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“Se vocé nado pode explicar algo de maneira
simples é porque ndo compreende este algo
bem o suficiente”

(Albert Einstein)

“Tudo concorre para o bem daqueles que
amam a Deus”.
(Romanos 8, 28)
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RESUMO

A irradiacdo UVB estimula a producéo de radicais livres causando lesdes oxidativas
na pele que podem resultar na aceleracdo do envelhecimento e o desenvolvimento
de doencas cutaneas malignas. O presente estudo avaliou o estresse oxidativo e
nitrosativo na pele de camundongos apoOs a irradiagdo UVB e determinou as
espécies reativas formadas imediatamente, 6hs e 24hs apods a radiacdo UVB. Além
disso, demonstrou 0 mecanismo de acédo do Oxido nitrico (NO) na leséo cutanea e
na modulagéo da proliferacdo celular. Ainda com o objetivo de estabelecer o modelo
experimental de irradiacdo aguda por UVB eficiente para testes com antioxidantes
avaliamos o mecanismo protetor da genisteina, neste modelo experimental. Neste
estudo para que os niveis de NO fossem avaliados foi necessario adaptar e validar
uma técnica por quimiluminescéncia (QL) utilizada anteriormente por outros autores
em tempo real em rim e coragcdo para amostras congeladas e a fresco de pele de
murinos. A técnica descreve a reagdo entre o NO e H,O.-luminol. Durante a
validacéo, utilizamos além da pele, musculo gastrocnémio de ratos e dois sistemas
guimicos geradores de NO (Nitroprussiato de sodio- NPS e iodeto de potassio em
meio acido). Através do uso de cPTIO (inibidor de NO), foi confirmado que o NO é
de fato a molécula que reage com H,O,-luminol durante a reacdo de QL, observado
pela inibicdo da emisséo de fotons em todos os sistemas estudados. Durante a
reacdo do NO e H,O,-luminol, utilizamos também os inibidores histidina, manitol e
superoxido dismutase (SOD), especifico para O,, radical hidroxil (OH) e &nion
superéxido (O3%), respectivamente e observamos que os resultados obtidos nos
sistemas quimicos e bioldgicos foram semelhantes aos descritos por outros autores.
Conforme descrito as espécies emissoras de fotons, resultantes da reacao entre o
NO e H,O.-luminol, sdo o peroxinitito (ONOO) ou oxigénio singlet (*O.).
Concluimos que a reacéo rapida, sensivel e especifica do NO com H,O»-luminol por
QL, acontece em sistema quimico e biolégico e pode ser utilizado para examinar o
papel do NO em processos fisiopatologicos, ampliando a utilizacdo deste método
para diferentes amostras a fresco e congeladas. Ainda neste estudo utilizamos
outras metodologias descritas anteriormente através da reacdo de QL avaliamos o
estresse oxidativo ou nitrosativo ap6s a radiacdo aguda por UVB na pele pela
formacdo de lipoperoxidos de membrana resultante da reacdo lipoperoxidativa
iniciada por radicais livres e a capacidade antioxidante total (TRAP) do tecido. A
atividade da enzima catalase (CAT) e niveis de glutationa reduzida (GSH) e oxidada
(GSSG) foram analisadas por espectrofotometria. O estudo da modulagdo na
proliferacdo celular foi realizado por imunohistoquimica através dos marcadores,
PCNA, VEGF, Ki67, p53 e marcacao da apoptose (Tunel). Os resultados mostraram
a formacgéo de lipoperéxidos de membrana na pele imediatamente apos a radiagéo
UVB, com niveis superiores ap0s 24hs sendo que apdés 6hs ndo ocorreu leséo
lipoperoxidativa. A reducdo da capacidade antioxidante total da pele foi observada



somente imediatamente apos a radiacdo UVB. Quando os animais swiss foram
tratados com desferroxamina (DFX, quelante de ferro inibindo formac&o®OH),
histidina (inibidor *0,), AG e L-Name (inibidores de iNOS e cNOS, respectivamente),
houve diminuicdo da formacao de lipoperoxidos de membrana imediatamente apds a
radiacdo UVB. A reducado da capacidade antioxidante total s6 nao foi revertida com o
tratamento com inibidores de NOS. Concluimos que imediatamente ap0s a radiagédo
UVB, diferentes espécies reativas, como o *OH, 'O, e NO participam do estresse
oxidativo e nitrosativo na pele de camundongos swiss. A intensa lesao
lipoperoxidativa apos 24hs da UVB foi acompanhada por altos niveis de NO. Ainda
neste tempo, houve reducdo da atividade da CAT e dos niveis de GSH, com
aumento da GSSG, sugerindo acumulo de H,O, Este acumulo resultou na reacéo
entre H,O, e NO gerando ONOOQO", que é a espécie reativa responsavel pela nitragdo
de proteinas, conforme observado pela intensa marcagdo de nitrotirosina neste
tempo. A andlise histol6gica dos camundongos hairless tratados com AG e L-Name
mostrou preservacdo tecidual que pode ser confirmada pela diminuicdo dos
lipoperoxidos de membrana, na marcacao da nitrotirosina assim como nos niveis de
NO e proporcionou o aumento da proliferacdo celular avaliada pelo aumento dos
marcadores PCNA e VEGF. Concluimos que ap6s 24hs da radiacdo UVB, o NO é
principal responsavel pelo estresse nitrosativo na pele de camundongos hairless e
swiss, bem como pela modulagcdo da proliferacdo celular. O tratamento com
genisteina (10 mg/kg) antes da radiacdo UVB mostrou pela analise histopatolégica
preservacao tecidual sendo que a superficie epitelial permaneceu intacta. A acao
protetora da Genisteina contra a lesdo na pele apos 24hs da radiacdo UVB, foi
confirmada pela reducdo na formacao de lipoperoxidos de membrana e na marcacéo
da nitrotirosina embora os niveis de NO permanecessem elevados. Houve
estimulacdo na proliferacao celular avaliada pelo PCNA, VEGF, Ki67, p53 e diminui
a apoptose. Estes resultados revelaram que a genisteina possui acao protetora
contra 0 estresse nitrosativo na pele ap0s 24hs da radiacdo UVB, provavelmente
pela sua acdo scavenger de H,O, evitando a formacdo de ONOO". Neste estudo
mostramos a importante participacdo do NO na patogenia da pele provocada pela
radiacdo UVB e sugerimos este modelo experimental para a avaliagdo dos
mecanismos protetores de substancias antioxidantes.

Palavras-chave: Espeécie reativa do oxigénio (ERO). Radicais livres. Radiagao UVB.
Estresse oxidativo. Proliferacéo celular. Oxido nitrico.
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ABSTRACT

UVB light stimulates production of reactive species that are the main cause of skin
lesions and result in accelerated aging and the development of malignant skin
diseases. The aim of this study was to evaluate the oxidative and nitrosative stress
after UVB irradiation in the skin of hairless mice and swiss, and to determine the
reactive species formed in the skin immediately (Oh), 6hs and 24hs after UVB
radiation, demonstrating the important role of nitric oxide ( NO) in the skin injury and
the modulates on cell proliferation, as well as, the skin protects by the use of a known
antioxidant, genistein, in this experimental model. To evaluate the lipoperoxidative
lesion in hairless and swiss mice skin subjected to acute UVB radiation, a technique
used was the chemiluminescence (CL) reaction, induced by tert-butyl hydroperoxide.
Total antioxidant capacity (TRAP) was assessed by QL while the activity of the
enzyme catalase (CAT) and reduced glutathione (GSH) and oxidized (GSSG) by
spectrophotometry. The levels of nitric oxide (NO) to the skin was also investigated
by QL, describes a system that NO reacts with luminol-H,O,. The study of cell
proliferation was performed by immunohistochemistry using the markers, PCNA,
VEGF, Ki67, p53 and apoptosis marking (Tunnel). The animals were treated (i.p.)
with deferoxamine (DFX), iron chelator, to characterize the participation of the
hydroxyl radical (OH®), histidine, “"scavenger" of singlet oxygen (*O.), and
aminoguanidine (AG) and L-name, inhibitors of iINOS and cNOS, respectively.The
results showed the moderate formation of lipoperoxides in the skin immediately after
UVB radiation, while after 24 hours there was a important lipid peroxidation,
estimated by high light emission during the CL reaction. Six hours after UVB radiation
the lipoperoxidative lesion was not observed. Immediately after UVB radiation, all the
treatment of animals (DFX, histidine, L-NAME, AG) inhibited the light emission and
decreased the total antioxidant capacity which was not reversed by treatment with
NOS inhibitors (AG, L-NAME), indicating the ROS involvement. The lipoperoxidation
observed 24 hours after UVB radiation was accompanied by high levels of NO. In
addition, there was a reduction of CAT activity and GSH levels, with increases of
GSSG levels, suggesting an accumulation of H,O, and possible reaction with NO to
generate ONOO-, a highly oxidizing specie, which can cause lipid peroxidation and
nitrotyrosine formation. The impairment of cell proliferation was also observed. The
protective action of Genistein against the skin lesion was demonstrated by the
reduction in nitrotyrosine formation and lipid peroxidation as well as stimulated the
cell proliferation and decreases apoptosis.In conclusion, immediately after UVB
radiation differents reactive species, such as the *OH, O, and NO participates of the
moderate oxidative and nitrosative stress observed in mice skin. After 24hs of UVB
radiation, NO is mainly responsible for oxidative stress in hairless and swiss mice
skin and nitrosative stress, as well as by modulation of cell proliferation. The
Genistein has protective action against nitrosative stress in the skin, probably due to
its action of H,O, scavenger preventing the ONOO™ formation . This study showed the



important role of NO in the pathogenesis of the skin caused by UVB radiation and
suggest that the anti-nitrosative effect must be considered in photoprotection
researches. The objective of this study was also validate the technique used to
assess the NO levels by QL in the mice skin, for frozen and fresh samples, since the
method has only been used previously in biological systems in real time. To validate
the techinic was used muscle gastrocnemius rats, two chemical systems (NO donors)
sodium nitroprusside (NPS solution) and potassium iodide in acid medium (KI-
NaNO3/H2S04 system) and specific inhibitors of NO, 'O, *OH, and superoxide
anion (0Oy), cPTIO, histidine, mannitol and superoxide dismutase (SOD),
respectively. cPTIO added in the mixture reaction, inhibithed the light emission of CL
reaction in chemical and biological systems, confirming that NO is in fact the
molecule that reacts with H,O,-luminol-CL system. As described by other authors,
the light-emitting species, resulting from the reaction between NO and H,O,-luminol-
CL system, are peroxynitrite (ONOO-) or '0O,. Specific reactive species inhibitors
added in the misture reaction, showed similar effects on the light emission of CL
curves in the chemical system comparing to biological system and those previously
described by other authors. We conclude that and H,O»-luminol-CL system is a fast,
sensitive and specific method to assess the NO levels and can be used to examine
the role of NO in pathophysiological processes, expanding the use of this method for
in fresh and frozen differents samples.

Keywords: Reactive oxygen species (ROS). Free radicals. UVB radiation. Oxidative
stress. Cell proliferation. Nitric oxide.
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1 INTRODUCAO

1.1 EFEITOS BIOLOGICOS DA RADIAGAO ULTRAVIOLETA NA PELE

A exposicao dos seres humanos a radiacdo ultravioleta (UV) causa
grande preocupacdo devido aos varios relatos sobre os efeitos nocivos causados
pela exposicdo solar. Estudos epidemiolédgicos revelam que pessoas que trabalham
sob exposicdo solar apresentam maior incidéncia de alteracdes na pele, desde a
formacao de rugas até o desenvolvimento de cancer (HARRIS, 2005).

A radiacdo UV provoca reacdes fotoquimicas ao alcangcarem a pele.
As ondas de radiacdo penetram diretamente, interagindo com as células da
epiderme e da derme (Figura 1). Inicialmente estas reacdes podem estimular a
producdo de melanina, cuja manifestacédo é visivel sob a forma de bronzeamento da
pele ou pode levar desde a producdo de simples inflamagdes ou graves
queimaduras até ao envelhecimento e o cancer (HARRIS, 2005; KVAM; DAHLE,
2003).

As manifestacdes da exposi¢cdo aguda aos raios UV incluem eritema
e queimadura solar. A exposicdo crbnica € considerada um dos agentes mais
importantes para o0 desenvolvimento de doencas cutaneas malignas e o
envelhecimento (ARMSTRONG; KRICKER, 2001; BICKERS; ATHAR, 2006; PERES
et al., 2011).

Os raios solares contém a radiacdo ultravioleta A, B e C. Os raios
UVC incidem num comprimento de onda entre 180 e 290 nm, os raios UVB entre
290 e 320 nm e os raios UVA entre 320 e 400 nm (Figura 1).

Os raios ultravioletas do tipo A e B (UVA e UVB) séo os principais
responsaveis pela maioria das lesfes cutaneas devido a excessiva exposicdo a
radiacéo solar (PODDA et al., 1998; SAIJA et al., 2000).

Embora exista muito mais UVA do que UVB no espectro solar, UVB
€ 1000 vezes mais eficaz em produzir eritema do que a UVA. A UVB requer de 2,0 a
5,0 J/cm?, para produzir uma dose minima eritematosa (1 MED), dependendo das
diferencas entre espécies e padrdes considerados individuais, como a cor da pele. O
eritema atinge maxima intensidade de seis a 20 horas apés a exposicao (YING;
PARRISH; PATHAK, 1974). Na pele de camundongos hairless uma dose Unica de
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1.5 J/lcm? equivale a 1 MED (MOORE et al., 2004).
Como regra geral, quanto menor for o comprimento de onda da

radiacdo UV, maior é o efeito bioldgico.

Figura 1 - Penetracdo dos raios UV nas camadas da pele
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Yrays  x-rays

‘\ = - ' __!_ e £
Musc. eretor do

Fonte: Adaptado de Birch-Marchin e Swalwell (2010).

A radiacdo UVB, portanto, € considerada mais prejudicial a pele do
gue UVA, podendo provocar as queimaduras solares com consequente eritema,
potente agente carcinogénico e mutagénico. E o principal componente da luz solar
gue causa lesbes no DNA, e outras estruturas celulares resultando em processos
inflamatorios, envelhecimento e o cancer de pele (IKEHATA et al., 2004; PODDA et
al., 1998; SAIJA et al., 2000).

A radiacdo UVB inibe também a funcdo das células natural killer
(NK) e os processos de apoptose e lise celular. Esta alteracdo correlaciona-se
diretamente com a carcinogénese em condi¢cdes de desequilibrio na expressdo do
gene p53 (CLYDESDALE; DANDIE; MULLER, 2001). O UVB pode, portanto, ser
responsavel pelo cancer na pele humana, como carcinomas de células basais e
escamosas, até melanomas malignos (ARMSTRONG; KRICKER, 2001).
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1.2 EFEITOS OXIDATIVOS DA RADIACAO ULTRAVIOLETA NA PELE

As espeécies reativas do oxigénio (EROs) ou nitrogénio (ERNSs) séo
fundamentais em diversos processos fisiopatoldgicos e bioquimicos, mantendo a
sobrevivéncia e a homeostase celular, com um equilibrio refinado entre sua
formacao e remocéo. Porém, quando ha alteracbes acentuadas neste equilibrio, um
estado pré-oxidante é gerado, levando, assim, ao chamado estresse oxidativo ou
nitrosativo (GUARATINI; MEDEIROS; COLEPICOLO, 2007; TERRA et al., 2012b).

O estresse oxidativo/nitrosativo, portanto, € um fenémeno que ocorre
guando ha um desequilibrio entre a producdo EROS/ERNs e as defesas
antioxidantes, podendo resultar tanto na diminuicdo destas defesas quanto no
aumento da formagédo de radicais livres (HALLIWELL; GUTTERIDGE, 2007). O
resultado deste desequilibrio sdo as lesdes oxidativas resultantes do ataque de
radicais livres aos constituintes celulares, numa reacéo tipica de oxi-reducdo. Os
radicais livres reagem com lipideos das membranas celulares, proteinas estruturais
e enzimas e o proprio DNA. Todos os componentes celulares sdo susceptiveis a
acdo das espécies reativas do oxigénio e nitrogénio, porém os lipideos das
membranas biolégicas (reticulo endoplasmatico, membranas mitocondriais ou
plasmaticas) sdo os mais atingidos em decorréncia da peroxidacdo lipidica ou
lipoperoxidacdo (BICKERS; ATHAR, 2006; TERRA et al., 2012a, 2012b).

Durante a lipoperoxidacdo, ocorrem as reacdes em cadeia atraves
da inducdo da peroxidagéo de &cidos graxos levando a formacgéo de hidroperoxidos
lipidicos, que na presenca de Fe**, podem ainda ser oxidados a radical alcoxil (LO®),
e peroxil (LOO®), vindo a sofrer quebra na ligacdo C-C seguinte e originar compostos
intermediarios, aldeidos de baixo peso molecular, dialdeido malénico (MDA), a-
hidroxinonenal e hidrocarbonetos, como etano e n-pentano (CECCHINI; ARUOMA,;
HALLIWELL, 1990; OHKAWA; NOBUKO; YAGI, 1979), que podem atacar
grupamentos amino de proteinas e fosfolipidios, modificando moléculas biologicas.
Os aldeidos formados pela lipoperoxidagdo podem, ainda, interagir com o DNA
formando aductos que tém sido associados ao cancer (HALLIWELL; GUTTERIDGE,
2007).

A peroxidagéo lipidica traz consequéncias homeostaticas graves
para as membranas atacadas, refletidas, principalmente, na perda de sua

integridade, devido a alteracdo na sua permeabilidade a ions e pequenas moléculas
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e perda nas suas caracteristicas de fluidez (HALLIWELL; GUTTERIDGE, 2007).
Esta agressdo acaba por interferir em mecanismos celulares importantes, incluindo
sistemas enzimaticos, alteracdes na organizacdo estrutural, expressédo génica, entre
outros (CREMONESE; PEREIRA-FILHO; MAGALHAES, 2001).

Com relacdo as proteinas, quando ha acdo das EROs, suas
estruturas secundarias e terciarias sdo rompidas, com subseqiente aumento de
hidrofobicidade e perda de fungcédo (HALLIWELL; GUTTERIDGE, 2007; LINTON;
DAVIES; DEAN, 2001).

A pele esta continuamente exposta a uma combinacédo de fatores,
tais como agentes quimicos, fisicos, muitos dos quais induzem a formacéo
excessiva de EROs e ERNs (GUARATINI; MEDEIROS; COLEPICOLO, 2007,
KOHEN, 1999; KOHEN; GATI, 2000).

Figura 2 - Fontes enddgenas e exbdgenas de espécies reativas na pele, e
mecanismos de defesa antioxidante
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Fonte: Adaptado de Guaratini, Medeiros e Colepicolo (2007).

Dentre as agressdes externas, a radiacdo UV é muito descrita como
responsavel pela maioria das lesdes cutaneas devido excessiva exposicdo a
radiacdo solar (ARMSTRONG; KRICKER, 2001; BICKERS; ATHAR, 2006).

A radiagdo UVA é considerada como principal fator extrinseco,



20

ligado ao processo do envelhecimento, através da formacgédo de radicais livres na
pele (YAAR; GILCHREST, 2007; YASUI; SAKURAI, 2000).

Peres et al. (2011) demonstraram que UVB provoca o
envelhecimento, através do estresse oxidativo na pele pela formacéo radicais livres.
Terra et al. (2012b) evidenciaram a formacdo tempo-dependente de espécies
reativas responsaveis pela lesdo oxidativa na pele, num modelo experimental de
radiagéo aguda por UVB.

Embora os efeitos prejudiciais da radiagdo UVB na pele tenham sido
relacionados durante muito tempo a formacdo direta de dimeros de pirimidina no
DNA (WEI, 2002), tem sido demonstrado que as alteracdes no DNA também estéo
fortemente relacionadas com a formagéao de radicais livres, que podem causar danos
oxidativos no DNA, levando a muta¢cfes e cancer (BEEHLER et al., 1992; PEAK;
PEAK, 1982; ROSEN; PRAHALAD; WILLIAMS, 1996; WEI et al., 2002). As primeiras
evidéncias experimentais in vitro, sugeriram que todo espectro da radiacdo UV
(UVA,B,C) é capaz de gerar espécies reativas do oxigénio e resultar em dano
oxidativo no DNA (WEI et al., 1997; ZHANG et al., 1997). A radiagcdo UVB pode
causar oxidagao de residuos de guanina no DNA num processo mediado por EROs
(ICHIHASHI et al., 2003), bem como alterar os niveis de enzimas antioxidantes
intracelulares (BICKERS; ATHAR, 2006; KOHEN, 1999; KOHEN; GATI, 2000).

1.3 SISTEMAS ANTIOXIDANTES DA PELE

A pele, assim como todos os tecidos, possui uma rede de sistemas
antioxidantes para manter o equilibrio redox intracelular e combater o estresse
oxidativo (SHINDO; WITT; PACKER, 1993).

Durante o processo de evolugdo do ser humano, varios mecanismos
de defesas antioxidantes foram desenvolvidos (KOHEN; GATI, 2000). Na pele, as
células possuem mecanismos enzimaticos de resposta rapida, bem como moléculas
antioxidantes de baixo peso molecular para contrabalancar o efeito deletério
causado pelo estresse oxidativo, como apresentado na figura 2 (GUARATINI,
MEDEIROS; COLEPICOLO, 2007).

O sistema antioxidante cutaneo, portanto é formado por substancias
enzimaticas e ndo-enzimaticas. Dentre os antioxidantes enzimaticos, destacam-se a

glutationa peroxidase (GSH-PXx), a catalase (CAT) e a superdxido dismutase (SOD)
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(KOHEN; FANBERSTEIN; TIROSH, 1997; SHINDO; WITT; PACKER, 1993).
Estudos demonstraram a presenca na epiderme dos principais antioxidantes
enzimaticos, incluindo a GPx, glutationa redutase (GRx), SOD e CAT (SHINDO;
WITT; PACKER, 1993).

As enzimas antioxidantes constituem o principal mecanismo de
defesa intracelular, previnem as reacfes em cadeia dos radicais livres pela
diminuicdo na concentracdo disponivel destes para iniciar o processo oxidativo
(FERREIRA; MATSUBARA, 1997).

A SOD contribui para um dos mecanismos antioxidantes mais
eficientes, catalisando a dismutacdo do radical anion superéxido (*O2") em peréxido
de hidrogénio (H,O,) na presenca de préton H* (HALLIWELL; GUTTERIDGE, 2007)
e evita os danos que poderiam ser causados por este radical.

A CAT e a GSH-Px sao as principais responsaveis pela remocéo
imediata de H,O,. A CAT encontrada em todos os orgaos do corpo, especialmente
nos hepatocitos e eritrocitos, estd presente em grandes concentracdes nos
peroxissomos e em baixas concentracbes nas mitocOndrias, catalisando a
decomposicdo especifica de H,O,, gerando moléculas de agua e oxigénio (O,)
(HALLIWELL; GUTTERIDGE, 2007).

2 H,0, AT 2H,0 + O,

A GSH-Px, por sua vez, é fundamental no metabolismo de H,O, e de
outros peroxidos, pois catalisa reacdes de doacéo de elétrons, no qual se utiliza da
glutationa reduzida (GSH) como agente redutor, formando a glutationa oxidada
(GSSG) (ROVER et al., 2001).

H,0,+ 2 GSH ®Z* 2,0 + GSSG

LOOH +2 GSH “®* 3H,0 + GSSG + LOH

A GSH é um tripeptideo formado pelos aminoacidos glicina, cisteina
e acido glutamico. Sua capacidade redutora é determinada pelo grupamento tiol-SH

presente na cisteina (MATSUBARA; MACHADO, 1991). Quando a GSH é oxidada
pela reacdo da GSH-Px, ha a interligacdo de duas moléculas do tripeptideo por uma
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ponte dissulfeto, com formacdo de GSSG. A queda nos niveis de GSH pode
prejudicar as defesas celulares contra a acdo deletéria dos radicais livres. As células
integras mantém uma razdo GSH/GSSG alta. Para isso, a GSSG formada é
reduzida novamente a GSH a custa de NADPH, pela acdo da enzima glutationa
redutase (GR) (HALLIWELL; GUTTERIDGE, 2007).

GSSG + NADPH + H" GR GSH + NADP”*

GSH, portanto, € um mediador intracelular com uma importante acao
direta na defesa contra intermediarios reativos, com uma importante capacidade
para conjugar com pro-oxidantes. Além disso, funciona como substrato para
sistemas antioxidantes ja que seu grupo tiol tripeptidio (SH) participa da regeneracéo
do acido ascorbico e do a-tocoferol (CARINI et al., 2000).

Na classe dos antioxidantes ndo enzimaticos, incluem-se um vasto
namero de compostos, sintetizados in vivo ou obtidos exogenamente, que previnem
danos oxidativos por interagdes diretas ou indiretas com as EROs/ERNs (BIALY et
al., 2002). Os antioxidantes de baixo peso molecular que protegem a pele contra as
EROs, incluem o &cido ascorbico, GSH, a-tocoferol e ubiquinol (PODDA et al.,
1998).

Dentre as substancias endoégenas, podemos ainda destacar alguns
horménios, como estradiol e estrégeno, que apresentam atividade antioxidante
semelhante a vitamina E, devido, provavelmente, a sua porgéao fendlica, comum a
ambas as moléculas (KVAM; DAHLE, 2003). O acido lipoico, um cofator essencial
em varios complexos enzimaticos, apresenta atividade antioxidante, podendo atuar
como regenerador de formas oxidadas de glutationa, ascorbato e a-tocoferol. Além
destes, a melanina, um pigmento formado pela oxidagao e polimerizagéo da tirosina,
tem papel antioxidante, protegendo a pele principalmente contra *O, e LOO® (KVAM;
DAHLE, 2003). O acido trans-urocanico e o acido cis-urocanico, foram descritos
como 0s principais antioxidantes naturais ("OH scavenger) da epiderme (BARRESI
et al., 2011; KAMMEYER et al., 1999).
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1.3.1 Efeito da radiacdo UV no sistema antioxidante da pele e o uso de genisteina

como antioxidante exdgeno

Embora os danos causados a pele pela indugcdo do estresse
oxidativo possam ser controlados pela rapida eliminacdo das EROs através dos
mecanismos antioxidantes eficientes da pele (KOHEN; FANBERSTEIN; TIROSHI,
1997; KOHEN; GATI, 2000), varios estudos sugeriram que as radiacdes UV sao
responsaveis pela diminuicdo de sistemas antioxidantes cutaneos, bem como pelo
aumento de sistemas oxidantes, alterando assim o balango redox celular e
consequentemente a homeostasia cutanea (PERES et al., 2011; TERRA et al.,
2012b). Diferentes doses de luz UV podem destruir completamente as lojas
epidérmica de ascorbato, a-tocoferol, GSH, ubiquinol, SOD e CAT (SHINDO; WITT,;
PACKER, 1993).

