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RESUMO

O objetivo desse trabalho ¢ avaliar o efeito fotoprotetor de trés espécies de
plantas da Antartica - Deschampsia antarctica Desv. , Colobanthus quitensis (Kunth) Bartl. E
Polytrichum juniperinum Hedw. Investigou-se a agdo do extrato metandlico de cada espécie
contra os danos induzidos ao DNA, utilizando a linhagem celular de fibroblasto de pulméo de
hamster chinés (células V79) e no molusco Cantareus aspersus utilizando o ensaio cometa em
animais alimentados com esses vegetais. O perfil mutagénico e antimutagénco destes extratos
também foi avaliado através de linhagens haploides da levedura Saccharomyces cerevisiae. As
concentracdes empregadas desses extratos ndo foram citotéxicas nem mutagé€nicas em
S.cerevisiae. Além disso, o tratamento com todos os extratos melhorou a sobrevivéncia e
diminuiu a taxa de mutagénese induzida por UVC nesse modelo bioldgico. Os tratamentos
empregados diminuiram significativamente os danos ao DNA induzidos pela UVC em células
V79, como verificado pelo ensaio cometa. Esses extratos também reduziram a peroxidagéo
lipidica induzida por UVC, mostrando uma clara propriedade antioxidante. Os resultados do
ensaio cometa modificado, em células V79, empregando a Endonuclease V, demonstraram uma
diminui¢@o na formag@o de dimeros de ciclobutano piridina apds a pré - incubacdo com estes
extratos. O emprego das endonucleases FPG e ENDO III indica um efeito protetor destes
extratos contra as lesdes oxidativas geradas pelo UVC. Em linhagens de levedura deficientes
em fotoliase, o tratamento com os extratos mostrou-se muito menos eficiente na protegao
contra os danos citotoxicos da radiacdo UVC, sugerindo que esta via de reparacdo do DNA ¢
estimulada por substincias dos extratos. Em C.aspersus, o tratamento com os vegetais na
alimentacdo dos moluscos, foi capaz de proteger contra os danos induzidos por UVC nas
células da hemolinfa. Em conclusdo, os extratos de D. antarctica, C. quitensis e P. juniperinum
parecem possuir propriedades fotoprotetivas, o que pode ser atribuido a moléculas como
flavondides e carotendides agindo como moléculas absorventes de UV, antioxidantes e

estimulando processos de reparacao do DNA.
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ABSTRACT

This study aimed at deepening the knowledge on the photoprotective effects of three Antarctic
plant species — Deschampsia antarctica Desv., Colobanthus quitensis (Kunth) Bartl., and
Polytrichum juniperinum Hedw. We investigated the protective effect against UV-induced
DNA damage in a permanent lung fibroblast cell line derived from Chinese hamsters (V79
cells), and in the snail Cantareus aspersus, using the comet assay. The protective, mutagenic,
and antimutagenic profile of these extracts also was evaluated using haploid strains of
Saccharomyces cerevisiae. At the concentration range employed, the extracts were not
cytotoxic or mutagenic to S.cerevisiae. In addition, the treatment with these extracts enhanced
survival, and decreased induced reverse, frameshift, and forward mutations in a dose-response
manner in all UV-C doses employed a. In addition, they did not generate DNA strand breaks in
V79 cells, and the treatment significantly decreased DNA damage induced by UVC. These
extracts significantly decreased UVC-induced lipid peroxidation in V79 cells, showing a clear
antioxidant property. Moreover, results of comet assay cells, employing Fpg, Endolll, and
Endo V endonuclease in these cells, demonstrated significant reduction of UVC-induced DNA
damage, oxidative damage, and production of cyclobutane pyrimidine dimers after pre-
incubation with these extracts. The treatment with all tested extracts were much less efficient
against UVC-induced cytotoxicity in the yeast strain defective in photolyase as compared to the
wild type strain, suggesting that this DNA repair pathway is stimulated by substances present in
the extracts. In C. aspersus, the treatment was able to protect against UVC-induced damage. In
conclusion, D. antarctica, C. quitensis, and P. juniperinum extracts present photoprotective
properties, which can be attributed to molecules, such as flavonoids and carotenoids, which act

as UV-sorbing molecules and as antioxidants, as well as stimulate DN A-repair processes.
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INTRODUCAO

1.1. Radiacdo ultravioleta como agente genotoxico

A radiagao ultravioleta (UV), proveniente do sol, consiste nas radiagdes
eletromagnéticas compreendidas entre os comprimentos de onda 280 a 380 nm, enquanto a luz
visivel esta incluida na faixa de 380 a 760 nm (HU, 1990; HANNAN et al., 1980, AFAQ &
MUKHTAR, 2006). O espectro da radiagdo UV, principalmente para fins médicos, ¢ dividido
em trés faixas de comprimento de onda designadas como: UVA (400 a 320 nm), UVB (320 a
290 nm) e UVC (290 a 100 nm). Na superficie terrestre, a radiagdo UV consiste principalmente
da faixa UVA e UVB, uma vez que a penetragdo na camada de ozdnio da atmosfera reduz
drasticamente o comprimento de onda para 320 nm.

Em termos de relevancia para a satide humana, a importancia deve-se ao comprimento
de onda da faixa UVB, uma vez que a radiagdo UVC ¢ bloqueada pela camada de ozoénio
estratosférico. No entanto, a maioria dos estudos ¢ realizada com a UVC, pois coincide com o
pico de absorcdo do DNA (260 nm) e constitui-se da faixa mais lesiva dessa radiagao.

A exposi¢do a radiagdo UVC pode causar dois grandes tipos de lesdes aos éacidos
nucléicos: os danos diretos ¢ os danos mediados por radicais livres e espécies reativas de
oxigénio (FRIEBERG et al., 2006; SAFFI & HENRIQUES, 2003). Quando o DNA fica
exposto a esse agente fisico, as bases pirimidicas adjacentes tornam-se covalentemente ligadas,
formando uma estrutura de ciclobutano (FRIEBERG et al., 2006; SAFFI & HENRIQUES,
2003). Essa estrutura, resultante da saturacdo das suas ligacdes duplas entre os carbonos 5 e 6 é
chamada de dimero de pirimidina ou dipirimidina ciclobutano (CPD). A formagao dos CPDs
acontece de forma muito mais abundante entre as timinas do que entre as citosinas, ou seja a
formacgao dimeros do tipo T-T ¢ significativamente maior do que os do tipo C-C. Dependendo
da forma isomera em que esses dimeros se encontram, podem ocorrer grandes distorgdoes na
hélice de DNA, o que acarreta na parada obrigatéria da replicagdo. Um outro tipo de lesdo no
DNA provocado pela radiacdo UVC ¢ o fotoproduto 6-4, o qual ¢ produzido pela ligacdo entre
o carbono da posi¢do 6 de uma timina com o carbono da posi¢do 4 da timina adjacente e causa
uma grande distor¢do na dupla hélice. Este tipo de fotoproduto ¢ muito mais abundante entre as
citosinas do que entre as timinas. Entretanto, quando as citosinas encontram-se metiladas na
posicdo 5, ndo ha a formagdo do fotoproduto 6-4. Essas lesdes sdo bastante vulneraveis ao

ataque alcalino e encontram-se em citosinas localizadas a 3’ das pirimidinas. Um outro tipo de



reacdo fotoquimica de uma base de pirimidina ¢ a adi¢do de uma molécula de dgua na dupla
ligacdo dos carbonos 5 e 6 para formar 5,6-dihidro-6-hidroxi derivado ou hidrato de citosina.
Normalmente, os hidratos sdo muito instaveis, desidratam-se rapidamente, revertendo para a
sua forma original. O hidrato de 5-metilcitosina pode sofrer desaminagao, originando hidrato de
timina, a qual por desidratagdo pode ser convertida em timina. Este, provavelmente, seja o
mecanismo de indu¢do de mutagdo pelo UVC em residuos de citosina. Apesar de serem mais
abundantes ap0s a radiag@o ionizante, as lesdes do tipo timina glicois também sdo encontradas
apos exposi¢do a radiagdo UVC, como resultado da saturacdo da dupla ligagdo 5,6 de algumas

pirimidinas. Algumas dessas lesdes estdo ilustradas na figura 1.

Radiacao
ultravioleta

Dimeros de pirimidina ciclobutano

DNA Dimeros de pirimidinas
Figura 1. Dimeros de pirimidinas mais comuns, gerados pela radiagdo UVC no DNA.

