, e o sobrenadante foi utilizado para a analise. Para a reacao,
foram adicionados 30 pL do sobrenadante e 150 pL 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 solucdo 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 solugéo foi incubada a 37°C por 30
min antes do uso. As amostras foram lidas em espectrofotdmetro a 595 nm (EnSpire,
Perkin Elmer). Foi realizada o preparo de uma curva padréo utilizando-se diferentes
concentracdes de Trolox (antioxidante analogo soltvel da vitamina E) de 0,5 a 20 uM.
Os resultados foram expressos como nmol equivalente de Trolox/mg de pele
(KATALINIC et al., 2005).

3.2.10 Avaliacdo do Poder Antioxidante pelo Ensaio de Sequestro do Radical
2,2’,Azinobis (3-Etilbenzotiazolina-6-Acido Sulfénico) (ABTS)

O ensaio baseia-se na capacidade de o antioxidante sequestrar o cation
ABTS" causando uma reducado da absorvancia (ZUL, FARHAT, et al., 2015).



40

Para a reacédo de ABTS, as amostras foram homegeneizadas em 400 pL de
KCl a 1,15% com auxilio do homogeneizador de tecidos Tissue-Tearor (Biospec
985370) e centrifugadas a 1.000 xg por 10 min a 4°C, posteriormente o sobrenadante
foi utilizado para analise.

A solucao de ABTS foi preparada ap0s reagir 7 mM da solucdo de ABTS com
2,45 mM de persulfato de potassio resultando no cation ABTS®. Esta solucéo ficou 16
horas armazenada em frasco @&mbar e em geladeira a 8°C. Também foi preparado o
tampao fosfato (KH2PO4/KOH) pH 7,4. Apds as 16 horas, a solugdo de ABTS foi
misturada com tampéo fosfato até atingir a absorvancia de 0,8 em 730 nm. Foi
adicionado 7 pL do sobrenadante junto com 200 pL da solucdo de ABTS diluida. O
branco era composto apenas do tampé&o. Apés 6 minutos de reacdo, foi realizada a
leitura com comprimento de onda em 730 nm (EnSpire, Perkin Elmer). Uma curva
padrao foi preparada com diferentes concentracées de Trolox (0,01 a 20nM) e os
resultados foram expressos em nmol equivalente de Trolox/mg de pele (KATALINIC,
2005; MARTINEZ, PINHO-RIBEIRO, et al., 2015).

3.2.11 Quantificacdo do Antioxidante Enddgeno: Glutationa Reduzida (GSH)

A enzima glutationa é importante na homeostasia da pele por eliminar os
radicais livres que foram produzidos durante a exposi¢cdo a radiacdo UV. O ensaio
baseia-se da reacdo da quebra da ligacdo do acido 5,5’-ditio-bis-(2-nitrobenzdico)
(DTNB) pelo grupo sulfidrila da glutationa e, para tal, é detectada a quantidade do
acido 5-mercapto-2-nitrobenzéico (SRINIVASAN, SABITHA e SHYAMALADEVI,
2007)

As amostras de pele foram pesadas e posteriormente diluidas (1:4) em EDTA
0,02 M. Foi usado o homogeneizador de tecidos Tissue-Tearor (Biospec 985370) para
trituracdo da pele. Ao homogenato foi adicionado &cido tricloroacético (TCA) a 50%,
com o intuito de precipitar as proteinas do meio reacional, na proporc¢ao de 1:0,2 de
EDTA e TCA, respectivamente. A mistura foi centrifugada a 2700 xg por 10 minutos a
4°C. O sobrenadante foi recentrifugado a 2.700 xg por 10 minutos a 4°C, e entédo o

sobrenadante final foi utilizado para anélise.

Para o ensaio de quantificacdo dos niveis de GSH na pele foram adicionados

50 uL do ultimo sobrenadante em microplaca com o meio reacional contendo 100 uL
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de tampéao Tris 0,4 M (pH 8,9) e 5 pL de uma solucao de 1,9mg/mL de acido 5,5’-ditio-
bis-(2-nitrobenzdico) (DTNB) em metanol. Apds 5 minutos de incubacéo, a leitura da
microplaca foi realizada no espectrofotometro (EnSpire, Perkin Elmer) com
comprimento de onda em 405 nm. Foi preparada uma curva analitica com 5 a 150 uM
do padrdo de GSH. Os resultados foram expressos em uyM de GSH/mg de pele
(SRINIVASAN, SABITHA e SHYAMALADEVI, 2007; MARTINEZ, PINHO-RIBEIRO, et
al., 2015)

3.2.12 Avaliacéo dos Niveis do Antioxidante Enddégeno: Catalase (CAT)

A catalase é uma heme enzima responsavel por reduzir o peréxido de
hidrogénio em agua e oxigénio. O nivel dessa enzima se reduz quando ha um estresse
oxidativo, indicando um possivel desequilivrio entre a producao de radicais livres e a
acao antioxidante endogena (PALLAVI KRISHNA SHETTY, 2015).

O ensaio para a catalase foi realizado triturando-se as amostras em 500 pL
de EDTA 0,02 M com auxilio do homogeneizador de tecidos Tissue-Tearor (Biospec
985370). Em seguida, o homogenato foi centrifugado a 2.700 xg durante 10 minutos
a 4°C. O sobrenadante foi recentrifugado a 2.700 xg durante 15 minutos a 4°C. Apés
isso, 10 pL do sobrenadante final reagiram com 160 pL de tamp&o Tris/HCI 1M com
EDTA 5 mM pH 8,0, 20 pL de agua deionizada. O branco foi usado para cada amostra,
ou seja, 10 pL do sobrenadante foram misturadas com 160 pL de tampé&o Tris/HCI 1M
com EDTA 5 mM pH 8,0, 20 pL de peréxido de hidrogénio. A velocidade com que o
H20:2 é reduzido pela acdo da CAT foi avaliada por meio da diminui¢cdo no valor da
absorbancia pela diferenca entre a leitura inicial e a leitura 30 segundos apos a adi¢ao
do H202 200 mM. A leitura foi realizada em espectrofotdbmetro (EnSpire, Perkin Elmer)
em 240 nm com temperatura mantida em 25°C. Os resultados foram expressos como

unidade de catalase/mg de pele.

3.2.13 Avaliacdo da Producéo de Anion Superoxido (02")

O anion superoxido € um ion produzido endogenamente, durante o processo

de respiracao celular aerébia. Em processos patolégicos de injuria ao tecido, como a
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exposicao a radiacdo UVB, ocorre aumento da quantidade deste anion e para manter
a homeostasia do meio, ativa-se a enzima superoxido dismutase (SOD). Esta por sua
vez converte 0 anion superoxido em peréxido de hidrogénio favorecendo a geracao
de outro radical induzindo a permanéncia do estresse oxidativo cutaneo (CHA, PIAO,
et al., 2014).

Para quantificacdo de anion superoxido, foi utilizado o ensaio de NBT (nitroblue
tetrazolium) (CAMPANINI, PINHO-RIBEIRO, et al., 2013). As amostras coletadas
foram trituradas, usando o homogeneizador de tecidos Tissue-Tearor (Biospec
985370), em 500 yL de EDTA 0,02 M, centrifugadas a 2.000 xg por 20 segundos a
4°C.

Para a reacédo, 50 pL do sobrenadante foi incubado por 1 hora em microplaca.
Em seguida, o sobrenadante foi retirado cuidadosamente e adicionado 100 pyL de NBT
na concentracdo de 1mg/mL (agua deionizada) nas células fixadas. Apés 15 minutos,
o NBT foi cuidadosamente removido e ao precipitado foram adicionados 20 yL de
metanol 100% para fixagado. O composto formado pela reducdo do NBT (formazan) foi
solubilizado com 120 pL de KOH 2 M e 140 pL de dimetilsulféxido (DMSO). A reducéo
do NBT para formazan foi medida em espectrofotdmetro (EnSpire, Perkin EImer) com
comprimento de onda em 620 nm. Os resultados foram mostrados como densidade

Optica (DO) por 10 mg de pele.

3.2.14 Avaliacdo da Producao de Hidroperdxido (LOOH)

As amostras de pele coletada foram trituradas em 800 uL de tampéao fosfato
(PBS) pH 7,4 contendo NaCl 137 mM, KCI 2,7 mM, Na2HPO4 10 mM, KH2PO4 1,8 mM,
com auxilio do homogeneizador de tecidos Tissue-Tearor (Biospec 985370). Em
seguida, centrifugadas a 700 xg a 4°C por 2 minutos. Foi usado 70 pL do
sobrenadante para a reacdo com 420 pL de tampéo de reacdo (KH2PO4 20 mM e
NaCl 0,9%, pH 7,4), 10 pL de terc-butil e 10 pL de luminol. Cada amostra foi analisada
por 3.600 segundos no equipamento Glomax® 20/20 (Madison, Wisconsin, EUA),
resultando na mesma quantidade de pontos de quimioluminescéncia. Os resultados
foram expressos em unidades de luz relativa por mg de pele (MELO, SAITO, et al.,
2021).
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3.2.15 Histologia

As amostras de pele foram coletadas apés 12 horas da sessao de irradiacéo
e foram fixadas em paraformaldeido a 4% e desidratadas em banhos de solucdes de
etanol com concentragfes crescentes (70%, 95% e 100%) e diafanizadas com xilol
para incluséo de parafina. O bloco de parafina contendo a amostra foi seccionado a 5
um e corados por diferentes corantes: com hematoxilina/eosina para analise de
espessura da pele (objetiva 40x) e da presenca de “sunburns cells” (objetiva 100x),
tricdmio Masson para andlise de fibra de coldgeno (objetiva 10x) e azul de toluidina
para determinar a contagem de mastdcitos (objetiva 40x). As andlises foram feitas
com o software Infinity Analyze (Lumenera®) (SAITO, MELO, et al., 2018; CEZAR,
MARTINEZ, et al., 2019).