Terra et al. (2012a) mostraram uma redugcdo na concentracao de
GSH e aumento nos niveis de GSSG, na pele de camundongos swiss,
correspondendo ao aumento no indice de estresse, (COLADO SIMAO et al., 2005),
depois de 24h da exposicdo a radiacdo UVB. Outros estudos atribuiram a reducéo
nos niveis de GSH na pele como um mecanismo fotoprotetor (FONSECA et al.,
2011; HANADA; GANGE; CONNOR, 1991; WHEELER et al., 1986).

Estudos revelaram que na pele de ratos, a distribuicdo da enzima
CAT corresponde ao acumulo de H,O,, indicando que na pele normal a CAT tem um
importante papel no balango redox (MURAMATSU et al., 2005). Terra et al. (2012a,
2012b), demonstraram a diminuicdo na atividade da CAT, 24h ap0s a exposicao a
radiacdo UVB, na pele de camundongos swiss e hairless. Alguns estudos ja haviam
demonstrado diminuicdo na atividade da CAT neste mesmo tempo (FUCHS et al.,
1989; JEON et al., 2003; VAYALIL; ELMETS; KATIYAR, 2003) e estes mesmos
estudos sugeriram que a CAT é um dos mais sensiveis componentes da defesa
antioxidante na pele.

O balango redox que ocorre na pele apoés a irradiagdo UV, tem sido
um importante parametro para compreensao dos sistemas antioxidantes enddégenos
e para a pesquisa por substancias que minimizem os efeitos oxidativos na pele.
(BARRESI et al., 2011; SAIJA et al., 2000; VAYALIL; ELMETS; KATIYAR, 2003; WEI
et al., 2002).

Considerando que poucos tecidos no corpo estdo sujeitos ao
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estresse oxidativo como a pele (KOHEN; GATI, 2000), varios estudos sugerem o uso
de substancias antioxidantes como opc¢ao para diminuir os danos neste 6rgéo
mediados pela radiagdo UVB. O tratamento com cha verde contendo polifendis
preveniu a depledacao da GPx, catalase e GSH em pele de camundongos hairless
apos a exposicao aguda e crénica por UVB (VAYALIL; ELMETS; KATIYAR, 2003).

Os flavondides sdo compostos que tém atraido varios estudos
devido as suas propriedades antioxidantes. Foi reportado que a suplementacdo de
isoflavonas (encontradas nos graos de soja) na dieta diminui as lesGes oxidativas no
DNA em humanos, e também foi sugerido que este pode ser o possivel mecanismo
do efeito protetor destes compostos na prevencao ao cancer (DJURIC et al., 2001).

Estudos sugerem que o efeito antioxidante das isoflavonas é,
parcialmente, devido aos efeitos sequestrador de radicais livres e quelador de metal,
e depende da posicéo da hidroxila fendlica (ARORA; NAIR; STRASBURG, 1998).

A genisteina (4',5,7-triildroxisoflavona), uma isoflavona de gréos de
soja, tem sido associada a prevencdo ao cancer, doencas cardiovasculares e
aumento da resposta imunoldgica (WATANABE; UESUGI; KIKUCHI, 2002).

A genisteina possui trés grupo hidroxila com diferentes acdes
antioxidantes. A acado antioxidante da genisteina (4’,5,7-triidroxisoflavona) contra
radical peroxil esta diretamente relacionada a presenca das hidroxilas fendlicas nas
posicbes C3 e C4, mas diferentemente de outros compostos fendlicos

antioxidantes, ela ndo € consumida na reacéo (CAO et al., 1997).

Figura 3 - Estrutura quimica da genisteina
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Fonte: Sim&o et al. (2006).

Estudos prévios demonstraram que a genisteina aplicada
topicamente na pele de camundongos hairless expostos a irradiagdo UVB, age

diretamente como sequestrador de H;O, ou indiretamente pela inibicdo do
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recrutamento de neutrdéfilos (WEI et al., 1997, 2002), podendo atuar também como
sequestrador de outras espécies reativas do oxigénio e inibindo a reacédo de Fenton
(LIU et al., 1998).

Em eritrécitos, a genisteina reduz a lesdo pré-hemolitica, através da
inibicdo da formacdo de lipoperdxidos na membrana do eritrécito (SIMAO et al.,
2006).

Neste estudo investigamos a acéo protetora da genisteina contra o
estresse nitrosativo provocado na pele apdés 24h da radiacdo UVB assim como o

provavel mecanismo protetor envolvido.
1.4 ESPECIES REATIVAS NA PELE ESTIMULADAS PELA RADIACAO UV

Pesquisadores demonstraram a geracao de espécies reativas como
o oxigénio singlet (*O.), *O,, radical hidroxil (*OH), H,O,, peroxinitrito (ONOO), e
oxido nitrico (NO) durante a foto exposi¢do aos raios UV, principalmente in vitro
(BICKERS; ATHAR, 2006; DELICONSTANTINOS; VILLIOTOU; STAVRIDES, 1996;
HAKOZAKI et al.,, 2008; HECK et al., 2003; MASAKI; ATSUMI; SAKURAI, 1995;
OGURA et al., 1991; VILE; TYRRELL, 1995).

De acordo com os estudos, podemos agrupar a formacao de radicais
livres na pele promovida pela radiagdo UV através de 5 principais mecanismos
descritos a seguir:

1- As interacdes entre as ondas provenientes da radiacao solar e a
pele podem ocorrer por meio de acgdo direta da radiagdo sobre as estruturas
celulares, como faz a UVB ou UVA (HARRIS, 2005). O 'O, uma espécie
eletronicamente excitada, pode ser produzida por diversas reacdes quimicas e
fotoquimicas e devido a sua eletrofilicidade, reage com compostos insaturados,
sulfetos e aminas, sendo os acidos graxos insaturados, DNA e proteinas importantes
alvos biologicos (Figura 4) (HALLIWELL; GUTTERIDGE, 2007). O dano oxidativo
dependente de 'O, aos lipidios e proteinas, foi observado in vitro e em fibroblastos
da pele humana submetidos aos raios UVA (VILE; TYRRELL, 1995).

2 - Os danos na pele, provocados pela radiacdo aguda por UVB,
podem acontecer também de forma indireta, provavelmente resultante do aumento
de radicais livres produzidos durante a resposta inflamatodria imediata com eritema e
infiltrado de leucécitos (CASAGRANDE et al., 2006). Os neutrdfilos ativados por
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citocinas pré-inflamatéria, geram °O, por uma reacgdo catalisada pela enzima
NADPH oxidase. No neutréfilo, a SOD catalisa a dismutacdo do *O, em H,0,, a
partir do qual podem ser gerados *OH e &cido hipocloroso (HCIO). O *OH pela
reacdo de Haber-Weiss/Fenton. O HCIO é gerado a partir de uma reacéo catalisada
pela mieloperoxidase (MPO), a partir do qual, podem ser formados derivados
altamente téxicos, as cloroaminas (Figura 4) (SHINDO; WITT; PACKER, 1993;
VINTEN-JOHANSEN, 2004). Ainda durante as repostas inflamatérias o NO
desempenha importante papel como componente vasodilatador e na modulacdo das
respostas imunes na pele. O NO® na presenca de *O; resulta em ONOO’, que pode
provocar danos oxidativos na pele (Figura 4) (DELICONSTANTINOS; VILLIOTOU;
STAVRIDES, 1996).

Wei et al. (2002) mostrou que H,O, é parte da resposta da pele a
exposicdo aguda por UVB e as espécies reativas podem ser gerados por
gueratindcitos e infiltracdo de neutréfilos. O *OH foi descrito como uma importante
espécie reativa de oxigénio responsavel pela formacdo de radicais lipidicos na
exposicdo da epiderme a luz UV (OGURA et al., 1991). Brenneisen et al. (1998)
mostrou que a exposicdo das células da pele aos raios UVB induz uma liberacdo
imediata de ferro labil, o que pode catalisar a produgéo *OH através de uma reagédo
que requer Fe?*, também conhecida como reacdo de Haber-Weiss ou reacéo de
Fenton (KRUSZEWSKI, 2003).

3 - As espécies reativas podem ser formadas, ainda, indiretamente,
por reacdes da luz com fotossensibilizadores enddgenos cutaneos, como por
exemplo, o &cido urocanico (BICKERS; ATHAR, 2006). Como resultado da ativacéo
endégena pode ocorrer a producdo do *O, ou 'O, (Figura 4) (MARTIN; BURCH,
1990). Substancias exdgenas aplicadas sobre a pele, na forma de cosméticos ou
drogas fotossensibilizadoras ingeridas que atingem a pele, incluindo alguns
fenotiazinicos (usado em tranquilizantes), como também as fluoroquinolonas e os
antibidticos (tetraciclinas), podem promover a geracdo de 'O, °OH e outras
espécies reativas de oxigénio, com efeitos nos queratindcitos da epiderme e células
de Langerhans (Figura 4).

4 — Espécies reativas também podem ser geradas devido aos danos
na mitocondria pela radiacdo UV, produzindo *O,, H,O, e *OH (BIRCH-MARTIN;
SWALWELL, 2010).

5 - Outra situacdo é que apesar da luz UV nao depositar energia



27

suficiente nas moléculas de agua para ioniza-las, se H,O, estiver disponivel, a UVB
pode causar fissdo homolitica, gerando °OH, altamente reativo (Figura 4)
(HALLIWELL; GUTTERIDGE, 2007).

H>0, ‘OH N ‘OH

6 - Outro mecanismo de formacdo de espécies reativas foi sugerido
por Heck et al. (2003), quando identificaram uma catalase presente em
gueratinécitos capaz de formar EROs em resposta a radiacédo UV, em especial UVB.
Usando cromatografia de troca i6nica, afinidade metélica e exclusdo de tamanho,
uma proteina de 240 kDa e capacidade de gerar EROs foi isolada de cultura de
gueratinécitos previamente submetidos a irradiacdo UVB. A proteina exibiu grande
absorcdo na extensdo de 320 a 360nm com pico adicional entre 400 e 410 nm,
sugerindo a presenca do grupamento heme. Sequenciamento pela cromatografia
liquida i6nica acoplada a espectrometria de massa identificou a proteina como
catalase. Observacdes que os efeitos da luz UVB na catalase séao altamente
sensiveis ao pH e dependentes de oxigénio, mas que ndo requerem substratos
adicionais, sugerem que as EROs podem ser formadas pela transferéncia de fétons
derivados da &gua que subseqlientemente interagem com o0 oxigénio molecular
(Figura 4).
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Figura 4 - Mecanismos de formacdo de espécies reativas na pele provocada pela

radiacdo UV
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Fonte: Adaptado de Bickers e Athar (2006).

Os estudos realizados até agora revelaram, portanto, que a radiacao
UV promove estresse oxidativo na pele e que diferentes espécies sao responsaveis
pelo dano oxidativo na pele, no entanto ainda se fazem necessarios estudos para
determinacdo das espécies reativas formadas apoOs diferentes tempos (tempo
dependente) na pele apoés a irradiagdo UVB e a participacdo do NO na lesdo da pele
além do seu efeito sobre a proliferacéo celular, sendo objetivos do nosso estudo.

Terra et al. (2012b), demonstraram a participagéo do *OH, NO e do
'0, na lesao lipoperoxidativa da pele de camundongos swiss, imediatamente ap6s a
radiacéo UVB, utilizando desferroxamina, histidina e inibidores seletivos das enzimas
responsaveis pela producéo de NO (i.p). Desferroxamina, um forte quelante de ferro,
é um importante composto utilizado para caracterizar a participacédo de *OH na lesédo
celular oxidativa (GRONBERG et al., 2010; YIAKOUVAKI et al., 2006; ZHONG et al.,
2004), assim como a histidina, um eficiente scavenger de 'O,, tem sido utilizado
para demonstrar o envolvimento do 'O, no estresse oxidativo em diferentes tecidos

(GROSSMAN et al., 1998). Neste mesmo estudo os autores demonstraram também
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gue o NO é a principal espécie reativa responsavel pela lesdo lipoperoxidativa da

pele, 24h apoés a radiagdo UVB (Figura 5).

Figura 5 - (1) Geracdo de espécies reativas na pele apos Oh e 24hs da radiacao

UVB, observadas neste estudo. A radiacdo UVB gera diretamente (A) as
EROS, 'O, e *0O,. (B) SOD converte *O, em H,0,. *O, e H,0, podem
ser convertidos numa espécie altamente reativa o radical hidroxil (*OH)
numa reacdo catalizada pelo ferro (Fe?"), conhecida por reacdo de
Fenton e reacdo de Haber-Weiss. (C) Espécies reativas do nitrogénio
(ERNS) séao geradas como resultado da conversao da arginina a citrulina
numa reagao estimulada pela 6xido nitrico sintase (NOS). Estas EROS e
ERNS interagem com os lipidios da membrana plasmatica e iniciam a
lipoperoxidacdo. (2) Formacao de radicais livres tempo dependente,
depois da irradiagcdo UVB. A peroxidacao lipidica ocorre imediatamente
apos a radiagdo UVB e é mediada por varias espécies reativas tais como
!0, *OH e NO. 24h apés a radiacdo a espécie reativa predominante é o
NO, provavelmente devido a expresséo de iNOS.
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na pele resultantes de niveis aumentados de NO devido a radiacdo UVB foi
fundamental, segue abaixo uma revisdo sobre alguns aspectos que envolvem o NO,

importantes para compreensao deste estudo.

1.5 Oxipo NiTRICO

Durante muitas décadas o NO, ou monoxido de nitrogénio, foi
conhecido apenas por ser um gas poluente e nocivo, produzido pela combustéo
interna dos motores, causador das chuvas acidas e poluigdo atmosférica, sendo alvo
principalmente do estudo de ambientalistas e quimicos (FUKUTO, 1995; FUKUTO;
CHAUDHURI, 1995). Na década de 1980 foi identificado como um mensageiro
intercelular ubiquo nos sistemas cardiovasculares, imunitario e nervoso. Em 1992, o
NO foi chamado “a molécula do ano” pela revista Science. O Prémio Nobel em
Fisiologia e Medicina, em 1998, foi dado a Ferid Murad, Robert F. Furchgott e Louis
J. Ignarro pela descoberta das propriedades de sinalizagcdo do NO (STANKEVICIUS
et al., 2003).

A partir dai, o NO é tema de intensa pesquisa visando a
compreensao de seu envolvimento em processos fisioldégicos e fisiopatoldgicos.
Varios livros e artigos de revisdo foram publicados a respeito das diferentes funcdes
do NO em sistemas biologicos, inicialmente no processo de hemostasia, sobre a
vasodilatacdo, sinalizacdo neuronal, atividade antimicrobiana e inibidor da
agregacdo plaquetaria (IGNARRO, 1990; LAVER; STEVANIN; READ, 2008),
apresentando fungdes nos sistemas cardiovascular, reprodutor e imune (EGBRINK
et al., 2005).

O NO e seus metabolitos também foram associados com varias
condicdes patolégicas desde a inflamacgéo, aterosclerose, diabetes, doencas
neurodegenerativas, acidentes vasculares cerebrais, lesdo muscular apdés os
eventos de isquemia e reperfusdo (KHANNA; COWLED; FITRIDGE, 2005), doengas
cardiovasculares (ANAYA-PRADO et al.,, 2002), caquexia associada ao cancer
(BARREIRO et al., 2005), lesédo celular na pele apoés a irradiacdo UVB (TERRA et
al., 2012a; WANG et al., 2010), entre outras.

Considerando a dualidade de acdo do NO, o conhecimento dos
fatores que determinam a sua bioatividade, como a concentragdo, difusdo desde o

local de sintese e consumo em mudltiplas reacdes, bem como, o tipo de exposicao,
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cronica ou aguda, parecem determinar o efeito global do NO num determinado
sistema biolégico (EGBRINK et al., 2005). Por exemplo, o0 NO pode ser citotoxico
tanto para células eucariotas quanto para células procariotas (FREEMAN, 1994), ou
também pode exercer um efeito protetor antioxidante devido a sua habilidade de
sequestrar 0 *O," (MILES et al., 1996).

1.5.1 Biossintese do 6xido nitrico

Em mamiferos, o NO é gerado pela agcdo da enzima Oxido nitrico
sintase (NOS) que existem sob trés isoformas distintas: 2 constitutivas (cNOS e
eNOS) e 1 induzivel (iNOS). Apesar da enzima eNOS, inicialmente descoberta no
endotélio vascular e a nNOS no sistema nervoso periférico, receberem o nome de
acordo com tipo celular onde foram primeiramente descritas, sabe-se atualmente
gue as isoformas da NOS sao expressas em varios tipos celulares, incluindo a iINOS
(BIAN; MURAD, 2003).

Existem outras enzimas envolvidas na liberacdo ou na sintese de
NO, tais como, nitrito redutases bacterianas e enzimas que agem sobre doadores de
NO, além do NO poder ser gerado também em condicbes ndo enzimaticas nos
sistemas bioldgicos, através dos estoques existentes nos tecidos (MOWBRAY et al.,
2009; NAGASE et al., 1997). Neste estudo o enfoque sera dado ao NO resultante da
atividade da NOS, devido a sua relevante participagdo na lesdo nitrosativa
provocada pela radiacdo UVB.

A sintese do NO mediada pela enzima NOS, ocorre durante a
transformacdo do aminoacido semi-essencial L-arginina em L-citrulina e o6xido
nitrico, utilizando oxigénio e a nicotinamida adenina dinucleotideo fosfato (NADPH)
como co-substratos (Figura 6) e como co-fatores a flavina mononucleotideo (FMN),
flavina adenina dinucleotideo (FAD), tetra-hidrobiopterina (BH4), ferro protoporfirina
IX (heme), célcio (Ca®")/calmodulina e possivelmente zinco (Figura 7). Algumas
isoformas da NOS possuem o cofator adicional, a calmodulina. Na presenca de
elevada concentracdo de Ca?*, a calmodulina liga-se a certas NOS, ativando-as.
Esse processo esta relacionado com as NOS constitutivas, ou seja, a endotelial e a
neuronal. No entanto, a situacdo € diferente para a NOS induzida pelo estimulo
imunoldgico ou inflamatorio conhecida como iNOS, onde a atividade das mesmas é
independente da presenca de Ca’* e da calmodulina (ALDERTON; COOPER;
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KNOWLES, 2001; NATHAN, 1992).

Figura 6 - Sintese de 6xido nitrico (NO)

0, HO 0, HO
NH,” u NOH L—T O
R—N—|C—NHQ —_—> R—N-Ll-NHz — > R—N—(I",l-NH? +NO

NADPH NADP* NADPH NADP*
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L-arginina L-citrulina

L-arginina

Fonte: Adaptado de Stankevicius et al. (2003).

Figura 7 - Esquema representativo da estrutura da NOS, mostrando as etapas da
sintese de NO. Elétrons (e) sdo doados pela NADPH ao dominio
redutase da enzima e prosseguem através dos carreadores redox FAD e
FMN até o dominio oxigenase, onde interagem com o ferro do heme e
com o BH4 no sitio ativo para catalizar a reacdo do O, com a L-arginina,
produzindo NO e citrulina. O fluxo de elétrons através do dominio
redutase requer a ligacdo Ca®*/Cam.

Calmodulina

NADPH
Arginina
NADP* 02
Citrulina
NO (or NO")

Fonte: Adaptado de Alderton, Cooper e Knowles (2001).
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1.6 REACOES ENVOLVENDO OXIDOS DE NITROGENIO EM SISTEMAS BIOLOGICOS

O NO é considerado um radical livre por apresenta um elétron
desemparelhado na Ultima camada de valéncia. Em sistemas bioldgicos as
interacdes quimicas do NO ocorrem por estabilizacdo do elétron desemparelhado
(IGNARRO, 1990).

Além disso, o NO em seu estado puro, sob condi¢cdes normais de
temperatura e pressao € um gas. Sua solubilidade € moderada em agua (1,9mM a
25° C), sendo muito mais sollvel em solventes apolares, como o hexano (0,13 M a
25° C) (IGNARRO, 1990). Desta forma, quando presente em sistemas bioldgicos, o
NO tende a se concentrar em ambientes lipofilicos, como membranas e dominios
hidrofébicos de proteinas e ndo é, portanto, armazenado em vesiculas. Por outro
lado ndo existe um receptor de membrana para o NO, podendo se difundir a longas
distancias. Um dos alvos melhor estudado € a atividade da enzima guanilato ciclase
soluvel, que resulta em acbes bem conhecidas como a vasodilatacdo e a
neuromodulacado (KERWIN; LANCASTER; FELDMAN, 1995).

O conhecimento da quimica do NO em sistemas biologicos é
normalmente organizado em fungdo dos efeitos diretos ou indiretos. Os efeitos
diretos resultam de reacdes do NO com alvos moleculares (complexos metalicos ou
espécies radicalares), resultando num efeito bioldégico enquanto os efeitos indiretos
sdo mediados por produtos da reacdo de NO com O, ou °O;, (IGNARRO, 1990;
LIUDET; SORIANO; SZABO, 2000).

Os efeitos diretos estdo relacionados pela atividade de cNOS,
guando o NO é produzido em baixa concentracdo e equivale a menos do que 1 uM e
os indiretos relacionados a expresséo de iNOS e alta concentracdo de NO, mais do
que 1 uM (EGBRINK et al., 2005; WINK; MITCHELL, 1998). Estudos indicam que a
baixa producdo de NO, direta ou transitoria, exerce fungdo homeostatica/regulatoria
e antiinflamatéria. No entanto, condi¢cdes fisiologicas alteradas, como as que
ocorrem durante a inflamacg&o, podem resultar no aumento da INOS e em altas
concentracdes de NO (KENDALL; MARSHALL; BARTOLD, 2001).

1.6.1 Efeitos diretos do 6xido nitrico

Em geral a reacdo direta do 6xido nitrico ocorre com outro radical
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livre ou pela sua interacdo a um metal como o cobre, ferro e manganés, que sao
geralmente ligados a uma proteina. No primeiro caso, o resultado eventual é a
formacdo de espécies diamagnéticas estaveis; no segundo caso, 0 elétron
desemparelhado é dividido entre o 6xido nitrico e o metal (KERWIN; LANCASTER,;
FELDMAN, 1995).

Reacdo com complexos metélicos

As mais reconhecidas reacdes de significancia bioldgica envolvem o
NO com metais de transicdo (livres ou em grupos prostéticos associados a
proteinas. Esta reacdo ocorre principalmente entre o NO e o heme ferroso (Fe?") de
algumas proteinas (Figura 6), resultando no deslocamento do Fe?* para fora do anel
porfirinico (COOPER, 1999). Esta alteragdo de conformacéo pode ativar ou inativar
proteinas. Como exemplo, podemos citar a inibicdo da Catalase, pela formacao de
aductos nitrosilados, resultando na diminuicdo do consumo de H;0O, (FARIAS-
EISNER et al., 1996). A ativagdo da guanilato ciclase, devido a interacdo direta do
NO com nucleo heme da enzima, resultando no relaxamento do musculo liso,
inibicdo da agregacédo plaquetaria, inibicdo da adesdo de leucocitos ao endotélio e
na transducao de sinais no sistema nervoso (NATHAN; XIE, 1994).

Além disso, como de extrema importancia podemos citar a reacao
com a oxi-hemoglobina que ocorre entre 0 NO e um complexo metélico (Hb(Fe-O,),
uma das principais vias de remoc¢dao do NO em sistemas biolégicos. Esta reacdo

resulta na formacao de nitrato (NO3z) e metahemoglobina (KIKUCHI et al., 1993a).

Reacdo com outras espécies radicalares

O NO age como um antioxidante quando reage com outras espécies
radicalares como o LO® e LOO® (hidroperéxidos lipidicos), formados durante a
peroxidacdo lipidica, funcionando, portanto como um terminador de cadeia
(KERWIN; LANCASTER; FELDMAN, 1995).

1.6.2 Efeitos indiretos do NO

Os efeitos indiretos do NO ocorrem, quando esta espécie reativa é
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capaz de interagir rapidamente com o O; e 0 *O;, (IGNARRO, 1990; LIUDET;
SORIANO; SZABO, 2000).

Reacao com O,

Segundo Liudet, Soriano e Szabo (2000), quando o NO é exposto a
O,, pode gerar uma variedade de ERNs com maior poder reativo do que NO ou O,
individualmente. Em fase aquosa, o produto desta reagdo é o didéxido de nitrogénio
(NO>). que pode dimerizar formando tetroxido de dinitrogénio (N».O,4) ou pode reagir
com uma terceira molécula de NO para formar trioxido de dinitrogénio (N.O3)
(equagéo 1-3). N2,O3z e N,O4 reagem rapidamente com agua, formando ions nitrito
(NO>) e nitrato (NO3™ ) (Equacdes 4 e 5) (IGNARRO, 1990).

7] N[0 R o P m— 2NO;"  (Equagéo 1)
NO + NOg-----=-=n--- N0z  (Equacéo 2)
NO; + NOg----mmm--- N2Os  (Equagéo 3)
H20
o Po— 2NO, + 2H," (Equagéo 4)
H20
P o m—— NO, + NOz + 2H," (Equacéo 5)

Baixas concentragbes de NO, embora esta reacdo seja
relativamente rapida, ndo possuem impacto biologico e o NO se difunde a distancia
consideraveis desde o seu local de sintese. Quando a concentracdo de NO pode
atingir valores bastante elevados (acima de 1uM) a producdo de N,Osz pode ser
significativa. Portanto a concentracdo pode regular o seu tempo de meia vida:
enquanto que para concentragcdes baixas ndo havera auto-oxidacdo significativa de
NO, este podera difundir-se a longas distancias; quando a concentragdo do gas é
maior, o seu tempo de vida e a difuséo sao limitados (WINK; MITCHELL, 1998).