A radiagdo UVC também pode levar a formacdo de pontes proteina-DNA e pontes
intercadeias DNA-DNA. As lesdes do tipo pontes intercadeias DNA-DNA induzidas por UVC
correspondem a 0,1 a 1% do nimero total de dimeros de pirimidinas estimado (SAFFI &
HENRIQUES, 2003, FRIEBERG et al., 2006). Por causar diversas alteracdes estruturais nos
acidos nucléicos, a radiagdo UV € um agente fisico ambiental mutagé€nico e carcinogénico.

A radiagdo UVC também esta diretamente ligada a producao de radicais livres, os quais
assim como as espécies reativas de oxigénio de natureza ndo radicalar, produzem uma série de
lesdes ao DNA, como bases modificadas, entre as quais destacam-se as timina-glicois e
hidratos de pirimidinas, riboses, quebras simples de cadeia, sitios apurinicos e apirimidinicos e
ligacdes cruzadas entre DNA e proteinas. (SAFFI & HENRIQUES, 2003). O alvo preferencial

do ataque de espécies reativas de oxigénio parece ser a guanina e o produto final mais freqiiente



¢ a 7-8-dihidroxi-8-0x0-2’desoxiguanina (BOITEUX et al., 2002; DROGE, 2002; SAFFI &
HENRIQUES, 2003; VALKO et al., 2006)

Em vista das possiveis lesdes ao material gendmico e demais macromoléculas da célula,
tais como lipideos e proteinas, para manter a integridade celular os organismos possuem
diversos sistemas de defesa. Para evitar estes tipos de danos no DNA nuclear, as células de
mamiferos possuem seis estratégias de defesa: (i) substincias enzimaticas ou ndo enzimaticas,
distribuidos em todos os compartimentos intracelulares, como vitaminas ou tidis, desintoxicam
espécies reativas de oxigénio ou apresentam a capacidade de seqiiestrar radicais livres; (ii) os
lipideos de membrana podem ser reparados ou facilmente substituidos; (iii) as proteinas
danificadas por oxidacdo podem ser encaminhadas para a protedlise limitada e substituidas; (iv)
o DNA nuclear é compartimentalizado longe das mitocondrias, cloroplastos e peroxissomos,
onde provavelmente ha maior produg¢do dos oxidantes; (v) a maior parte do DNA ndo
replicativo é circundado por histona e poliaminas, os quais protegem o DNA contra agentes
oxidantes; (vi) a maioria dos tipos de danos produzidos ao DNA podem ser reparados por
eficientes mecanismos de reparo enzimaticos, tais como a fotorestauracdo, o reparo por excisao

de nucleotideos e o reparo por excisdo de bases (VALKO et al., 2007).

1.2. Fotoprotecéo

No contexto da saude, denomina-se fotoprotecdo ao conjunto de estratégias quimicas e
fisicas, ambientais ou comportamentais, responsaveis pela minimizac¢ao dos efeitos lesivos da
exposicdo a radiacdo solar, com o objetivo de reduzir a incidéncia de céncer de pele na
populagdo humana e outras doengas dermatologicas relacionadas a radiacdo ultravioleta
(AFAQ & MUKHTAR,2006). Em nivel de organismo, a pele ¢ o 6rgdo alvo desses efeitos
lesivos, os quais variam de eritema, edema, hiperplasia, hiperpigmentacdo, imunosupressio e
cancer de pele (2003; AFAQ & MUKHATAR,2006; SVOBODOVA et al.,2003).

Em primeira analise, a fotoprotecdo ambiental constitui uma das estratégias mais
efetivas. O ozbnio é uma molécula capaz de absorver a radiagdo ultravioleta e estd presente
principalmente na estratosfera, entre 10 e 50 km acima da superficie da terra. A camada de
0zonio absorve grande quantidade da radiagdo UVB e toda radiagdo UVC, mas somente uma
pequena quantidade da luz UVA. Essa concentracdo de ozonio varia naturalmente de acordo
com o clima, temperatura, latitude e altitude. As substincias que depletam essa barreira, tais
como os clorofluorcarbonos, tem grande repercussdo na exposicdo terrestre a radiagdo

ultravioleta; dessa forma, desde 1970, o hemisfério sul lida com problemas de reducdo da



camada de ozonio. Embora outros fatores, como as nuvens, a 4gua do mar e os metais possam
absorver ou refletir a radiacdo ultravioleta, o mais recomendado ¢ evitar a exposi¢ao ao sol nos
horarios de maior luminosidade, como o meio-dia. Nas ultimas duas décadas, o governo
australiano tem investido em pesquisa de novos tecidos para fabricacdo de roupas com protecao
contra radiagdo ultravioleta, mas essa estratégia ndo obteve éxito (AFAQ & MUKHTAR, 2006;
MCKENZIE et al.,2007, SINHA & HADER,2002).

Fisiologicamente, os principais mecanismos que minimizam os efeitos lesivos da
radiagdo ultravioleta sd3o os pigmentos e substincias capazes de absorver diferentes
comprimentos de onda da radiacdo luminosa. Além disso, as defesas antioxidantes previnem as
lesdes de origem oxidativa aos acidos nucléicos, proteinas e lipidios, € 0s processos que
reparam os danos celulares e teciduais (SVOBODOVA et al., 2003; SINHA & HADER,2002).

As cianobactérias sintetizam aminoacidos semelhantes a micosporina e escitonemina
enquanto os animais, especialmente os humanos, utilizam o processo complexo de
melanogénese para prote¢ao ultravioleta (AFAQ & MUKHTAR,2006). Os vegetais apresentam
uma resposta adaptativa interessante ¢ radiacdo ultravioleta, em razdo da existéncia dos
sistemas fotosintéticos e necessidade de exposi¢do solar (ALBERDI et al., 2005). Nas plantas,
os carotendides apresentam papel fundamental como pigmentos acessorios da fotossintese e
também na protecdo contra foto-oxidacdo (GLENN E. BARTLEY & PABLO A. SCOLNIK,
2007). O outro grupo de moléculas primordialmente relacionadas a essa funcdo sdo os
compostos polifendlicos como os flavondides, (AFAQ & MUKHTAR,2006; SVOBODOVA
et. al.,2003).

Os compostos polifendlicos sdo os metabodlitos secundarios de plantas com uma
diversidade estrutural notavel, pois compreendem mais de 8000 moléculas naturais. Esse grupo
de substincias apresenta uma grande variedade de atividades biolégicas em mamiferos,
principalmente desempenhadas pelo grupo dos flavondides, tais como acgdo antiviral,
antibacteriana, imunoestimulante, hipocolesterolémica, antioxidante, hepatoprotetora,
antihipertensiva, cardioprotetora, antinflamatoria. Nesse grupo, os flavondides sdo
antioxidantes potentes, capazes de neutralizar espécies reativas de oxigénio, nitrogénio e quelar
ions de metais de transicdo como ferro e cobre. Além disso, inibem atividades enzimaticas
como lipoxigenase, cicloxigenase, xantina oxidase, succinato desidrogenase ¢ NADH oxidase
da membrana mitocondrial, fosfolipase A. Por fim, essas moléculas podem atuar em nivel de

sinalizagdo redox em cascatas para inibir a degradagdo de DNA (CHICARO,2004;



FERGUSON, 2001; SCHMITZ-HOERNER & WEISSENBOCK, 2003; SVOBODOVA et.
al.,2003).

Os compostos fenolicos, especialmente os flavonoides, possuem um interesse reforcado
na protecdo da pele pois além de absorcdo da radiagdo ultravioleta, essas moléculas possuem
potencial antioxidante (SVOBODOVA et. al.,2003). Na verdade, a pele possui um sistema de
defesa antioxidante elaborado, para combater o estresse oxidativo induzido pela exposigéo a luz
solar. Entretanto, a exposicdo excessiva pode ultrapassar a capacidade dos sistemas de defesa,
promovendo o dano oxidativo e suas conseqiiéncias teciduais. Em termos de antioxidantes com
potencial fotoprotetor destacam-se os tocoferdis, o ascorbato e os beta-carotenos
(STEENVOORDEN,1997).