3.2.16 Atividade NAG

Uma enzima lisossomal expressa em macrofagos foi avaliada usando ensaio
cinético-colorimétrico de N-acetil-glucosamina (NAG). A amostra de pele foi
homogeneizada em tampao fosfato 0,05 M (pH 6,0) contendo 0,5% de brometo de
hexadeciltrimetilaménio (HTAB) usando Tissue-Tearor (Biospec 985370). Os
homogeneizados foram centrifugados a 12.000 xg por 2 min a 4°C. Retirou-se 50 pL
de sobrenadante e misturou-se com 50 pL de 4-Nitrofenil N-acetil-B-D-glucosaminida
mantendo incubado por 10 min a 37°C. Em seguida, foram adicionados 50 pL de
tampao glicina 0,2 M (pH 10) e a absorbancia foi determinada a 400 nm (EnSpire,
Perkin Elmer®). A atividade NAG da amostra foi comparada com uma curva padrao
de macrofagos. Os resultados sao apresentados como atividade NAG (numero de
macrofagos por miligrama de pele) (BOURBOUZE, RAFFI, etal., 1991; BELEBECHA,
CASAGRANDE, et al., 2020).

3.2.17 Ensaio de Imunofluorescéncia

Para o ensaio de imunofluorescéncia em pele foram usados camundongos
LysM-eGFP por expressarem a proteina fluorescente verde (eGFP) controlada pelo

promotor da lisozima M (LysM) presente em granulos de neutréfilos. Os animais foram
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raspados 48 horas antes da irradiacdo e foram tratados de acordo com o protocolo
esquematizado na figura 5. Estudo anterior possibilitou a analise do recrutamento de
leucécitos para a pele neste modelo de irradiagdo UVB (CEZAR, MARTINEZ, et al.,
2019). A imagem foi capturada usando microscopio confocal (Leica TCS SP8, Leica,
Wetzlar, Alemanha) com uma objetiva de 20x. As imagens foram processadas usando
o software Leica EL6000 (Leica, Wetzlar, Alemanha). A intensidade da fluorescéncia
foi quantificada por um analista que ndo sabia quem eram os grupos tratados dos
controles. Foram escolhidos um campo por amostra com indicativo de recrutamento
de neutrdfilos para o tecido da pele. Os resultados sdo expressos em intensidade de
fluorescéncia eGFP (%) (CEZAR, MARTINEZ, et al., 2019).

3.2.18 Andlise Estatistica dos Resultados

Todos os resultados foram analisados estatisticamente por analise de variancia
(ANOVA) com um fator seguido do teste de comparacdes mdultiplas de Tukey e
apresentados pela média + erro padrdo da média (EPM) de mensuraces feitas com
6 animais em cada grupo por experimento. As analises foram realizadas usando-se o
software GraphPad Prism 4 (GraphPad Software Inc., San Diego, EUA). Os resultados

foram considerados significativamente diferentes para p<0,05.
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Pro-resolving protectin DX administered intraperitoneal in hairless mice

attenuate the oxidative and inflammatory effects induced by UVB irradiation

ABSTRACT

The attenuation of damage caused by reactive oxygen species (ROS) and the resolution of
inflammation is a fundamental process for cellular homeostasis. During excessive exposure to
UVB radiation, there is an unbalance in the skin, decreasing the endogenous antioxidant
capacities, and, due to several reactions, there is an increase in ROS as a result of the established
inflammatory process. In order to reduce the damage caused by ultraviolet radiation, new
substances are evaluated as pro-resolution lipids, which are inflammatory mediators derived
from omega-3. Protectin DX (PDX) is obtained from the double lipoxygenation of
docosahexaenoic acid, found in neutrophils or inflammatory exudates, and its anti-
inflammatory effect and antioxidant potential has already been documented. However, to date
its effects against skin exposed to UVB radiation have not been reported. In the current study,
we showed that PDX applied intraperitoneally (1 ng dose administered before and after
irradiation) was able to decrease skin edema, metalloproteinase-9 activity, keratinocyte
apoptosis, and epidermal thickening compared to the irradiated and untreated group. We also
demonstrated that PDX maintained reduced glutathione levels, catalase activity, maintained the
reducing power of iron, the ability to reduce the ABTS radical, and decreased the production
of hydroperoxide and superoxide anions. In conclusion, our study suggests that PDX has a
protective role against photooxidative and inflammatory damage and may be an effective
therapy for skin diseases related to radiation exposure.

Keywords: Protectin DX, Oxidative stress, Inflammation, Ultraviolet B.
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1. Introduction

The skin is constantly being physically attacked by exposure to ultraviolet radiation. This
physical factor is subdivided into three bands according to wavelength: UVA (400-320 nm),
UVB (320-280 nm), and UVC (less than 280 nm) (1). Specifically, UVB radiation is absorbed
in the epidermal layer of the skin, mainly affecting keratinocytes. The energy from UVB
radiation reacts with skin molecules as lipids, proteins, nucleic acids forming chromophores
(2). A series of chemical reactions of chromophores produce reactive oxygen species (ROS),
which are highly reactive, and endogenous antioxidant mechanisms are activated to counteract

the installed oxidative stress (3,4).

However, these mechanisms are self-limited and an excess of ROS accumulates with enough
energy to react with DNA and RNA, which can cause errors in cell division and trigger the
carcinogenic process (5). UVB radiation also initiates the inflammatory process, causing
clinical signs of edema, erythema, pain, and tissue change (6). This process occurs through the
activation of inflammatory cytokines, recruitment of neutrophils, macrophages, mast cells,
among other cells (7). Inflammation is also a generator of ROS, further increasing cutaneous

oxidative stress.

In this context, new therapies that help in the inflammation resolution process and reduce the
production of ROS are necessary to avoid the formation or worsening of sensitive skin diseases
caused by ultraviolet radiation (lupus erythematosus, dermatomyositis, Xxeroderma
pigmentosum, and others) (8,9). For a long time, the resolution of inflammation was considered
a passive process, but recent studies show that it is an active process involved with the

production of substances anti-inflammatory called pro-resolution lipids mediators (10).

Lipid mediators are involved in the regulation of the inflammatory process to prevent the

exacerbated progression of pro-inflammatory mediators, allowing the cell to return to its state
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of homeostasis after aggression (11). The components of lipid mediators include several
substances as examples: lipoxins, resolvins, maresins, and protectins (10,12). Lipoxins are

derived from omega-6 fatty acid and the rest are derived from omega-3fatty acid (10).

One of the latest lipid mediators to be discovered is protectin DX (PDX), an isomer of protectin
D1, produced by double lipoxygenation through docosahexaenoic acid (DHA) (13). PDX is an
active metabolite that acts by inhibiting: the production of ROS (14), insulin resistance in
skeletal muscles of obese mice (15), pulmonary edema in a sepsis model (16), and the
replication of the influenza virus (17). The anti-inflammatory and antioxidant results of PDX
have been demonstrated in vitro and in some in vivo models. Although, there are no studies on
its effect on the UVB radiation-induced inflammation and oxidative stress model. Here, we
investigated in vivo effect of PDX related to the maintenance of endogenous antioxidants and

the decrease in inflammation in the skin after UVB radiation exposure.
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2. Materials and Methods

Materials

Protectin DX (10(S),17(S)- dihydroxy-4Z,7Z,11E,13Z,153,19Z-docosahexaenoic acid (from
Cayman Chemical Ann Arbor, Michigan, USA). Tert-butyl hydroperoxide, Acrés Organics
(Geel, Antwerp, Belgium). TPTZ (2,4,6-Tris(2-pyridyl)-s-triazine), Brilliant blue R, reduced
glutathione (GSH), hexadecyltrimethylammonium bromide (HTAB), N-ethylmaleimide, N-
acetyl-beta-D-glucosaminidase (NAG), phenylmethanesulfonyl fluoride, 5,5’-dithiobis (2-
nitrobenzoic  acid) (DTNB), nitroblue  tetrazolium  (NBT), 2,2"azino-bis(3-
ethylbenozothiazoline-6-sulfonic acid) (ABTS), trolox, DMSO (dimethylsulfoxide),
bisacrylamide were obtained from Sigma-Aldrich (St. Louis, MO, USA). Isoflurane from
Abbott (Chicago, IL, USA). Xylene cyanol and hydroxymethyl aminomethane (Tris) were
obtained from Amresco (Solon, OH, USA). Acrylamide, sodium dodecyl sulfate (SDS),
glycerol from Invitrogen (Carlsbad, CA, USA). Optimum cutting temperature reagent (Tissue-
Tek, O.C.T. Compound, Sakura Finetek, Torrence, CA, USA). All other reagents used were

from pharmaceutical grade.

Effect of protectin DX against photooxidative and inflammatory skin damage induced by

UVB irradiation in vivo

Animals. The experiments were performed in hairless mice (HRS/J) weighing 25-30 g, female
and obtained from the Londrina State University (UEL), Parana, Brazil and LysM-eGFP*
background C57BL/6 mice weighing 20-25 g, obtained from Ribeirao Preto Medical School,
University of Sao Paulo, SP, Brazil. Mice had free access to water and food at a temperature of

23°C £ 2and a 12 h light and 12 h dark cycles. The Animal Ethics Committee (Of. Circ. CEUA
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n° 148/2016, process CEUA n° 11146.2016.97) of the Londrina State University approved all

procedures. All efforts were made to minimize animal use and their suffering.

Experimental protocol. First, HRS/J mice (a hairless strain) were randomly designed to
different groups with 6 mice each: sham, irradiated control group treated with saline, irradiated
group treated with 0.01 ng of PDX (PDX-0.01ng), irradiated group treated with 0.1 ng of PDX
(PDX-0.1ng) irradiated group treated with 1 ng of PDX (PDX-1ng). Mice were treated
intraperitoneally (i.p.) at 30 minutes before and 6 h after the beginning of UVB irradiation
session (Figure 1) (18). Mice were anesthetized with 3% isoflurane after 2 h or 12 h after
irradiation, depending on the assay. Dorsal skin samples were collect followed by storage at -
80°C before analysis. The exceptions were skin edema where samples were weighed
immediately after collection and samples for histology which were stored in 10% formalin. In
a previous study, the 100 ng and 10 ng/animal dose failed to provide lung protective effects,
however the 1 ng/animal dose was effective in this animal model and also show anti-
inflammatory pro-resolution functions (19). To test whether PDX would present this same
effect, we use the concentration of 1 ng and lower (0.01 and 0.1 ng/animal/treatment) to allow
an observation of the best dose-response in a skin irradiation model. After the first step, we use
the PDX-1 ng for experiments involving LysM-eGFP mice, catalase activity, anion superoxide

and hydroperoxide production.