Reacdo com °Oy

A reacdo do NO com °O,, resulta no ONOO (Equacdo 6)
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(IGNARRO, 1990).
NO + *Oy --------- ONOO™------NOg --------- NO; (Equagdo 6)

O valor aproximado de constante de reacdo para esta reacao € de (k
=6 x 10°°M*s™) (AITKEN et al., 2007). O ONOO é uma espécie altamente oxidante
e dada a sua potencial relevancia no meio biolégico enquanto mediador de acdes
atribuidas ao NO, interessa salientar que a sua producgédo, € controlada por diversos
fatores inclusive as concentragdes relativas dos dois reagentes. A concentracédo de
O, e o seu tempo de vida sdo muito baixas devido a atividade da SOD. A elevada
velocidade de reacéo (k = 5 x 10° M™s™) em condicées fisiolégicas de pH (7.0-7.4),
entre a SOD e Oy, contribui para que esta enzima compita ativamente com o NO
pela reagcdo com O, (HALLIWELL; GUTTERIDGE, 2007).

Estudos prévios in vitro demonstraram que o NO também pode
reagir com H,O, podendo resultar na formacdo de ONOO" (KIKUCHI et al., 1993a,
1993b; NORONHA-DUTRA; EPPERLEIN; WOOLF, 1993; RADI et al., 1991). Sabe-
se que em condi¢des de lesdo celular ou na inflamacéo, além da grande producéo
de NO, existem grandes quantidades de °*O, que é rapidamente dismutado para
H,0O,, sugerindo que a concentracdo de H,O, no tecido possa ser muito maior do
qgue a do °O., favorecendo a reacédo descrita (NORONHA-DUTRA; EPPERLEIN;
WOOLF, 1993).

O ONOO’ é uma espécie oxidante potente, com capacidade de
oxidar tiois, iniciar a peroxidacao lipidica, nitrar residuos de tirosina, clivar o DNA e
oxidar a guanosina (PRYOR; SQUADRITO, 1995). Desta forma, reacdo oxidativa
nas bases do DNA promovida pelo ONOOQO’, pode levar a mutagénese ou a morte
celular por necrose ou apoptose (IGNARRO, 1990; KENDALL; MARSHALL,;
BARTOLD, 2001). A oxidacdo dos grupos tiol (SH) de GSH leva a diminuicdo do
estado antioxidante (MARSHALL et al.,, 1999) da célula e ainda ONOO™ pode
catalizar a reacdo de peroxidagdo lipidica ocasionado lesdes de membrana,
desmielizacdes e oxidacdo de LDL (RADI et al., 1991; TERRA et al.,, 2012a). A
reacdo de oxidacdo na mitocondria pode levar a inibicdo dos complexos I, Il e V,
resultando na inibicdo da respiracao celular, lesdo de membrana com liberacdo do
citocromo c e apoptose (BROWN, 1999).

ONOO" também é capaz de promover a nitragdo dos residuos de

tirosina das proteinas, levando mudancas na conformacdo e perda de funcéo
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(LAVER; STEVANIN; READ, 2008).

Tipicamente a nitragdo de proteinas consiste na adi¢cao eletrofilica
de um equivalente NO," a residuos de tirosina em proteinas. Como ja& mencionado
anteriormente nas equacdes 1, o NO," resulta da reacdo do NO + O? ou da
decomposicdo do ONOO~ ou mais especificamente o ONOO™ pode
gerar um intermediario reativo, o ion NO,", através da ligacdo com o ferro sérico
(COOPER, 1999).

Fe?* + ONOO™ -----rmeeeeemm- Fe? ¥ O NO," (Equagéo 10)

Da reacgdo de nitracdo dos residuos de tirosina, resulta a formacao
do principal biomarcador de estresse nitrosativo em sistemas biologicos é a 3-
nitrotirosina (3-NT), que ja foi identificada em varios estudos patolégicos (RADI,
2004)

A reversibilidade destas reacdes, liberando NO de aductos
NO/heme, e da proteina tirosina nitrada (RADI, 2004), assegura significante
importancia fisiolégica (VILLALOBO, 2006).

1.7 PARTICIPACAO DO OXIDO NITRICO NA LESAO OXIDATIVA/NITROSATIVA DA PELE

ProvocaDA PELA UVB.

Praticamente todas as células humanas estudadas até agora tém a
capacidade de produzir NO. A maioria dos tipos celulares residentes na pele produz
NO em resposta a estimulacdo adequada. Queratinocitos (ARANY et al., 1996),
células de Langerhans (QURESHI et al., 1996) fibroblastos dérmicos (WANG et al.,
1996), melandécitos (ROCHA; GUILLO, 2001), e células de melanoma, (TSATMALI et
al., 1999) expressam iNOS, apdés estimulagdo por citocinas inflamatorias.

Estudos realizados sobre o efeito do NO na pele apos a irradiacao
UVB eram controversos. Alguns atribuiram um efeito protetor para NO contra a
peroxidacdo lipidica (GONZALEZ-MAGLIO et al.,, 2005; LEE et al., 2000) e ao
processo de apoptose (BHOWMICK; GIROTTI, 2011; WELLER et al., 2003),
enquanto outros demonstraram a relacao entre niveis aumentados do NO e a morte
por apoptose (SEN et al., 2008; WANG et al., 2010). A formagdo de NO e Oy
imediatamente ap0s a radiagdo UVB foi demonstrado in vitro em células de
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gueratinécitos (HaCat) (AITKEN et al.,, 2007) ou in vivo, na epiderme (WU et al.,
2010). Os autores relataram que estes radicais livres podem reagir rapida e
imediatamente entre si e formando ONOO™ (AITKEN et al., 2007), sendo apontado
como o principal responsavel pelo estresse oxidativo/ nitrosativo na pele apés a
radiacdo UVB em células endoteliais humanas (DELICONSTANTINOS; VILLIOTOU,
STAVRIDES, 1996) em queratindcitos e na epiderme de camundongos (WU et al.,
2010).

Recentemente foi demonstrada a relagdo entre niveis aumentados
do NO com a peroxidacdo lipidica e a nitracdo de proteinas (formacédo de
nitrotirosina) na pele apos 24hs da radiagdo UVB (TERRA et al., 2012b). Os autores
para esclarecer os relatos contraditérios encontrados na literatura cientifica até o
momento, utilizando inibidores seletivos para INOS e cNOS (AG e L-Name
respectivamente), demonstraram a relacao entre niveis aumentados do NO (TERRA
et al.,, 2012a, 2012b; WANG et al., 2010) com a formacéo de peroxidos lipidicos e
nitrotirosina na pele (TERRA et al., 2012a, 2012b), assim como a relagdo do NO com
a morte celular por apoptose havia sido relatada anteriormente (SEN et al., 2008). O
mecanismo da morte celular por apoptose descreve a S-nitrosagéo do gliceraldeido-
3-fosfato desidrogenase (GAPDH), que inativa sua atividade catalitica, localizando-
se no nucleo e mediando a morte celular (SEN et al., 2008).

Os autores demonstraram que apos 24h da irradiacdo, UVB induziu
a expressao da iNOS com um nivel maximo de mRNA na pele de camundongos
hairless (GONZALEZ-MAGLIO et al., 2005).

Imediatamente apos a irradiacdo UVB o NO e outras espécies séao
responsaveis pela lipoperoxidagdo de membrana das células da pele. Neste tempo é
provavel que ocorra a ativacdo da enzima Oxido nitrico sintase constitutiva (cNOS),
pela elevacao intracelular de Ca?* e geracdo de NO (TERRA et al., 2012a; WANG et
al., 2010). Outros relatos apontam a existéncia de estoques naturais na pele de NO,
que sao liberados poucas horas apdés a irradiacdo UVB, independente da
participagédo das enzimas sintases na pele humana (MOWBRAY et al., 2009).

Neste estudo foi evidenciado ainda a relagdo dos niveis aumentados
do NO com a inibicdo da proliferacdo celular na pele submetida a radiacdo UVB
(TERRA et al., 2012b).
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1.8 NO ComO MODULADOR DA PROLIFERAGCAO CELULAR

O NO pode regular diversas funcdes fisiologicas incluindo a
proliferacdo celular. A sua acgao reguladora depende da sua concentragdo. Embora
nem todos os detalhes sejam compreendidos, a acdo citostatica do NO sobre a
proliferacdo celular em altas concentragdes tem sido descrita, assim como a acao
estimuladora sobre a proliferagdo celular em baixas concentracdes de NO (TERRA
et al., 2012a; VILLALOBO, 2006).

Estudos principalmente in vitro, demonstraram que este peffil
paradoxal depende exclusivamente da concentracdo de NO. Desta forma, houve
inibicdo da proliferagéo das células da retina, em condi¢des de altos niveis de NO
(GOUREAU et al., 1993; YILMAZ et al., 2000). A suplementacdo exdgena de NO,
em altas concentragbes de NO, inibiu a proliferacao de fibroblastos (DU et al., 1997)
e queratinocitos (FRANK et al., 2000; KRISCHEL et al., 1998) enquanto que baixas
concentracbes de NO levou a estimulacdo da proliferacdo destas células. Os
mecanismos moleculares que expliquem a acao proliferativa do NO em baixas
concentragdes ainda nao séo totalmente compreendidos.

Estudos demonstraram que a acao inibitéria do NO sobre a
proliferacédo celular, envolvem a regulacéo da expressao de iNOS por citocinas como
o interferon-y (IFN-y), o fator de necrose tumoral-a. (TNF-a), a interleucina 1 (IL-1),
ou o lipopolissacarideos (LPS), levando a producédo de altas quantidades de NO,
consequentemente inibindo a proliferagdo celular, de linfocitos, células musculares
lisas vasculares, células hepéticas (VILLALOBO, 2007) (Figura 8). Em fibroblastos
senescentes, a inducdo da iINOS pelo TNF-a, IFN-y e interleucina 1B (IL-1pB) inibiu a
proliferacao celular (GANSAUGE et al., 1997).
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Figura 8 - Regulagao da expresséao iNOS sobre a proliferagao celular. A interagéo de
citocinas como por exemplo LPS e IFN-y com receptores na célula gera
eventos de sinalizagdo conduzem a expressao de iNOS e subsequente
producdo de grandes quantidades de NO, que inibem a proliferacao

@~ @*®

Fonte: Villalobo (2007).

O envolvimento do Oxido nitrico sobre a inibicdo da proliferacao

celular foi descrito pela sua capacidade de parar o ciclo celular na fase de transicéo
G1/S (VILLALOBO, 2006) (Figura 9)
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Figura 9 — Mostra a acao inibitéria de NO na fase de transicdo G 1 / S, sobre o0s
alvos principais que afetam a expressao e / ou atividade de diferentes
componentes relevantes para a progressao do ciclo celular.

G1 phase

Fonte: Villalobo (2006).

Apesar da inibicdo sobre a proliferacdo celular em altas
concentragdes de NO ser o maior efeito exercido em varios tipos de células (normais
e tumorais), existe um significante numero de estudos descrevendo sua acgéo
estimulatoria sob altos niveis de NO, quando esta molécula € liberada
endogenamente ou por suplementagédo exdégena (VILLALOBO, 2006).

Bhowmick e Girotti (2011), utilizando células tumorais em condi¢ces
moderadas de NO, observaram um efeito estimulador do crescimento celular,
promotor de angiogénese e da expanséo tumoral e anti-apoptético.

O efeito estimulatério do NO sobre a proliferacéo celular descreve a
ativacao de receptores na membrana plasmatica celular que levam a producdo de
NO atraveés da expressdo da iINOS, como os receptores do fator de crescimento
endotelial vascular (VEGFR), receptor do fator de necrose tumoral (TNF-aR),
receptores do interferon-y (IFN-yR) e de receptores de lipopolissacarideos (LPSR)
pelos seus respectivos ligantes extracelulares. Outros receptores também
conhecidos por controlar a producdo de NO, sdo os receptores de tirosina-quinase
como o VEGFR e o fator de crescimento de fibroblasto (FGFR) e alguns receptores
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o CD44v10, ativados por seus ligantes extracelulares VEGF, FGF e acido
hialurénico, respectivamente, levam ao aumento da concentracdo de Cay’,
resultando na formac&o do complexo Ca," /CaM, ativando eNOS e nNOS. Por outro
lado o receptor de estrogénio 17 (17B-OestR), controla a expressdo da eNOS com
consequente producédo de NO (VILLALOBO, 2007) (Figura 10).

Entre os poucos mecanismos sugeridos como responsaveis pela
estimulacdo do NO sobre a proliferacdo celular, foi citada a ativagdo via MAPK,
regulacdo da ciclooxigenase (COX-2) e a producédo de espécies reativas do oxigénio
como o *O; e H,O, (VILLALOBO, 2007) (Figura 10).

Figura 10 - Resumo de alguns dos mecanismos moleculares e vias de sinalizagao
gque regulam a producao celular de NO e subsequente estimulacao
da proliferacdo celular, numa célula hipotética
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Fonte: Villalobo (2007).

Alguns estudos utilizaram o fator de crescimento do endotélio
vascular (VEGF) como marcador e estimulador da proliferacdo celular frente a
diferentes concentragdes de NO, principalmente in vitro.

O VEGF é importante durante o processo de vasculogénese no
desenvolvimento embrionario. A vasculogénese diminui progressivamente apos o

nascimento e € minima na maioria dos tecidos adultos (GERBER et al., 1999). No
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entanto, a expressao de VEGF é estimulada durante a angiogénese patoldgica, tal
como ocorre em pacientes com isquemia do miocardio ou na retina, no tecido
inflamado (CARMELIET; COLLEN, 2000) e em carcinomas humanos (NICOL et al.,
1997), sendo um potente fator da neovascularizacao tumoral (BATES et al., 2002).

Em pele de camundongos, o aumento da permeabilidade vascular
induzida pelo VEGF foi relacionado com a producéo local de NO, estimulada pela
INOS (FUJII et al., 1997). A acao inibitéria do NO sobre a proliferacéo celular, foi
demonstrada em células de coriocarcinoma, pela diminuicdo do VEGF (CHA et al.,
2001). Ainda atraves da expressdo do VEGF foi demonstrada a modulacdo da
proliferacdo celular das células endoteliais do glomérulo renal pelo NO. Neste estudo
o tratamento dos animais com inibidor de iINOS, levou a inibicdo da proliferacdo das
células endoteliais (OSTENDOREF et al., 2004). Em células de melanoma humano a
resposta proliferativa, avaliada pelo VEGF é acompanhado pela super expresséo da
INOS e consequente producdo endogena do NO sendo que o tratamento com o
inibidor de NOS (L-NAME) conteve a proliferagéo celular (TAO et al., 2005).

Terra et al. (2012a), observaram na pele de camundongos hairless a
acdo moduladora do NO sobre a proliferacéo celular apés a irradiacdo UVB. Os
resultados mostraram aumento nos niveis de NO assim como na imunoreatividade
do VEGF, 6h e 24hs ap0s a irradiacdo. O tratamento dos animais com AG resultou
na diminuicdo dos niveis de NO, porém houve acentuado aumento na proliferacéo
celular, como observado pela intensa marcagédo do VEGF e PCNA, sugerindo que
baixas concentragbes de NO possam estimular a proliferacdo celular mais
intensamente do que altas concentracdes de NO.

O antigeno nuclear de proliferacdo celular (PCNA), € uma proteina
nuclear (36 kDa), que atua como cofator da enzima DNA polimeraze e que existe no
nucleo de todas as células eucarioticas. PCNA é essencial para a sintese de acido
nucléico e desempenha um papel essencial nos processos de recombinacao,
replicacéo, reparo do DNA e na montagem da cromatina (MATHEWS et al., 1984,
MIYACHI; FRITZLER; TAN, 1978). Portanto a expressao de PCNA esta relacionado
com o crescimento e proliferagdo celular. Nas células em divisdo celular, a
expressdo desta proteina esta muito aumentada na fase S do ciclo celular e
diminuida na fase quiescente (JASKULSKI et al., 1988). Na clinica médica PCNA é
utilizado para caracterizar a proliferagdo em populacdes celulares na epiderme

humana de individuos saudaveis, nas lesbes pré-malignas e malignas inclusive no
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melanoma (GEARY; COOPER, 1992; KAWAHIRA, 1999). Estas investigacOes
confirmaram que a distribuicdo da proteina PCNA esta confinada na camada basal
na epiderme de individuos saudaveis, podendo haver variagdo neste padrdo, nas
doencas cutaneas malignas.

PCNA foi descrita como um marcador de reparo do DNA e
indiretamente, como um indicador de danos induzidos por UVB, na pele de
camundongos e em queratindcitos (AFAQ et al., 2007; MOORE et al., 2004). AFAq
et al. (2007), demonstraram que a irradiagdo UVB diminuiu a expressao da proteina
PCNA em queratindcitos (HaCat) e que o tratamento com antioxidante, delfinidina,
protegeu as células da apoptose induzida pela irradiacdo UVB, demonstrando
expressdo da PCNA pelas células com o tratamento.

Terra et al. (2012b), observaram que ndo ocorre imunoreatividade
para PCNA na pele de camundongos hairless, apos a irradiacdo UVB. Quando os
camundongos hairless foram tratados com o inibidor de iINOS (AG), a marcacéo do
PCNA foi evidente, confirmando o efeito modulador de baixos niveis de NO sobre a
proliferacao celular.

Wei et al. (2002), relatou a acdo fotoprotetora da genisteina no
modelo de pele reconstituida humana utilizando doses agudas de irradiagdo UVB
(2,0 e 6,0 JJcm2). As amostras de pele tratadas com 3 concentracdes de genisteina
(10, 20 e 50 pM) 1 horas antes da irradiagcdo UVB e analisadas 12 hs depois da
radiacdo demonstraram que a genisteina preservou os mecanismos de proliferacao
e reparo celular avaliados pela aumentoimunoreatividade do PCNA e inibiu a
formacdo de dimeros de piramidina, numa relacdo dose-dependente. Na pele
irradiada e ndo tratada, houve aumento na formacdo de dimeros de piramidina e
diminuicdo da imunoreatividade para o PCNA.

Ainda neste estudo noés utilizamos outro marcador da proliferacéo
cellular, Ki67, para avaliar o efeito anti-nitrosativo da genisteina apds 24h da
irradiacdo UVB na pele de camundongos hairless. Ki67 € uma proteina nuclear de
359 kDa ou 320. A auséncia de Ki67 em células quiescentes e a sua expressao
universal em tecidos que proliferam revelou o seu potencial como marcador de
proliferacdo celular (URRUTICOECHEA; SMITH; DOWSETT, 2005). El-Abaseri,
Putta e Hansen (2006) relatou que alteragbes na expressao de Ki67 ocorrem
paralelamente as alteracdes observadas na expressdo de PCNA na pele de

camundongos apos UV, e que ambos estariam associados com a proliferacéo elevar
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na epiderme.

1.9 METODOS DE ANALISE DOS NiVEIS DE NO E DO ESTRESSE OXIDATIVO/NITROSATIVO NA

PELE UTILIZADOS NESTE ESTUDO

1.9.1 Deteccao dos niveis de NO

Embora o elevado numero de trabalhos dedicados ao estudo dos
efeitos do NO, muito pouco se conhece sobre sua dindmica de concentracdo, devido
as dificuldades analiticas associadas a medicdo de uma espécie gasosa com tempo
de vida reduzido em sistemas biolégicos.

A alta instabilidade do NO sob tensdes fisiologicas de O, e alta
reatividade com as biomoléculas tornou a quantificacdo do NO um desafio,
principalmente em sistemas biologicos devido a sua curta meia vida e baixas
concentragfes (ARCHER et al., 1995). Em sistemas bioldgicos o NO é facilmente
oxidado a nitrito, com uma meia vida muito curta (< 6 sec.) (KELM et al., 1988),
apesar que concentracfes biologicamente ativas de NO (5nM-4uM) em solucdes
aguosas puras, a meia vida excede 500 segundos (LAVER; STEVANIN; READ,
2008).

Algumas metodologias sdo utilizadas para quantificar indiretamente
o NO e seus metabdlitos em varios tipos de amostras. Sdo exemplos de métodos
indiretos o0 uso de inibidores de NOS, L-arginina, doadores de NO, animais
transgénicos, analises da expressdo da isoformas de NOS e a quantificacdo de
metahemoglobina ou de NO, e NOj3’ pela reacéo de Griess. Contudo, estes ensaios
fornecem evidéncias limitadas e por vezes, requerem interpretacbes complexas
(KHANNA; COWLED; FITRIDE, 2005).

Kikuchi et al. (1993a) sugere que a reacdo do NO e oxi-
hemoglobina, formando metemoglobina e NO3", explorada para estimar a sintese de
NO é um método pouco sensivel.

A reacdo de Griess que estima os produtos da degradacéo do NO,
ou seja, o0 NO, e NO3™ que reage com a sulfinilamida e N-(1-naftil)-etilenodiamina,

formando um composto que pode ser detectado espectrofotometricamente a 540nm,
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€ considerado pouco especifico para 0 NO. O NO, € um contaminante que pode ser
encontrado na agua e é produto do metabolismo de certas bactérias (ARCHER et al.
1995). Além disso, nitrocompostos analogos de L-arginina, tais como L-NAME, AG, e
LNNA, interferem em ensaios de Griess (GREENBERG et al., 1995).

Os modelos transgénicos também podem gerar resultados
duvidosos devido aos possiveis mecanismos compensatorios. Kanno et al. (2000),
relatou que camundongos transgénicos deficientes de eNOS ou nNOS
apresentavam expressao aumentada de INOS, possivelmente para suprir a
deficiéncia das isoformas constitutivas.

Neste estudo um dos objetivos foi determinar os niveis de NO na
pele (fresca e congelada) pela primeira vez em condi¢des fisiopatoldgicas através da
deteccdo desta molécula por um método por quimiluminescéncia que descreve a
reacdo do NO com o sistema H,O,-luminol, padronizado e utilizado por Kikuchi et al.
(1993a, 1993b) na determinacao os niveis de NO em tempo real, em rim perfundido.

Kikuchi et al. (1993a, 1993b) descreve a especificidade e
sensibilidade da reacdo do NO com H,O,-luminol na reagdo de quimiluminescéncia,
utilizando NO em forma de gas diluido em solugcdo portanto sem interferentes,
demonstrando que o método detecta de forma direta 0 NO em baixas concentracdes
(100fmoal/l). Tsukada et al. (2003), ilustra a reacado conforme figura 11.

Figura 11 - Reagéo de quimiluminescéncia entre o NO e H,O»-luminol
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Fonte: Tsukada et al. (2003).

Como descrito por varios autores, a molécula analisada é de fato o
NO, ou seja, a reac¢do de quimiluminescéncia acontece entre o NO e o H,O»-luminol,
porém desta reacao, resulta a formagéo de outras espécies reativas emissoras de
radiacéo responsaveis pela emissao de fotons (KIKUCHI et al., 1993b; NORONHA-
DUTRA; EPPERLEIN; WOOLF, 1993; RADI et al., 1993; TSUKADA et al., 2003).
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Para que esta hipétese pudesse ser comprovada, os autores utilizaram substancias
guimicas doadoras de NO e inibidores especificos de radicais livres, apontando o
ONOO e 'O, como as espécies emissoras de foton.

Kikuchi et al. (1993b), demonstrou a formacédo de ONOO’, em tempo
real durante a reagédo NO e H,O,-luminol em rim perfundido de ratos, acrescentando
Mn-SOD durante a reagédo para excluir a possibilidade do O,, ser o precursor do
ONOO’

Noronha-Dutra, Epperlein e Woolf (1993), utilizando nitroprussiato de
sodio (NPS), como doador quimico de NO, demonstrou que a reacdo entre o NO
com H,O, resulta na formacédo de 'O, Neste estudo, o uso de histidina (scavenger
de '0,), revelou a formacéo do 'O, e o uso de manitol excluiu a presenca de *‘OH na
mistura da reacao de QL.

Tsukada et al. (2003) com o objetivo de estimar concentragcbes de
NO, em tempo real pela reacdo com H,O»-luminol através da QL, em coragéo
perfundido de ratos, construiu uma curva padrdo de NO, trabalhando com
concentracbes de NO entre 1 a 400 pmol/l. A solucdo NO, utilizada para a
construgdo da curva, foi obtida pela reagdo de reducdo do nitrito em meio &cido

(acido sulfarico) preparado de acordo com a reacao:

2KNO, + 2KI| + 2H,S04 ------ 2NO + I, + 2H,0 + 2K,S04

Para se obter 400pmol/l de solugdo de NO, utilizou-se 7.2ml de
solucdo de 0.1 mmol/l KNO; + 1,8ml da solugéao de 0,1mol/l H,SO,4 a 25°C. Todas as
solucdes foram desgaseificadas com gas hélio.

Terra et al. (2012a, 2012b), com o objetivo de avaliar os niveis de
NO na pele ap6s a irradiacdo aguda por UVB, utilizaram a técnica baseada na
quimiluminescéncia resultante da reagdo do NO, no sistema H;O,-luminol,
desenvolvida por Kikuchi et al. (1993a, 1993b).

Para que pudéssemos utilizar a reagcdo de QL para o NO com
seguranca, ja que anteriormente a técnica foi utilizada apenas em sistemas
biologicos em tempo real, adaptamos esta técnica para amostras a fresco e
congeladas em 2 sistemas biologicos (pele de camundongos e musculo esquelético
de ratos), utilizando conhecidos sistemas quimicos doadores de NO (NPS e KI-

NaNOs/ H,SO,), e inibidores especificos de espécies reativas (manitol, histidina e
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SOD), comparando os resultados obtidos com os descritos anteriormente na

literatura.

1.9.2 Métodos de analise do estresse oxidativo/nitrosativo na pele

Modelos experimentais de irradiacdo por UV, in vivo ou in vitro, tém
demonstrado a participacdo de EROs e ERNs e alteragdes no sistema antioxidante
endogeno nas doencgas cutaneas. Estes mesmos modelos experimentais séo
utilizados na avaliagdo das propriedades antioxidantes de farmacos. Todavia muitos
dos resultados obtidos ndo sao consistentes e ainda controversos, devido a falta de
uma melhor padronizacdo dos modelos e das técnicas de avaliacdo do estresse
oxidativo na pele.