Nos humanos, os flavondides ingeridos a partir da dieta sdo distribuidos aos tecidos
expostos a luz, como a pele e os olhos, com fins de fotoprotecio (STHAL,2007).
Exemplificando os beneficios dessas moléculas na saide humana nesse contexto, uma dieta
enriquecida em genisteina, uma isoflavona da soja, ¢ capaz de prevenir eficientemente a
fotocarcinogénese em ratos. Da mesma maneira, os flavonoides presentes no cha verde
parecem ser os compostos responsaveis pelo efeito fotoprotetor em humanos (AFAQ &
MUKHTAR, 2006). Recentemente, em voluntarios humanos, uma dieta de 12 semanas
enriquecidas em alguns flavanois protegeu contra o eritema induzido por ultravioleta (STAHL,
2007).

O uso de substancias fotoprotetoras de aplicagdo topica parece ser uma das medidas
preventivas mais praticas e eficazes na redugcdo de um grande niumero de doengas ligadas a
exposicdo ultravioleta como queratoses actinicas, carcinoma celular escamoso, carcinoma
celular escamoso nao basal ¢ melanomas, além do envelhecimento precoce. Existem diversos
agentes, organicos (denominados filtros quimicos) e inorganicos (conhecidos como filtros
fisicos), utilizados em formula¢des de protetores solares com dois mecanismos de agdo
distintos, os quais podem estar inter-relacionados: a capacidade de absorcdo da radiagdo
ultravioleta antes de atingir o epitélio e a acdo antioxidante das moléculas, minimizando os
danos oxidativos a biomoléculas. Dezenas de compostos foram aprovados pelo FDA desde
1978 para uso em fotoprotetores, tais como o dioxido de titanio, 6xido de zinco, derivados do
acido p-aminobenzoico, cinamatos, salicilatos, derivados do acido acrilico, benzofenonas e
siloxanos (LAUTENSCHLAGER et al.,2007). Dessa forma, o uso de produtos da biossintese
vegetal, para fotoprotecdo topica ou pela ingestdo na dieta constitui-se alvo importante na

farmacologia atual (AFAQ & MUKHTAR, 2006).



Na figura 2, as principais estratégias fotoprotetoras estdo esquematizadas.
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Figura 2. Principais vias de danos ao DNA causados pela radiacao ultravioleta e mecanismos

atuantes na fotoprotecdo, tanto na correcdo dos danos quanto na prevencao das lesoes.



1.3.  Aradiacdo ultravioleta no continente antartico

As determinagdes dos niveis estratosféricos de ozonio na Antértica ao longo das tltimas
décadas mostraram uma correlagdo direta entre o decréscimo da concentracdo de o0zbnio
estratosférico e o aumento da incidéncia da radiacdo ultravioleta na superficie terrestre. Este tipo de
analise ¢ feito a partir da comparagdo entre periodos com o mesmo angulo solar (os equinécios de
outono ¢ primavera) e as analises demonstram um fator préximo a dois, isto ¢é, a radiacdo UV-B na
primavera ¢ em geral o dobro da observada no outono (KIRCHHOFF, 2002; MCKENZIE et
al.,2007). Além disso, o frio extremo e o vortex polar promovem as reacdes com o0s
clorofluorcarbonetos, elevando a incidéncia de radiac@o ultravioleta nessa area do globo (GROB et
al., 2001 ; HOLM-HANSEN et al., 1993; SMITH et al., 2002 ; SINHA & HADER, 2002)

Estas condigdes extremas tornam o continente Antdrtico um ambiente propicio para se
estudar efeitos da radiac@o ultravioleta sobre diferentes organismos. Sabendo que tais condigdes
sdo favoraveis ao desenvolvimento de mecanismo de sobrevivéncia, espécies de plantas da regido

sdo em potencial produtoras de agentes fotoprotetores (SMITH et al.,2002).
1.4. Plantas da Antartica avaliadas neste estudo

Devido as condig¢des extremas de temperatura e localizacdo geografica isolada, embora
existam cerca de 380 espécies de liquens e 130 espécies de bridfitas, existem apenas duas
espécies de plantas vasculares na Antartica: Deschampsia antarctica e Colobanthus quitensis
(Figura 3). Durante o verdo, época do ano em que ha intensa incidéncia de luz, e as
temperaturas s3o0 mais amenas, a germinacdo e reproducdo dessas espécies ¢ mais propicia
(SMITH, 2003). Essas plantas sdo bastante importantes para o ecossistema local e sdo
eficientes monitores das alteracdes sofridas pelo continente nos ultimos anos. Tais espécies,
despertam interesse cientifico, pois apresentam uma resisténcia fisiolégica notavel as condigdes
climaticas sob as quais estdo expostas (SMITH, 2003).

A Deschampsia antarctica Desv. (Poaceae) (Figura 3) ¢ a tinica graminea que cresce na
Antartica maritimica. As temperaturas baixas e a incidéncia constante de luz sdo circunstancias
tipicas durante a estagdo de crescimento nesta latitude. Planta perene que cresce em areas de
degelo de locais onde ocorre criosolos. E uma planta com distribuigdo descontinua,
principalmente na Ilha Rei George, Arquipélago das Shetland do Sul, onde ¢ freqiiente em

areas de degelo, porém inexplicavelmente ndo ocorre na Peninsula Fildes. D. antarctica



geralmente crescem associadas com, Colobanthus quitensis, sendo que em habitas onde o
solo ¢ abundante predomina a primeira, ja onde o solo ¢ raso predomina a segunda. Esta
espécie ¢ encontrada em locais que nao sofrem influéncia das coldnias de aves, porém os
espécimes sdo mais vigorosos em ambientes ricos em nitrogénio, proximo a colonias de
aves, onde existe guano. Permanece sob o gelo durante o inverno e quando ocorre o degelo
reinicia seu crescimento durante o verdo, flores anualmente durante no periodo de
dezembro a janeiro. Até o momento nao foi identificados animais que se alimentem dessa
planta.

Em termos de descri¢do botanica encontram-se folhas medindo 12-15x0,2 mm; lamina setacea,
convoluta, glabra; ligula 2-9 mm, acuminada, bainha redonda, estriada, glabra; colmo 3,8-4 cm,
ascendente até ereto, fino, glabro; panicula 6-15 cm, laxa, estendida na maturidade, verde a
purpura, 2-4 ramos inferiores filiformes; espigueta com 2 flores, raquila inter-flora 1-1,5 mm.
Gluma lanceoladas, acuminadas, escabras, 3,8-6,7mm; lema 1,8-3,3 mm, lanceolada,
irregulamente 4-dentada no apice, glabra, reta ou curvada; palea 2-2,5 mm, oblonga. Anteras
0,25-0,8 mm, autocompativel, frequentemente cleistogama (MOORE, 1983). Em termos
anatomicos e ultraestruturais, a resposta ao estresse ambiental, expressa-se como células com
mesofilo irregular, grandes espagos intercelulares na camada parenquimatica, células
epidermais buliformes e modificagcdes na vascularizagdo das folhas, surgimento de estruturas
atipicas ao redor dos plastideos e alteragdo na superficie dos cloroplastos (GIELWANOWSKA
et. al.,2005)

D. antarctica possui uma resposta fisiologica importante em relacdo as condicdes
ambientais. Por exemplo. D.antarctica produz mais de 13 polipeptideos com peso na ordem de
10 kDa com fungdo anti-congelante, as quais sdo secretadas para o apoplasto com fins de
tolerancia a baixa temperatura. Essa espécie € a primeira planta no qual a agdo anti-congelante é
constitutiva (BRAVO et al.,2005)

A variagdo na incidéncia de UVB solar em regioes com deplecdo da camada de ozbnio
estratrosférica altera o crescimento, reduz a producdo de biomassa em torno de 50% e aumenta
o conteudo de fenilpropanodides, em especial de acido p-coumarico, acido caféico, acido
ferulico e aumenta também o conteudo de flavonodides soluveis e insoluveis, principalmente
moléculas derivadas da luteolina e orientina (RHULAND et al.,2005). De fato, a radiagéo
ultravioleta, a qual estimula a biossintese de diversos metabdlitos secundarios, principalmente

flavonoides (ALBERDI, 2002). Os genes envolvidos na produgdo desses compostos fenolicos



apresentam expressdo constitutiva maior em espécimes localizados nas regides de maior
incidéncia de radiacdo ultravioleta com reducdo da camada de ozdnio estratosférica (DAY,
2001; VAN DER STAAIJ et al.,2002).