Irradiation. The UVB source to induce pathological changes in the skin was a Philips TL/12
RS 40W (Medical-Holand) lamp emitting a continuous spectrum at 313 nm. In the apparatus,
the lamp was mounted 20 cm above the place where the mice were placed on, resulting in an
irradiation of 0.209 mW/cm? as measured by an IL 1700 radiometer (Newburyport, MA, USA)

equipped with sensor of UV (SED005) and UVB (SED240). The irradiation dose was 4.14
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Jlem? (20,21). Experiments using this UVB irradiation model have been validated in previous

studies using the same irradiation dosage as described above (18,20,22).

Histology. Histologic processing was performed with fixation in formaldehyde and embedding
in paraffin. Histological sections were made and stained with hematoxylin and eosin for
counting sunburn cells present in the epidermis (x100 magnification) (23) and to determine
epidermal thickness (40x)(18). Masson’s trichrome to evidence collagen fibers (x10
magnification) and toluidine for mast cell quantification (x40 magnification) (24). Experiments
were performed two times and in every group in each time the experiment was performed the
number of mice was 6 summing up 12 mice per group. All histological sections were analyzed
using light microscopy and software Infinity Analyze (Lumenera® Software). The digital

images were processed using of the Image J program.

Skin Edema. Dorsal skin biopsy was carefully removed from euthanized mice and weighed
using a precision scale (25). All samples presented a constant diameter of 5 mm. Results are

expressed in mg of skin tissue obtained from the weight of each sample.

NAG activity. A lysosomal enzyme expressed in macrophage was evaluated using N-acetyl
glucosamine (NAG) kinetic-colorimetric assay. Skin sample was homogenized in 0.05 M
phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethylammonium bromide (HTAB)
using Tissue-Tearor (Biospec 985370). The homogenates were centrifuged at 12000 xg for 2
min at 4°C. Withdrew 50 pL of supernatant and was mixed with 50 uL of 4-Nitrophenyl N-
acetyl-pB-D-glucosaminide and incubated for 10 min at 37°C. Then, 50 pL of 0.2 M glycine
buffer (pH 10) was added and the absorbance was determined at 400 nm (EnSpire, Perkin
Elmer®). The NAG activity of the sample was compared to a standard curve of macrophages.
The results are presented as NAG activity (number of macrophage per milligram of skin)

(26,27).
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Assay to determine the concentration of reduced glutathione (GSH). Skin sample was
homogenized in 0.02 M EDTA using Tissue-Tearor (Biospec 985370) at a ratio 1:4 w/w
dilution. Whole homogenates underwent 50% trichloroacetic acid treatment and centrifugation
twice under refrigeration at 4°C during 10 min at 2700 xg. The reaction mixture contained 50
pL of sample, 100 pL of 0.4 M Tris and 5 pL DTNB (1.9 mg/mL in methanol). The reaction
mixture was allowed 5 min interval to react and then, reading of absorbance at 405 nm was
done (EnSpire, Perkin EImer®). The standard curve was prepared with GSH 5-150 uM. The

results are presented as uM of GSH per mg of skin (28,29).

Assay to quantitate sample ability to reduce iron (ARI) and ABTS assay. 500 uL KCI (1.15%)
solution was used to suspend the samples to allow tissue homogenization using Tissue-Tearor
(Biospec 985370). This homogenate was centrifuged during 10min under refrigeration (4°C) at
1000 xg allowing the separation of the supernatant. The reaction consisted in adding the
supernatant (30 pL) to the ARI reagent prepared with 0.3 mM acetate buffer pH 3.6, 10 mM
TPTZ in 40 mM hydrochloride acid and 20 mM ferric chloride hexahydrate. The ARI reagent
was warmed up to 37°C for 30 min and absorbance was determined at 595 nm (EnSpire, Perkin
Elmer). For the ABTS assay, a stock solution of ABTS (7mM in water) was mixed with 2.45
mM potassium persulfate (final concentration) to obtain ABTS+. Prior to the use, ABTS+
working solution was further diluted in phosphate buffer pH 7.4 to reach an absorbance of 0.8
(£0.02) at 730 nm. Briefly, the supernatant (7 pL) was added to 200 pL of the diluted ABTS+
solution; samples were vortex-mixed and allowed to stand for 6 min. The absorbance was
determined at 730 nm (EnSpire, Perkin Elmer). A curve of Trolox (0.01 — 20 nmol) allowed

calculation of sample results as equivalent nmol of Trolox/mg skin (30).

Analyses of skin proteinase substrate-embedded enzymography. The dorsal skin of hairless

mice (1:4, w/w dilution) was homogenized using Tissue-Tearor (Biospec 985370) in 0.05 M
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Tris-HCI buffer (pH 7.4) containing 0.01 M CaCl, and 1% protease inhibitor cocktail. The
homogenates were centrifuged twice at 1200 xg for 10min at 4°C. Aliquots of 50 pL of samples
were mixed with 10 puL of 0.1 M Tris-HCI (pH 7.4) containing 20% glycerol, 4% SDS and
0.005% xylene cyanol. Then, 25 pL of the mixture was used for electrophoresis in a gel
containing 10% acrylamide and 0.025% gelatin. After electrophoresis, the gels were incubated
for 1 h with 2.5% Triton X-100, incubated overnight in Tris-HCI/CaClI2 buffer (pH 7.4) and
0.02% sodium azide at 37°C, and stained the following day with brilliante blue R. The gel was
destaining in 20% acetic acid and zone of enzyme activity was analyzed by comparing the

groups in the Image J software package (NIH, Bethesda, MD, USA) (21).

Catalase (CATA) assay. Skin sample was homogenized in 500 puL of 0.02 M EDTA using
Tissue-Tearor (Biospec 985370) and centrifuged twice during 10 min at 4°C at 2700 xg. The
reaction mixture contained 10 pL sample, 160 pL buffer Tris-HCI 1 M with EDTA 5 mM pH
8.0, 20 pL of deionized water and 20 pL H.O> 200 mM. Catalase activity was calculated by the
difference between the reading at 240 nm (EnSpire, Perkin Elmer) before and 30 seconds after

the addition of H202. The CATA values were expressed as unit of CATA/mg of skin (3).

Superoxide anion (O2™) quantitation assay. Skin samples were homogenized in 0.02 M EDTA
and centrifuged at 2.000 xg, for 20 seconds at 4°C. For the reaction, 50 uL of the supernatant
was incubated for 1 h. The non-precipitated/non-adherent supernatant was removed, followed
by adding 100 uL of NBT (1 mg/mL) and incubating for 15 min. The NBT reagent was then
carefully removed and followed by the addition of 20 uL. methanol 100%. Formazan particles
were dissolved by adding 120 uL of KOH 2 M and 140 pL of dimethylsulphoxide. Reading at
620 nm was used to detect the reduction of NBT to formazan (EnSpire, Perkin Elmer) with data

shown as optical density (OD) per 10 mg of skin (31).
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Lipid hydroperoxides (LOOH) assay. These assay was performed based on the measure of the
QL initiated by the tert-butyl hydroperoxide (32). Skin samples were homogenized in 800 pL
of Phosphate Buffered Saline (PBS) containing NaCl 137 mM, KCI 2.7 mM, Na,HPO4 10 mM,
KH2PO4 1.8 mM pH 7.4 and centrifuged at 2.000 xg, for 2 minutes. The supernatant (70 puL)
was mixture with 420 pL reaction buffer (20 mM KH2PO4 with 0.9% NaCl pH 7.4), added 10
pL tert-butyl and 10 pL luminol. Each sample was analyzed for 3600 seconds resulting the
same quantity of points of chemioluminescence. Analysis of the reaction buffer without the
sample was performed to check if there was interference in the chemiluminescence reading
using the Glomax 20/20 (Madison, Wisconsin, USA). Results were expressed in relative light

unit per mg of skin.

Immunofluorescence assay. LysM-eGFP mice were shaved 48 hours before irradiation and
treated according to the protocol outlined in figure 1. Skin samples were prepared following the
method described previously (18). The samples were fixed in 4% PFA for 24h, transferred to a
30% sucrose solution for 24 h and to 30% sucrose solution with O.C.T. (1:1), before being
included in O.C.T. The tissue was sectioned (10 um) and the sections were processed for
immunofluorescence. The image was captured using a confocal microscope (Leica TCS SP8,
Leica, Wetzlar, Germany) with a 5x objective. Images were processed using Leica EL6000
software (Leica, Wetzlar, Germany). One field per sample with indication of neutrophil
recruitment to the skin tissue was chosen. The results are expressed in eGFP fluorescence

intensity.

Statistical analysis. GraphPad Prism® software package version 4.00 was applied to analyze
data by One-way ANOVA and the comparison test of Tukey considering p< 0.05. Data are
means + standard error of the mean (SEM). Results were presented of 6 mice per group per

experiment and are representative of two separated experiments.
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3. Results

PDX reduced edema, MMP-9 activity and collagen fiber degradation triggered upon UVB

stimulation

To evaluate the effects of PDX against UVB irradiation, we examined the production of skin
edema. The irradiated control group increased the weight of skin compared with sham (Figure
2A). However, the group of PDX 1 ng significantly reduced the edema induced by UVB
irradiation. There was no significant difference between sham and PDX-1 ng group. In addition,
the MMP-9 activity (Figure 2B) was evidenced by accentuated degradation of the
polyacrylamide gel in the bands corresponding to the groups irradiated and treated with PDX
0.01 ng and 0.1 ng/mouse. The MMP-9 activity/secretion was lower in the PDX 1 ng/mouse
group. Figure 3B highlights the collagen fibers degradation triggered upon UVB irradiation
corroborating the MMP-9 activity data. PDX 1ng/mouse group inhibited the collagen fiber
degradation (Figure 3E), this activity was not observed in any other irradiated groups (Figure

3B, C and D).