Normalmente a peroxidacdo lipidica no tecido cutaneo tem sido
determinada pelo teste colorimétrico classico, TBARS, ou seja, substancias reativas
ao acido tiobarbitdrico. TBARS quantifica a presenca de aldeidos de baixa massa
molecular, como o MDA. Através desta técnica pesquisadores demonstraram nao
haver lipoperoxidacdo na pele apds irradiacdo aguda por UVB atribuindo um efeito
protetor aos mecanismos endogenos da pele, principalmente ao papel do Oxido
nitrico (NO) na pele (GONZALEZ-MAGLIO et al., 2005; LEE et al., 2000). Varias
investigagbes utilizaram a técnica do TBARS como representante do dano
lipoperoxidativo, porém a quimiluminescéncia (QL) mostrou-se um teste mais
sensivel (BARBOSA et al., 2003; GONZALEZ-FLECHA; LLESUY; BOVERIS, 1991,
OLIVEIRA; CECCHINI, 2000). Procedimentos analiticos baseados em medidas de
guimiluminescéncia caracterizam-se pela alta sensibilidade para deteccdo de
radicais livres em baixas concentracfes em solucgdes fisoldgicas. Este método torna
a deteccdo possivel mesmo em concentracbes minimas (atomol) (LAVER,
STEVANIN; READ, 2008).

Luminescéncia € um termo empregado para descrever a emisséo de
radiacdo quando uma molécula ou atomo no estado excitado decai para o seu
estado fundamental (DODEIGNE; THUNUS; LEJEUNE, 2000). Os vérios tipos de
luminescéncia sao caracterizados em funcdo da fonte de energia empregada para
se obter o estado excitado. Na quimiluminescéncia, a energia de excitacdo é

proporcionada por uma reacdo quimica, sendo a emissdo de radiacdo observada
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geralmente nas regides do visivel ou préximo do infravermelho (MERENYI; LIND;
ERIKSEN, 1990).

Embora as duas técnicas (QL e TBARS), descritas acima, verifiquem
a lesdo oxidativa, ndo devem ser comparadas jA que os produtos das reacdes
avaliados por elas sao diferentes. A QL avalia a formacéao de lipoperoxidos lipidicos,
0 que acontece num primeiro momento da reacdo de oxidacdo da membrana,
enquanto TBARS quantifica a presenca de aldeidos de baixa massa molecular como
o MDA, que ocorre apos a formacdo de hidroperoxidos lipidicos (TERRA et al.,
2012b). Além disso, a reacdo de quimiluminescéncia reflete o estresse oxidativo
prévio sofrido pelo tecido pela acéo dos radicais livres, assim como, o consumo das
defesas antioxidantes com consequente formacdo de hidrolipoperoxidos,
responsaveis pela emissdo de fétons (GONZALEZ-FLECHA; LLESUY; BOVERIS,
1991; GUARNIER et al., 2010; PERES et al., 2011).

Neste estudo, nGs usamos a reacdo por quimiluminescéncia, iniciada
por tert-butil hidroperéxido (GONZALEZ-FLECHA; LLESUY; BOVERIS, 1991), para
analisar os niveis de hidroperéxidos, na pele de camundongos swiss e hairless,
imediatamente, 6hs e 24hs apods a irradiacdo UVB. Nossos resultados mostraram
moderada emissdo de fotons durante a reacdo de QL, imediatamente apos a
irradiacdo enquanto que apos 24hs observou-se alta emissdo de fotons, resultando
numa lesdo oxidativa mais intensa neste tempo. Em contraste, baixos niveis de
substancias reativas ao acido tiobarbitarico (TBARS), principalmente MDA foram
observados tanto imediatamente quanto em 24hs apés o UVB, indicando que a
reacdo de liperoxidagdo na pele irradiada por UVB tende a formar hidroperoxidos
lipidicos (TERRA et al., 2012). Este fendbmeno pode ser explicado pela presenca de
antioxidantes que protegem a pele da desestabilizacdo de membrana e propagacéo
da cadeia de lipoperoxidagcédo apods a radiacdo UVB, como por exemplo, o acido cis-
uranico e trans uranico, dois componentes da epiderme que foram descridos como
0s maiores scavengers de radicais livres da pele (KAMMEYER et al., 1999).

Além disso, Wei et al. (2002), demonstrou que a formacdo de MDA
reflete o efeito cronico, ou seja, a exposicao repetida a radiagcdo UVB na pele, além
disso, o autor sugere a geracdo de H,O, como marcador da resposta aguda da
radiacdo UVB na pele. Nés sugerimos que a formacéo de hidroperoxidos lipidicos
possa ser o marcador da resposta aguda da radiagdo UVB na pele (TERRA et al.,
2012b).
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O estresse oxidativo na pele pode ser avaliado também de maneira
indireta através de possiveis desequilibrios no sistema antioxidante, promovido pela
irradiagcdo UVB. Desta maneira, a avaliagdo do sistema antioxidante total por QL ou
a determinacdo de uma enzima com atividade antioxidante como a CAT ou a SOD,
além dos niveis de GSH e GSSG, atravées de técnicas espectrofotométricas, pode
fornecer parametros importantes. Como ja descrito anteriormente, n0s evidenciamos
0 estresse oxidativo na pele apos radiacdo UVB, também pelo desequilibrio nas
defesas antioxidantes, demonstrando a inversdo na razao GSH/GSSG, levando a
GSSG/GSH e pela diminuigéo na atividade da CAT (TERRA et al., 2012b).

A capacidade antioxidante total (TRAP) pode ser determinada por
quimiluminescéncia e reflete o equilibrio entre a acdo conjunta de antioxidantes de
baixa massa molecular e espécies oxidantes, portanto pode fornecer uma
informacdo mais relevante do que a determinacdo da concentracdo isolada de um
determinado antioxidante (GHISELLI; SERAFINI; NATELLA, 2000). Terra et al.
(2012b), verificou diminuicdo das capacidade antioxidantes total na pele de
camundongos swiss imediatamente apds e 6h apods a irradiacdo UVB enquanto que
na pele de camundongos hairless a diminuicdo significativa ocorreu apds 6h da
radiacao.

No nosso estudo demonstramos o balanco oxidativo na pele apoés 0,
6 e 24hs da irradiagcdo aguda por UVB, pelas técnicas descritas, assim como a
modulacdo da proliferacdo celular pelo NO por imunohistoquimica. Sugerimos a
utilizacdo deste modelo experimental e a utilizagdo dos mesmos parametros de
avaliacdo para demonstrar com seguranca a atividade antioxidante de compostos
naturais ou sintéticos.

Os resultados obtidos durante este estudo foram descritos conforme

artigos em anexo, 2 publicados (Apéndice 1 e 2) e 2 submetidos (Apéndice 3 e 4).
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2 JUSTIFICATIVA

O presente estudo apresenta a importante participacdo do NO na
lesdo da pele e na proliferacdo celular apos a radiacdo UVB, avaliando resultados
contraditorios apresentados anteriormente na literatura cientifica e garantindo o
estudo dos mecanismos protetores das substancias antioxidantes com maior eficacia
e seguranca podendo contribuir no avango na pesquisa contra o envelhecimento e

doencas cutaneas malignas.



3 OBJETIVOS

3.1 OBJETIVO GERAL
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Conhecer as principais espécies reativas envolvidas na lesédo
oxidativa/nitrosativa da pele apds diferentes tempos da
radiacdo UVB, bem como a participagdo do NO na
modulacdo da proliferacdo celular, caracterizando um
modelo experimental in vivo, que possibilite o estudo dos
mecanismos protetores das substancias antioxidantes

garantindo maior eficacia e seguranca nos resultados.

3.2 OBJETIVOS ESPECIFICOS

Investigar as principais espécies reativas envolvidas no
estresse oxidativo e nitrosativo da pele de camundongos

imediatamente, 6hs e 24hs apos a radiacédo UVB.

Investigar o efeito modulador do NO sobre a proliferacdo

celular na pele apés 24hs da radiacdo UVB.

Caracterizar o modelo experimental em pele de camundongo
hairless submetidos a radiacdo UVB, para que o0s
pardmetros  utilizados para avaliar o0  estresse
oxidativo/nitrosativo e a proliferacdo celular, possam ser
utilizados com seguranca e eficacia na investigagédo do efeito

e mecanismo protetor de diferentes substancias antioxidante.

Utilizar a genisteina, flavonoide com capacidade antioxidante
reconhecida para avaliar sua acdo protetora contra o
estresse nitrosativo da pele apés 24hs da radiagdo UVB,

elucidando os mecanismos protetores envolvidos.

Adaptar e validar a técnica que descreve a reacdo do NO

com H;O.-luminol durante a reacdo de quimiluminescéncia
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para amostras biologicas de pele, a fresco e congeladas,
utilizando sistemas quimicos doadores de NO (NPS e KiI-
NaNO3/H,SO4) e os inibidores cPTIO, manitol, histidina e
SOD, especificos para NO, °*OH, '0, e °Oy,

respectivamente.
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APENDICE 1 — Artigo 1: Time-dependent reactive species formation and oxidative
stress damage in the skin after UVB irradiation.
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ARTICLE ITNFO ABSTRACT

Aericle Moy This study provides evidenae that skin oxidative stress injury caused by UVE imadiation is mesdiated pre-
Received 15 Qondar 2001 dominantly by readive axygen spedes immed istely after imadiation and by reactive nitrogen spedes at
Recatvad in revised R 17 Jnmary 2002 later time points. Animalk wers pretrested with free radic] sovengers (deferr mcamine, histidine),
e N a-tompheral, ar inhihitors of nitric mode synthass (H05) (LM AME or aminoguanidined ar left untreaed

amd sub jected ta U'VH irmadiation. @-Tooopheral inhibited the inoesse in lipid permddation, 2= evaluated
by chemiluminescence at 0h and 24h after UVE irrad iation. Immediately after UVE irradiation, lipid

“"""""-'m peroxidation increased mod erately and was abalished by free radical scvengers but not by WS inhibi.
v — ) tors. Lilewwine, thened uction of 2nfiocdant capad ty wa not reversed by NOS inhibitors. Nitric oid & ang-
Arakianer mentation was not observed at this ime point. Twenty-four hours afier irradistion, noeased hpid
PVE Iradision peroxidation Jewels and nitric oxide devation were observed and wene prevented by NOS inhibitors.
Faraciee Speckes Low concen trations of C5H and reduced catal e activity were also observed. Altogether, thesedat indi-
i oide m@ite that neachive moypen species (singlet ooygen and hydnoyl radicls ) are the principal mediators of
immesdiate damage and that reacive mimogen species (N0 and posghly OMOO™) s=emi to be invahed
Lter in skin oxidative injury induced by UVH radizfion. The reducsd catabiee achivity and low level of

C5H suggest that WO and HxOp may neact to generate ONOO™, 3 very strong lipid perocidant spedes.
& 201 2 Eloewier BV, All rights reserved.
1. Introsduct ion Tive resctive species 0o OH. hydrogen peracide (Ha0:2 ) perox-

UWE light stinmil stes production of resctive species that are the
main case of the resuting diin lesions and resull in sccelerated
aging 1] and the development of malignant slin disesses [2-4]
Exposure of skin cells to UVE indwces an immediste relesie of
labile iron [5). which can catslyze production of the highly toxic
hydroxy] radical (OH) via the Fenton resction |6 The strong imn
che litor desle mimamine (DFX) has been used to demonstrate the
partici pation of "0H in oxidative cell injury |7-9) while histidine
(HIET), an efficient scavenger of singlet moygen ("0g) | 10), has been
employed to show the invalvement of that spacies a5 well DH is
e primarny resctive axygen specied respondble for the formation
of lipid radicals in the epidermis following exposure to LIV light
111} UvA-induced imon- and "0--dependent axidative damage 1o
lipdds sl perostesing huad besen odserved in wiro and in human sldn
fibroblasts [12]
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ynitrite (ON00 ), and nitric axide (-NO) have been demonstrated
o be generated during UVE light-stimulsted pheotosensi testion
[11-18] Wei et al |20] showed that HyOuis part of the scute skin
response to UVE expoiure and can be generated by kerati nocytes
and infilrating newtrophils Recently, Mowbray et sl [22] have
Alutywena e iy e-i it ependent relexde of -N0 in human skin sweat
a lewhours sfter VB irr adistion LV sbo indwces i NOS expression,
with the maximal mENA level occwming 24 h petirmadiation in
haifess mice |23] and in human skin [24) Althowgh there is
evidence that reactive species participates on UVE induced lipid
permidation, some studies have also suggested that NO has a
protective effect sgainst lipid perasidation sfter UWVE jrradistion
[23.251

The imvolvement of free radicals in the skin lesions indued by
UWE irrsdiation i well-established, snd while antioxidants have
been uied in an attempt to limit the damage. the choice of antiox-
idant is randiom, a5 the particular reactive species produced in this
situation are not known However, the skin i known o wse 2 net-
wark of antioxidant systems to maintain the intracellular redox
balance and counteract oxidative stress [26] The skin has an
endogenous  antioxidant system comprising both anocidant
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enzymes and nomenzymatic antiacidants [26.27]. Asmrbic acid, -
tocophenal, wic scid, and glutsthions are well-known non-eney-
matic antickidant molecules. Previous studies have also demon-
strated the presence of several major enzymatic antioxdants
incheding glutsthione peroxidas (GPx)l ghtathione reductase
superaxide dismutase (S0D), and catslase (CAT) inthe epidermis
|26 Diflerent dosesof LV light can completely destray the epider-
mal smred of ascorbate, glutsthione, ubiquingl, & tocophenl
superniide disnmitsies, snd ctslise |26) While sntioxidants are
not good markers of oxidative stress, they have been used to
evaluate ROS-medisted skin lesions after UVBE irradiation
[2028.4.29.30¢

In this report, we intend to demomnstrate that simglet oxygen,
hydrescyl radicali, and nitric acide are the reactive species that
are produed immedistely after UVE irradistion of murine skin
Al that MO be comes. more relevant to the lesion 24h after irmadi-
ation. We abo determined the endogenous antisidant balance
immeadiately after UVE irradiation, which estabiishes the o dative
Siness.

2. Materials amd meet hods

2.1 Reagents

All chemicals were obtaimed from the Merck of Sigma
I abor atories.

2.2 Anitmals and UVE Irmadiafan

Male Swiss mie (20-25g) were obtained from the Animal
House of the Biological Sciences Center at Lomdring State Univer-
sity &l had socess to water amnd food sd libitwm. They wene trested
inacoordane with the Nationsl Indtitute of Health guidelines lor
the wellare of experimental animals and with the approval of the
Ethics Committee of the Londrina State University. The animals
backs were shaved with 3 Wahl's Panasonic ER389 Professional
shaver without mechanical damage to the skin The light sowrce
wird & PHILIPS TL 12 40 W UVE fluorescent lamp, which emits radi-
ation from 270 to 400 am with an emission peak around 313 nm
The lamp was embedded in & 130 m = 043 m = 045 m bosx, into
which the animals were placed in cages. Animaks received a single
dose (2.99]/cn?) of UVE radistion [31] and animals were sacmi-
ficed and dorsal skin samples and sored ot ~76 “C until wse.

2.3 Drugs and Featments

Priot to UVE irradistion, the LIV-0 h and LW-24 h groups wers
treabed intraperitoneally (ip.) 3 times every B h with aminogusni-
dire (AG: 50mgkg) [32] of NG-Nito-l-srginine methyl ester
[L-NAME 20mgfkgip.) [33] Post-iradistion, AG and LN were
sdministered to the UV-24 h group every 8 h until the animals
were sacrificed The UWV-0h group snimal were sacrificed and
their skin removed immedistely after irradistion The W-0h
group was trested with a-tocopheral (2T 100 mglkg Lp.) every
12 h beginning 3 days prior to UVE irrsdistion |34], and the skin
was removed immedistely afer irradistion. The LV-24 h group
wird trested 1 day prior and 18 h after UVE irradiatjon with 1 dose
of a-tocopheral (2T 100malke Lp) and the dkin was remaved
24 h post-iradistion Deskermieamine (DFD 60 mgikg ip) [35)
and -histidine monchydmodiloride (HIST 40 mgfkg) [36] treat-
ments were pefformed 1h prior to UVE irmadiation, and the skin
wird removed immedi ately afver the radistion

2.4 Thdue preparation

The dorsal skin homogenates were prepared a5 described by
Peres et al. | 1] Briefly, the skin samples were homogenized in an
ULTRA-TURRAX homogenizer containing 10 mgimL or S0 mgfml
of tisue in a buffer containing 30 MM KHPOLKHPO, amd
120mM KOl st pH 7.4, The 50 mg/ml supematant was uwsed for
rert-butyl hydrope meide-stimulsted chemi ominescence, cata e
sctivity, superoxide dismulase sotivity, and ghetsthione asxys
while the 10 mgimL supernatant was wied for the thiobarbituric
acid reactive substances (TRARS) assay and to determine the total
radical santicidant paramete f (TRAPL The homogenate for the N0
sy is described below. For the total protein carbonyl stion assxy,
the tisswes (3DmgimL) were procesed specially acoording to the
method of Rernick and Parker [37]

2.5 Lipid peroxide formmalion analysis

The reaction mixmures were placed in heminescence tubes con-
taining 375X (wjv) of the skin supamatant and 3 mM ter-butyl
hydropemside in a fina volume of 1 mL The tert-buryl hydmogpes-
oxide-initiated dwemiluminescence (OL) resction was measurned
ding & GLOMAX TD/20 20 luminometer | Turmer Designa) with
response range of I00-650nm. The tubes were kept in the dark
until the moment of the assay, which was carried out in a mom
kept st 28 °C | 134,38 -40) The results were expressed in relative
Tight wnits g tissue (RLUfg tisswe) The final lipopensddation prod-
wits were analyred by measuring the formation of thiobari turic
scid-resctive species [TRARS) a8 described by Oliveira 2nd Ce cchini
41| Briefly, low maoleculsr-weight aldehydes such x5 malondial-
dehyde (MDA) react with thiobarbituric acid (TBA) to generate a
colored product that sbsorba light at 532 nm. Carbomyl proteing
were maxped using the method for deted ing protein hydrazones
followed by reaction with dinitropheny lhydrarine, scoording o
Reznick and Parker [37] N0 was measured a3 described by Kiku-
chi et &l [4243] with the following modifications Mouse skin
(5 mgimL) was prepared by homogenization for 45 5 intervals in
2 mM Mag0O; buffer, pH 8.5 | previously degassed with Ny jusing
an LLTRA-TURRAX homaogenizer (Marconi, Brazil) under Ny bub-
bling tor assure Oo-free mediom. A teswe concentration of 0250
(wjv) was used lor all experiments relasted bo invest gating the mile
of M0 in UVB-irradiated skin. Equal vohimes of 360 ub heminod/
3 mM desferrioxamine (DFD) and 200 mM HzD; were mixed and
incubated at room temperature under moderste agitstion for
5 min To initiste the chemiluminescence reaction, 50 pl of this
mikture was added stomatically to the lheminometer chamber
containing 40 pL of skin homogenate (I2508 (wiv)) and ?Enpl
of buffer. The chemiluminescence spectrum was recorded lor
5 mif sing & GLOMAX TD20 20 luminometer (Tumer Dedigng
USA] The Origin v. 7.5 program was used to plot chemilumines-
cence curves that were analyzed using the srea under the curve
(AUC) to determine the amount of MO0 present in the sample
The resuts were expressed in relstive light unityg tiswe (NO
RLLg tisswe)

2.6 Antinxidant activity analysis

Total radical antioxidant parameter [TRAP) was abua detected by
COL Inivislly, light emision was mexiured in & resction mediem
contxining - xro-bis-{2-amidinopropane) and luminol, an k-
oy l-gene rating sysem. Then, another curve was measured in the
presence of the standard antioxidant Trolasx, 2 hydreoluble vi amin
E thst hinders the curve pesk due to its st eidant sctivity. Finally,
Trolox was replaced by the tissue homogenate the peak hinderng
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time was determined in oom parison with the Trolo standand, and
thee resulls were ex predded in oM Trodox | 1] Superoxide disnmitsse
(S0 a il e takase | CAT) activities werne assxyped spectrophotomet-
rically, x previous descaibed [44.45) Briefly, SOD qua ntifbcation
wid based on the inhibition of pyrogallal autaxidation in squeows
ahution by SO0 and CAT present in the skin homogenste amnd wasi
det ermined using a standard H20; system. Final 500 results were
expresed in USDDjmg protein Catalase results were expredsed
23 ABS per milligram protein per minute. The level of total ghitathi-
oave (GET) was determined by titration with 5.5-dithd obis-(2- nitro-
benzoic ackd)l which was evidenced by yellow color formation
O zed ghutat hione (GE5G) wit determined in the same mandmer
in supernatant previowsly incubsted with d-vinylpyridine for
60 min At room temperatune, soconding to the method described
by Tietze [46] Vol umes of supernatant were adjusted for the saxy
with 50 mg/ml skin homogenate The mesults wene expressed in
AMmg protein The stress index was cal culate d using the equation:
Sl= GE5G/{GSH-GESG)L

2.7 Protein concaminm o

Protein concentration was determined by the method of Lowry
etal [47) modified by Miller [48], except for the protein carbonyl
protein content, whene alsorbance st 280 nm was uled o deter-
mine the tolal protein in esch sample Bovine serum albumin
(BSA) was used a5 & standard for bot h methods.

2.8 Staristioml analyss

The results are shivwn 23 meand + SEM. Statistical companisons
of cheemil wminesoenoe results were made wiing the Student @ test
Two-way ANOVA with the Bonlermoni post-hoc test was wied o
analyre the lipid persddation and the entire chenm hum ine sceme
curve Statistical analysis was performed using GraphPad Prism
4.0 and 5.0 (GraphPad, San Diega, CAL

3. Results
3.1 Lipid hydroperacide measurement by the CL echnigue

Lipd helroperaxide (LOO-) femation in Swia mouse dlkin
Tl enwvii e LPVE i el tion was vl tedd, amd thee highsest emission
was observed for the UV-0h and UV-24h groups (Fig. 1AL The
entire curve was employed to perform statistical omparison by
2-way ANOVA (p < 0000071 ) followed by the Bonferrond post-hoc
test The UNV-0h and UWV-24 h curves showed 06 and 19 points,
respectively, which were significantly different from that of the
control. For the arexs umder the curves (ALCS), Student ©test
shiowed a sgnificant increxse in LOO- immediately (LV-0 h; AUC:
15.590 +908.% p<0.01) and 24 h (UV-24h; ALC: 18,720+ 1552;
p<0U0N) after imadiation compared with the contral [(AUC:
12,850+5326 N=10L When the mice were treated with
a-tocopheral (Fig. 1B), the lipid peroxidation decressed [ALC:
AT-U00 b 13140 +6554; aT-UV-24 h: 16400+ B53.6) and was
not significantly different from that of the contral group (2T
Control: 13610+ 987.0) Fig. 1C shows that the lipid peraidation
decrexed to control levels when the UV-0h group wis trested
with DFD (DFO-LN-0h ALC: 13,410 +B25.6), and trestment with
HET ako decressed L0~ fomation (HIST-UW-0h AUC:
12630 +1172)

32 Nitric aoide quanti ficarion

The amount of -NO was greater in the UV-24 h group (AUC
580 = 10F 5.6 » 10°: p < 0.01) than in the contral growp (AUC:

Am:
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Fig- 1. (A} Levels of Nipid hydropemoides masared by chamilmines scance Stim-
wlated By rer- byl hydnparaside and expressed in mlatve Bght enis (R} Far
CompaEan of th SN Eder the oErves (ALCT), the SESSRT T S Wi el
gD, <0000 for UNV-Oh (N=T} and IN-24 b (N =5} compamd with the
connm] graep (§= 10} (V-6 h: N=5]. The entine corves wem T peerfivem
startstcal companksom by Toway ANOVA (g 0L0001 ] ifiowed by the Bondemon
past Ao s (B} Efer of the anthoridant s-wopherd on lipid hydoperosde
Tevwrs evpeeswd in RLL AT 100 mglly) was adm inktered as poe oty desofbed
[AT-contmd, § =5; oT-IN-0 B, M= 7, aT-UNV-24h, N=5] Mo startaically significant
differeme wis detected |} Efiect of Fe (1) chelanor anda guemcher of "0y on Bpad

Bk o g A-EIVE0 I e e v i BELLL NP, {520 g g )
arsd HIST [40mg g were admindseed a3 previomly decobed No soistcly
shnificant diflem e wa dewced

330 = 1P £6.8 = 107) (Fig 2A) Fig 2B shows the decrease in
R0 detection o conerol level s whsen thee animals were pre sbed with
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Fig- 1 (K] Minsc oobde guantificaion by bemdnsd-Ho0u- indeced dhamilamine sosnce. (B) B of specific B0 ol oM0S inhibdrars AC (50 g g} weis adminioensd &
prevhmesly desoribed (AG-Conmed, N= T, mhn-nm(nqqumxmuu:mx-r LEAAE 24 b N = B Mo sk By

shyndficans Silffemnce wa dewoed (T} Effleor of gpecific BN0S and SHOS

on Biphd hyde e ek B BLRL AG (50 ooy ey} w5 adrindaered &

Previoesly described (AC-Contmd, W= & AC-UV-24h, N= 5LN{20 mg/iy) was adminioe red 2 poe sty des et | LN.Conmral, ¥ = 5; LN UNV-24b, N~ 7). o sarisacally
Snficant difl e nce wa s e o (V) Bfacy of specific BNDS and cH0S intibanars on Biped pSnogerarise bevds and expressed s RLL AG [ S0mg i) ard LM (20 mgfiog) were
amiristened as pevoly desoribed (AG-Cantral, Ne=5; AC-UN-Oh, N=8; LM Conmd, §=5; LNAV-0 b, = 7). Mo sasaically significann Siffarence was denamed

AG [AGAN-24 h AUC: 483« 10% 297 x 10°; AG-Contral ALK
436x WE57 « 10F) or with LN (LNAUV-24h ALL:
292 x 10° +4.6 x 10F; LN-Contral AUC: 284 x 10° +4.3 x 10°L

Fig. 2C shows that lipid pe rstidation decreassd when the ani-
mals (UV-34h) were trested with AG [AG-UV-2Z4h ALKL:
15210 2 2057) or LN (LN-AW-24h ALC: 14,370 + 870.5), returning
ta control levels [AG-Contrel AUC: 13350+ 487.1: LN-Comtrol
ALC: 145104 9920) Fig. 2D shows that lipid pemxidation akso
decrexsed when the UV-0h group was treated with AG (AG-
UWV-0 b AUC: 16540 + 1366; AG-Control AUC: 13,350+ 487.1) ar
with LN (LN-UV-0h ALC: 13,610+ 5866 LN-Contral ALK
14,510 +992.0) but showed no significant dilferences.