A atividade antioxidante da D. antarctica ¢ muito importante para a sobrevivéncia da
espécie nas condigdes de frio e exposi¢do intensa a ultravioleta (TORRES, 2004).
Experimentos de avaliagdo da expressdo génica diferencial em resposta a baixas temperaturas,
situacdo que também promove a elevacdo na producao de espécies reativas de oxigénio também
mostraram importantes mecanismos moleculares para adaptacdo em condi¢Oes extremas
(GIDECKEL et al., 2003). Os flavondides com fun¢do antioxidante desempenham papel
central nesses mecanismos adaptativos. Embora ainda existam poucos estudos a respeito das
estruturas desses derivados fenolicos presentes nessa espécie, 0s componentes majoritarios
parecem ser derivados C-glicosilflavonas, a 7-O-metilorientina, o 2’-O-beta-arabinopiranosideo
e a orientina. Os componentes minoritarios incluem a 2’-O-beta-arabinopiranosideo de
orientina, isoswertisina, derivados acilados, isoswertiajaponina e tricina (WEBBY &
MARKHAM,1994).

Colobanthus quitensis (Kunth) Bartl Caryphyllaceae (Figura 3) é uma vegetal perene
que cresce em areas de degelo de locais onde ocorre criosolos. E uma planta com
distribuicao descontinua, principalmente na Ilha Rei George, Arquipélago das Shetland do
Sul, onde ¢ freqliente em areas de degelo, porém inexplicavelmente ndo ocorre na
Peninsula Fildes. C. quitensis geralmente crescem associadas com Deschampsia antarctica,
sendo que em habitas onde o solo ¢ raso predomina a primeira, ja onde o solo ¢ mais
abundante e profundo predomina a segunda. Ocorrem em locais que ndo sofrem influéncia
das colonias de aves, porém os espécimes sdo mais vigorosos em ambientes ricos em
nitrogénio, proximo a colonias de aves onde existe guano. Permanece sob o gelo durante o
inverno e quando ocorre o degelo reinicia seu crescimento durante o verdo, flores
anualmente durante no periodo de dezembro a janeiro. At¢ o momento ndo foi identificados
animais que se alimentem dessa planta.

Em termos de descricdo botanica, apresenta caule simples ou ramificado formando densos e
curtos cespedes, ramificagcoes 0,5 — 7 cm; folhas com dimensdes 10-25 X 0,6-1,6 mm, lineares
até linear triangula, obtuso a sub-pontiaguda, curtamente mucronado, membaranosa afilando na
baser, membranicea, raramente subcoridcea; flores com tamanho equivalente as folhas

usualmente excendo; sépalas 4-5 X0,6-1,6 mm, ovais a triangulares, geralmente obtusa,
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curtamente mucronada no 4pice, margem membranosa; cépsula equivalente ou raramente
excedendo as sépalas; sementes 0,5-1 mm triangulares até reniformes, lisas, vermelho-
amarronzada (MOORE, 1983).

A incidéncia de radiagdo ultravioleta estimula a producdo de pigmentos fotossintéticos
e o espessamento do mesofilo das folhas de C.quitensis (RUHLAND & DAY 2001 e 2005;
VAN DER STAAI et al.,2002) encontraram um aumento significativo nos niveis de
concentracdo de pigmentos que absorvem UV-B e um nivel menor na concentra¢do de
clorofila-b em espécimes expostas a ambientes com altas intensidades de radiagdo UV-B,
novamente expondo os mecanismos adaptativos dessa espécie.

Além das duas plantas vasculares, citadas acima, existe o musgo Polytrichum
Jjuniperinum o qual possui caracteristicas peculiares, apesar de ser briofita e estar mais abaixo
na escala evolutiva. E uma planta perene que cresce em areas de degelo de locais onde
ocorre criosolos exceto em locais com muita umidade como, por exemplo, linhas de
drenagem. E uma planta ornitocoproéfila, logo ndo ocorre em éreas que sofrem acgdo do
guano. Permanece sob o gelo durante o inverno e quando ocorre o degelo reinicia seu
crescimento durante o verdo, raramente forma esporofito. Ate o momento ndo foi
identificados animais que alimentam-se dos gamet6fitos dessa planta. Apresenta por
caracteristicas: gametofitos heterotalicos, verde escuro; caulideo ereto, simples ou ramificado;
regido de transicdo, triangular, arredondada; epiderme mono ou bi-estratificada; células do
cortex muito grandes, cilindro central, trilobado. Para esta espécie conforme descri¢dao
encontrada na bibliografia ocorre desde a antartica até a Amazonia, mostrando-se desta forma

resistente a mudangas drasticas de ambiente sem por isso sofrer grandes alteragdes.

11



Continente Antartico e
Ameérica do Sul
(Projecao Azimutal)

@

Antartica /

(mapa politico)

=

i

b
,*-
i
¥
b
A

\

| &

Plantas
vasculares do
continente

Deschampsia antarctica Colobanthus quitensis

Bridfita do continente
Polytricum juniperinum

Figura 3. O continente antartico ¢ as principais espécies de plantas vasculares e britfitas

nativas.

Segundo SMITH (2003) o aumento da radiagdo UV-B nao tem efeito negativo sobre
Colobanthus, Deschampsia, ¢ alguns musgos da Antartica. Essa condigdo provoca o aumento
de produgdo de substincias fotoprotetoras (flavondides) (WEBBY & MARKHAM, 1994).
Embora estudos fisiologicos e moleculares avaliem a produgdo dessas moléculas em diferentes
tecidos e orgdos dessas espécies, ndo existem trabalhos avaliando a atividade antioxidante ou

fotoprotetora com fins de isolamento de moléculas responsaveis pelo efeito e a respeito dos

12



mecanismos moleculares envolvidos com fins de obtencdo de novas moléculas para
quimioprevencdo contra radiacdo ultravioleta.

1.5. Organismos e metodologias utilizadas neste estudo

1.5.1. A levedura Saccharomyces cerevisiae como modelo de estudo

A levedura Saccharomyces cerevisiae ¢ um fungo unicelular com ciclo eucarioto tipico
e completo e tem sido amplamente estudada, tornando-se ferramenta importante nas pesquisas
biomédicas em razdo da sua simplicidade e similaridade genética, bioquimica e funcional com
mamiferos em varios aspectos. Dessa maneira, esse organismo ¢ um modelo util para o melhor
entendimento de diversas fungdes bioldgicas principalmente na biologia do cancer, estudos de
genética toxicoldgica e doencas humanas. Além disso, ¢ utilizada na industria quimica e de
alimentos; na indistria farmacéutica, com énfase na producio de proteinas terapéuticas,
incluindo proteinas humanizadas, vacinas e probioticos; e na tecnologia ambiental, com fins de
bioremediacdo, tratamento de residuos e recuperacdo do solo (ASTURGEON et al.,2006;
FORSBURG, 2001; LAFON et al., 2007; LUSHCHAK, 2006; MENACHO-MARQUEZ &
MURGUIA, 2007; SIMON & BEDALOV, 2004; ASTURGEON et al.,2006; STEINMETZ ET
AL.,2002;).

Algumas das propriedades que fazem a levedura particularmente apropriada para estudos
bioldgicos incluem seu rapido crescimento, seguranga, possuir um sistema genético bem
definido e mais significativamente, o conhecimento da seqiiéncia completa do seu genoma.
S.cerevisiae foi o primeiro organismo eucarioto a possuir o genoma completamente
seqienciado e  depositado em  bases de dados  especializadas  (como
http://www.yeastgenome.org) e também existem ferramentas moleculares apropriadas para
manipulacdo génica e estudos de expressdo, como o transcriptoma, proteoma, metaboloma e

interatoma (PENA-CASTILLO, L.; HUGHES, T.R., 2007 )

Os estudos em levedura foram muito uteis para a elucidagdo funcional de genes e
proteinas, uma vez que existe uma facilidade imensa na constru¢do de linhagens mutantes por
meio de disrupgdo génica ¢ em estudos de complementagdo fenotipica por meio de genética
reversa ( WILLIAMSON,2002). A levedura também possui um sistema de transformagdo de
DNA altamente versatil, sendo vidveis com numeroso marcadores genéticos; plasmideos

podem ser introduzidos nas células tanto como moléculas replicativas, quanto para integragao

13



no genoma. Diferente do que ocorre em outros microrganismos, a integracdo de uma seqiiéncia
de DNA procede exclusivamente via recombinagdo homologa. Igualmente, a recombinagao
homoéloga, combinada ao alto grau de conversdo génica das leveduras, possibilitou o
desenvolvimento de técnicas para substitui¢do direta de seqiiéncias de DNA geneticamente
modificadas, no lugar de sua copia normal no cromossomo. Deste modo, genes intactos, mesmo
daqueles dos quais ndo se conhece mutagdes, podem ser convenientemente substituidos por
alelos modificados. Também exclusivo a leveduras, transforma¢des podem ser conduzidas com
oligonucleotideos sintéticos, permitindo a produg@o conveniente de numerosas formas alteradas
de proteinas. Estas técnicas tém sido extensivamente exploradas em anélises que vao desde a
regulagdo até relacdo estrutura-atividade de proteinas, incluindo mutagénese e reparacao
(PRINGLE et al., 1997; BROWN & TUITE, 1998; BURKE et al., 2000).