PDX reduces the recruitment of macrophage, number of mast cells and recruitment of LysM-

eGFP+ cells triggered by UVB irradiation

To assess the inflammatory process and the action of PDX against photooxidative damage, we
analyzed the recruitment of macrophages through the secretion of N-acetyl-B-D-
glucosaminidase (NAG) and presence of mast cells. Figure 4A shows that NAG activity
increased in the irradiated control groups, 0.01 and 0.1 ng/mouse. In addition, mast cell

recruitment (Figure 5) also increased in the irradiated control groups, 0.01 and 0.1 ng/mouse.
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However, at the concentration of 1 ng/mouse there was a significant reduction in NAG activity

and number of mast cells.

Based on the results of the best dose-response in other assays, we also investigated the
recruitment of immune cells by immunofluorescence assay using tagged mice (LysM-eGFP+).
The results showed that PDX 1 ng/mouse per treatment decreased such recruitment reducing

the deleterious inflammatory effects caused by UVB irradiation (Figure 4B - E).

PDX prevents keratinocyte apoptosis process and inhibits epidermal thickening in skin after

UVB stimulation

UVB-irradiation induces sunburn cells (apoptotic keratinocytes) compared to sham. Only PDX
1 ng/mouse group was able to prevents the induction of sunburn cells (Figure 6E). Moreover,
UVB-irradiation was able to increase the cells of the epidermal layer leading to an increase in
skin thickness (Figure 7B). As shown in graphics 6F and 7F, only PDX 1ng/mouse group

prevented such cellular changes after radiation exposure.

PDX maintains antioxidant levels even after UVB irradiation

Next, we examined the effect of PDX in maintaining antioxidant levels analyzing 4 parameters:
ability to reduce iron (ARI; Figure 8A), ability to sequester the ABTS™ (Figure 8B), maintain
reduced glutathione levels (GSH; Figure 8C) and catalase enzyme activity (Figure 8D). Of the
PDX lower concentrations (0.01 and 0.1 ng/animal) could not prevent the depletion of
antioxidant levels after UVB stimulation. Only the 1 ng/animal PDX dose maintained these

levels similar to sham. As expected, antioxidant levels in the irradiated control group were
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lower than in the sham, whereas PDX 1 ng/mouse group guaranteed the levels of ARI, ability

to sequester ABTS, GSH, catalase and NAG activity not verified in other groups (Table 1).

To complete the study of antioxidant activity, we evaluated the production of hydroperoxide
(LOOH; Figure 9A) and superoxide anion (O27; Figure 9B). Although, the operational cost
reasons and to reduce the use of many animals, we used only 3 groups for these assays (sham,
irradiated control and PDX 1 ng/mouse), following the protocol described in Figure 1. In both
assays, UVB irradiation increased the production of LOOH and O in the irradiated control
group, as verified in previous studies (3,21). However, the group treated with 1 ng/animal was

able to reduce the production those radicals (Figure 9 and table 1).
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4. Discussion

Recently, a series of studies have suggested that maresin(18) and resolvin(33) which are
endogenously generated from Omega-3 fatty acid and other pro-resolution mediator
denominated lipoxin(24) derivate by 0mega-6, are capable of reducing inflammation and
oxidative stress in UVB-irradiation model. Until now, particularly, protectin has not been
evaluated in this type of UVB-irradiation model. The protectin D1 (PD1) stereoisomer has a
potent anti-inflammatory action and has several studies on its antioxidant potential(34,35).
However, as an isomer of PD1, little is known about the action of PDX. PDX, 10(S),17(S)-
dihydroxy-docosahexa-42,7Z,11E,13Z,15E,19Z-enoic acid, is produced by the double
lipoxygenase-mediated reaction in murine peritonitis exudates, human leukocyte suspension,

or from the 15-lipoxygenation of DHA by the soybean enzyme(36).

In this study, we standardized treatment time and concentration with pro-resolution. We did not
verify antioxidant and anti-inflammatory results at concentrations of 3, 10, and 100 ng of PDX
(unpublished data) and at different treatment times using this experimental protocol. Our data
demonstrated that treatment of PDX 1 ng/mouse, administered before and after UVB-
irradiation, ameliorates photooxidative and photo-inflammatory damages. Although PDX 0.01
and 0.1 ng/mouse treatment were not able to reduce those damages. Therefore, PDX 1 ng/mouse
was used for the following experiments. Acutely, UVB-irradiation causes cellular, and
molecular alterations. The first signs of this type of injury are skin edema due to vasodilation
and fluid leakage into the third space. Mono and polymorphonuclear cells (neutrophils,
macrophages, and mast cells) are recruited into the injured tissue and release enzymes and
cytokines which worsen the oxidative state and recruit more immune system cells. Findings

from other studies support our interpretation of the PDX data. Consistent with the study that
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shows PDX suppresses neutrophils influx in the postoperative ileus model(37) and prevents

neutrophil infiltration in a mouse model of peritonitis after administration 1 ng of PDX(38).

As described in a previous study, LysM-EGFP mice have a green fluorescent protein (EGFP)
located in the promoter region of the enzyme lysozyme M, which is mainly expressed in
neutrophils(39). The assay with these labeled mice is more specific and provides a way to
quantify neutrophil emigration in a non-invasive and longitudinal manner in the injured skin.
Here, our study showed that PDX is dose-dependent and protects the skin by inhibiting

neutrophil recruitment.

The neutrophils can release the matrix metalloproteinase-9 (MMP-9) enzyme, which activates
vascular endothelial cells through the extracellular pathway that regulates p38-MAPK
phosphorylation, causing cutaneous vasodilation and hyperpermeability, as verified in a
previous study(40). Furthermore, MMP-9 degrades collagen fibers causing skin photoaging.
Our study showed that PDX is dose-dependent and protects the skin by decreasing MMP-9
secretion/activity as shown in the zymographic and histological assay with Masson's trichrome
staining, keeping the number of collagen fibers similar to the non-irradiated group. These

results corroborate with decreasing neutrophil recruitment (shown in the LysM-eGFP+ assay).

Mast cells are also activated after acute exposure to UVB radiation. These cells release
histamine which is implicated in skin erythema, stimulating the production of
prostaglandins(41). Histamine affects keratinocytes and directly influences the migration of
immune cells to the UVB-irradiated site and regulates the proliferation of lymphocytes and
cytokines (TNF-a and IL-10)(42). Therefore, preventing the presence of mast cells and
degranulation is a way to prevent skin inflammatory injury. In this work, we show that PDX

inhibited such recruitment.
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On the other hand, macrophages are also involved in pro and anti-inflammatory development.
Phagocytosis by macrophages is suppressed when stimulated by UVB radiation(43) decreasing
the clearance of cell debris. Macrophages release 1L-6, TNF-a, and MCP-1 (monocyte
chemoattractant protein-1) implicated in the M1 macrophage phenotype, but phenotypically
M2 macrophages release anti-inflammatory cytokines (IL-10) and produce pro-resolution lipids
allowing the resolution of the inflammatory process(44). In this study, we only showed that the
levels of NAG, in the group treated with PDX 1 ng/mouse, decreased tissue macrophage
accumulation/activation. Possibly this result refers to M1 macrophages due to other results of
anti-inflammatory assays. However, PDX activates GPR37 triggering macrophage
phagocytosis via calcium signaling decreasing inflammatory pain and cytokine(45). In another
study, PDX treatment increased the phagocytic activity of peritoneal macrophages in vivo
model, indicated by the increase in the number of fluorescent beads engulfed per cell and the

number of macrophages containing fluorescent beads(46).

As a result of UVB-irradiation, the nucleus of keratinocyte cells absorb energy, forming
chromophores causing mutations in the molecular structure of DNA(47). To avoid the
replication of this mutated molecule, other components are activated initializing the cell repair
process, such as the p53 protein, which inhibits the mitotic cycle in the G1 phase and activates
the transcription of DNA repair genes(48). When the DNA damage is beyond repair, the
apoptosis process occurs activating proteins that are members of the Bcl family, caspases,
among others(49). Keratinocytes undergoing apoptosis have a specific morphology, with a
more abundant condensed nucleus in the basal layer and lower third, denominated sunburn
cells(6,50). In response to UVB irradiation, there is increased proliferation and hyperplasia of
epidermal cells to protect the deeper layers, a mechanism regulated by the activation of STAT3
with a consequent increase in transcriptional factors involved in inflammatory genes(51). In our

model of UVB-irradiation, PDX dose-response plays a significant role in decreasing numbers
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of sunburns cells and epidermal thickness not verified at lower PDX doses and in the irradiated
control group. This result is possibly related to the action of PDX in acting on the STAT3

pathway as shown in a previous study on insulin resistance(15).

ROS are formed by the partial reduction of molecular oxygen, hydrogen peroxide, or through
lipid peroxides (LOOH). Specifically, LOOH exerts its effect by two mechanisms: first, it refers
to the alteration of the architecture and structure of lipid membranes, activating phospholipase
A2 and COX-2, and second, through the propagation of new ROS, which can react with DNA
and proteins(32). A strategy to prevent the formation of LOOH is reducing peroxide into a less
reactive compound, exerted by the class of enzymes glutathione peroxidase (GPx) present in
cells(52). Another strategy is to use exogenous substances with antioxidant effects preventing
the formation of hydroperoxides and their reactive intermediates(3,4). In our work, we showed
that the production of hydroperoxides was lower with the use of PDX 1 ng/mouse but

unidentified in other irradiated groups.