3.3 Taral radiol anfioddant parameter (TRAP] analy sic

TRAP decresied in the V-0 b group (0,535 + 0033 pM Trals:
< 0.05) am pared with the contral group (0657 + 046 M Trol-
ox) (Fig. 31 TRAP also decrexied when the UV-irradiated groups
were freated with AG (AG-LRV-0h 0435200076 pM  Trokas
p<0.05) or LN (LNAP-0h: 006564 + 0041 pM Trodox; p <005)
Wihen the UV-0 b group was treated with a-tocophen, the TRAP
returmed to control levels (aT-UV-0h: 0763 +0.075 pM Tralax

3.4 Derermination of GSH, GESG, and sires index

Reduced Glutathione (G5H) levels were lower in the U'V-24h
group (2742 +1.451 pM/mg protein: p< 0.05) than in the contrals

1.0+

0.0
0.8
0.7 i)
2 e .
3 -
o 064
=
3 oa]
o34
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o1+
o = = = = = =
i§F Bsd 133 1i
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Fig-3. ENfacy of UV radiarion on ol city (TRAF) in Sap
umﬂmﬂummmmmmm
Tocphenl Resuls e epesssd in gl Trobac “po0D5 compared with the
ool These reculs reprec st meds = 5 of & animalks.

{1467+ 2083 uMjmg protein) (Table 11 Oxidired glutathione
(GESG) was significantly decrested in the W-0h group
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(0627 + 0U063 M /mg protein; p<0001) and senificantly in-
crexsed in the UV-24 h group (1696 +00154 pMimg protein;
=< 0001) compared with the control group (1.154 & Q078 pMjmg
protein]. However, the stress index | 51 which represents oelhular
oxidative stress, was dgnificantly higher in the UWV-24 h group
{0258+ 0MME SI; p<0001) than in the contrel group
(D104 D14 51) Trestment with o decrexed the
G556 Jevels in the UV-24 b group (LOT0% 0174 M jmg protein;
aT- Contral: 2350+ 0.375 M [mg protein; p<0.00) but had no
significant effect on 51

1.5 Oxidlofve stres pandimeers and anbiocdons srrpme acbid e

Table 2 shows the results of esch analysis of the different groups
imtermsof protein aidation(OPLlipid peroxide formation ([ TBARS |,
amd antiosidant enzyme sotivities (CAT and 50D TEARS was 5ignil-
icantly decres sed inthe UV groups[UV-0h: 926+ 1.4nM MDA fmg
protein, UV-24 h 648 +1.10nM MDA/mg protein; p <0.05) com-
pared with the contral growp (1142 + 1.04 aMMDAm g protein).
CP decreased significantly in the LV-24h group (7.74+ 031 nM|
mgprotein; p<0.01) compared with the control group (907
052 M fmg protein) Catslxte, an eneymatic porameter, decressed
significantly (p<Q001) in the skin of the UW-24h group
(D27 +0.010 ABS/minfmg protein) com pared with that of the con-
tral group (0,33 + 001 | No cha nges were absarved in 50D, another

ENFYMALE parameter.

4. Discussion

Free radicals formed by UVE iradistion of o lulsr compoments
may result in lipid peraxidation |49] and protein and DNA oxida-
tion [37.50] All cellular components are aisceptible to the sction
of reactive axygen spedes, but biological membranes are the most
severely affected |50-52] In this study, we sed 2 very senditive
rert-butyl hydroperaside- indtisted chemil wminese nes (CL) xaay
o anabyze the levels of lipid hydroperostdes 2 nd a ntiooddant levels
(variation in oxidative stress balanee) in the skin of Swiss mice
immedistely and 24 h after UVE i madi stion. Incressing OL is dosely

related to the oxdative stress previowsly endured by the Dissue,
and reflects the consumption of antioddant defenses and fomma-
tion of lipid hydroperoxides leading to photon emission
[1.3438-40]

Ot sl 05 5 heinve o i ecrea sed CL level s i mmedi avely afver i adi-
ation (UV-0h growp), indicating moderate axidative stress and a
higher emission peak at 24h afer imadistion (UV-24h group),
indicating more devere axddative stres. In oatrast, low levels of
thi b rivitieri ¢ scid-resctive substa ne 4 TBARS), mainly m.alondial-
dehyde (MDA) were observed in both V-0 h and UV-24 h groups,
imilieatifg that lipdd pemosidation chain resction in UWVB-imradisted
kin tends. to form lipid hydropenasddes that do not widergs subse-
quent axidation to aldehydes such as MDA Adcordi ngly, incre asing
CL levels were sccompanied by TEARS im pairment from 0 to 24 h
LVB-induced oxidative damage of cell membrames both in vitr
and in vive i currently assessed by mexsuring the lormation of 1i-
pid perosidation products such x5 MDA or TBARS. Both MDA and
low moleculsr weight aldehydes demonstrated decressed lipid
peridation sfter IWVE irradia tion a5 measured by the TBARS tech-
nigue [23.25] The TBARS levels were < gnificantly decrexsed in the
L0 amd UV-24 I groups a8 compared o the control group
Hiwever, it i well-established that the CL technique [66,67] can
estimate the levels of skin lipid hydmperoxides formed during
the early stages of cell damage |1568] preceding the lormation of
low-modecul ar-weight aldehydes. Moreover, carbonyl proteins,
which are formed in large amounts by reacting with MDA [69]
either did not change of were redued after UVE irradistion in
the present study. This phenomenon could be explained by the
presence of other antiosddants that protect the UFVB- irradisted skin
Trom membrane destsbilizstion and lipid peroxdide duain rea ction,
uch &8 Prams-urmncandc scid and ci-urocandc acid, the 2 epddermal
compounds that have been described x5 major natural free radical
scavengers [57] Thus, despite reduced TRARS level, our evidence
points. towand the oxidative damage induced by UVE irradistion
This statement i reinforced by the reduced antioxidant capacity
At Oh and redced GSH concentration in sddition to the aug-
mented levels of stress (GESG/GEH) at 24 h after UVE irrsdia tion,
a phenomenon that i reverted by s-tocophens] reatment The
streds index reflects decresied GSH level with a significant
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increxie in GS5G [40] &3 shown by our results at 24 h after imadi-
ation Other studies have repomed deqessed GSH levels o a
photoprotective mechanism [2559-61] Ghetathione i an intracel-
lular mediator that is aitical for cellular defense sgainst reactive
intermediates. In sddition to its role 25 3 substrate for ghitathi-
one-dependent antiosddant enrymes, this thioltripeptide o
pates in the regeneration of ascorbate and a-tocopherol and
directly detoxifies readive species viaits shility to conjugate with
pro-oxidants |55.56] This time-dependent reduction in antio-
dant profile, i, antiowd dant capacity at 0 h and G5H at 24 h after
irmadiation, may reflect different speciesof radicals acting at difler-
ent times (s below and Fig 41

If & chain-break antioddant is an effective inhibitor of lipid
peraxidation, it may ko reduce CL Our results show that
pre-trestment of animals with a-tocophen] completely inhibited
COL sugmentation st 0 and 24k after UVE imadiation. This resulr
indicates that lipid peroxidation is a very important resction in
the initial and Lt e phate of UVE axdative damage of the slin OL
elevation at 0 b sko depended on the consumption of antiaidant
&5 demondatrated by a sgnificant redudtion in TRAP valued Indeed,
pre-trestment of rats with a-tomphero]l prevented the TRAP
redud jon induced by UVE irradi stion a1 0 h Surprisingly. 2 redue-
tion in antiooddant capacity at 24 h was not observed. This may be
because of low-moleculsr-weight antisidant mobilization from
other tissues, a5 demonstrated in the models of tissue -4 pecific axd-
dative damage [70] Moreover, it muy indicate that the resctive
apecied amodated with lipid perscidation st 24 h are les senditive
e i b tion by a-tocopheral . If this true, the readive specied -
ciabed wi th aecidative da mage are somehow different at 0 and 24h

The question to be addressed is this: is nitric oxide (-NO0) in-
walved i osticative stress st 0 and34 h after imadistion? To answer
this question we evalwsted -NO levels in the skin of rats by wsing a

very sensitive OL method |42.43) Rats were also pretreated with
selective inhibitars of constitutive WO synthese (eNO5) and indue-
ible WO synthase (INOS L L-NAME and aminoguanidine, respec-
tively. The results showed that -NO increxsed only at 24 h and
wis acmmpanied by CL elevation. Treatment with both L-NAME
Al v g vl e pre venits JNO and O augmentation. These re-
sults incdicate that JNOplays an important role in UVB-induced per-
oxidation injury 2t 2d4h slter exposure Increase in iNDS and cNOS
levels asfter UVE imadistion have been repored |202223] Wu
et al. [58)] demonstrated that “NO produced high levels of DNOD™,
which enhances oxidative cell injury and apopiosis in irmadiated
cells.

Previous studies have shown that Hy Oy rescs with -N0 w form
ONDO™ 42435365 Our studies swywed that catslase adhity is
sl decrested significantly in the LV-24 h growp In 2 study on the
skin of newbom rats, Muramatsu et al |62 ] showed that distribu-
tion of catale cof responds to that of HoD; accumul stion, indi cat-
ing the mle of normal skin catalaie xs & marker of epidermal
differentiation and its role in redox damage The same study veri-
fhed that catslase expression in the upper epidermal layers de-
crexied 24h after exposure to UVE |30563.64] These studies
suggest that UVE impairs endogenous antioidants and that cats-
lase is one af the Mot sensitive components of thee mechanims
|63 | Becaude owr data strongly point J0 a8 the main resctive spe-
cies involved in o dative damage of the skin via a delayed elfect of
UVE iradiation, the low levels of catalsse and glutathione may
case Hply Socummlstion that can in tuwrn react with NO o gener-
ate peraymnitrite, which is largely respondible for the cell damage

N did mot increase immediately (LV-0 h) after UVE irradis-
tion, which i in contrast to the significant increxse in OL levels
Although L-NAME- and amindgusndine- treated groups showed
inhibition of CL increxse ot 0 b 25 compared to their come sponding
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contro] groups (LN-Control and AG-Controll the CL levels of the
treated groups ako did not differ from the UNV-0 h group. I sddi-
tion L-MAME and aminoguanidine did mot prevent the reduction
of TRAP after UVE irradistion, indicating that M0 i not part of
the asidative damage mechanism or plays alimited rode insldn in-
jury cused by UVE imadistion at 0h (Fig 4) Therefore, our
hypothesis is that resctive adygen species auld play an important
rale in aecidative dama ge that owwrs immedistely after UVE imadi-
ation To sddress this hypothess, animals were trasted with hist-
dire [HIST)La well -known quencher of singlet axygen ["0) |53, or
dhes ferr o ne (DFX), an iron-chelating substance that prevents
hydrosyl radical (OH) production via the Fenton reaction [35]
DFX decreases lipid pensidation in dermal fibroblases expoesed 1o
UVE [|554]. Ogura et al [11] showed that in rat skin, superaide
anion (~-0y) i formed in the epidermis following e xposure to LIV
ligiht and “0H i formed via the iron-medisted resction. In the pres-
ent study, DFX and HIST trestments restored the CL levels immedi-
ately after UVE imadistion These results indicste that both
hydrooxy] radicals and sngler oxygen play an important rale in -
dative cell injury immediately sfter UVE irradiation.

In conclusion owr results indicated that skin irradistion with
UVE leads to i mmediste oxida tive st ress damage becase of the de-
create of antioxddant capacity and moderated increxse in lipid per-
oxidation, mainly via resctive oxygen species such a8 hydroxyl
radical and singlet oxygen Moreaver, the oxddative damage ob-
served at 24 h after UVE irradiation might be provoked by a more
severe lipid peroxidation most likely medisted by increased ND
and rediuced GSH levels and catslase sctivity. Redwced cutalsse
activity and low G5H level at 24 h may b vor the reaction between
Hz0p and -M0, lesding to peroymnitnte brmation, which is a very
efficient lipid perootdant
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ORIGINAL ARTICLE

Nitric oxide is responsible for oxidative skin injury and modulation of cell
proliferation after 24 hours of UVB exposures

Vania Aparecida Terra!, Fernando Pereira Souza-Meto!, Raissa Caroline Percira!, Thamara Mishida Xavier Da Silval,
Leandra MNaira Zambelli Ramalho®, Rodripo Cabral Luiz!, Rubens Cecchini? & Alessandra Lournco Cecchini?

Y aboratorio de Paiologia Molecular, Universidade Extadual de Londring. Rod Celse Garcia Cid, PR-445, km 380, Londring, PR, Braxil,
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Absiract

Nitric oxide (M0} is produced by various mammalion cells and plays o variety of regalatory moles in normal physiology and in pathological
processes. This article provides evide nos mganding the participation of MO in 1V B-induced skin lesions and in the modulation of skin cell
proliferstion following UV B skin imadiation. Hairless mice wem suhjecied o UVWE irmdiation for 3 hours and the skin evaluated immedi-
mioly, & and 24 hours postiradiation. The skin lipid peroidation, and MO levels ovalmated by chemilominesoonoe and inducible mitric oxide
synthase (iN0S) and nitotyrosine immunelabelling increased significantly 24 hours after irmdiation and decreased wnder the meatment
with aminoguanidine (A0 ). On the other hand, cell prolifemtion markers, PCNA and VEIF showed a stong labelling index when AG was
uxed. The data indicate that NO mediates, =1 least in part, the lipid peroxidstion and protein nitmtion 2nd also promotes the down repalation
of factors involvwed in coll prolileration. This work shows that the MO plays =n important mode in the midative stress damage and on modula-
tion of cell proliferation pathways in UV B irmadiaed skin.

Keywaords: nitric mide, lipid peroxidation, oxidative stress, UVE skin irradiation, proliemion maders, iNOS. cell proliertion, modalation
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Introduction

The skin is continuously exposed to chemical, microbio-
logical and physical agents. Ultraviolet (LIV) irradiation
induces free radical formation, which provoke varioos
skin changes, such as erythema, inflammation, photoaging
and skin cancer [1-3]. UVB irradiabion is relaied to indoos
clevation of nitric oxide (MO [4] and superowide radical
{0,7)[5] in keratinocy s cells. Both of these free radicals
can rapidly mact with cach other to form: peroxy nitrite
{OMOO) [6]. which ar known to be responsible for oxi-
dative/nitresative stress and is cytotoxic, causing injury to
the cell membrane [6]. Most cell types msiding in the skin
prodoce MO in msponse to the appropriate stimuolation.
Keratinocytes [ 7], Langerhans oclls [B], dermal fibroblasts
[9]. melanocytes [10] and cells of melanoma [11] express
inducible nitric oxide synthase ((NOS) upon stimulation
with inflammatory cytokines. UV also indoces iNOS
expression with a maximised mRMA level at 24 hours
postirradiation in haifdess mice [12] and in human skin
[13,14]. It has been demonstrated that [‘0-1) singlet oxy-
gen, (*OH) hydroxy] radical and hydrogen peroside (H,0,)
are also peneraied in UV B light stimulated photosensitisa-
tion [15-20]. Much evidence exists that UVB irradiation
promotes oxidative stress in the skin; however, the reactive
species involved remain unclear, particularly regarding the
ol of NO. Some studies have atiribued a protective

effect ageinst tipid peroxidation [12.21] and resistance to
the apoptofic process [22.23] to MO, while others have
meported the participation of NO in oxidative lesions and
apaptosis [24]. The activation of constitutive nitric oxide
synthase (cM0S), which lkeads to an increase of NO, is
trigeered by the elevation of intracellular Ca?*, and is
mast likely to occor in the first hours following UVE irra-
diation [24]. Recently, Mowhray et al. [25] have shown an
enzyme-independent NO nelease followed by UVE expo-
sume of human skin sweat, few hours afier irradiation. The
role of the late release of MO (24 hours after the end of
irradiation) has not been elucidated. The increase in NO
production following UVB skin exposure has been
mported [24], but the rlation between MO UVE produc-
tion and the nitrosative stress (RINS) on cell membrane by
UVE imadiation is not clear. These studies mainly used
the TBARS technique and NOS expression as markers of
oxidative and nitrosative stess, respectively. However,
neither of these parameters canensure reliable estimations
of NO-medised perozidative damage or the modulation
of signalling protein factors by NO. Furthermome, the
majority of stdies, if not all, have been conducted using
msident skin cells in coltore.

Thus, using the measaorement of lipid peroxidation and
MO levels by a very sensitive chemiluminescence tech-
nigues and evaluation of iNOS, nitrotyrosine, PCHNA and
VEGF by immunohistochemistry labelling, we showed
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consistently the involvement of NO on oxidative and nit-
rosative stress injury and on cell proliferation pathway s
associated with VEGF and PCNA factors.

Materials and methods
Reagent

All the chemicals were obtained from Merck or Sigma
Laboratories.

Animeals, UVE irradiarion and aminoguanidine rrearmers

Hairless mice HRS/T were obtained from University of
5o Paulo (USP), weighing 20-25 g, with access to water
and food ad libinem. They were teated in accordance with
the Mational Institutional of Health goidelines for the
welfare of experimental animals and with the approval of
the Research Ethics Commitiee of the Londrina Steie Uni-
versity. The iradiation chamberwas adjusted witha PHILIPS
TL/12 40W UVE fluorescent lamp, which emits irradiation
from 270 to 400 nm with maximum peak around 313 nm.
The mice were administered a single dose (246 lfcm®) of
UVE irmdistion [26]. UVE output was measured using a
Rescarch Radiometer model 1L- 1700 (International Light,
USA; calibraed by IL service siaff) with a radiometer
semsor for UV (SEDDOS) and UVE (SED240), which
detected that UVB was 73% of the total UV irmadiation in
the present experimental conditions. The UVB irradiation
rate was 0.237125 mW/cme. The lamp was embedded in
a 1.30 m % 0.43 m x 045 m box, im which the caped mice
wem placed 15 cm beneath the lamp. The groups wene
named UV-0h, UV-6h, UV-24h according to 0, 6 or 24
hours post UVB irradiation and AG-control, AG-UV-0h
and AG-UV-24 for the animals pre-teated with amin-
oguanidine (AG). One squam centimeire of domal skin
was removed from each of the animals in the UVB ima-
diation treatment groups and processed for subsequent
analysis. A control groap that received the AG teatment
but o irradiation was also included. Eight animals wene
used ineach group and parameters wer measumed in trip-
licates. Dorsal skin samples were removed at O (UV-0h),
& (UV-6h) and 24 (UV-24h) hours postirradiation and
stored at —76°C until use. Freshly removed skin was iested
to possible interfernos on the storage and no diffeenoe
on the analysis was obaerved, so the samples were kept at
—T6°C until use. The UV-0h, UV-6h and 1/'V-24h groups
were treaied thiee times every 8 hours with AG (AG;
50 mgfkg i_p.) [27], prior to UVB irradiation. Postirradis-
tion, AG was administened once again in the LI'V-6h group
and twice in the UV-24h group before the sacrifice.

Tissue prepararion

The dorsal skin homogenates from confrol, irradiated
{(UV-0h, UV-6h; UV-24h) and AG treated mice wens
preparcd as described by Pems ct al. [2B]. Bricfly, the
skins wem homogenised in an Ultraturrax homogeniser

containing 10 mg'ml or 30 mg/ml of tissue in 30 mM
KH,PO /K, HPO, buffer and 120 mM KCI at pH 7.4. The
supernatant {10 mg/ml} was used for rerr-butyl hydroper
oxide-stimulated chemiluminescence assay and also used
to determine the total antiovidant capacity (TRAP). The
supermatant {30 mg/ml) was nsed to determine the catalase
activity and superoxide dismutase activity assays. The
homogenate for the NO assay is described forward.

Lipid peroxidarion measurement by rert-burvl
Fydroperoxide- initiared chemiluminescence

Reaction mixtures were placed in luminesoence tubes con-
taining 3% {w/v) of the skin supemnatant and 3 mM rerr-
butyl hydroperoxide, in a final volume of 1 ml. The
teri-butyl  hydroperoxide-initiated  chemiluminescence
maction was measumed in a8 GLOMAX TDVI0 20 lumi-
nometer (Tumer Designs), with a response range of 300
650 nm. The tubes were maintained in the dark until
assayed, which was performed in a room at 28°C [28-32].
The results were expressed in melative light units/g tizspe
{RLIVg tissue). The entire curve was used to defermine
the: lipid peroxides present in the sample. For each mouse
skin, & 45-min curve, where cach point represented the
differential smoothing of 45 madings, was obtained by
interpolation. Peak-height {(PH) and amca under the curve
{AUC) were extracted by integral calculus from cach
mouse curve, and wem used to determine the lipid
hydroperoxides present in the sample. The resulis ame
expressed in relative light units/g tissue (RLIVE tissue).

Nirric aeide guantificarion, a luminol-H 0 -induced
chemiluminescence assay

MO was measured as described by Kikuchi ef al. [33,34],
with the following modifications. Hairfless mouse skin
{5 mgfml) was prepancd under M, bubbling to assure O,
free medium in 2 mM MA,CO, boffer, at pH 8.5, previ-
ously degassed by N, for 45 seconds periods of homoge-
misation using an Ultreturrax homopeniser (Marconi,
Brazil). To investigate the role of NO in UVB irradiated
skin, & tissue concentration of 0.250% (wiv) was adopted
for all experiments. Equal volumes of 360 gM luminol'3
mM desferrioxamine (DFO) and 200 mM H O, wemre
mined and incubated at room emperature under moderate
agitation for 5 minuies. To initiate the chemiluminescence
maction, 50 WL of this mixture were added auntornaticalty
in the luminometer chamber containing at a final volume
of 850 .. The chemiluminescenos spectrum was mcorded
for 5 minukes using 2 GLOMAX TIVX 20 luminometer
{Turner Designs, USA). The Origin v. 7.5 program was
used to plot chemiluminescence curves that were analysad
using the peak height (PH) and AUC to determine the NO
present in the sample. The results were expressed in rela-
tive light units'g tissue (MO RLLVg tissue). To prove the
assay sensibility to MO gquantification, 100 pM 2-(4
carboxy phenyl-4,4.5_ 5 tetramethy limidazoline- 1- oxyl- 3-
oxide (cPTIO), & specific scavenger of MO [35], was added
immediasly before the guantification of light emission in
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chemical (standard MO solution) and biological (skin
sample) analyses.

Srandard NO' solurion

A solution of 400 pM NO was synthesized by nitrite
reduction at acid pH [36]. For the reaction, 0.1 M H,50,,
0.1 M KI and 0.1 mM NaMO, were used The solution of
400 pM MO was diluted to a final concentration of 400
fM WO in 2 mM NaCO, buffer, pH 2.5, previously
depgassed by N, and chemiluminescence reading was per-
formed in the same manner previously described.

Measurerment of the roral anioxidart capaciry
af skin (TRAP)

Total antionidant capacity of supernatant skin homogenate
pepard as described was measured by chemilumines-
cence, in a reaction mediom containing 20 pM of 2-aro-
bis-(2-amidinopropanc) and 200 pEM of luminol. After
maximal emission was attained, 100 UL of tissue supermna-
tant or 70 UL of trolox were added to the reaction medium.
The time of tofal quenching was compared with trolox
quenching and the results expressed in UM trolox [37].

Superoxide dismutare aciiviry (500D )

S0D activity was determined according to Markhund and
Marklund [38], based on the inhibition of pyrogallal
autoxidation in an agoeous solution of S0D. This oids
tion is accompanied by a yellow colour formation in the
meaction medium, monitored at 430 nm. Aliquots of soper-
natant skin homogenate (S0 mg tissue'ml) diluted in Tris
bufferwith | NHCI and 5 mM EDTA. pH 8.0, were added
to pyrogallol. The maction was monitored continooushy
for 5 minutes. The autonidation of pyrogaliol alone was
used as control. The amount of S0D that is able o inhibit
50% of pyrogallo] autor idation is defined as the ey matic
activity unit (U Final 30D results were expressed in
USOI¥mg protein.

Caralare acriviry (CAT)

CAT activity was determined according to Cohen, Dem-
bice and Marcus [29], modificd by Achi [40]. The absor
bance of & hydrogen peraride (HO), ina 1 M HCl-Tris
buffer, pH E0, was monitored at 240 nm. Aliquots of
supernatant skin homogenate (50 mg tissoe/ml) wens
added to the medium and the decrease in absorbanoe of
hydrogen peroxide was monitored for 5 minuies. The
msults wer expressed as ABS/mg proteinmin. The
decompaosition of HyO, is dimectly related to the decrease
in absorhance.

Protein corcentrarion
Protein was determined by the method of Lowry et al.

[41]. modified by Miller [42]. Both methods used bovine
serum albumin (BSA) a5 standard.

Himological assessment

The skin samples preparations were submitted to immo-
nohistochemical analysis. Nonspecific prokin binding
was blocked with normal serum {(Vectastain Elie ABC
Kit, Universal, Vector Laboratories Inc., Burlingame,
CA, USA). The sections were then incubated with
monoclonal primary antibodies specific for proliferating
cell nuclear antigen (PCMA, clone PCID; DAKO A5
Glostrup, Denmark, dilution 1:100), nitroty rosine (clone
HMI1; Santa Criz Biokechnology, Santa Cruz, CA,
USA dilution 1:100), vascolar endothelial prowth factor
{(VEGF, clone A20; Santa Cnz Biotechnology, dilution
1:100} and nitric oxide synthase (iINOS, clone abl5323;
Abcam, Cambridge, UK, dilution 1:100), for 2 hours at
room temperature (25%C) in 2 humid chamber. Following
washes in PBS, biotinylated pan-specific universal sec-
ondary antibody (Vectastain Elie ABC Kit, Universal,
Vector Laboratories Inc.). Mext, the slides wem incu-
bated with the avidin—biotin-peroxidase complex
(Vectastain Elite ABC Kit, Universal, Vector Leborato-
ries Inc.) and developed with the Vector NovaRED kit
{(Vector Laboratories Inc.). The slides wem counter
stained by Harris haematoxylin, dehydrated and mounted
with Permount (Biomeda, Foster City, CA, USA). As
megative controls, all specimens were incubated with an
isotope-matched control antibedy under identical condi-
tions. The preparations for each marker were evaluated
randomly, at kast 10 representative high-power ficlds
(X 40). The immunolabelling percentage was evaluated
by a ratio of unequivocal labelling located at muoclei
{PCHA) for each 100 counted epithelial cells or percent-
age of labelled area (pitrotyrosine, VEGF and iNOS),
using the Image I software.