Esse organismo também foi pioneiro em estudos de interacdo génica com uso de
mutantes e interagdes proteina-proteina por meio do sistema duplo-hibrido e na compreensdo
de muitos eventos metabdlicos que ocorrem nas organelas citoplasmaticas BOONE, C. et
al.,2007).

Ao contrario da maioria dos microrganismos, linhagens da levedura S. cerevisiae sdo
estaveis tanto em estado haploide quanto diploide. Assim, mutagdes recessivas podem ser
convenientemente isoladas e manifestadas em linhagens haploides, ¢ testes de complementagao
e segregacdo génica podem ser plenamente estudados em linhagens dipléides.

A levedura ¢ geneticamente bem caracterizada, especialmente quanto a sua resposta a
agentes causadores de danos ao DNA nas pesquisas sobre mutagénese e reparo do DNA e
mecanismos que respondem ao estresse oxidativo e homeostase metalica (BRENDEL, et
el.,2003; BOEIRA et al., 2002; MARIS et al., 2001; MOURA, et al.,2007; PUNGARTNIK et
al.,2002; ROSA et al.,2004).

Os ensaios com leveduras tém sido de grande utilidade na determinacdo de agentes
mutagénicos ambientais ou farmacoldgicos e servem para complementar os ensaios de
mutagenicidade realizados em bactérias (TOUSSAINT & CONCONI, 2006). Esses ensaios sdo
répidos, sensiveis, econdmicos e reprodutiveis, apresentando resultados confidveis na
identificagdo bioldgica. Além disto, a levedura possui um sistema endogeno de ativagdo
metabolica constituido por um complexo enzimatico (citocromo P-450) e detoxificagdo, sem a
necessidade da adigdo de um sistema exogeno, sendo, desta forma, uma vantagem sobre os
ensaios bacterianos (MORENO et al., 1991; PAULA-RAMOS et al, 1991). Para avaliagdo de

toxicidade genética, experimentos de mutacdes reversas sdo os mais comumente utilizados.
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Estes se baseiam na restaura¢do ou compensag¢do de um defeito génico responsavel por um
requerimento nutricional (ZIMMERMANN, 1975; ZIMMERMANN & SCHEEL, 1984). A
restauracdo se deve a uma reversdo exata do defeito original, enquanto que a compensagio
pode ser devido a uma mutagdo secundéria dentro do gene (mutagdo supressora interna) ou por
uma mutag¢ao externa, como no caso dos alelos “nonsense” (HAWTHORNE & LEOPOLD,
1974). Para que seja identificada a mutag@o reversa € necessario a utilizagdo de uma linhagem
com alteragdes genéticas adequadas, como por exemplo, a linhagem hapléide XV 185-14c
(VON BORSTEL et al., 1971). Esta linhagem permite a deteccdo de dois tipos de mutacdes
locus especificas: reversdes do alelo ocre lys/-1 ou do alelo “missense” his-7, € reversdes por
deslocamento de quadro de leitura do DNA “frameshift” verificadas no locus hom3-10. As
células revertentes podem ser detectadas pela semeadura em placas contendo meio seletivo no
qual o fator de crescimento inicialmente requerido ndo estd presente, ou estd em quantidades
muito pequenas, permitindo um “background” de crescimento.

As mutagdes génicas resultantes também podem ser facilmente quantificadas usando-se
um marcador fenotipico, como por exemplo, a sensibilidade a canavanina. Muitas linhagens
selvagens expressam um transportador de arginina chamado Canlp. A canavanina é um
andlogo estrutural toxico da arginina. O mesmo transportador que internaliza a arginina, faz a
importagdo de canavanina do ambiente levando as células a morte. Neste sentido, mutacdes no
gene CANI, induzidas por drogas mutagénicas, podem tornar as células resistentes aos efeitos
toxicos da canavanina, aumentando a sobrevivéncia das células em presenca de canavanina
quando comparadas a tratamentos ndo mutagénicos (BRENDEL & HENRIQUES, 2001).

Muitos agentes quimicos e fisicos que induzem mutagénese podem aumentar a
freqiiéncia de recombinagdo em células diploides, como um reflexo de danos induzidos no
DNA. Algumas substancias carcinogénicas, no entanto, sdo negativas em testes que detectam
mutagénese, mas induzem recombinacdo, sugerindo que estes fenOmenos podem estar
interligados (KUPIEC, 2000). No crossingover, ou permuta, ocorre a troca reciproca de
segmentos de DNA entre dois cromossomos homologos, sendo entdo utilizadas linhagens
diploides heterdlogas de S. cerevisiae podem ser utilizadas para deteccdo deste fendmeno
(ZIMMERMANN, 1975; PARRY & PARRY 1984; HENRIQUES et al., 1987; KUPIEC,
2000; ROSA et al.,2004).

Além da resposta mutagé€nica e recombinogénica, os ensaios em levedura permitem
investigar os mecanismos moleculares envolvidos na geracdo e reparacdo do dano. Um método

utilizado para determinacdo da natureza das lesdes induzidas por agentes quimicos no DNA,
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consiste em comparar a sensibilidade de mutantes deficientes em uma via de reparo do DNA
com uma linhagem selvagem isogénica proficiente naquele tipo de reparo (MELO et al. 1986;
PAULA-RAMOS et al. 1991; PASQUAL et al. 1993; BOEIRA et al, 2002; ROSA et al. 2004).
Quando um mutante deficiente em uma via de reparagdo do DNA apresenta uma sensibilidade
maior que a linhagem selvagem proficiente na reparagdo, pode-se inferir que a substancia
estudada induz o tipo de lesdo incapaz de ser reparada pela mutante. De maneira analoga,
linhagens isogénicas deficientes em defesas antioxidantes tém sido utilizadas para o estudo do
mecanismo de agdo de agentes fisicos e quimicos que interferem com o estado redox celular
(HENRIQUES et al., 1987; BRENNAN & SCHIESTL, 1998; MARIS et al., 2000; LEE et al.,
2001; BOEIRA et al., 2002; PICADA et al., 2003; MOREIRA et al.,2005)

Dessa maneira, mais de 1000 laboratérios em todo o mundo ja utilizaram este
organismo como modelo de estudo, sendo uma excelente ferramenta para desenvolvimento de

modelos de biologia celular, molecular e genética (MUSTACCHI et a/.,2006)

1.5.2 Ensaio com células de mamiferos

Os ensaios com células de mamiferos em cultura datam de 1968 e as primeiras
linhagens celulares utilizadas para esse proposito foram os fibroblastos de pulméo de hamster
chinés, conhecida como linhagem V79, e as células de ovario de hamster chinés (BRADLEY et
al., 1981).

As células V79 possuem interessantes propriedades para ensaios de toxicologia
genética: facil cultivo e manutengdo; crescimento rapido e curto periodo de adaptagdo; tempo
de geracdo entre 12 e 16horas e capacidade de iniciar rapido crescimento exponencial a partir
de um pequeno in6culo. Além disso, possuem uma elevada eficiéncia de clonagem, em torno de
75-95%, pertencem ao género masculino e apresentam cariétipo estavel (22+1) (BRADLEY et
al., 1981). Essas células recuperam-se rapidamente apds estoque em nitrogénio liquido, o que
permite criopreservacdo sem afetar caracteristicas celulares e comprometer os ensaios, gracas a
baixa freqiiéncia de mutacdo espontanea (BRADLEY et al., 1981). Sendo assim o emprego de
células V79 em estudos de genotoxicidade ¢ indiscutivel. Para avaliacdo de lesdes ao DNA
utiliza-se principalmente o ensaio cometa.