It is common knowledge that the generation of ROS by UVB irradiation is consumed by
endogenous antioxidant substances (GSH, catalase, and superoxide dismutase), but the excess
of ROS is not fully cleared, setting up skin oxidative stress (3). Oxidative stress interferes with
cell homeostasis by interacting with DNA, RNA, and other molecular structures. Remarkably,
in this study, we showed that the PDX 1 ng/mouse maintained catalase and GSH levels similar
to sham. These results were consistent with a previous study in which PDX increased the level
of AMPK phosphorylation activating the expression and activity of catalase and superoxide
dismutase(53). In addition, PDX decreases ROS production, inhibits NADPH oxidase
activation, and inhibits cyclooxygenase-1 and 2 evaluated in human neutrophils (14). Resolvin
D1, another pro-resolution lipid derived from docosahexaenoic acid, also showed antioxidant

effects and did not consume skin GSH levels after irradiation (33). So far, there is no description
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in the literature about GSH and protectin or its stereoisomers. This is the first work that has
shown the beneficial effect of PDX in maintaining glutathione levels after UVB-irradiation

damage to the skin.

To complement the study of the skin's antioxidant power, we analyzed the ability to reduce iron
ion and the ability to reduce ABTS radical. These assays have already been tested in other
studies involving pro-resolution lipids and the results showed anti-inflammatory and anti-
oxidant effects (18,24,33). PDX was able to maintain the antioxidant power close to the non-
irradiated control. The results of the ABTS assay were similar to the results of GSH levels,

showing a correlation between them.

Thereby, PDX was shown to be effective in a model of UVB-irradiation in vivo, at a dosage of
1 ng/mouse per treatment before and after exposure to irradiation. The deleterious effects of
inflammation and oxidative stress were dose-dependently attenuated by PDX. More studies are
needed to understand the mechanism of action of PDX concerning the types of cytokines
released and whether there is an activation of transcription factors involved in the production
of antioxidant substances. This study shows that PDX is a promising substance for the

prevention of skin diseases exacerbated by exposure to UVB radiation.
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Figure 1. Schematic protocol of treatment times for evaluating the antioxidant and anti-

inflammatory effect of PDX administered intraperitoneally. The animals were irradiated with

UVB radiation for 5 hours and 30 min (4.14 J/cm?). Thirty minutes before and thirty minutes

after irradiation, the animals were treated with 200 pL of solution containing PDX at different

concentrations for each group (0.01, 0.1 and 1 ng/mouse). The mice were euthanized, and skin

samples were collected 2 hours (for the superoxide anion production tests [NBT], catalase

activity [CATA], hydroperoxide production [LOOH]) and 12 hours (for the edema tests,

activity of metalloproteinase-9 [MMP-9], N-acetyl glucosamine activity [NAG], reduced

glutathione levels [GSH], evaluation of ability to reduce iron [ARI], activity of scavenging

ABTS radical assays, histology, and immunofluorescence assay), after the end of radiation

UVB.
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Figure 2. PDX dose-dependently prevents increase of edema and matrix metalloproteinase-9
(MMP-9) activity after UVB radiation-induced. The skin edema (A) and MMP-9 activity (B)
were determined in samples collected 12 hours after end of UVB-exposure. Data are expressed
as the mean + SEM of 6 mice per group and are representative of two separate assays. * p<0.05
compared to sham and # p<0.05 compared to irradiated control group, treatment with PDX 0.01

and 0.1ng/mouse groups.
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Figure 3. PDX dose-dependently inhibits UVB radiation-induced collagen fiber damage.
Collagen fiber was evaluated by Masson’s trichrome staining in skin samples collect 12 hours
after end of UVB-exposure. Collagen fiber intensity and bundles shown in blue were examined
by the ImageJ® program. * p<0.05 compared to sham and # p<0.05 compared to irradiated

control group, treatment with PDX 0.01 and 0.1/mouse groups.
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Figure 4. PDX reduces NAG activity and the recruitment of LysM-eGFP+ cells triggered by
UVB irradiation. The NAG activity (A) and LysM-eGFP+ cells recruitment (B-E) were
determined in samples collected 12h after UVB exposure. Only PDX-1 ng/mouse was
performed by LysM-eGFP+ assay. Data are expressed as the mean + SEM of 6 mice per group
and are representative of two separate assays. Original magnification 5x (images B-D); 10 um.

* p<0.05 compared to sham and # p<0.05 compared to irradiated control group.
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Figure 5. PDX dose-dependently diminishes the mast cells counts in the skin after UVB

exposure. Mast cells were evaluated by toluidine blue (x40 magnification). Arrows indicate

mast cells. (F) Number of mast cells per field. Bars are means + SEM, * p<0.05 compared to

sham and # p<0.05 compared to irradiated control group, treatment with PDX 0.01 and 0.1

ng/mouse groups.
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Figure 6. PDX dose-dependently diminishes UVB radiation-induced sunburn cell counts.
Sunburn cell (black arrows) counts were evaluated using hematoxylin and eosin-stained slices
of skin samples collected 12 h after the end of irradiation. Stained slices were examined using
light microscopy at 100x magnification. (F) Bars are means + SEM. * p<0.05 compared to sham
and # p<0.05 compared to irradiated control group, treatment with PDX 0.01 and 0.1 ng/mouse

groups.
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Figure 7. PDX diminishes UVB irradiation-induced epidermal thickening. The epidermal
thickness was determined in samples dissected 12 h after the radiation and stained with
hematoxylin and eosin (x40 magnification). Representative images of sham (A), irradiated
control (B), irradiated treated with 0.01 ng of PDX (C), irradiated treated with 0.1 ng of PDX
(D), and irradiated treated with 1 ng of PDX (E) groups are presented. (F) Bars are means +
SEM. *p<0.05 compared to sham and #p<0.05 compared to irradiated control group,

treatment with PDX 0.01 and 0.1 ng/mouse groups.
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Figure 8. PDX maintains the skin's antioxidant capacity after UVB radiation-induced. The
antioxidant capacity was determined by ARI (A), ABTS" (B) and GSH (C) assays in samples
collect 12 h after end of UVB exposure. Catalase assay (D) was evaluated only with PDX 1
ng/mouse group and samples were collected after 2 h the end of irradiation. Data are expressed
as the mean + SEM of 6 mice per group and are representative of two separate assays. * p<0.05
compared to sham and # p<0.05 compared to irradiated control group, treatment with PDX 0.01

and 0.1ng/mouse groups (A, B and C).
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Figure 9. Effect of PDX on UVB radiation-induced lipid peroxidation (LOOH) and superoxide
anion production. The t-butyl LOOH-initiated chemiluminescence (QL) (A) and nitroblue
tetrazolium (NBT) reduction (B) were determined in samples collect 2 h after UVB exposure.
Data are expressed as the mean £ SEM of 6 mice per group and are representative of two

separate assays. * p<0.05 compared to sham and # p<0.05 compared to irradiated control group.
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Table 1

Effect of PDX against inflammatory and oxidative stress caused by UVB

Sham

Irradiated
Control

PDX
0.01ng/mouse

PDX
0.1ng/mouse

PDX
1ng/mouse

ARI
ABTS
GSH
NAG
NBT
CATA
LOOH

1.502 £0.202
9.203 +1.196
5.942 + 1.360
37750 = 5829
0.454 +0.157
0.021 +0.013
15900 + 2816

0.653 = 0.284*
5.537 + 1.535*
3.430 £ 0.381*
59430 + 8756*
0.840 +0.101*
0.004 + 0.002*
31130 * 1490*

0.854 +0.267*
5.464 + 1.361*
3.593 + 0.974*
53050 + 6082*

0.779 = 0.244*
4.957 + 1.396*
3.430 + 0.592*
59870 + 1711*

1.414 + 0.166#
8.964 + 2.650#
6.411 + 1.150#
37730 + 1261#
0.494 + 0.097**
0.026 + 0.006**
18090 + 5570**
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Inflammatory and oxidative stress parameters were analyzed as mean * standard error of the mean

(SEM) of measurements made with 6 animals in each group per experiment.

ARI ability to reduce iron (nanomole-trolox equivalent/ milligram of skin); ABTS 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (nanomole-trolox equivalent/ milligram of skin); GSH reduced

glutathione (micromolar per milligram protein); NAG-acetyl-glucosaminidase activity (macrophages per

milligram of skin), NBT — nitroblue tetrazolium reduction (OD at 620 nm per 10 milligram of skin); CATA

— catalase activity (unit per milligram of skin per minute); LOOH — lipid hydroperoxides (relative light unit

per milligram of skin) .

* p<0.05 compared to sham;

** n<0.05 compared to irradiated control group.

# p<0.05 compared to irradiated control group, treatment with PDX 0.01 and 0.1ng/mouse groups
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Use of topical formulation containing protectin DX against photooxidative

and inflammatory damage caused by UVB-irradiation in hairless mice

ABSTRACT

A new substance derived from docosahexaenoic acid, denominated Protectin DX (PDX), is
involved in the clearance and regulation of pro-inflammatory mediators and attenuates the
production of reactive oxygen species (ROS). It is already widely known that excessive
exposure to UVB-irradiation causes local inflammation associated with migration of immune
system cells, tissue vasodilation, cytokine release and absorption of irradiation by molecular
structures producing ROS, which interact with lipids, proteins, DNA and RNA causing
cutaneous photoaging and skin cancer. In this context, the use of PDX can reduce oxidative
stress and inflammation, contributing to cell homeostasis. We demonstrated in a previous study
that PDX administered intraperitoneally is associated with a global resolution capacity of the
harmful effects of UVB-irradiation. These findings prompted a study of the therapeutic
potential of PDX administered in a topical formulation by UVB-irradiation model. We found
that PDX incorporated in a topical formulation applied twice before and once after irradiation
(0.7 ng in three treatments), on the hairless” mice dorsal, was able to reduce skin edema, mast
cell recruitment, sunburn cell formation, epidermal thickness, lipid hydroperoxide production,
metalloproteinase-9 activity, and degradation of collagen fibers. Moreover, we showed the
treatment of topical formulation containing PDX maintained the endogenous antioxidant
system similar to the non-irradiated control group. Our results, therefore, support the
development of a new drug administered topically to reduce UVB-sensitive diseases.