Statistical analysis

The obtained valoes are presented as mean = SEM. The
student’s -test was used for statistical comparisons of the
AUC and PH. Two-Way ANOVA and Bonferroni as posr-
hoc test, was used to analyse the lipid peroxidation entine
chemiluminescence curve. Statistical analysis was per-
formed using GraphPad Prism 4.0 and 5.0 {GraphPad,
San Diepo, CA). Histological assessments are mported
a5 mean * 50 and statistical comparisons of the groups
were performed using the Mann-—W hitney test. Proba-
bility valoes less than 005 were considered statistically
significant.

Results
Lipid peroxidation by tert-buryl kydroperocide-ingiared

chemiluminescence

The formation of lipid peroxides (LAOO) in hairless mouse
skin following UVB irradiation was evaluaied and the
highest emission was observed on UV-0h and UV-24h.
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The entire curves were employed to p-:a'fnm statistical
comparison by two-way ANOVA (p-<0.0001) followed
the Bonferroni posr-hoc test. It showed 20 points and 25
points significantly different to the UV-Oh and UV-24h,
mspectively, compared to the control. Considering the
AUC (Figure la), Student t-iest showed & significant
increase in LOO for the immediate irradiation at UV-0h
(AUC: 5317 = 180.4; p=20.01) and 24 hours afler ima-
diation (UY-24h) (6965 * 527.4; p<0.0001) when the
groups werecompared to the control (A UC: 4430 = 140.6).
All groups weme treated with aminoguanidine and lipid
peranidation decreased (Figumre 1b) in AG-UV-0h (AUC:
4940 = 302 .4) and AG-UV-24h (AUC: 5475 = 255.9), to
the point where it was no longer significantly different to
the control group (AG-control) (ALRC: 4903 + 142.7).
The PH analysis followed the AUC behaviour.

Nitric aide quanrificarion, a buminol-H 0 -induced
cheniluminescence

Figure 2a shows the increase levels of MO in the UV-24h
group (ALUC: 41.0 % 10° +9.52 3 10%, p <10.01) compared
tothe AUC of control group (ALIC: 19.8 % 106+ 1.9 = 10%),
Figume 2b shows the decrease in MO when the UNV-24h
proup was feated with AG (AG-UV-24h) (AUC:
19.5 % 105 £ 2.7 = 109, mtuming to control levels (AG-
control) (AUC: 15.4 % 105 1.3 % 10%. The AG-UVDh
mmained unalieted with AG treatment when companed to

() 20 » ;=

nor-beated mice (UV-Dh; Figure 3a), and significanthy
increased (276X 10f; <001} when compamed to AG-
controd (Figure 3b). The PH analysis followed the AUC
behaviour.

Figum 3ab shows the hiological (mouse skin sample =
controd) and chemical {standard MO solution) anabysis
quantification of MO by chemiluminescence, using cPTIO.
‘When cPTIO was added to the reaction medium, photon
emission decreased significantly in the biological and
chemical analysis. Biological: C+cPTIO  (AUC:
9.2 % 0%+ 0.4 % 10% p-<0.001) compared to the control
{AUC: 18.13 105 +0.4 % 105. Chemical: standard NO
solution + cPTI0  (AUC: B4 X IPF+0T7 X105 p
0.0001) compared to the standard NO solution (AUC:
154 10°+ 1.8 % 107). The PH analysis followed the
AUC behaviour.

Measurement of the TRAP

The total antiowidant capacity (Figure 4a) showed a
significant decrease only on the UV-6h group {0.729 +
0.077 pM trolo; p-<001) when compared to control
{1000+ 005695). When the UV-6h group was treated
with AG (AG-UV-6h=0.876+0.832 uM trolm), the
TRAP returned to control levels (AG-control: 0.9005 =
0.1108).

The cnzymatic parameiers showed om Figure 4b,
catalase decreased significantly (p-20.01) in the skin of
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Figum 1. Lipid pormides d by chemiluminescenos stimulabed by ferf-baty] hydroperside expressed in relative light mnits (ELU}.

{2) Lipid prroxide formation in mouse skin homogenaie following UVE irmdiation. (b) Effect of iN0S inhibitor (A0) on lipid perocides

levels; AG (50 mp'ky) was administered 2= previously described.
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Figuee 4. (a) Total antioxident capacity (TRAF) in imadiated mouss
skin ed by the chemiluminescence method. The msults are
the mean + SEM; p<<0.01. (b) Antioxidant ercymes, catslass and

aperoe: ide i (30D of irmdiated mice skin. The nesults are
mezn + SEM; *p <2005 compared o comtrol.

Himological assessment

Nitrotyrosine immunoreactivity (Figume 5a,b) was detected
mostly in the dermal layer. The UV-0Oh (4.1% £0.36),
UW-6h (60% = 0.36) and UV-24h (15.86% = 0.91) mice
skin presenied higher nitrotyrosine labelling when com-
pared io control (0.5% *0.15), which diminished follow-
ing AG treatment; AG-UV-0h {1.33% = 0.21), AG-UV-6h
(3.6% = 0.25) and AG-UV-24h (7.57% =0.37). No sig-
nificant finding was revealed in the control, AG-control
{0.33% = 0.21) groups (Figure 5b). The PCNA immuno-
labelling (Figure 6Gab) was almost absent in the
control (D.28% +0.18), U'V-0h (D33% =0.21), UV-6h
(033 +0.21) and UV-24h (0.41% +0.20) mice skin. The
percentage of PCNA labelled ama was increased in all
AG-treated  groups (AG-UV-Oh (1217% =047), AG
UV-6h {17.2% +0.86) and AG-UV-24h (6.28% +0.42))
(Figare 6b). VEGF labelling (Figure 7a.b) was increased
in the UV-exposed mice with AG treatment (AG-UV-0Oh
(12.33% = 0.84), AG-UV-6h (23.8% +0.37) and AG-LIV-
24h (26.8% £0.67)) when compared to the control
(0.07% = 0.03) and to the groups that received only UV,
UW-0Oh (0.4% = 0.16), U'V-6h (T0% *£0.57) and UV-24h
(11.71% = 0.68), but were not teaed with AG (Figume
Tb). The percentage iNOS labelled anca was increased in
the UV-24h group (7.3% £0.9), when compared to the

control (0.5% £0.1). The AG teaiment decreased the
iNOS labelling in AG-UV-24h group {0.9% 0.2}, com-
pared tor AG-control (0.7% =0.3) (Figure: &),

Dhiscussion

UVE induces rapid mlease of NO and O, in cultures of
keratinocytes [5] or epidermis [6] and promptly react
with cach other in diffused controlled reactions (k=6 X
10" mmol ™" 57") leading to ONOO™ production [5].
Perom ynitrite is an important medistor of free-madical-
dependent toxicity [43,44], because of its strong oxidising
propertics  towards different  biomolecoles, including
profein and non-protein thiol [45] and membrane phos-
pholipids [43].

In the skin, UVB light irradiation generates a cascade
of cellular events in response o the induced damage.
mediated by different signalling pathways [12]. Controver
sial studics concerning MO participation as a harmful or
profective species in LTV skin oxidative damage have been
published. These studies mainly used the TBARS tech-
nique and NOS expression as a marker of ovidative and
mitrosative stoess evaluation, respectively [12-21). In this
study, a very sensitive rerr-butyl hy droperoxide-initiated
chemiluminescence assay was used to analyse the levels
of lipidperoxidation in skin hairless mice on UVB imma-
diation. This assay indicates that the increase in chemilu-
mincscence is closely mlated to the oxidative siress
previously suffered by the tissue [28-32] leading to mor-
phological changes, that is, UVB induces increase of lipid
hydroperaxides formation, resulting in increased photon
emission [28].

The MO levels were evaluated by a very sensitive and
specific technique using a chemiluminescence measure-
ment based on Kikushi et al. [33.34]. NO produced by
chemical reaction (KI) showed a curve emission profile
similar to that obtained nsing MO gas as obtained by other
authors [33]. The skin sample produced low and wider
curve profile possibly provoked by tissue and NO excess
[33]. However, the PH and AUC of the light emission,
mesulting from the skin samples, increased in a dose depen-
dent mammer in respect to tissue concentration (data not
shown). cPTHD, a specific NO scavenger [35], was used
to provide mone specificity on MO analysis. The scavenger
decreased significantly the light emission in both the bio-
logical and chemical sysiems. Additionally, mice treated
with AG an inhibitor of iNOS showed sipnificant reduc-
tiom on light emission as well as compleiely inhibit the
induction of iNOS cansed by UV irmadiation. Altogether,
these results confirm the specificity of the MO quantifica-
tion. Our resalts showed a significant increase in lipid per-
oxidation immediately after skin UVB irradiation (L'V-0h),
which was reduced at 6 hours and achieved its highest
valoe at 24 hours after irmadiation. The identical profile of
NO time course peneration after UVE imradistion was
observed. Treatment with AG significantly diminished the
lipid peroxidation and MO levels in the UV-24h group
besides marked mduction on iNOS labelling. Moreover,
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mitrtymisine anfibady: (A) comtrol: (B) UV-0h; (C) UV-6h; (D) UV-24h; (E) AG-comtrol; (F) AG-UV-0h; (G) AG-UV-6h; (H) AG-UV-24h
{b) Percenizpe of nitrolyrosine labelled area. The msulix 2re mean = SEM; *p< 0,001 compared to the respective control.

nitrotyrosine arising mainly from OMOO™ reaction with
tyrosine protein [46], increased about 20-fold at 24 hours
after UVB irradiation and was redoced by abount 60%
under AG treatment. These results indicated that NO pro-
duced by iNDS may mact with O, yielding ONOD™,
which mediated the skin oxidative and nitrosative damage
24 hours after UVE irradiation. In fact, the indoction of
iMOS is mepulated through muoltiple signalling pathwey s
and it can take hours to increase its expression [13]. In
addition, Deliconstantinos et al. [47], showed that UVE
radiation of keratinocyies increased NO and O, produc-
ing OMNOO™, a potent and noxious oxidant that initiates
lipid peronidation. Unlike that reported by Maglio et al.
[12] and Lee et al. [21], oor mesults indicated that the
increase iniNOS postirradiation is a deleferious signalling
pathway leading to lipid peroxidation and protein nitration
in the skin of iradiatd mice.

Immediately afier skin UVE (UV-0h) irradiation, AG
treatment was unable to inhibit MO peneration, sugpesting
that MO production may be mediated by other sources at
this time. MO is synthesized by a family of NO synthase
enzymes, but its rapid release following UV exposune

suggesting the exisience of preformed stores, particularly
nitrite and RSMO=, which can be directly mobilised by
acule response to UV irradiation in the skin of e vive
full-thickness human skin [48] as demonstrated an eneyme-
independent mitric oxide formation [25]. More recently,
another study indicated that UVE induced rapid increase
of cNOS activity, which generated an imbalance between
MO and OMOO~, promoting apoptosis and skin damage
[6]. Although MO kevels did not decrease at UVB-Oh, the
analysis of the present results revealed that increased lipid
peroxidation and nitrotyrosine levels were diminished by
AG treatment. Since lipid and protein damage weme inhib-
ited by AG. it is reasonable to hypothesise that there is a
small MO prodoction in UV-0h group that is responsible,
at least in part, for the auidative and nitrosative damage at
this time. Mo stody will be necessary to determine the
scale participation of the RNS and ROS in oxidative skin
injury, immediately after skin UVB.

Lipid peroxidation levels observed in the control group,
and at & hours after UVB imradiation were accompanied
by the comsumption of total antiovidant (TRAF) and
decreased catalase activity, indicating that the antioxidant
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Figume 6. Immunchistochemical labelling of PCNA in UVE irmdinted mice skin. (=) Photomicrographs of skin ssctions labelled with PCMA
entibody: (A} coatrol; (B) LPV-0h: (T} UW-6k: (D) UV-24k; (E) A G-control; (F) AG-LV-0h (G ); AG-UV-6h; (H) AG-UV-24h. (b) Perceninge
af PCHA lahelled Anea. The resulis ane mezn + 5EM; *p-<0.00]1 compared to the nespective control.

defences were able to mediate the reactive species yielded
during this pericd. AG treatment inhibited TRAP con-
sumption in the UV-6h group, probably due to the inhibi-
tion of MOS activity, which msulied in reduced NO
production and a subsequent decrease in lipid peroxida-
tion, returning to control levels as indicaied by the chemi-
luminescenoe curve nitiated by rerr-buty] hydroperoxide.
Previous studies suggested that UVB impairs endogenous
antioxidant and that catalase is one of the most sensitive
components of such mechanisms [49-52]. In UVB-24h,
catalase activity is decreased, whik TRAP mtumed to
control levels. The antioxidant defences were notefective,
as indicated by the great oxidative skin injury demon-
strated in this time. The diminished catalase activity may
play a role in this prooess. At physiological pH (7.0-7.4),
02~ is very rapidly dismutaied to HJO, (K2 =5 10 M™!
571 [53]. High levels of H O, are expected to react with
NO, yielding ONDO_, a very stong lipid peroxidant.
Evidence in support of this has been obtained in vitre for
cell free systems [33,34). In addition, MO is rported to
react with O to form ONOO~ [19], which is a stronger
oxidising species than H O, [25].

The histological analysis showed that in the UV-24h
group (Figures 5, 6 and 7I)) there is a thin or shsent epi-
thelial surface. Mevertheless, when treated with AG, the
epithelial surface was preserved (Figums 5, 6 and TH).
PCMA is an active nuclear proiein and serve as a marier
of DNA mpair and indirectly as an indicator of UVB
induced damage [54,55]. Studies have demonstraied that
UVE irradiation compleely diminished PCHA protein
expression in HaCaT cells and the treatment with ded-
phinidin {antioxidant) significantly reversed UV B-induced
PCNA inhibition, protecting the cells from UV B-indoced
apoptosis [35]. Our esults showed that UVB imadiation
compleiely abolished PCNA profein expression and treat-
ment with AG myerses this condition. As PCNA indicates
DMA repair [54,55] the decrease of its mark afier UVEB
irradiation with the concomitant increase of NO and iNOS
suggests that NO may modulate DNA repair. When AG
was used, the PCMA labelling was evidenced again, sup-
porting the evidence of MO participation on ccll prolif-
cration. The extensive range of NO-based signalling
through S-nitrosylation has dinectly implicated S-nitrosy-
lation in the regulation of numerous signalling pathways
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Figure 7. Immunchistochemical labelling of VBIF in UVB irmdinted mice skin. (=)

of skin sctions kshelled with VEOF

entibady: {A) control; (B) L'V-(k; () U'v=6k: (D) 1LV-24k; (E) AG-control; (F) AG-1V-0h; {0) AG-1UV-6h; (H) AG-UV-24h. (b) Peroontage
of VEGF lzhelled ama The resalts ane mean + SEM; *p-< 0001 compared io the nespective comtrol

in intact cellular sy siems [56-59]. Our results showed very
low PCHNA levels and very high nitroty rosine labelled ara
with variation from & to 32-fold in all times afier irradia-
tiom. Vascular endothelial growth factor (VEGF), which is
the most potent growth factor of tumour neovasculatune

[60] and regulaies vasculopenesis daoring embryonic
development, progmessively decreases postnatally and is
minimal in most adult tissees [61]. However, VBGF
expression is minduced during pathologic angiogenesis,
85 occurs in patients with ischemic myocardium, in

(b}

MOS labeled Ares ()
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Figum 8. Immunchistoche mical labelling of iNO3 in UVB irmdiaed mice skin. (a) Photomicrographs of skin sections labelled with iNDS
antibody: (A) control; (B} AQ-control; (C) UV-24k; (D) AG-UV-24h. (b) Percentage of iNO'S labelled anea. The resulis ame mean = SEM;
T 'In-mﬂhul.'-

P01, oo 1 to Alcontrol.
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inflamed tisspe [62] and in human carcinomas [63]. These
msults consistently indicated that MO plays a very impor
tant role in the cell proliferation. In mouse skin, it was
meported that increased vascular permeability indoced by
VEGF is mediated by local production of NO, produced
by iMO'S [64]. Our results indicated &n increase in VEGE
at & hours and 24 hours after UVE irradiation. Treatment
with AG also msulied in an additional increase of oell
proliferation markers (VEGF and PCNA). sugpesting that
those markers may suffer down regulation that is depen
dent on NO concentration in the milien.

Taken topether, these results indicate that the UVE ima-
distion effects are mainly mediated by NO, leading to
owidative and nitrosative skin injury afer 24 hours postir-
radiation. as demonstrated by increased lipid peraxidation
and nitrotyrosine labelling. Momover, NO and other prod-
ucts from the oxidative process modulaies PCHNA and
VEGF expression suggesting both direct and indirect NO
imvolverment on cell lesion and proliferation. Additionally,
in this study for the first time, the profile of nitric oxide
lewels in skin challenged by UVE irradiation was acoom-
plished. Given that NO concentration is a critical factor
underlying many different biological and pathological pro-
cesses, our findings provide a better understanding of the
mechanisms by which UVB exerts its deleterious effects
on the skin in addition to mediating cell proliferation
mlated PCHA and VEGF.
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Abstract

Himic omide (NO) levels increase considerably afier 24 h of exposure of skin to ultraviclet B (UVE)

radiation. which leads to mitrozatrve skin mjury. In addibon mereased MO levels after exposure to UVE
1
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radiation are associated with mhibition of cell proliferation. The search for preventive and therapeutic agents
agamnst UV radiation-indwced skin lesions has become an mmportant goal in dermatological research.
However, the choice of antiomdants in curvent rezearch often lacks a sufficient rationale because the
photoprotective mechanisms of many antioxmidants are not well understood and mtrosative-induced skm
mjuwy 15 often not considered. In thas study, we determined the possible anfi-mitrosatrve effects of gemistein m
the preventon of skin mywry, and 1= effect on cell proliferation m a medel of UVB-uradiated mouse skm.
Gemistemn prevented skin imjury and promoted cell prohferation via mhibition of protein mtration and hipid
peroxidation even wunder condifioms of hagh WO levels. These results reveal a novel photoprotective
mechanizm for genistein and indicate that anb-mtrosatme effects should be taken mto consideration n fbore
studies on other photoprotective agents.

Introduction

Ultraviclet B (UVE) hght stmulates the produchion of mactive oxygen species (Hakozaki et al.,
2008}, which are the mam cause of coadatrve skin injury (Bickers and Athar, 2006). The free radical species
generated by UVB exposure inclnde the hydroxyl radical ("OH) (Eruszewski, 2003; Terra er al, 2012 A),
sinzlet oxvgen (101} {Groszman and Schneid 1998). superoxmde radical (Oq) (Aitken ar al., 2007, and
bydrogen peromde (H202) (Masak: et al, 1995; We ef al . 2002). Peroxgyminte {(OMN0O0) and mine oxide
(MO} have been reported to be mvolved in cxidative skin injury mduced by UVE radiation (W et al, 2010;
Wang ef al, 2010; Tema et al.. 2012 A, B). In a previous study. we showed that after 24 b of exposure to
UVB radiation. development of skin lesions increased because of hagh levels of NO, which led to hmd
peromidation and mfrotvrosme formation, and cell proliferation decreased determined on the basis of the
levels of markers of cell proliferation probiferating cell muclear antigen (PCHMA) and vascular endothelial
growth factor (VEGE) (Temz eral, 2012 A Bl

Development of preventive and therapeutic agent: for skin lesion: mduced by UV radiation has
become an mportant subject m dermatological research (Afaq ef al, 2006; Afag er al. 2007). Among the
compounds studied thms far, gemstein (45 7-mbydroxyisoflavone) a soy 1soflavone. has zamered
significant attention from the scientific and medical commumities because of 1ts Interesting ological effects.
ixchiding chemopreventon against photocarcmogenesis (Wang et al., 1998; We at al_, 1998; Moore af al..

2006), prevention of photoaging (Kang et al.. 2003}, and antianpiogenesis (Yu er al.. 2010). The exact

-
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mechanizm underbang gemistein activity 15 shll unknown, but its antioxidant properties have been proposed
to mediate its protective effects (Kapiotis ef al, 1997; Wei et al, 2002; Colado-51mdo er al., 2005; Zhan ef
al . 2005; Izzo at al.. 2005; Holzbelerlein ar al , 2005).

Considening that the increase m MO levels associated with nitrosative damage 15 an important event m
the formation of skm lesions 24 b after UVE nradiation (Temra et all, 2012 A B). we imvestizated the
possible anti-mafrosative effect of genistem in the prevention of skin mpry and in the modulation of cell

proliferation.

Fezultz
Omxidative stress and antioxidant parameters

Fipwre 1A and B shows that, compared to the control group (AUC, 4679 + 155.3), the UV-control
(6958 = 527.1) and UV-GENL5 (6042 = 267.1} zroups showed a siznificant merease in hipid percaade
formaton Compared to the UV-control group, the UV-GEW10 group (AUC, 5712 + 98.76) showed a
decrease m the formation of lipid peromdes. Mo sipmficant difference was observed in the TEAP between
groups (Fig. 1C). The CAT actvity sigmficantly decreased in all TUT'V-iiradiated groups compared to that in

the control group.

NO parameters

The NO levels were high in all UVB-inzdiated groups (Fig. 2 A, B) (UV-GEN10, 346 « 1052 6.9 «
10% UV-GEN13, 46.5 = 10°= 5.9 « 10% and UV-control 41.0 = 105 £ 2.52 = 10% compared to those in the
contrel group; however, the N0 levels mn the TTV-GENL0 group were sinmlar to those m the control group.
The percentage of iNO5-labeled area (Fig. 2C & D) was greater in the T'V-Contrel (6.1% = 0.4%), TUWV-
GEM10 (4.9% + 0.5%), and UV-GEN13 (4.7% = 0.1%) groups than i the contrel (2.2% = 0.5%). The UV-
control (16.4% = 1.3%) and UWV-GENL13 (11.3% = 1.7%) groups showed higher mitrotyrosine labelmg than
the control group (0.6% =+ 0.14%, Fiz. 2E). The mtrotyrosme labeling was not different in the UWV-GEN10

(0.5% = 0.12%:) zroup compared to that in the control group. but it showed a sigmficant reduction compared
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to that in the UV-contral (7%} group. The mitrotyrosine labelng was shghtly reduced mn the UV-GEN1S

(31%) zroup compared to that m the UV-control.

Qmalitative analyses of histological sections, p53, and apoptotic cells

Histopathological analysis of the tizsues (Fig. 3A) showed that the epithelial swmface was mtact In
control and UV-GEN10 groups, which showed appreciable fizsue preservation. Nevertheless, a thin or abzent
eprthelial laver was observed m UV-control and UV-GEN15 groups, which were charactenized by the
absence of clear hioats between the shatum comenm and the stratum baszale, with a slight flattening of the
latter. Here, the disiuption was deeper. with an increase in condensed oucler, which indicated sigmificant cell
destmetion

The p53-positive cells were lngher in the TV-confrol (93.92% = 1.33%). UV-GENI10 (51.71% =
491%), and UV-GEN15 (73.7% = 5.7%) groups than in the comtrol (13.2% = 2.5%) gzroup (Fig. 3B).
Compared to the U'V-control group, the UV-GEN13 zroup showed a shight reduction (21%). but the TTV-
GEM10 group showed the most sipmficant reduction mm p33-posztive cells (353%). A representative mage of
p33 labehng 15 shown in Fig. 2C. The percentage of apoptotic cells (Fig. 3D} was higher in all UVE-
iradiated groups, UV-Contrel {12.6% = 0.93%), UV-GEN10 (3.6% = 0.60%), and UV-GEMN13 (7% =
(.71%) than in the control (0.4% = 0.3%). Compared to the U'V-control group, the UV-GENL0 (71 .4%) and
UWV-GEM15 (44.4%) groups showed a =igmificant decrease in the percentage of apoptofic cells. A

representative image of apoptotic cell labehng 15 showm in Fig. 3E.

K367, PCNA, and VECGF immunoreactvity

Ki67 mmunolabeled cells (Fig. 4 A) were higher only in the UV-GEMN10 {16.3% = 2.1%} group than
those m the control (12.%% + 1.6%) zoup. A reprezentative image of K167 labeling 1z shown in Fig. 4B.
PCHA mmunclabeling (Fig. 4 C) mncreased only mn the UV-GEN10 (2.3% = (.5%) group compared to that 1n
the control {0.2% = 0.4%%) group. Compared to the control {.7% = 0.3%) zroup. the UV-control (12.0% =
1.00%) apd UWV-GEN10 {11.7% = 2.6%) zroups showed increased VEGF labelmg (Fig. 4D). The percentage

of VEGF-labeled area decreased (953%) 1 the UV-GEN135 group compared to that in the UV-control group.
4
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Effect of geniztein treatment on cell proliferation and eyvtotoxicity in HaCat cells

The results of the MTT assav (Fig. 5 A) showed that the cell viabality m the UV-GEN3 (81 ™% =
1.2%) and UV-GEM10 (73.0% = 1 6%} treatment groups was lower than that in the control (84.7% = 1.5%)
group. The cell viabihity was lower m the UV-GENIO (13, 4% = 0.5%) zroup than that m the UV-control
(30.5% = 1.2%). The neutral red assay (Fig. 5 B) showed that the cell viabibity was reduced only m the
GEMI10 (82.2% + 2.0} group compared to Control (94.3% = 2.6). In imadiated plates, the UV-GEN1]

(40.40%= 2_3) group showed a decrease m cell viability when compared to UV-Control (75.3% £ 1.5).