Os elementos basicos de estruturas e reparagdo de DNA nas células V79 sao similares,
mas nao idénticos, aos de células humanas. De tal forma, as conseqiiéncias da interacao
quimica de xenobidticos com o DNA seja de células humanos seja de células V79 ¢ similar.

Portanto, os resultados obtidos em células V79 sdo extremamente relevantes para humanos,
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sendo inclusive mais importantes que a extrapolacdo dos dados obtidos em procariotos
(BRADLEY et al., 1981). As células V79 t€m sido amplamente empregadas em estudos de
diversas areas, como estresse oxidativo (KANG et al. 2005; KIM et al. 2007), mutagénese e
reparagdo de DNA (BAUM et al. 2005; CAMPA et al. 2004; DENG et al. 2006; HU et al.
2006; JAGETIA et al. 2007; OSADA et al 2005; SLAMENOVA et al. 2007; SPEIT et al.
2007).

1.5.3. Ensaio Cometa

O ensaio cometa combina a simplicidade da técnica bioquimica de detecg¢do de
quebras no DNA com a utilizagdo de poucas células e corresponde a um ensaio citogenético.
As vantagens dessa técnica incluem rapidez, baixo custo, sensibilidade na detecg¢do de dano no
DNA, obtencdo de dados em células individuais e o uso de um pequeno nimero de células para
analise. Este ensaio tem a possibilidade de aplicagdo, teoricamente, em qualquer suspensdo de
células eucaridticas, independente destas estarem em proliferacdo ou ndo (COLLINS et al.,
1997; COLLINS, 2004; HARTMANN et al., 2001) O teste Cometa ou eletroforese de célula
tinica em gel foi descrito por Ostling e Johanson, em 1984 e o principio bésico do ensaio leva
em conta o comportamento do DNA em células individualizadas e sua organizagdo dentro do
nucleo. Para a realizagdo do ensaio, as células sdo embebidas em agarose, t€m as suas
membranas lisadas por detergentes e suas proteinas nucleares extraidas com altas concentragdes
de sais, restando apenas o nucledide (parte de DNA do nucleo). Quando o DNA ¢ submetido a
eletroforese, ele migra no gel de agarose, sendo esta migragdo relacionada com o tamanho da
molécula. Pequenos fragmentos migram com maior velocidade que a matriz nuclear. Desta
forma, células com DNA danificado formam, apdés a migra¢dao, a figura de um cometa,
consistindo de uma cabeca (matriz nuclear) e uma cauda (DNA quebrado). A extensdo que o
DNA migrou esta, muitas vezes, correlacionada com a quantidade do dano ocorrido, sendo uma
cauda mais longa indica¢ao de um grau maior de quebra no DNA (TICE, 1995; COLLINS et
al.,1997; LEE & STEINERT, 2003; VILLELA et al., 2007)

O ensaio cometa ¢ um teste de genotoxicidade que detecta danos primarios no DNA,
induzidos por agentes alquilantes, intercalantes e oxidantes (Lee e Steinert, 2003; Villela et al.
2003 e 2007). Portanto, ¢ capaz de detectar em células individuais, quebras simples e duplas de
fita de DNA, eventos de reparo por excisdo incompletos, lesdes alcalilabeis, danos oxidativos

em bases do DNA e crosslinks entre DNA-DNA, DNA-proteina e DNA-droga (SINGH, 2000;
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BOLOGNESI et al., 2004), sendo possivel quantificar o dano mas ndo identificar com clareza
qual desses eventos foi responsavel pela inducao deste.

Existem dois protocolos principais disponiveis para execucdo do teste, estabelecidos de acordo
com o pH: a) versdo neutra (pH 7-8), conforme o método original de Ostling e Johanson (1984)
que utiliza eletroforese em tampao com pH neutro, detectando quebras duplas nas moléculas de
DNA e “crosslinks”; e b) versdo alcalina (pH > 13), desenvolvida por SINGH et al. (1998) a
partir do método original, que realiza a eletroforese em tampao alcalino, produzindo assim
desnaturacdo do DNA e detectando quebras de fita tinica e dupla, sitios alcalilabeis, ligagdes
cruzadas e sitios de reparacdo por excisdo incompletas. Este protocolo ¢ o mais utilizado por
ser o mais abrangente, pois além de detectar danos diretos, torna possivel a detec¢ao de danos
indiretos como lesdes por metilagdo e adutos, os quais, sendo alcalilabeis, se expressam como
quebras simples frente ao tratamento alcalino usado no ensaio. Pode ainda ser utilizado o
protocolo levemente alcalino com eletroforese em tampao com pH 12,1, que se diferencia do
pH > 13 por nao detectar danos alcalilabeis (Tabela 1) (LEE & STEINERT, 2003; VILLELA et
al.,2003; VILLELA et al., 2007; TICE el al., 2000).

Tabela 1: Correlagdo entre o valor de pH da eletroforese do ensaio cometa com o tipo de dano

no DNA que pode ser detectado.

Tipo de dano pH 7-8 pH 12,1 pH > 13
Quebras duplas X X X
Quebras simples X X
Reparo por excisdo X X
Crosslinks X X X
Danos alcalilabeis X

O ensaio cometa ndo ¢ utilizado para detectar mutagdes, mas sim lesdes gendmicas
que, ap6s serem processadas, podem resultar em mutagao.
Diferente das mutagoes, as lesoes detectadas por este teste podem ser
reparadas (LEE E STEINERT, 2003; COLLINS et al., 1997). A anélise dos resultados pode
ser realizada visualmente em microscopio Optico normal, quando as células sdo coradas com
nitrato de prata ou em microscopio de fluorescéncia quando coradas com brometo de etideo. As

células sdo classificadas de acordo com o tamanho da cauda em relagédo a cabega (ntcleo) em 4
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classes de danos: classe 0: sem cauda (sem dano); classe 1: com uma pequena cauda menor que
o diametro da cabeca; classe 2: com o comprimento da cauda entre uma ¢ duas vezes o
diametro da cabeca; classe 3: com uma cauda longa superior a duas vezes o didmetro da
cabeca; e classe 4: cauda longa e mais espalhada (em forma de leque) do que a classe 3 (Figura
4). Atualmente, a importincia ¢ o interesse aumentado pelo teste Cometa levou ao
desenvolvimento de sistemas analisadores de imagens, que servem para quantificar a cromatina

que migrou para fora do nticleo (COLLINS et al., 1997; VILLELA et al., 2007).

Células Cometa Cabeca/Caunda Classe de Danos
Sem Cauda 0
=<l 1
1-2 2
=2 3
Sem Cabeca 4

Figura 4. Diferentes classes de danos (adaptado de: Villela et al., 2007).

O ensaio cometa fornece uma informagao um pouco limitada a respeito dos danos
ao DNA, uma vez que ndo ¢é possivel distinguir lesdes que ndo manifestem-se como quebras de
cadeia, como por exemplo, as oxidagdes das bases nitrogenadas. Uma alternativa para aumentar
a especifidade dos danos reconhecidos pelo teste e assim, torna-lo mais sensivel a lesdes do
DNA, ¢ o emprego de endonucleases de reparagdo de DNA antes da eletroforese. Quando os
nucléoides sdo incubados com essas enzimas, os sitios especificos reconhecidos por esses
agentes sao incisados e a partir disso, geram uma quebra de cadeia de DNA que pode entdo ser

detectada pelo ensaio cometa. Dessa forma, a diferenca entre o indice de dano de uma amostra
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tratada com uma enzima de repara¢do de DNA para um dano especifico e a mesma amostra nao
tratada (ou incubada somente com o tampao de reagdo) fornece a quantificacdo da lesdo em
analise. Essa adaptacdo torna o ensaio cometa uma poderosa ferramenta na elucidagdo dos
mecanismos genotdxicos (GIOVANNELLI et al., 2003; SAUVAGIO et al., 2002). As enzimas
mais empregadas estdo envolvidas na remocao de danos oxidativos, como a endonuclease I11
(Endolll) e a formamidopiridina DNA glicosilase (Fpg), que detectam purinas e piridinas
oxidadas respectivamente (DIZDAROGLU 2005; KARAKAYA et al,. 1997). Para
identificagdo da formagdo de dimeros de pirimidina pode ser utilizada a endonuclease V

(EndoV) (SANCAR,2000).