Keywords

Protectin DX, UVB-irradiation, inflammation, oxidative stress, pro-resolution.
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1. Introduction

While UVB-irradiation is essential for some physiological processes (vitamin D3 synthesis)
[1], excessive exposure prompts pathological changes in the skin, culminating in acute
inflammation (edema, erythema and pain) and chronic processes (photoaging and
photocarcinogenesis)[2]. The skin damage caused by radiation can essentially modify the
keratinocytes in the epidermis and, consequently, molecular changes with the development of
reactive oxygen species (ROS)[3], which are highly reactive. Endogenous mechanisms
(reduced glutathione, catalase, superoxide dismutase, ascorbic acid and ubiquinone) are used to
react with ROS making them less reactive[4]. However, the amount of endogenous antioxidants

is not enough to prevent cutaneous oxidative stress[5].

In addition, UVB induces tyrosine kinase phosphorylation, which induces the activation of NF-
kB (transcriptional factor) increasing the production of inflammatory cytokines (TNF-a, IL-13
and IL-6)[6]. Therefore, skin exposure to UVB radiation induces the production of ROS and
initiates an inflammatory response. Besides, erythroid nuclear factor-2 (Nrf-2) is the main
transcriptional regulator of the expression of genes encoding antioxidant enzymes, including
heme oxygenase-1 (HO-1), superoxide dismutase (SOD), glutathione peroxidase (GPX),
catalase, NAD(P)H quinone oxidoreductase-1 (NQO1) among others[7]. In general, Nrf2
negatively regulates the transcription of pro-inflammatory cytokines and chemokines,
metalloproteinases, inflammatory mediators, such as COX-2, which directly or indirectly affect
the activation of NF-kB and other pathways that control inflammation[8]. The Nrf2 and NF-kB
signaling pathways interact in a complementary and specialized way for the maintenance of
cellular homeostasis. The two pathophysiological mechanisms have a synergistic relationship
[9,10]. Hence, it is important to study new substances with potential anti-inflammatory and

antioxidant effects and that are used in a lower concentration with minor adverse effects.
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Recently, a new substance derived from ®-3 polyunsaturated fatty acid denominated protectin
DX has been reported to exert anti-inflammatory effects in several disorders, including acute
lung injury, osteoarthritis progression and hepatic steatosis[11-13]. Previous studies suggest
PDX attenuates inflammatory action by inhibiting COX-1 and COX-2 (enzymes responsible
for prostaglandin production) not only in acute inflammation[14] but also chronic
inflammation[15,16]. Studies have shown that PDX acts on AMPK signaling decreasing NF-
kB (consequently reducing cytokines inflammatory) and activating FOXO (Forkhead Box O)
for maintaining the redox balance through enhanced endogenous antioxidant production

[12,15,17].

A study developed by our laboratory demonstrated the anti-inflammatory and antioxidant effect
of PDX when administered intraperitoneally at a dose of 1 ng/mouse per treatment (before and
after irradiation session) in a model of skin injury induced by exposure to UVB-irradiation
(unpublished data). However, there is no knowledge about the use of this molecule added in a
topical formulation as a treatment in the model of skin damage induced by UVB-irradiation,
which contributes to the development of new medicines. Since the topical route has the
advantage of avoiding the first-pass effect in the liver and improving patient adherence to
treatment, it is a way of treating skin lesions with fewer adverse effects. Here, we compared
topical formulation containing PDX against inflammation and oxidative stress in vivo model,
across three groups (non-irradiated control, irradiated control, and topical formulation without

PDX).
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2. Materials and Methods

2.1 Materials

The excipients used for the preparation of the formulation (Polawax®, caprylic/capric
triglyceride, Phenonip®) were obtained from Galena (Campinas, SP, Brazil). PDX with purity
95% (Cayman Chemical, MI, USA). Tert-butyl hydroperoxide, Acrés Organics (Geel,
Antwerp, Belgium). Brilliant blue R, reduced glutathione (GSH), DMSO (dimethylsulfoxide),
N-ethylmaleimide, phenylmethanesulfonyl fluoride, 5,5’-dithiobis (2-nitrobenzoic acid)
(DTNB), nitroblue tetrazolium (NBT), 2,2 azino-bis (3-ethylbenozothiazoline-6-sulfonic acid)
(ABTYS), trolox, and bisacrylamide were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Isoflurane from Abbott (Chicago, IL, USA). Xylene cyanol and hydroxymethyl aminomethane
(Tris) were obtained from Amresco (Solon, OH, USA). Acrylamide, sodium dodecyl sulfate
(SDS) from Invitrogem (Carlsbad, CA, USA). Glycerol, propylene glycol from Biotec (Pinhais,
PR, Brazil) and Acryloyldimethyltaurate/\VVP Copolymer (Aristoflex AVC®) from

Pharmaspecial (Séo Paulo, SP, Brazil). All other reagents used were of pharmaceutical grade.

2.2 Topical formulation containing PDX (TFcPDX)

Formulation was prepared using: i) Acryloyldimethyltaurate/\V/P Copolymer 5% (Aristoflex®)
(20%); ii) the self-emulsifying wax Polawax® (cetostearyl alcohol and polyoxyethylene derived
of a fatty acid ester of sorbitan 20 OE) (2%); iii) the solubilizing agent and moisturizer propylene
glycol (6%); iv) the emollient caprylic/capric triglyceride (5%); v) the preservative phenonip
(0.4%); v) deionized water to complete 100% of formulation. After 24 hours of preparation, the
topical formulation was divided into two groups named: topical formulation control (TFC) and
topical formulation containing PDX (TFcPDX) An aliquot of PDX was added to topical

formulation whose emulsion dosage (0.5 g) contained 0.7 ng of PDX.
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2.3 Therapeutic action of TFcPDX against inflammatory and photooxidative damage

caused by UVB irradiation.

2.3.1 Animals

The experiments were performed with female hairless mice (HRS/J), weighing 30 g and aged
60 days. The animals were obtained by the Animal House of the University Hospital of
Londrina State University. Mice had free access to water and food, and were housed at a
temperature of 23°C + 2 with a 12 h light and 12 h dark cycles. The Animal Ethics Committee
(Of. Circ. CEUA n° 148/2016, process CEUA n° 11146.2016.97) of the Londrina State
University approved all procedures. All efforts were made to minimize animal use and their

suffering.

2.3.2 Guideline for experimental design

HRS/J mice (a hairless strain) were randomly designed to different groups with 6 mice each:
non-irradiated control group, irradiated control group, irradiated group and treated with TFC,
irradiated group and treated with TFcPDX. Mice were treated topically in dorsum with 0.5 g of
formulation at 1 h, 5 min before the beginning of UVB irradiation and 5 min after the ending
of this session (Figure 1). HRS/J mice were anesthetized with 1.5% isoflurane and euthanized
12 h after UVB exposure to test for histology, edema, ARI, ABTS radical, GSH levels and
metalloproteinase-9. Other assay, they were anesthetized with 1.5% isoflurane and decapitated
2 h after UVB exposure to test for lipid hydroperoxide (LHP), superoxide anion production
(NBT) catalase activity (CATA). A previous study of our group showed that treatment with 1
ng of PDX intraperitoneal per treatment (two sessions of treatment) was able to protect skin

against damage caused by UVB-irradiation.
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2.3.3 Irradiation

The required dose of UVB lamp irradiation to cause changes between the exposed and
unexposed groups was 4.14 J/cm?[3,18]. This lamp emits a continuous spectrum between 270
to 400 nm, but the emission peak is 313 nm. In the device, the lamp was mounted 20 cm above
the place where the mice were located, whose irradiation was 0.209 mW/cm? measured by an
IL 1700 radiometer (Newburyport, MA, USA) equipped with a UV sensor (SED005) and UVB

(SED240).

2.3.4 Skin Edema

Skin samples were collected in a mold with a fixed diameter (5 mm) and weighed. Results were

expressed in mg of skin [19].

2.3.5 Metalloproteinase analysis by zymography

SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) substrate-embedded
zymography was used to detect metalloproteinase (MMP-9), according to previous
studies[20,21] After electrophoresis, the gels were incubated for 1 h with 2.5% Triton X-100
under constant shaking, incubated overnight in 0.05 M Tris-HCI (pH 7.4), 0.01 M CaCl2 and
0.02% sodium azide at 37°C, and stained the following day with brilliant blue R. After
destaining in 20% acetic acid, zone of enzyme activity was analyzed by comparing the groups

in the ImageJ software package (NIH, Bethesda, MD, USA).

2.3.6 Evaluation of endogenous antioxidant levels: reduced glutathione (GSH)

GSH levels were determined as described previously [3]. Skin sample was homogenized in 0.02
M EDTA with 1:4 w/w dilution. A solution with 50% trichloroacetic acid was added to the

homogenate and centrifuged twice at 4 °C for 10 min at 2700 xg. Then, 50 uL of sample was
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added to 100 pl of 0.4 M Tris with 5 pl of DTNB (1.9 mg/ml in methanol) and this mixture was
incubated for 5 minutes. After this period, the absorbance reading was performed at 405 nm
(EnSpire, Perkin EImer®). The standard curve was prepared with 5-150 uM GSH. Results are

presented as UM GSH per mg of skin [10,22].

2.3.7 Sample ability to reduce iron (ARI) and ABTS radical

Skin samples were homogeneized with 400 puL KCI (1.15%) using Tissue-Tearor (Biospec
985370), centrifuged (1000 xg at 4°C for 10 min), and antioxidant ability was determined as
describe previously [20,23]. The absorbance was determined at 595 nm for ARI assay and 730
nm for ABTS radical (EnSpire, Perkin Elmer). A curve of Trolox (0.01 — 20 nmol) allowed

calculation of sample results as equivalent nmol of Trolox/mg skin[9,21].

2.3.8 Catalase (CATA) assay.

A solution with 500 pL of 0.02 M EDTA was used for homogenizing samples skin using
Tissue-Tearor (Biospec 985370) and centrifuged twice (2700 xg at 4°C during 10 min). Then,
10 pL sample was mixture with 160 pL buffer Tris-HCI 1 M EDTA 5mM pH 8.0, 20 uL of
deionized water and 20 pL H202 200 mM. CATA was calculated by the difference of two
reading at 240 nm (EnSpire, Perkin Elmer) at 25°C in which the first reading was before the
addition of H20> and the second reading after 30 seconds. The CATA values were expressed

as unit of CATA/mg of skin min[24].