Discussion

UWVE light shmulates the production of vanons free radicals species that are responsible for condation
of hpids, protein, and DIA, which result mn skin lesions, accelerated aging, and development of maliznant
skin dizeases (Armstrong and Encker, 2001 ; Birch-Machin and Swabwell, 2003; Yaar and Galchrest, 2007;
Peres ar al., 2011). Antoxidants are used to prevent UV radiation-induced oxidative damage (Cao o al.,
1997; Afaq 2006; Huang er al., 2008). However, anticxudants have been randomly selected m previous
studies because the photoprotective mechamzms of many antoxidants are not well understood. and the
nitrozatrve events have not been considered.

It 1z well known that after UVE wmadiation, HyOs acoummulates m the skin via: (i) reduction in CAT
activity (Kang ef al.. 2003; Muamatu er al. 2005; Chin e al, 2009: Temra et al., 2012 A B) or (1) ramd
release of OF (Deliconstantinos et al, 2006; Aitken er al, 2007; Wu er al.. 2010}, which 1z dizmutated to
H:05; under physiclogical condittions (Noronha-Dutra ef al, 1993). Cumently, the aphoxidant capacity of
gemistein amd 1ts ability to mhibat Hy(Os peneration in the skin are thought to be the main mechanisms
underlving prevention of UVE radiation-induced lesions. Wer er al. (2002} showed that pretreatment of
hawless puce with penistein sipmficanthy whibited UVE radiaton-induced H2O; formation m the epidernus
as well as in infernal organs. In addition. Huang er al., (2008) showed that genistein reduced Hx0: production

iz UUVE radiation-exposed kerainocytes.
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Previouzly, we showed that MO 15 mportant in the formation of skm lesions 24 b after exposure to
nitrozatrve damage-mducing UVE nradiation (Tema et al, 2012 A B). Other studies hanve shomm that N0
reacts with Hy05 to form ONOO (Rad ef al, 19%A; Noronha-Dhatra et al., 1993; KEikuchn E aral. . 1993 A;
Eikuchi K af al . 1993 B; Mowbray ef al., 2009;), which i1z considered a stronz reactive species that can
produce nifrotyrosine accummlation and hipad perosodation m the skm (Radi. 2004; Tema eral . 2012 A, B).

In the present study, harless mice were treated with gensstein (10 mg'ke or 13mz/Eyz, 1.p.) prior to
UVB-mradiation. in order to investizate the anti-mitrosative effect of genistein. Compared to the UV-control
group, the UV-GEN1D group showed tssue preservation decreased lipid peromide and mitrotyrosine
formaton, and low CAT actovity. Furthermore, low-molecular-weight antioxidant defenses (shown bv the
TEAP test) were not mobihzed, and MO levels and 1MOS labeling remained lngh The TEAP test resulis
indicated that zenistein in the UTV-GEN10 group did not mobilize low-molecular-weight antioxidant defenses
or reverse the reduction mm CAT actmvity, but it prevented lipid peromidation and mtrotyrosine formation.
whach indicated the anfioxidant capacity of pemistein. This finding indicates that pemistein does not mterfere
with 105 expression or act as an MO scavenger, but its Hx02 scavenzing properties (Wet ar al. 2002;
Huang et al., 2008) prevent OMNOO  formation, which reduce nitrosative skin injury. Thus, the probable
mechanizm of gemistein photoprotection 15 the hindenng of HyOq accummlation and subszequent formation of
ONOO™

In the UV-GEMI0 treatment group. the rednction in Lipid peromides and mitrotvrosine was
accompamed by upregulation of both PCHA and K167, which mdicated that preventon of mitrozative skin
ijuwry promoted cell prohiferation and DNA repar. Ki67 15 2 muclear protein marker of cell proliferation
{(Urnuticoechea et al, 2005}, and changes m its expression are related to PCHA levels m mouse skin after UV
uradiation, and both are associated with elevated cell proliferation in the epidemus (El-Abasen or al.. 2006},
Moore ar al., (2006) also observed a decrease mn PCHA mhibition with genastein, as well as decreased UVE-
induced pyrimidine dimer formation m boman reconstituted skin The protective effect of gemiztem snzbled
monttoring of cell proliferation. which was confirmed by the reduction of p33 and apoptotic cell labeling in
the UNV-GEN10 group compared to that in nradiated omce. Crubnit et al. (2000} showed that p53 labelmg 1=
upregulated 1 response to DNA damage m mouse skin 24 b after UV nradiation. When cell damage 1= puald.

L]
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p33 leads to cell cycle amest through transeriptional activation of p21/Cipl allowing DMNA repair, and when
the damage 15 severe, p53 induces apoptotic proteins (such as Faz’Apo-1. Bax, and DE.5). and donnregulate
antiapoptotic protemns (such as cellular inbabitor of apoptosis protemn 2 and bel-2) (Ouhtit er al, 2000; MMass or
al, 2003). Previously, we showed prevention of mfrosative events and modulation of cell prohferation by
reducing NO levels with OS5 mhibitors (amincguanidine and L-Mame) in UVEB-inadiated mouse skin
(Terra ef al., 2012 A, B). In the present stady. gemstein also prevented mfrosative events, mhabited ONOO™
formation, which leads to fissue protection and cell proliferation. Thiz modulaton is related to the
mamtenance of high MO levels, whach mdicates that OO can mnterfere in these mechanizms.

Surpnizmgly, UV-GEMLS did not result in a greater protectrve effect compared to that with V-
GEM10. In the UV-GEN15 group, histological examinaton of the epidernos showed morphologmical
alterations without efficient protection against lipid peroxide formation. as well as mhimtion of PCHA, K167,
and VEGF labelng. which suzgested miubition of cell proliferation. Labeling of p33 and apoptotic cells was
lowrer in the UV-GEN10 zroup than i the UV-control group. Althouph, mfrotyvrosine formation in the TTV-
GEM15 gzroup was lower than that in the UV-Control, that in the UV-GEN10 was similar to that mn the
control group. These results suggest no additonal protection by the higher concentration of gemistemn (13
mg'kg).

In vifro aszavs showed a pro-omdant activity of genistein at the ughest concentration When HaCaT
cells were pre-treated with gemistein {3 jg'ml or 10 pgml) and submitted to UVE madiation, only GEN10D
dimimished cellular viabihity m both tests (MTT and neutral red assays). Simmlar results were described by
Chiu et al.. (2009). Despate the fact that penistem 15 normally considered an ROS-scavensmy apent (Barmes,
1995; Wei et al., 1998}, other studies have shown that this isoflavone can mduce ROS zeneration under a
vanety of conditions (Saba er al., 2002; Hwang et al.. 2005; Yeh ot al., 2007; Sanchez et al.. 2008).

In thas study, we showed that geniztem has an ant-mitrosative effect, which prevent: UVEB radiation-
induced cell mywy. To our knowledge, this 15 the first study., which shows that gemstem can prevent
nitrosatrve event and inbit ONOO formation, whach leads to fissue protection and cell proliferation. These
results help to ehicidate the mechami=ms underlying the photoprotectrve effect of genistein and reveal the

mportance of UVE radiafion-induced nitrozative damage.
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Alaterials and methods

Reagents
All chemicals wsed o thas study were obtamed from either Merck (Gemmany) or Sigma-Aldnch

(USA).

Amnimalz, UVE irradiation, and genistein treatment and tizsue preparation

Hanless HES/T mice weighmg 20-25 g were obtained from the University of Sdo Paulo (USP) and
were grven access to water and food ad libitum. The nuce were treated m accordance with the Matonal
Institwnional of Health gndelines for the welfare of expermmental amimals and with the approval of the
Research Ethics Committes of the Londiina State University. The condifions of acute nradiation were
previously desenbed (Terra et al. 2012 Bl

Gemstem was dissohed 1n domethy] sulfoxide (DMS0) and mbapentoneally myected 30 min before
UVE iradiation {Liang er al. 2008). Treatment groups meluded a control (ne UVE exposure), UV-control
(nradiated. but not genistein-treated), UV-GEN10 (mradiated mice treated with gemistein at 10 mp'kg), and
UV-GEN15 (madiated mice treated with gemstemn at 15 mgkg). A l-em® patch of dorsal skim was removed
fromy each mouse 1o the UVE mradiation freatment groups and was processed for subsequent analy=is. Each
group had 5-10 mice, and all parameters were measured in tmplicate. Dorsal skin samples were removed after
24 b of nradiation and stored at -76°C untl use. Homogenates from the dorsal skin of mice were prepared as

descnbed by Peres et al. (2011) and Tena e al. (2012 A B).

Oxidative stress measurement

The tert-butvl hydropercmde-imtated chepmbummescence (CL)} reacton was performed using a
GLOMAX TDV20 20 luminometer (Tumer Designs. USA). with a respomse range of 300 to 630 nm,

according to the method descnbed by Gonzalez-Flecha et all (1991, and according to a previously desenbed

]
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method for skm samples by Peres et al . (2011} and Terra et al. {2012 A B). The entite lnminescence curve
was used to determune the concentration of lipid peroxides present in the sample. Onipin v, 7.5 data analv=is
software was used to determine the area under the curve (AUC). The results are expressed as relative Light

units'z tssue (RLU g tissue).

MMeasurement of NO levels

HO levels were measured as desenibed by Eikuchi et @l (1993 A, B}, modified zccording to that by
Terra af @l (2012 A B), as previcusly described The CL spectrum was recorded for 5 pun using a
GLOMAX TD20 20 lnminometer (Tumer Dezigns, USA). Ongm v. 7.5 data analvsis softwrare was used to

determmine the AUTC. The results are expressed as MO RLU/g tissue.

Measurement of the total antioxidant capacity of skin

The total radical-trapping antioxidant parameter (TRAP) of the skin homopenate supermatant was
measured using CL. according to the method by Eepetto er al. {1996} and that previously descrnbed for skin

samples by Peres ar al. (2011) and Tena er al. (2012 A, B). The results are expressed in b trolox.

Catalaze actvity

Catalaze {(CAT) activity was determined according to the method of Coben Dembiec, & Marcus
(1970), modified according to Aebi {1984). and that previously desenbed for skin samples by Peres ar al.

{2011) and Terra ez al. (2012 A B). The results are expressed as absorbance (ABS ) mg protem/'nin.

Protein concentration

Protein concentration was determmed using the method of Lowry o al. (1951} modified accordmg to

Miller (1959, Both methods nsed bovine serum albumin (B5A) as a standard.

Histological assessment (PCINA, VEGF, and nitrotyrosine labeling)
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The skm sample preparations and mmunchistochemical analvsis were performed as previously
descnbed by Tema ef al. (2012 B). For mtrotvrosine and VEGTE anfibody labelmg, positivelr-stamed areas
were quantified using a morphomeine anabysis system: 10 mages were obtamed nsing a hght microscope at a
magmfication of 40=. Images were mmported with imape analysis softwrare (Image J) and automatically
merged. The total positre area was calculated as the sum of the area of all positive pmxels. The
mmmunolabeling percentage was evaluated by a ratio of unequivecal labehng located at nucles (PCHA) for

each of 100 counted epithelial cells.

Histological assezsment (K167, p53, and iNO5 labeling)

Endogenous peromdase m 3-pm-thick formahn-fixed parafin-embedded tissue sections was blocked
using methanol and H0s sehution (1:1). After antpen retnieval mn a pressure cooker (0.1 M citrate buffer, pH
6.0, for 20 min), nonspecific protein binding was blocked by treatment for 30 min with 1% B3A (Sizma
Chemical Company, 5t Loms, MO, USA) Then the sections were incubated overmpght with prnmary
antibodies against Ei-67, p33, and tNOS (Santa Cruz Biotechnology, Santa Cruz, CA, USA:; dilubion 1:200)
at 4°C m a humidified chamber. After washing with 0.1 & PBS. the sections were incubated with reagent 1
and 2 of the Novo Link Polyvmer Detection Svstem (Movocastra Laboratones, Newcastle Upon Tyne, UK) for
30 min each Mext, the sections ware incubated with 3_3-diamincben=idine tetrabvdrochlonde (DAB; Sizma
Chemical Company). The shdes were counterstamed using Hamis hematoxylin, debhvdrated and mounted
with Entellan {(Merck KGaA Darmstadt. Germany). The negative control specimens recerved the same
treatment as that descnbed above except meubation with primary antibody. Each marker was evaluated using
10 representative mmages of randomly selected ugh-power fields (400 magnification} and was caleulated as
the mumber of Ei67-positrve epithelial cells with labeling of nuclei. The mmmuneclabeling percentage was
evaluated by a ratio of wequrrocal labehng located at mucleus (p33) from each of 1M counted epithelial

cells. Image] software was used to determine the percent area of iINOS mymmmolabeling.

Tunel assay

10
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Paraffin-embedded skin sechons were deparaffimized and meubated with 20 pz'ml protemase K
(Promega Corporation, Madisom TUSA) A DeadEnd peromidaze i sitw apoptosis detection kit (DeadEnd
TUMEL: Promega Corporation) was used for termunal decxnmmclectdyl transferase (TdT -mediated dUTP-
biotin nick-end labeling (TUMNEL) staimmng Bnefly, the samples were treated with 3% Hy(Oy to quench
endogenous peroxdase activity. After adding the equilibration buffer, the sections were treated with TdT-
transferaze and digowzenin-dMTPs for 60 mom at 37°C. Then the specimens were treated with ant-
dipoxigenin-peromidase for 30 man at 37°C. colomzed with DAB. and counterstaimed with Maver's
bematoxylm Fmally, shdes were mmsed, debydrated. and mounted A negative control was prepared by
omitting the TdT-transferase enryme to control for nonspecific incorporation of nucleotides or binding of
enzyvme-conyugate. TUMEL labeling wras considered to be positire when distinet noclear brown staining was
homogenously present. The percentage of TUNEL-positive cells was obtamed blindly, for each casze, at a

representative hugher-power field (40=).

Cell culiure assays

Human immortalized keratinocytes (HaCat cells} were seeded at a density of 1 = 10° cells'mL. The
cells were cultrvated in Dulbecco’s modified Eagle's medmm supplemented with 10%0 fetal bovine serum.
and 1% pemicillm/streptomyein michare. Cultures were mantained 1o a3 humdified atmosphare with 3% CO»
at 37°C (Sanve COy Incubator, Sanyvo, Japan).

Cell: were allowed to grow for 24 b in culture medium for cellular stabibization. For each
experimental rephicate, 2 plates were prepared: control {without UVE exposure) and UV exposure plates.
Genestein was freshly dissolhved m DRSO {maxmium final concentration. 1%:) and cultwe medmm to obtam
final concentrations of 3 pgml (UV-GEN3} and 10 pg'ml (UV-GEN3) (Chin af al, 200%). In addition,
DMS0 was added to control treatments at the same final concentration. For UVE exposure plates, cells were
treated with gemistemn for 24 b before UVE exposwe of 0.5 Tiem® {(Chmu et al.. 2009 and mecubated for
another 24 b after exposure. For each plate, a control group without gemistein treatment (DRSO zlone) was
alzo mecluded {data not shown). Measurement of cell proliferation and cyvtotoxicrty was determined nsmg the
MTT assay as pretviously desenbed by Mosmamm (1983). Thiz assav 15 based on the comversion of

11
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mitochondnal dehydrogenase by MTT into a pmple formazan dye. Cells were mncubated with BTT (0.3
mgml) for 4 b The plates were read using a mucroplate spectrophotomster (MMultzcan Go, Themmo
Scientfic. USA) at 550 om. Absorbance values were converted to cell viabakiy (% of control withouwt UV
exposure ). Cellular toxicity was also evaluated wsing a neutral red retention test. In thas test, viable cells take
up the vital dve neutral red bv actrve transport and mcorporate the dve mto lyvsosomes. After dyve
mcorporation the cells are bnefty washed, and the meorporated dyve 15 released from the cells mn an acmdified
ethanol solution according to the protocol provided by the NMeutral Red-based In Vitre Toxicology Assay Eit
(S1zma). For our experiments. the cells were allowed to incorporate the dye for 3 b, and the absorbance was
measured at 340 om. In additon, absorbance values were converted to cell viability (%: of comtrol without

UV exposure).

Statiztical analysiz

The values obiained are presented as means + standard emor of mean (SEM). Histological
assessments are reported as mean = standard deviation (SD). One-way analy=is of vanance (AMNOVA) and
Bonferrom post boc tests were used for statistical compansons. Statistical analysis was performed usmg
GraphPad Prism 4.0 and 5.0 (GraphPad. San Dhego, CA). Probability values less than 0.05 were considered

statistically sipmaficant.
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mitrotyrosme (F) antbody. Values are means + standard emor (SE). The supersenpt “a”, “b,” and “c” letters

reprezent statiztical mgmficance. (p = 0.0001).

Fig. 3 Protectrve effect of gemistein treatment (GEN. 10 mg'kg or 15 mg'kg) in the skin of HEST
hanless pmee 24 b after ultraviolet B (UVB) mradiation. (A) Histological sections of mouse skin (hematoxylin
and sosin [HEE], 40 %), Immunohstochenical analv=is (percentage area positvely mmmunclabeled) was
used to evaluate p53 expression (B) and apoptotic cells (D). as illustrated m photomicrographs of skin
sections labeled with p53 antibedy (C} or TUNEL (E}. Values are mean: + standard emvor (SE). The

supersenipt “a,” b, “c.” and “d” letters represent statistical sigmificance (p = 0.0001).

Fig. 4 Effect of genistemn treatment (GEM. 10 mg'kg or 15 mg'kg) on cell proliferation in the skin of
HEST haidess mice 24 h after ulttaviclet B (UVE) tradiation. Immumohistochemical anabysis was used to
evaluate EKif7 expression (Ki67-positire epithehal cells/field) (4), PCNA-labeled cells (*a) (C), and VEGF-
labeled area (%) (D). (B} Photomicrozaphs of skin sections labeled wath Kif7 antibody. Values are means +

standard error (SE). The supersenipt “a” and “b” letters represent statistical sigmaficance (p = 0.0001)

Fig. 5 Effect of genistein treatment (GEN, 3 peml or 10 ng/mL) cn viabihty in HaCat cells (density of 1 =
10 cells'ml) 24 b after either uliraviolet B (UVE) mradiation. or no wradiation (msert), evaluated by MIT
aszav (A) or newtral red retention test (B). Vahies are means + standard ervor (SE). The superseript “a.” “b.”

and “c” letters represent statistical sigmificance. (p < 0.0001).
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hairless mice 24 h after ultraviolet B (UVE) iradiation. (A) Lipid peroxide formation was measured wsing

hydroperoxide-induced

chemiuminescence. Resyl

lts are expressed as relative light units (RLU,
and (B) the area under the curves were caloulated for statistical analysis. (C) Antodidant parameters were
evaluated by total antioadant capacty (TRAP uM trolox) and mialase activity (CAT ABS/mg protein) assays.

Values are means + standard error (SE). The superscript "a" and "b" letters represent statistical
significance. (p < 0.0001).
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Fig. 2 Effect of genistein treatment (GEM, 10 mg/kg or 15 mg/kg) on nitrosative stress in the skin of HRS/]
hairless mice 24 h after ultraviclet B (UVB) imadiation. (A) Mitric oxide levels were quantified by lumincl-
H202-induced chemiluminescence and are expressed as relative light units (NO RLUY. (B) The area under

the curves were caloulated for statistical analysis. Immunchistochemical analysis {pen:enmge area positively
immunolabeled) was used to evaluate indudble nitric cxade synthase (iINOS) expression (C) and
nitrotyrosine formation (E) as illustrated in photomicrographs of skin sections labeled with iNOS (DY) or
nitrotyrosine (F) antibody. Values are means + standard ermmor (SE). The supersaipt “a”, "b." and "c” letters
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40 Fig. 3 Protective effect of genistein treatrment (GEN, 10 ma/kg or 15 mo'kg) in the skin of HRS/] haidess
4 mice 24 h after ultraviolet B (UVB] imradiation. fA} I-lls'l:l:llmlml sections of mouse skin (hematoylin and
42 eosin [HEE], 401). Immunohistochemical analysis (percentage area positively immunalabeled) was used to
43 evaluate p53 expression (B} and apoptotic cells (D), as |||L|5tr=|13ed in photomicrographs of skin secdons
44 labeled with p53 antibody (C) or TUMEL (E). Values are means = standard error (SE}. The superscript "a,”
45 "b," "c,” and "d” letters represent statistical significance (p < 0.0001}
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Fig. 4 Efect of genistein treatment (GEN, 10 ma/kg or 15 mg/kg) on cell probferation in the skin of HRS/J
hairless mice 24 h after ultraviolet B [UWB) imadiation. Immunchistochemical analysis was used to evaluate
Ki67 expression (Ki67-positive epithelial cells/field) (A), PCNA-labeled cells (%) (C), and VEGF-labeled area

(%) (D). (B) Photomicrographs of skin sections labeled with Kig7 antibody. Values are means + standard

error [SE). The superscript "a” and "b" letters represent statistical significance (p < 0.0001)
177:140mm [200 : 300 DPT)
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ABSTRACT

Luminol-Hy0y chemitominescence (CL) has been used for real time Nitric oxide (INO)
detection in physiopathological studies. The aim of this study was to apply this same CL
method for NO detection in fresh or frozen biological samples. To validate NO
detection we nsed well-established systems of NO donors (nifrite reduction at acid pH,
KI-NaN0yH,50, or NPS systems), a specific NO scavenger (cPTIO), and free radical
nhibitors (histidine. superoxide dismmutase. mannitol). Our findings comoborated with
the previous studies. reinforcing that MO is . in fact, the object of analysis in this study,
and light-emitting species generated dunng the NO-luminol- HyO, CL reaction are the
same previously reported in literature. Once validated the CL reaction, we assessed NO
levels in fresh and frozen biological samples (dorsal mice skin and gastrocnemius rat
mmscle). For biological samples, the addition of free radical inhibitors in the muxture
reaction, promoted similar behavior on the CL curves compared to chemical systems.
We conclude that this specific and sensitive method can be applied for the investigation
of NO produced physiclogically and pathologically. expanding the use of this method in
fresh or frozen samples for different type of fissues and pathologies.

Eeywords: mitnic oxide, chemiluminescence biological samples, chemical systems,
skin skeletal muscle, cachexia ischemia-reperfusion.
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INTRODUCTION

Nitric oxide (NO) 1s a ubiquitous gas with potent biological effects, hemostasis,
meluding vasedilatation, neuronal signaling, and antimicrobial activity (Ignarro 1990;
Stankevicms et al, 2003). NO and its metabolites, specially, peroxymitrite, have been
moplicated in several pathological conditions, including ischenma and mmscle
reperfusion mjury (Khanna et al., 2003), cardiovascular diseases (Anava-Prado et al.,
2002), muscle wastng in cancer (Barreiro et al, 2005), and skin injury after UVB
mradiation (Wang et al_, 2010). In mammalian cells, NO is generated by the reaction of
the NO synthases (NOS), with arginine as a substratum presents three 1soforms: two
constitutive (cNOS and eNOS) and one inducible isoenzyme (INOS). NO can also be
generated by NOS-independent pathways at parficular non-enrymatic conditions
{MNagase et al., 1997, Mowhray et al., 2009).

NO mstability under physiological tensions of oxygen and its high reactivity
with biomolecules make its quantification a challenge, mainly in biological systems,
(Archer et al., 1995). In biological tissues NO is easily oxidized to nitrite (Ignarme et al.,
1993) and its halfhfe 1z very short (<6 seconds) (Kem et al, 1988), while in pure
aguecus solution biologically active concentrations of NO (3 nM — 4 pM) has a half
time about 500 seconds (Laver, 2008).

Several direct and indirect methods are available to determine NO or its
metabolites in a range of tissues and samples, ncluding inhibitors of 'NO synthesis
(Enight et al., 1997; Zhang et al., 1997; Joneschild et al., 1999; Zimiam et al., 2003),
MO donors (Lin et al | 1998; Hallstrom et al 2002), transgenic mice (Lefer et al | 1999;
Barker et al., 2001; Ozaki et al., 2002), NO precursors (Cordeiro et al., 1998; Huk etal ,

1998; Nanobashvili et al, 2004), detection of NO oxidative degradation products
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{Blebea et al. 1996; Nakammra et al., 2001), NOS mENA (Messina et al., 2000), and
nitrosyl-hemoglobin (Kozlov et al., 2001). However, all of these methods have shown
limitations. The Griess assay, used for detection of nitrite and/or nitrate, both oxidation
products of WO, has shown low specificity because these substances are considered
ubiqmtous contaminants in water and common products of bacterial metabolism
{Archer et al., 1995) and low sensibility (ub). Analogues of L-arginine contaiming nitro
groups, such as some NOS inhibitors (INAME, AG, and INNA), have been suggested
to interfere in Griess assay (Greenberg et al., 1961). Even the use of transgenic mice can
produce controversial results due to compensatory mechanisms (Kanno et al | 2000).

Ameng them chemiluminescence assay is considered a very useful method, due
to 1ts high sensitivity for detection of unstable radicals at low concentrations
physiclogical solutions, and allows attomolar/femtomolar-order detections (Tsukada et
al, 2003; Laver et al., 2008). Kikuchi etal., (1993 A B) describes the specific reactivity
of NO with luminol-H;0» in chemilominescence reaction, employing gaseous NO on
solution as standard NO is reported to react with HxO: to form Light-enuthing species
(Eikushi et al., 1993 A B; Radi et al, 1993, Noronha Dutra et al, 1993). Both
peroxynitrite (ONOO') (Kikuchi et al . 1993) and singlet oxygen (‘0,) (Noronha-Dutra
et al, 2003), were described as lightemitting species resulting from the reaction
between NO and the hominol-H;0, chemiluminescence system. Authors have employed
NO chemical donors and specific inhibitors for reactive species, in order to determine
the light-emitting specie formed by the reaction between the NO and himinol- HaOy m
chemiluminescence reaction. Kikuch et al. (1993) demonstrated real time formation of
ONOO™ (in perfused kidney of rats) and also excluded the possibility of superoxide
amion {0} as a precursor of ONOO', using manganese containing superoxide dismutase
(Mn-50D).
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Noropha-Dutra et al. (2003) employed sodmm nifroprusside  (disodiom
nifroferricyanide) as a source of NO to demonstrate the reaction of NO with HyO,
giving rise to singlet oxygen ('Oz), considered a strong reactive oxygen specie. In the
same study, the authors used histidine (*0, quencher) and mannitol (hydroxyl radical,
OH", quencher) to reveal 'O, formation and to exclude OH' formation during the
luminol- HyO, chemiluminescence reaction.