1.5.4. O molusco Cantareus aspersus como modelo de estudo

O molusco Cantareus aspersus (anteriormente Helix aspersa) ¢ um organismo
amplamente utilizado como biomonitor, por ser bastante resistente, possuir aclimatagdo facil e
ja existir descrig@o para o ensaio cometa para moluscos terrestres em avaliagdo ecotoxicologica.
Além disso, a aplicacdo do ensaio cometa empregando radiacdo ultravioleta em outros
moluscos tem sido recentemente descrita com sucesso, sem a necessidade de uso de agentes
quimicos toxicos e mutagénicos (VILLELA et al., 2007). Resultado similar, quanto ao uso de
UV como controle positivo, foi observado recentemente para mexilhdo-dourado (VILLELA et
al., 2007).

A eficiéncia de C. aspersus no monitoramento ambiental ja foi descrito anteriormente
em relagdo a dosagem de metais e atividade do citocromo P450 em resposta a exposicdo a
hidrocarbonetos aromaticos policiclicos (ISMERT, 2002, YASOSHIMA & TAKANO, 2001).
Este ultimo trabalho também sugere o C. aspersus seja um bom biomonitor por apresentar
metabolismo tdo complexo quanto mamiferos, demonstrando diferencas entre tecidos e efeito

dose-resposta para naftaleno (YASOSHIMA & TAKANO, 2001).
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Objetivos

2.1. Objetivo geral

Avaliar o efeito fotoprotetor dos extratos de Polytrichum juniperinun, Deschampsia
antarctica e Colobanthus quitensis, in vivo e in vitro utilizando diversos modelos bioldgicos e
inferir o grupo de metabolitos secundarios envolvidos no efeito protetor assim como sugerir um

mecanismo para €SS€ processo.

2.2.0Dbjetivos especificos

2.2.1. Avaliar o efeito genotdxico e mutagénico do extrato metanolico bruto de Polytrichum
Jjuniperinun, Deschampsia antarctica e Colobanthus quitensis provenientes da Antartica na
levedura Saccharomyces cerevisae, células de fibroblastos de pulmdo de hamster chinés

(linhagem V79) em cultura e no molusco Cantareus aspersus.

2.2.2.  Determinar o potencial antigenotoéxico e antimutagénico do extrato
dessas plantas em linhagens de S. cerevisiae proficiente e deficiente em reparagao por

fotoreativag@o expostas a radiagdo UVC.

2.2.3. Avaliar o efeito fotoprotetor dos extratos dessas plantas em culturas de células V79

expostas a radiacdo, utilizando o Ensaio Cometa alcalino.

2.2.4. Identificar que tipos de lesdes induzidas pela radiagdo UVC sdo fotoprotegidas pelos
extratos dessas trés plantas em células V79, utilizando a versdo modificada do teste cometa

com enzimas endonucleases de reparagcdo de DNA.
2.2.5. Identificar o0s principais grupos quimicos de metabodlitos secundarios
presentes nos extratos dessas plantas e quantificar o conteudo total de

flavonoides.

2.2.6. Correlacionar o possivel efeito fotoprotetor observado contra a radiagdo UVC com os

grupos quimicos presentes nos extratos.
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ABSTRACT

This study aimed at deepening the knowledge on the photoprotective effects of three
Antarctic plant species — Deschampsia antarctica Desv., Colobanthus quitensis (Kunth) Bartl.,
and Polytrichum juniperinum Hedw. We investigated the protective effect against UV-induced
DNA damage in a permanent lung fibroblast cell line derived from Chinese hamsters (V79
cells), and in the snail Cantareus aspersus, using the comet assay. The protective, mutagenic,
and antimutagenic profile of these extracts also was evaluated using haploid strains of
Saccharomyces cerevisiae. At the concentration range employed, the extracts were not
cytotoxic or mutagenic to S.cerevisiae. In addition, the treatment with these extracts enhanced
survival, and decreased induced reverse, frameshift, and forward mutations in a dose-response
manner in all UV-C doses employed a. In addition, they did not generate DNA strand breaks in
V79 cells, and the treatment significantly decreased DNA damage induced by UVC. These
extracts significantly decreased UVC-induced lipid peroxidation in V79 cells, showing a clear
antioxidant property. Moreover, results of comet assay cells, employing Fpg, Endolll, and
Endo V endonuclease in these cells, demonstrated significant reduction of UVC-induced DNA
damage, oxidative damage, and production of cyclobutane pyrimidine dimers after pre-
incubation with these extracts. The treatment with all tested extracts were much less efficient
against UVC-induced cytotoxicity in the yeast strain defective in photolyase as compared to the
wild type strain, suggesting that this DNA repair pathway is stimulated by substances present in
the extracts. In C. aspersus, the treatment was able to protect against UVC-induced damage. In
conclusion, D. antarctica, C. quitensis, and P. juniperinum extracts present photoprotective
properties, which can be attributed to molecules, such as flavonoids and carotenoids, which act

as UV-sorbing molecules and as antioxidants, as well as stimulate DNA-repair processes.

KEYWORDS: Deschampsia antarctica Desv., Colobanthus quitensis Bartl., Polytrichum

Jjuniperinum, photoprotection, ultraviolet radiation, yeast
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1. INTRODUCTION

Several studies suggest that a large fraction of human cancers can be attributed to
environmental risk factors, and hence can be prevented by avoiding exposure to identified
causative factors. However, cancer causation is largely exogenous, and considerable attention
has been recently focused on a new alternative approach, called chemoprevention. The term
‘chemoprevention’ refers to the reduction of cancer risk by favoring the intake of specific
protective factors in order to suppress or to reverse the carcinogenic process [1].

In the last few years, attention has focused on the anticancer properties of plant
secondary metabolites, and their important role in disease prevention [2]. Many plant extracts
have exhibited potent cancer chemopreventive property, as shown in research studies published
during in the last decade [1,3-5]. Most of these extracts are known to exert their antioxidant
effects either by quenching reactive oxygen species (ROS), or by stimulating cellular
antioxidant defenses [6-8].

The skin, as an interface between the body and its environment, acts as a barrier against
the harmful effects of various exogenous physical and chemical agents, including ultraviolet
(UV) radiation [9]. Therefore, the overexposure to UV radiation is linked to the development of
severe burns, hyperpigmentation, photoallergy and phototoxicity, skin cancer and chronic skin
damage, and premature skin aging [10,11]. Previous studies indicated that many effects of UV
radiation, including carcinogenesis, solar erythema, and premature skin aging, are associated
with the generation of ROS (reactive oxygen species) [10]. ROS are capable of damaging most
cellular constituents, including DNA, either by direct action on DNA or through reaction with
other cellular constituents to produce ROS. The major form of oxidative DNA damage are
DNA single-strand breaks and modified bases, which results in DNA breaks or alkali-labile
sites during the repair process, and which can be detected by comet assay [7,12,13] . At a
molecular level, UV radiation also directly damages DNA, and the cyclobutane pyrimidine
dimers are the main formed products, capable of interfering with DNA replication, which is
important in photo-induced carcinogenesis [14,15]. Although the skin possesses an elaborate
system to deal with UV-induced damage, the use of active photoprotectives is recommended,
and hence the need to develop protective reagents is an active field of study. In recent years,

natural compounds, which possess antioxidant and anti-inflammatory properties, have been
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subject of considerable interest as protective agents for reducing UV-induced skin damage
[5,8,16,17].

The aim of this work was to deepen our knowledge on the photoprotective effects of
three Antarctic plant species — Deschampsia antarctica Desv., Colobanthus quitensis (Kunth)
Bartl. and Polytrichum juniperinum Hedw. We investigated the protective effect against UV-
induced DNA damage in a permanent lung fibroblast cell line derived from Chinese hamsters
(V79 cells) and in the snail Cantareus aspersus, using comet assay. The protective, mutagenic,
and antimutagenic profile of these extracts also was evaluated using haploid strains of the
simple eukaryote Saccharomyces cerevisiae. This information is very important for the
assessment of the safety of a possible future pharmacological application of these extracts, and

to explore their potential pharmacological properties.