2.3.9 Superoxide anion (O2™) quantitation assay.

Production in the skin was measured using the nitroblue tetrazolium (NBT) assay as described
previously[25]. Reduction of NBT to formazan was determined in spectrophotometer reader

(EnSpire, Perkin Elmer) at 620 nm with data shown as optical density (OD) per 10 mg of skin
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2.3.10 Lipid hydroperoxides (LHP) assay

Skin samples were homogenized using Tissue-Tearor (Biospec 985370) in 800 uL of Phosphate
Buffered Saline (PBS) and centrifuged at 2000 xg for 2 minutes. Then, 70 uL of the supernatant
was mixture with 420 pL reaction buffer (20 mM KH2PO4 and 0.9% NaCl pH 7.4), added 10
uL tert-butyl and 10 pL luminol. Each sample was analyzed for 3600 seconds using the Glomax
20/20 (Madison, Wisconsin, USA) and chemiluminescence values were calculated by the area
under the curve and multiplied by the skin weight for each sample. The reading of the buffer
without sample was also performed. The results were expressed in relative light unit per mg of

skin [26].

2.3.11 Histology

Skin samples were collected in formaldehyde 10%, embedded in paraffin and sectioned.
Hematoxylin and eosin staining was applied for epidermal thickness (x40 magnification) and
for counting sunburn cells present in the epidermis (x100 magnification). Masson’s trichrome
staining was used to evidence collagen fibers (x10 magnification) and also histological sections
were made and stained with toluidine for mast cell quantification (x40 magnification).
Experiments were performed two times and in each time the number of mice was 6 summing
up 12 mice per group. Both analyses were done with the software Infinity Analyze (Lumenera®
Software) using light microscopy and the digital images were processed using of the Image J

program[9].

2.3.12 Statistical analysis.

GraphPad Prism® software package version 4.00 was applied to analyze data by One-way

ANOVA and the comparison test of Tukey considering p < 0.05. Data are means + standard
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error of the mean (SEM). In vivo results are presented of 6 mice per group per experiment and

are representative of two separated experiments.
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3. Results

3.1 TFcPDX treatment ameliorates UVB-irradiation skin inflammation by reduce skin edema

UVB-irradiation causes local inflammation, altering vessel permeability, resulting in hyperemia
and edema[27]. This information was consistent with our result that shows irradiated control
group increased the skin’s weight (Figure 2). Thereby, we evaluated the role of TFcPDX in
reducing the action of this inflammation. Edema was remarkably decreased in mice treated with

TFcPDX compared to the irradiated control group and TFC group.

3.2 TFcPDX decreases mast cell recruitment, development of sunburn cells and epidermal

thickness triggered upon UVB-irradiation

UVB-irradiation increased mast cell counts in the dermis in irradiated control group and TFC
(Figure 3B and C). TFcPDX suppressed the increase of dermal mast cells (Figure 3D).
Keratinocytes in process of apoptosis are known as sunburn cells and present condensed
nucleus and eosinophilic cytoplasm[28] as indicated by arrows in Figure 4B. TFcPDX inhibited
sunburn cell formation (Figure 4D). Moreover, UVB-irradiation caused increase of epidermal

thickness in irradiated control group and TFC not evident in TFcPDX (Figure 5).

3.3 TFcPDX treatment attenuates UVB irradation-induced decrease of skin antioxidants

UVB-irradiation is predominantly absorbed in the epidermis and generates alterations in the
skin's molecular structures, forming reactive oxygen species (ROS)[29][30]. ROS are
attenuated by endogenous cutaneous antioxidants[30]. To investigate whether TFcPDX was
able to maintain the skin's endogenous antioxidant role, we analyzed the samples through ARI
and ABTS radical studies. Both trials showed that the formulation prevented antioxidant
depletion by keeping close to baseline compared to the non-irradiated control group (Figure 6A

and B). Differently of the irradiated control group and TFC, which showed the skin’s
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antioxidant power was depleted. We further evaluated the antioxidant effect of TFcPDX by
investigating GSH levels and CATA enzyme activity. The results showed that the formulation
containing PDX was also able to maintain the levels of GSH and CATA activity (Figure 6C
and D) similar to non-irradiated control group. Irradiated control group and TFC showed

decreased in GSH levels and CATA activity.

3.4 TFcPDX reduces UVB irradiation-induced lipid hydroperoxides (LHP) and superoxide

anion (O2") production.

UVB-irradiation generates ROS and react with lipids from keratinotics progressing to a more
oxidizing environment[20]. Furthermore, another endogenous antioxidant enzyme (superoxide
dismutase) is stimulated in order to maintain the homeostasis of this oxidative environment
converting superoxide anion to hydrogen peroxide[3]. Then, we investigated the production of
LHP and superoxide anion. In both assays, TFcPDX inhibited the production of those products

(Figure 7A and B) compared to irradiated control group and TFC group.

3.5 TFcPDX decreases MMP-9 degradation and collagen fibers.

Metalloproteinases are enzymes that degrade extracellular matrices such as collagen and are
capable of developing skin photoaging [31]. Considering the role of MMP-9 in skin, we also
investigated the effects of TFcPDX after UVB exposition. As observed in Figure 8, UVB-
irradiation induced MMP-9 activity in hairless mice compared to the group that was not exposed
to radiation, nonetheless this marked activity was not seen in treatment with TFcPDX. The
result of the MMP-9 assay was coherent with the result we found with the histopathological
study in which TFcPDX showed less degradation of collagen fibers when compared to the

irradiated control group and the TFC group (Figure 9).
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4. Discussion

Due to previous results showing the therapeutic potential of intraperitoneally applied PDX (1
ng/mouse per treatment) in a UVB irradiation model (unpublished study), we decided to verify
if these effects would be shown when we added the pro-resolution lipid in an emulsion for
topical application. From the dose with the best therapeutic response (two treatments with 1 ng
each), we used PDX in a polymer-based emulsion (Acryloyldimethyltaurate/\VVP Copolymer),
which has better spreadability and less risk of interaction with the drug. We standardize the
treatment times and by exposing hairless mice to UVB radiation, we showed that when treated
with TFcPDX the photooxidative and inflammatory damage was attenuated when compared to
the irradiated control group. We used a topical formulation without PDX as control group which
showed the efficacy of TFcPDX is depending, specifically, on protectin DX. To date, the use
of PDX in a topical emulsion has not been investigated in any model. The therapeutic potential
was characterized by decreased edema, the thickness of the epidermal layer, metalloproteinase-
9 activity, and a reduction in the formation of sunburn cells, maintenance of the amount of

collagen in the dermis, and by assay that assesses the antioxidant effects.

Using an emulsion allows the drug to be topically administered to directly treat that injured area
or release the drug to other tissues[32]. Therefore, knowledge of skin physiology is important.
It is known that the skin is a multifunctional organ with multiple compartments, presenting a
lipophilic stratum corneum composed of proteins and lipids that can bind reversibly or
irreversibly to drugs[33]. So, this stratum limits the diffusion of compounds to the viable
epidermis. However, other epidermal structures may be pathways for absorbing substances such
as hair follicles and sweat glands[34]. Then, some variables allow adequate skin permeation:
molecular mass below 600 Da, solubility in water and oil, high partition coefficient and high
skin  hydration[35,36]. In this context, protectin DX (10(S),17(S)-dihydroxy-

47,7Z,11E,13Z,15E,19Z-docosahexaenoic acid) is a substance that can be added to a
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formulation because it has a molecular weight of 360 Da, it is miscible in dimethyl sulfoxide,
ethanol and phosphate-buffered saline and has pKa 4.82[37]. The low pKa of this drug
compared to the pH of the skin is suitable for good skin permeation [3,38] combined with other

excipients such as the moisturizer propylene glycol [39].

In a lipopolysaccharide-induced lung injury model, PDX treatment was able to reduce
pulmonary edema through upregulation of the sodium channel and Na, K-ATPase protein
expression verified in vivo and in vitro models[40]. Increased active Na+ transport leads to a
greater ability to clear pulmonary edema. In another model of sepsis-induced acute lung injury,
it was shown that PDX regulates PPARY[16] (receptors activated by gamma-type peroxisome
proliferators), which has an anti-inflammatory action and interferes with the activation of other
transcription factors such as the transcription factor nuclear kappa B (NF-kB)[41]. In addition,
PDX also inhibits the phosphorylation and activation of NF-kB p65 with a reduction in
inflammatory cytokines and pulmonary edema[16]. In our work, we found that TFcPDX
reduced skin edema and the migration of cells responsible for the inflammatory process (mast

cells).

One of the consequences of UVB-irradiation is the recruitment of neutrophils with the release
of enzymes from the metalloproteinase family that degrade collagen, also stimulated by the
inflammatory cytokines IL-18 and TNF-a[3]. In this study, we analyzed metalloproteinase-9
and the results showed that the enzyme activity was attenuated in the group treated with
TFcPDX. PDX inhibited the increase in MMP-13 activity induced by IL-1B in a mouse
osteoarthritis model, interfering with the AMPK/NF-kB signaling pathway, also responsible for
increasing the production of pro-inflammatory cytokines and stimulating increased activity of

metalloproteinases[12].
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About endogenous antioxidants, reduced glutathione (GSH) is an antioxidant peptide that
reduces ROS and inhibits lipid peroxidation, donating a hydrogen atom, as well as participating
in the oxidation-reduction mechanism of glutathione peroxidase (GPX)[42]. The largest store
of endogenous antioxidants present in the skin, including GSH, is located in the epidermis[43].
However, the epidermis is the layer of the skin most affected by UVB radiation, which results
in a decrease in its antioxidant reserves[3]. Thus, GSH depletion is a previous marker of
oxidative stress in the epidermis. Omega-3 polyunsaturated fatty acids (®w-3 PUFAS) were
analyzed in a previous study regarding protection against traumatic brain injury and showed an
increase in the production of endogenous GSH and the production of the PDX isomer
neuroprotectin D1 (NPD1). Both phenomena were responsible for reducing oxidative
stress[44]. In our research, the results showed the maintenance of GSH concentration in the

FTcPDX group when compared to the untreated and TFC-treated irradiated control group.