NO-hmunel- HyOD; CL is considered a very sensitive method to detect NO levels
m biclogical, mainly used to real time evaluations. Using this method Tsukada et al.
{2003} measured real tme generation of NO m perfused rat heart, and calculated the
NO concentrations (pmolL) using a standard calibration curve constructed by NO
formation by the reaction of mitnite reduction at acid pH (KI-NaNO3/H2504 system).

The aim of this study was to demonstrate the NO-luminol- Hy0y CL method as a
fast, highly sensitive, specific and accurate technique to investigate the participation of
NO in pathophysiclogical analyses in frozen and fresh biological samples. To validate
the method, the results of biological analyses were compared with those obtamed from
well-established systems of NO donors, as well as those reported by other studies.
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METHODS

1.0 Beagents - All the chemicals were obtained from Merck or Sigma laboratories.

10 INSTRUMENTATION: Analysizs spectrophotometric were performed by
Shimadzu detector. Two types of chemibummescence detectors were used. GlomaxT-

20v20 Single tube lummometer (Promega. Madison, USA) was set to regster 3000
mmmbers of readings (10 readings'second), dunng 5 mimates. For pathophysiclogical
studies in mmscle (Ischemia-reperfusion and cachexia protocols). TD 2020
hmminometer (Tumer Designs, USA) with detechion capacity of a wavelength range of

300-650 nm and 68.5% of sensibility with capacity of 1300 mumbers of readings.

3.0 Chemical NO donnors
To validate the NO-lhiminol-H20: CL method we used two chemical NO dommors

systems, as described above.

3.1 Nitrite reduction at acid pH — KI-NaNQ3/H;S0y system

NO generates by nitmte (NO57) reduction at acid pH, was described by Schmidt
and Mayer (1997} and reproduced by Tsukada et al. (2003). In this reaction, were used
18ml of 0.1 M H;504 / 0.1 M KI and 7.2ml of 0.1 mM NaNQO;. The reaction
mmediately generates a solution of 400 pM NO at room temperature (Tsukada et al.
2003}, on the following reaction of nitrite with 1odide n sulfimc acid:
JENO, + KT+ 2H,50, = 2NO + I + 2H,0 + 2K;50,

This solution was diluted to final concentrations of 100 £\ 200 2\, 300 MM,
400 M NO m 2 mM Na,CO; buffer, pH 2.3, previously degassed by N,

Chemiluminescence detection was performed as follow described.
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3.1 Irradiation of NP5 solution

Based on the sodium mitroprusside (WPS) photodegradation resulting in NO
formation (Frank 1976; Ameold et al, 1984; Ederh 2009), aliquots of NPS 200uM
diluted in Na,CO; buffer (2 mM pH 8.5) were added to 1 ml. microtubes and irradiated
m a light-contaming chamber at 30 cm of distance from the Light source (commercial
fluorescent lamp, Phillips). The aliquots of 30 min reaction were collected and
mmediately analyzed to determine NO levels (0 to 240 min) by photon emission as
follow described (Relative Light Umities, RLU). The reactions with reactive species

mhibitors were performed with 1 pbd NPS solution.

4.0 Nitric Oxide quantification through Luminol-H;(:-induced chemiluminescence
ASSAY

NO detection was estimated employing chemmluminescence reaction as
descmbed by Kikuchi and collaborators (1993) with some modifications. Dissolved
oxygen present in buffers, chenmcal and biological samples was removed by 20 muin Nz
bubbling to avoid oxidative degradation of NO.

Equal volumes of 360 pM luminol/ 3 mM desfernoxamine (DFO) and 200mM
Hy0, were mixed and incubated at room temperature under moderate agitation for Smin
(reaction mixture). Desfernoxannne was added to remove mterference of hemoglobin in

To mtiate the chemmluminescence reaction, 50 pl. of the reachion mixture were
added automatically m the hmmometer (Glomax™-20/20) contamming 200 pL of
biclogical system (mouse dorsal skin and rat gastrocnemums mmscle) or chemical
solutions (nitrite reduction at acid pH - KI-NaNO3/H2504 and NPS systems (sodium

nifroprusside) as NO donors. For pathophysiological stodies, 800 pl of mmscle
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homogenates were placed in a TD 2020 lumunometer. After 1min 20 pl of the reaction
muxture were added — using an accurate synnge (Hamulton, USA) - to mitiate CL
reaction.

Glomax™_-20/20 Single tube hmminometer (Promega, Madizon, USA) was set to
register 3000 mumbers of readings (10 readings/second), durmg 5 mimutes. TD 20/20
lmminometer (Tumer Designs, USA) with detection capacity of a wavelength range of
300-650 nm and 68.5% of sensibility with capacity of 1300 pumbers of readings.
Results were expressed in relative light umits (WO RLLU). The hmmnometers were
comnected to a microcomputer through Spreadsheet Interface v. 1.0 program to record
chemiluminescence emission. The Omngin v.8.0 software was used to plot

chemilimimescence curves.

5.0 Free radicals inhibitors

In chemical and biological analyses, 2-(4-carboxyphenyl)-4.4.3.3-
tetramethylinndazoline-1-oxyl-3-oxide (cPTIO) 10 to 200 pM was used as specafic NO
scavenger (Ederh et al. 2009). Superoxide dismutase (SOD) 1UT to 20UT (Kikuschi et
al, 1993} was employed as superomide scavenger. Manmitol from 2 to 200 mM
{Noronha-Dhutra et al., 1993) as hydroxyl radical scavenger and histidine from 1 to 20
mM (MNoronha-Datra et al, 1993) as singlet oxygen scavenger. All chemicals were

added immediately before quantification of light emission.

6.0 Biological samples
Hairless mice HRS/J, weighmg 20-25g, were obtained from Umiversity of Sio
Paule (USP). Adult male Wistar rats, weighing 200-250z were obtained from the

Animal House of Centro de Ciéncias Biologicas / Universidade Estadual de Londrina,
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with access to water and food ad libitom. The animals were treated in accordance with
the National Institutional of Health Guidelmes for the welfare of experimental amimals
and with the approval of the Universidade Estadual de Londnna Animal
Expenmentation Ethics Committee. Biological samples (mouse dorsal skin and rat
gastrocnemms mmscle) were homogenmized (Smp/mi) for 455 using an Ultratmrax
homogenizer (Marconi, Brazil). This procedure was performed inder N> bubbling to
ensure O, free medium in 2 mM Na;CO; buffer, at pH 8.5, previously degassed by N;.
The homogenates (3% wiv. Jmg of tissue/ml) were centnfiiged (10500 x g, - 4°C. 10
mumutes). The supematants were used onm a 0230% (wiv) concentration for all
experiments. Biological samples were used in fresh (homogemized immediataly after the
surgical procedure for removal of organs) and frozen (stored untl three months at

low temperatures (-30°C).

7.0 Pathophysiclogical studies:

7.1 Ischemis-reperfusion protocol - Muscle injury was induced in rats using an
ischemia-reperfusion protocol, as previously described (Concamnon et al., 1992;
Zamiani et al., 2003). Briefly, male Wistar rats were anesthetized by inhalation of ether
ethilic and the left hindlimb was exsangminated using a Penrose drain pror to apply a
nylon tourmiquet at the limb root for ischemia induction, After 4h ischemia the
tourmiquet was removed and the limb was reperfosed for 4h. Sham control animals were
anesthetized without the ischemia mduction and further handled in the same manmer as
the expenmental omes. Gastrocnemms muscles were excised, homogemized at 0.03%
(w/v) in 2mM Na:CO3 buffer, pH 8.3, previously degassed by Na, through 455 period of

homopenization wsmpg an Ultrehorax homopemzer (Marconi, Braml) followed by muscle
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10

homopenates 20 times dilufion with the same buffer before the lminol-H:O:-induced

7.2 Cachexia protocols - Muscle injury was induced in rats using a protocol of Walker-
256 tumor-induced cachexia as previously described (Guamier et al | 2010). Briefly, male
Wistar Tats were inoculated subewtaneously with 0.5 mL of FBS or 8x107 tumor cells suspended
in 0.5 mL of the same buffer, at the right flank A sham zroup (Control) of animals inoenlated
with PBS and fied in a similar manner to experimental ones was also performed. Five days after
PES or tumar inoculation, left gastrocnemius muscles were excised and homogenized at 0.05%
(wiv) in 2 mM Na,CO, buffer, at pH 8.5, previously degassed by M., through 45 period of
homogenization wsing an Ultratorrax homogenizer (Marconi, Brazil) followed by mmuscle
homogenates 20 times dilution with the same buffer before the luminol-H:O»-induced

chemiluminescence assay.

8.0 Quantification of nitrite levels by Griess reaction of NPS solutions.

NO levels released from NP5 solution were also evaluated by Griess reaction,
based on the measurement of mitmte levels (Griess, 1879). Equal volumes of NPS
solution and Griess reagent (Reagent I 50 mg of N-naphthylethylenediamine m 230 mL
of distilled water; reagent I 5 g of sulfanilic acid in 300 mL of 3 M HCI) were used for
Griess reaction. To determine mitrite concentration, calibration curve was prepared by
dilution of NalN Oz (ranging from 250pM to (). The absorbance was deternuinated at 330

nm in a microplate reader.

Statistical analysis
All expeniments were made in tmplicate with three repetitions. Figures represent
reproducible data obtained from tmplicates. Chemilominescent curves were obtained

120



10
11
12
13
14
15
16
17
18
19
20
21
2
3
24

11

after data treatment in the software Ongin Lab (version 8.0, USA). Analysis of
regression was performed using Spearman‘s test in GraphPad Prism Software (version
5.0, USA). Probability values less than 005 were considered statistically significant.

RESULTS

NO levels were measured by the CL curves generated by Light emission (RLL).
The CL curves were analyses by area under the curves (AUC). Figure 1 (A, B) NP5-
denived NO was measured by CL and Grness reaction and the results showed a time-
dependent linear increased of NO levels (AUC) and nitnte concentrations, respectively.
The results showed a linear and significant correlation (r* 0.7331 P=0.0133) between
nifrite concentrations and NO levels (AUC) (1 C). NO levels obtained from KI-
NalMN0:/H:504 system demonstrated a linear comrelation between AUC of the CL curves
and NO concentrations (100 M to 400 8M) (* = 0.9579 P= 0.0037) (1 D). Additionally,
to verfy the specificity of the CL reaction to NO-luminol- HyQb system, cPTIO, a
specific scavenger of NO was added in mixture reaction. The chemical systems showed
a dose-dependent inhibition of emission pattem by cPTIO addition in CL mixture
{Figures 2 A, B). Superoxide dismmtase (SOD) was added n chemical systems in order
to venify the implication of Oy, dunng NO' chemilunminescence reaction. Both NP3 and
EI-NaNOy/H;50; systems (Figure 2 C and D) presented an enhancement of light
emission when treated with SOD at 1 Ul'ml and 10 Ul'mL.

When histidine (10, quencher) 10 mM was added to NPS solution and KI-
NalNO:/H:504 system we observed a complete mhibition of light enmssion (Fimure 34
and B). The use of Mannitol 20mM, as hydroxyl scavenger, showed partial inhibition of
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light emission generated by NO (NPS) donor (Figure 3A), while the KI-NaNOs/H2504
system demonstrated a diserete reduction in CL curves (Figures 3B).

In biclogical analyses, skin and mmscle (fresh or frozen — 0.25mg tissue/ml) m
the NO luminol-HyOy CL reaction, generates similar curves (Figure 4 A, B). Figure 4 C
shows a linear increase of NO levels (RLII) with increasmg concentrations of the skin
homogenate (0.05 to 0.3mg tissue/ml). Concentrations higher than 1 mg of tissue/ml
showed quencher property. The biclogical samples (0.25mg tissue/ml) showed a dose-
dependent mhibition of light emission by cPTIO addition m CL reaction (Figures 5 A,
B). 50D addition to the mixture reaction resulted in muld reduction of photon emission
at the imitial portion of the curve (Figures 5 C, D), however, during the course of the
light emmission we detected that SOD mcreased the photon emission (data not shown).
Histidine promoted partial mhobition of hight emussion (Figures 6 A. B). Fnally,
mannitol demonstrated a discrete reduction of curve peaks (Figures 6 A B).
Figure 7 A, B presents chemiluminescence curves of pathophysiclogical studies in
izchemia-reperfusion protocol (fig. 7 A) and cachexia protocel (fiz. 7B). Based on
BRI, the NO levels were marked increased in IR4 and in fumor groups compared to

respective control groups.
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DISCUSSION

In this study we reproduced a CL method based on a specific reaction of NO
with huminel-HyOy that generates light emission species. The use of NO-luminol-H,0-
CL m chemical and biological systems in real fime, was proposed by Kikuchi et al.
(1993) to measure the continnous NO release from isolated perfused kidney and further
reproduced by Tsukada et al. (1993), Kojmma et al, (1997) and Yavuz et al. (2003). In
comparison with these previous reports, n this study we validated the NO-lmninel-
H;0; CL in agueous chemical NO donor systems and applied this method for the first
time to fresh and frozen biological samples.

NO 1s described as a wery reactive and mstable molecule in physiological
conditions in the presence of oxygen (Ignamro 1990). In this condition, NO has a short
half-life of 5 5 or less (Archer 1993, Bates 1092, Nathan 1992), but Wink et al (1993}
reported a half-life of 3005 for NO, m 0.01-1pM aqueous solutions. Hakim et al
(1996), demonstrated that the NO concentration fell slowly over 20 min with a half-life
of 445 5, through monitoring biological concentrations of NO (= 1.5 pM) in aqueous
solutions (prepared from authentic gas; POz = 40 mmHg). An increase on NO stabality
was reported in absence of haemoglobin (Archer, 1993), and oxygen (Archer, 1993;
Clancy et al, 1990) Therefore, the uses of chemical aqueous systems that ensure NO
stability consist in a reliable strategy to measure NO by NO-luminol-Ha0: CL.

In this study the first used chemical WO domor was NPS aqueous system. All
solutions of chemical NO donors were degasified by N2 bubbling to eliminate the
oxygen presence and avoid its reaction with NO. Dunng owr study we observed NO
release when NPS agqueous solution was exposed to white uorescent commercial light,

resulting in enhanced chemilominescence detected on a response range of 300-650 nm-
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Amold et al., (1984) showed that NPS photodegradation generates linear NO release,
and also small gquanties of aguapentacyanocferrated Additionally, the authors
demonstrated that 100% of NP5 photodegradation resulted mn 10% of NO release.
Fauhala et al. (1998) showed the iron moiety of breakdown products of NP3, can also
generate OH" radicals, via the Fenton reaction. Other study discuss that NPS is a source
of nitrozonium anion (O™, a nitrosating electrophalic specie (Al-5a° Doni and Ferro,
20007,

NO present in WPS agueous solution was also evaluated in this study by
measuring minte levels in Gress reaction. The time-dependent lnear increase of nitrte
concentrations obtained from NPS system (measured by Griess reaction) was previous
descmbed by Amold et al. {1984). This 15 the first time we descnibe a time-dependent
linear increase of NO levels obtaimed from NP5 system using Luminol-H,0, CL
reaction, and it 1s also the first study showimg a linear correlation between nitnite levels
({Griess method) and NO-based photon emission (NO-lmminel-HyO4 by CL reaction).

The second used chemical NO donor was KI-NaNOz/H2504 system. This pure
chemical system was first desciibed by Schmidt and Mayer (1997). Tsukada et al.
{2003} reproduced thiz method and used this reaction to build a NO standard calibration
curve between 1 and 400 pM. Using this same procedure, in this study we were able to
detect M levels of NO, revealing the sensibility and specificity of this CL reaction for
NO detection To ensure that the object of amalysis was in fact NO and provide
additional evidences of NO-luminol-HyO» by CL reaction specificity, we used cPTIO, a
specific NO scavenger (Ederli et al, 2009). The mjection of ¢PTIO m the reaction
mixture promoted a dose-dependent decrease on the light emission.

In fact, this reaction 15 NO dependent, but other reactive species can be mvolved

in the photon emission. In this study, the use of free radicals scavengers in chemical NO
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donors, was a strategy to ensure that our results were similar to previous reported and
validated that this method based on the reaction NO-luminol-H,0. was reproduced
here.

To verify the generation of the light emission species resulting of the NO-
luminol-H;O, CL, the uses of free radicals inhibitors in the muxture reaction consist in a
reliable strategy to ensure that our results were similar to previcus reported by other
authors (Woronha Dutra et al, 1993; Kikuch et al., 1993 A B; Kikuchi et al | 1993;
Tsukada et al. 1993). Kikushi et al. (1993), Eadi et al. (1993) and validated that this
method based on the reaction NO-lmminol-H;0, was reprodnced here.

Noronha Dutra et al. (1993), Kikushi et al. (1993} and Mascio et al. (1994)
descnbed that other Light-emittimg species formed dunng the reaction of NO in luminol-
H,0, system - such as singlet oxygen ('0,) and peroxynitrite (ONOQ") - are responsible
for photon emussion. Radi et al. (1993) showed that neither WO, nor Oy are capable of

In this study, further expenments using free radical inhibitors, were performed to
reveal if CL curves generates by NO-luminol-H2O; system presented similar behavior
of light emission as previous described m hiterature. Chur data showed that the Injection
of histidine in both chemical NO donors inhibited light emission, indicating that 'Oz is a
light emission specie which results from the reaction of NO-luminol-H,0 as previous
descnbed by Noronha Dutra et al. (1993).

Kikuchi et al. {1993) report that the light emission specie resulted from NO-
hmminol-H; O system is peroxinitrite. To exclode the participation of O, as a precursor
of ONOO, the authors used manganese contaming superoxide dismmtase (Wn-S0D).
O results showed that SOD inereased light emission observed in CL curves generates

by NO-luminol-HoOy system, as previous observed by Noronha-Dutra et al. (1993). This

125



10
11
12
13
14
15
16
17
18
19
20
21
2
3
24
25

16

behavior can be explained by a reversible conversion of mitroxyl anion (INO') to NO by
superoxide dismutase (Murphy and Sies, 1991). These findings reinforce that the light
emission of NO-luminol-H»0» system is dependent on NO levels.

In addition, we examimed the possibility of invelvement of OH" in this CL
system by using its inhibitor (manmitol). For the NO donnor KT NaNQs/H2504 system,
the mjection of mannitol were not able to decrease photon emission, proving that OH" is
not generated m this case during NO-lummol-H:02 by CL reaction, as discussed by
other authors (Moronha-Dutra et al . 1993; Kikushi et al, 1993). On the other hand, we
observed a significant mhibition of light emission using mannitol m NPS system.
Probably part of the light emission of NPS is due the OH" formation during the NPS
photo-degradation (Rauhala et al, 1997). Thus, these data comoborates that the KI-
NalMN0:/H:504 system produces specifically NO, while the NPS system  beyond NO,
gives raise, the OH" .

Onar results confimmed that NO-luminol-H;O: by CL reaction is a fast, sensifive
and specific method to measure NO levels in chemical analyses. since our results are
similar to those from previous studies, cormmoborating that the detected specie m the
luminol-H; Oy system is NO, resulting in other light emission species as previous
descmbed by Kikushi et al. (1993), Radi et al. (1993), Noronha Dutra et al (1993), and
Dni Mascio et al. (1994).

Based on these characteristics we apphied this technique to evaluate NO levels m
fresh and frozen biological samples (mouse dorsal skin and rat gastrocnemins muscle).

Degasification with N; for biological samples demonstrated to be an important
step, as it is associated to sample stability. In nmscle homogenates, cnly 60 minutes
after the degasification with IN: bubbling (during 10 nunutes) was observed sigmificant
reduction (55%, data not showed) of light emdssion in CL curves generates by MNO-
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luminel-Hx0: system On the other hand, when muscle homogenates were satorated
with oxygen the photon emission immediately decreased (almost 879, data not
showed), this result was similar to previous reported by Archer et al. (1993). Although
the apparent stability supplied by N,, all experiment we performed immediately after
degasification.

In biclogical analyses, we conclude that NO can be measure by NO humminol-
H;0; CL methed in either fresh or frozen (skin, muscle samples) once it generates
similar curves profiles. The photon emission curves profile for biological samples were
similar to that presented by Kikuchi et al. (1993) using NO gas (1pM). For skin
samples, we observed a linear photon emission increase according to tissue
concentration I the sample solution (range 0.05 — 0.5 mg/ml) Concentrations higher
than 1 mg of tissue/ml presented a quencher response, imhibiting the light emission
{seem as a lower curve profile) due the excessive NO, a known quenching specie
(Eikuchi et al., 1993 A).

The same inhibitors previcus used were employed in biological samples aiming
to verify if the NO-luminol-HyO: should present the same behavior observed in the
chemical systems. All data obtained from reactive species mhibitors reinforces that
photon emission in biological samples onginates from NO. Histidine added to the
biological samples inhibited partially the light emission indicating the mvolvement of
'0,, while for both NO donors was observed a complete inhibition of light emission.
When SOD was used, biological samples exhibited muld rednction of photon emission
at the imitial portion of the curve. Our data 1s similar to that reported by Eikuchi et al.
(1993 A), when the basal level of chemuluminescence by luminel-HxOnr was shightly
lowered by S0D. However, during the course of the light emission we detected that

S0D increased the photon emission to biclogical samples (data not shown), as observed
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in the NO chermical donors in this study. The use of mannitol in biclogical samples also
revealed the absence of OH" participation in CL reaction, as observed for NO donor KI-
NaNO3H;504. For Oy and OH, similar results were reported by Kikuchi et al. (1993).

This work used for the first time in the NO- lummel-H,0; CL system the
specific NO scavenger cPTIO. reported as an efficient NO quencher by Ederhi et al
2009, cPTIO mhibited photon emission from biological samples in a dose dependent
manner, as observed for chemical donors. This result confirms that the object of
amalysis in hominol-HyQy CL system is in fact MO, even for biological samples. This
specificity was previous reported by Eikushi et al. (1993). when the authors related that
nitrogen-contaiming compounds (organic nifrite, orgamic nitrate, and thio-mitroso
compounds), and endothelim-derived compounds do not interfere in the reaction. We
did not detect any emission in nitnte contaiming solution using the hmnol-Ha0» CL
system (data not shown).

In the present study we showed the application of this technique in the
pathophysiological experimental models (ischerma-reperfusion and cachexia), using
fresh and frozen rat gastrocnemins mmscle samples. In these studies we observed
differences in NO levels when the experimental groups were compared to respective
confrols. These differences can be associated with inflammatory process that 1s invelved
mn both experimental models (Zamiani et al. 2005; Guarnier et al. 2010). Previously,
using the same CL system our group were able to identify sigmificant differences in NO
levels of the skin samples from mice submitted to UVB imadiation, returning to control
levels when animals were treated (Lp) with NOS inhibitors (Terra et. al., 2012 A; Temra
et al, 2012 B).
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In conclusion, the measure of NO levels in biological samples by a specific and
sensitive NO- HyOy-luminol CT method presents important advantages, such as a short
time of execution, and ability to detect NO level from small amounts of samples at very
low NO concentrations. The most important contribution of owr work 15 to show that
this CL system can be used to NO detection i fresh and frozen samples from different
tissues, expanding the use of this method for the mvestigation of NO pathophysiological
role in different type of samples and diseases.
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Figure 1 — Samples of NP5 200 pM solution iradiated dunng 240 minutes and aliquots
collected at each 30 minutes. (A) NO levels by NOJhminel-HzO: chemiluminescence
{CL) reaction estimated by area under the CL curves (AUC). (B) Nitrite concentrations
{uM) were estimated by Griess reaction. (C) Comelation between nitrite concentration
{uM) and area under the CL curves (AUC) (£=0.7331). (D) Linear comelation between
NO concentration (100fM to 400 ) by NO-luminol-H20a CL reaction and AUC of
the CL curves [13= 0.0167). Pearsons commelation. P=0.03.
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Figure 21 - Chemucal systems (NP5 and KI-NaNO3/H2504 systems), of NO by luminol-
H;0:- induced chemiluminescence. Effect of NO inhibator (ePTIO 10ub 50ub 100ubd)
(A, B) and the 30D (10U1 20UT) on NO production (C, D). Relative Iight units (RLLI).
Besults are mean of three replicates.
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Hy0:-induced chemilominescence. (A, B) Effect of singlet oxygen scavenger (hishidine)
and hydroxyl radical scavenger (mammitol) on NO production. Relative light units
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Figure 4 (A B} NO levels by lumimol-H;Ov-induced chemilunmnescence in fresh and
frozen biclogical samples (mouse dorsal skin and rat gastrocnemms mmscle — 025 mg
tissue/ml). (C) Linear increases of light emission (RLU) in skin samples (0.03 to 0.5 mg
tissue/ml). Concentrations higher than 1 mg of tissue/ml not showed linear increases of
light emission (RLLT). Fesults are mean of three replicates.
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Figure 5 (A) Biological analysis (mouse dorsal skin and rat gastrocnemins muscle) of
NO by luminel-H:O:-mduced chemiluminescence. Effect of NO mhubitor (cPTIO
10uM 50oM 100ubD) (A, B) and the SOD (10 UL 20 UT) on NO preduction (C. D).
Belative light vmits (RLLT). Results are mean of three replicates.
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Figure 6 Bioclogical analysis (mouse dorsal skin and rat gastrocnemius nmscle) of NO
by lminol-HxO:-imduced chemilumimescence. (A, B) Effect of singlet oxygen

scavenger (histdine) (A. B) and hydroxyl radical scavenger (manmitol) on NO
production. Relative hight units (R1L1T). Fesnlts are mean of three replicates.
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Figure 7 NO levels by lumunol-Hy0;-induced chemilumimescence m
pathophysiclogical studies. (A) Companson of chemilimunescence curves obtained
from mmscle homogenates of control (sham group) and R4 group (4h ischemia
following 4h reperfusion). Control (n = 9), R4 (m = 15). (B) Companson of
chemiluminescence curves obtained from nmscle homogenates of control (sham group)
and tumor (Walker-256 tumor-induced cachexia). Control (n=6); Tumeor (p=9). RLU:
Relative light umit.