The antioxidant enzymes, CATA and SOD, play a fundamental role in the control of ROS in
our bodies[3,24]. Treatment with PDX increased the phosphorylation and activation of
adenosine monophosphate-activated protein kinase (AMPK) and increased the expression and
activity of antioxidant enzymes in human vascular epithelial cells[17]. AMPK is activated in
response to stress and promotes metabolic reprogramming by directly regulating the
phosphorylation of the forkhead transcription factor (FOXQ) through the Thr649 receptor, with
translocation to the nucleus, activating the transcription of genes responsible for the expression
of catalase, superoxide dismutase and sestrin[45]. In our work, we showed that TFcPDX
treatment-maintained catalase and superoxide dismutase, evaluated by an indirect assay, levels
similar to the non-irradiated group. Furthermore, another study demonstrated that PDX
inhibited the production of ROS by neutrophils through the inhibition of the enzyme NADPH-
oxidase (NOX-2)[14]. NOX-2 is found in neutrophils and increases the production of

superoxide anion in episodes of inflammation[46]. PDX also inhibited tert-butyl-induced
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oxidative stress in retinal pigment epithelium cells, increasing SOD activity by reducing the
superoxide anion to hydrogen peroxide[47]. Therefore, the mechanism of action of PDX in
inhibiting the production of superoxide anion may be linked to inhibition of NOX-2 activity

and an increase in SOD activity.

Oxidative stress can also affect lipids through damage to biological membranes prompted to
lipid peroxidation causing damage to DNA and proteins in ultimate circumstances. The main
ROS responsible for initiating lipid peroxidation are the hydroxyl and peroxyl radicals formed
during Fenton reactions[48]. Furthermore, lipid peroxidation produces aldehydes such as 4-
hydroxy-trans-2-nonenal (HNE) capable of conjugating with to GSH, resulting in increased
recruitment of immune cells, increased production of superoxide anion and pro-inflammatory
cytokines[49]. RvD1, another lipid mediator from DHA, has been shown to reduce
inflammation induced by the GSHNE conjugate[9]. In this work we found that lipid
peroxidation was reduced when mice were treated with TFcPDX. Thus, the inhibition of
hydroperoxide formation may be related to a decrease in the concentration of ROS and the
maintenance of the endogenous antioxidant system because of PDX activity. Further, ARI and
ABTS assays proved that the skin maintained its overall antioxidant capacity, demonstrating
the antioxidant potential that topical formulation containing PDX caused after the skin being

exposed to radiation.

In conclusion, further studies are needed to elucidate the anti-inflammatory and antioxidant role
of TFcPDX in this radiation model. However, we proved the concept that PDX, a pro-resolution
lipid, plays an antioxidant role when administered in a topical emulsion against UVB-induced

damage.
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Figures
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uvB
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Figure 1. Guideline protocol approaching the treatment with topical formulation containing
PDX (TFcPDX), time points of sample collection, and parameters analyzed at each time point.
Mice were treated with TFcPDX or topical formulation control (TFC) 1 h and 5 min before the
beginning of irradiation and 5 min after the irradiation. Dorsal skin samples were collected 12 h
after the exposure to UVB irradiation for skin edema, MMP-9 activity, ARI, ABTS radical,
GSH levels and histology. Samples were collected after 2 hours of exposure to UVB for the

tests of CATA, superoxide anion production (NBT reduction) and LHP.
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Figure 2. TFcPDX reduces UVB irradiation-induced skin edema in hairless mice. Skin edema
was determined in samples collected 12 h after the end of irradiation. Bars represent means +
SEM of 6 mice per group and are representative of two separated experiments. One-way
ANOVA followed by the Tukey’s test [*p<0.05 compared to the non-irradiated control group;

#p<0.05 compared irradiated control and TFC group].
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Figure 3. TFcPDX inhibits UVB irradiation-induced mast cell counts. Mast cell (brown
arrows) counts were evaluated using toluidine blue in skin samples collected 12 h after the end
of irradiation (40x magnification). (E) Bars are means + SEM. *p<0.05 compared to non-

irradiated and #p<0.05 compared to irradiated control group and treatment with TFC.
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Figure 4. TFcPDX diminishes UVB radiation-induced sunburn cell counts. Sunburn cell (white
arrows) counts were evaluated using hematoxylin and eosin-stained (100x magnification) slices
of skin samples collected 12 h after the end of irradiation. (E) Bars are means + SEM. * p<0.05
compared to non-irradiated and # p<0.05 compared to irradiated control group and treatment

with TFC group.
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Figure 5. TFcPDX ameliorates UVB irradiation-induced epidermal thickening. Epidermal

thickness (double-edge black arrows) was evaluated using hematoxylin and eosin-stained slices

of skin samples collected 12 h after the end of irradiation (40x magnification). (E) Bars are

means £ SEM. *p <0.05 compared to non-irradiated control group and #p <0.05 compared to

irradiated control group and treatment with TFC.
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Figure 6. TFcPDX inhibits UVB irradiation-induced ARI reduction and ABTS scavenge in

hairless mice. The ARI activity (A) and ABTS levels (B) were determined in samples collected

12 h after the end of irradiation. The GSH levels (C) and CATA activity (D) were determined

in samples collected 12 h and 2 h after the end of irradiation, respectively. Bars represent means

+ SEM of 6 mice per group and are representative of two separated experiments. One-way

ANOVA followed by the Tukey’s test [*p<0.05 compared to the non-irradiated control group;

#p<0.05 compared to the respective control and treatment with TFC].
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Figure 7. TFcPDX inhibits the enhanced production of lipid peroxides (A) and superoxide
anion (B). The production of lipid peroxides and nitroblue tetrazolium reduction test were
determined in samples collected 2 h after the end of irradiation. Bars represent means £ SEM
of 6 mice per group and are representative of two separated experiments. One-way ANOVA
followed by the Tukey’s test [*p<0.05 compared to the non-irradiated control group; #p<0.05

compared to the respective control and treatment with TFC].
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Figure 8. Effect of TFcPDX on UVB irradiation-induced increase of MMP-9 activity in hairless
mice. The MMP-9 activity was determined in samples collected 12 h after the end of irradiation.
Image of gelatin zymography and bars represent means + SEM of 6 mice per group and are
representative of two separated experiments. Standard features 86kDa. One-way ANOVA
followed by the Tukey’s test [*p<0.05 compared to the non-irradiated control group; #p<0.05

compared to the respective control and treatment with TFC].
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Figure 9. Topical formulation containing PDX inhibits UVB irradiation-induced collagen fiber
damage. Collagen fiber degradation was evaluated with Masson’s trichrome staining in skin
samples collected 12 h after the end of irradiation. Collagen fiber intensity and bundles shown
in blue were examined by the ImageJ program (10x magnification). *p<0.05 compared to non-

irradiated and #p<0.05 compared to irradiated control group and treatment with TFC.
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5 CONSIDERACOES GERAIS

Uma fracao da radiacao ultravioleta chamada de radiagédo UVB atinge a pele e
leva a modificacbes patoldgicas. Esta irradiacdo causa danos ao DNA, proteinas e
lipidios e modula a sinalizacdo celular e a expressdo génica. A energia absorvida
forma os cromoforos, os quais sédo altamente reativos e reagem com as estruturas
celulares que contenham duplas e triplas liga¢des entre carbonos. A radiacdo também
ativa a liberac&o de citocinas pro-inflamatorias e ativa os receptores de membrana, os
quais levam a expressdo de genes responsaveis pela producdo de fatores
transcricionais como NF-kB, Nrf-2, AP-1 e entre outros.

As respostas adaptativas celulares aos danos da radiacdo UVB incluem
interrupcdo do crescimento, reparo e, quando o dano esta além do reparo, apoptose.
Somado a isso, a exposicdo prolongada também induz a formacdo de espécies
reativas de oxigénio e os mecanismos antioxidantes enddgenos sdo consumidos com
objetivo de retorno a homeostasia celular. Assim, novas substancias sdo estudadas
para avaliar seus efeitos anti-inflamatorios e antioxidantes e futuramente desenvolver
novos medicamentos que atuem em doencas cutaneas relacionadas a radiacao
ultravioleta. Pesquisas anteriores, descritas neste trabalho, evidenciaram tais efeitos
da protectina DX (lipideo pré-resolucao produzido a partir de reagdes de lipoxigenacao
a partir do 6mega-3) na diminuicdo do estresse oxidativo e da inflamagdo em
diferentes modelos de estudo. Por isso, neste trabalho foi realizada a investigacdo do
potencial deste lipidio administrado intraperitonealmente e incorporado em formulagéo
topica em modelo de inflamacéo e estresse oxidativo estimulado pela radiagdo UVB.

Foram testadas diferentes concentracdes da PDX via intraperitoneal para
avaliar a melhor dose-resposta. Os resultados mostraram que 1 ng administrado pela
via intraperitoneal antes e ap0s a sessao de irradiacdo protegeu a pele contra os
danos fotooxidativos e inflamatorios. Estes efeitos n&o foram evidenciados em
concentracbes menores e no grupo controle ndo tratado e irradiado. A partir da melhor
dose, a PDX foi veiculada em uma emulsdo ndo-idnica e administrada no dorso dos
camundongos sem pelo. Os resultados mostraram que este lipidio administrado tanto
pela via intraperitoneal como pela via topica foi capaz de manter os niveis de GSH, a
atividade de catalase, além de melhorar a capacidade antioxidante da pele mantendo
o poder redutor do ferro e a capacidade em reduzir o radical ABTS. Além disso, a PDX

também inibiu a formacdo de queratindcitos apoptoticos, a degradacédo de fibras
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colagenas, o recrutamento de mastécitos, a atividade de metaloproteinase-9, a
producao de hidroperdéxidos lipidicos, anios superoxidos e o edema cutaneo.

Dessa forma, os resultados mostraram que a PDX pode ser usada como novo
farmaco na concentracdo de 2 ng para inibir os danos cutaneos causados pela
radiacdo UVB.
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