2. MATERIAL AND METHODS

2.1. Chemicals

All the solvents were bi-distilled, and stored in dark flasks. Anhydrous sodium sulfate
was of analytical grade, and heated at 300°C before used. Amino acids (L-histidine, L-
threonine, L-methionine, L-tryptophan, L-leucine, L-lysine), nitrogen bases (adenine and
uracyl), L-canavanine, quercetin, and narigenin were purchased from Sigma (St. Louis,
USA).Yeast extract, Bacto-peptone, and Bacto-agar were obtained from Difco Laboratories
(Detroit, MI, USA). Dulbecco’s modified Eagle Medium (DMEM), fetal bovine serum (FBS),
trypsin-EDTA, L-glutamine, and antibiotics were purchased from Gibco BRL (Grand Island,
NY, USA). Low-melting point agarose and agarose were obtained from Invitrogen (Carlsbad,
CA,USA). ‘T4 endonuclease V (Endo V) was kindly provided by Dr. Carlos F. M. Menck,
Department of Microbiology, Institute of Biomedical Sciences — University of Sao Paulo,
Brazil. Formamidopyrimidine DNA-glycosylase (FPG, also known as MutM), and
endonuclease 111 (Endolll, also known as Nth) were obtained from BioLabs (New England).

2.2 Plant material

The plants Deschampsia antarctica Desv. (Poaceae), Colobanthus quitensis (Kunth)
Bartl. (Caryophyllaceae), and Polytrichum juniperinum Hedw. (Bryophyta — Polytrichaceae)

were collected in the ice free-areas near Arctowski Polish Station Region, Admiralty Bay, King
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George Island (61°50'- 62°15°S and 57°30'- 59°00' W), Antarctica. The plants were dried at 40°

C, stored in dark bags, and stored in a freezer.

2.3. Preparation of methanolic crude extract

The dried and powdered aerial parts of Deschampsia, Colobanthus, and Polytrichum
were submitted to extraction using methanol (powder/solvent ratio = 1:10 w/v) by maceration
(3 x 24h) at room temperature. The mixture was evaporated to dryness under reduced pressure

at rotary evaporator at 40-50°C to obtain the crude extract.

2.4. Phytochemical screening

The preliminary chemical analysis of the secondary metabolite groups of the three
species was performed using standard screening methods [18]. Thin layer chromatography
(TLC) analyses of the methanolic crude extracts were performed to detect the presence of
flavonoids and phenolic acids, according to methods described by Wagner and co-workers [19].
TLC was carried out on silica gel GF254, using ethyl acetate: acetic acid: formic acid: water
(100:11:11:27) and chloroform/methanol (9:1) as eluent. The standards of the substances
utilized for comparing the Rf values, as well as chromatography experiments, were: guajaverin,
3-methoxy-quercetin, hiperoside, quercitin, rutin, isoquercitin, luteoline, chlorogenic acid,
kaempferol. Chromatograms were sprayed with Natural Reagent/PEG 4000, and visualized at
365-nm wavelength. The flavonoids and the phenolic acids used as reference substances

appear as orange-yellow and blue spots, respectively.

2.5. Determination of total flavonoids, flavones, and flavonols

Flavones and flavonols were expressed as quercetin equivalents [20]. Quercetin was
used to build the calibration curve (standard solutions of 6.25, 12.5, 25.0, 50.0, 80.0 and 100.0
mg/mL) in 80% ethanol (V/V). Briefly, 0.5 mL of an extract was mixed with 1.5 mL of 95%
ethanol (V/V), 0.1 mL of 10% aluminum chloride (m/V), 0.1 mL of 1 mol/L potassium acetate
and 2.8 mL water. The volume of 10% (m/V) aluminum chloride was replaced by the same
volume of distilled water in the blank. After incubation at room temperature for 30 minutes, the
absorbance of the reaction mixture was measured at 415 nm. Flavanones in the sample were
expressed as naringenin equivalents. Naringenin was used to build the calibration curve

(standard solution of 0.125, 0.25, 0.30, 0.50, 1.00 and 2.00 mg/mL in methanol). One mL of an
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extract was separately mixed with 2 mL of 1% 2.,4-dinitrophenylhydrazine (m/V) and 2 mL of
methanol at 50 °C over a water-bath for 50 min. After cooling to room temperature, the
solution was mixed with 5 mL of 1% potassium hydroxide (m/V) in 70% ethanol (V/V). Then,
1 mL of the mixture was removed, centrifuged at 1000 g for 10 min, and the supernatant was
filtered through Whatman No. 1 filter paper. The filtrate was adjusted to 25 mL. The

absorbance of the filtrate was measured at 495 nm.

2.6. Assays with Saccharomyces cerevisiae

2.6.1. Strains and media

The haploid strains XV185-14c (MAT o ade2-2 arg4-17 hisl-7 lysi-1 trp5-48 hom3-
10), and N123 (MATa hisl-7) were used for mutagenesis evaluation. The strain defective in
DNA photolyase encoded by PHRI gene (MATa his3A41; leu2A0; metl5A0; ura3A0
phrl::KanMX4) and its isogenic wild type strain, BY4741, purchased from EUROSCARF,
were employed in the investigation of mechanism of the protective effect. Media, solutions, and
buffers were prepared according to Burke and co-workers [21]. Complete medium YPD,
containing 0.5% yeast extract, 2% bacto-peptone, and 2% glucose, was used for routine growth
of yeast cells. For plates, the medium was solidified with 2% bactoagar. The minimal medium
(MM) contained 0.67% yeast nitrogen base with no amino acids, 2% glucose, and 2% bacto-
agar was supplemented with the appropriate amino acids. The synthetic complete medium (SC)
was MM supplemented with 2 mg adenine, 2 mg arginine, 5 mg lysine, 1 mg histidine, 2 mg
leucine, 2 mg methionine, 2 mg uracyl, 2 mg tryptophan, and 24 mg threonine per 100 mL
MM. For mutagenesis of the XV-185-14c¢ strain, the omission media lacking lysine (SC-lys),
histidine (SC-his), or homoserine (SC-hom) were used. For assays of forward mutation of the
N123 strain, the syntethic medium with no arginine was supplemented with 60 pug/mL

canavanine.

2.6.2. Yeast growth and UVC exposure

Stationary-phase cultures were obtained by inoculation of an isolated colony into liquid
YPD, and, after 48 h incubation at 30 °C with aeration by shaking, the cultures grew to 1-2 x
10® cells/mL. Cells were harvested, and washed twice with phosphate buffered saline solution
(PBS; Na,HPO,4, and NaH,POy; 20mM; pH7.4). Cell concentration and percentage of budding

cells in each culture were determined in a Neubauer chamber by microscope counts. For
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irradiation with UVC, cells were plated onto appropriated medium, and exposed to a given dose
of ultraviolet light (254 nm) at room temperature in a dark room, using Stratalinker UV
Crosslinker 1800 (Stratagene, California). After exposure, plates were incubated in the dark at
30°C for 3-5 days.
2.6.3. Detection of reverse and frameshift mutation in S. cerevisiae

A suspension of 2 x 10® cells/mL in stationary growth phase was incubated at 30 °C for
3 h with various concentrations of each methanolic crude extract in PBS. When the protective
effect was investigated, cells were incubated with these extracts, washed, and plated onto
adequate media for UVC exposure. Cell survival was determined on SC (3-5 days, 30 °C), and
mutation induction (LYS, HIS or HOM revertants) on the appropriate omission media (7-10
days, 30 °C). Whereas hisI-7 is a non-suppressible missense allele, and reversions result from
mutation at the locus itself [22], Iysi-1 is a suppressible ochre nonsense mutant allele [23,24],
which can be reverted either by locus-specific or by a forward mutation in a suppressor gene
[23,25]. True reversions and forward (suppressor) mutations at the lys/-I locus were
differentiated according to Schuller and von Borstel [26], where the reduced adenine content of
the SC-lys medium shows locus reversions as red colonies, and suppressor mutations as white
colonies. It is believed that hom3-10 contains a frameshift mutation due to its response to a
series of diagnostic mutagens [25]. Assays were repeated at least four times, and plating was

performed in triplicate for each dose.

2.6.4. Detection of forward mutation in S. cerevisiae

The N123 strain was used for this analysis [27]. A suspension of 2 x 10% cells/mL in
stationary growth phase was incubated at 30 °C for 3 h with various concentrations of each
methanolic crude extract in PBS. When the protective effect was investigated, cells were
incubated with these extracts, washed, and plated onto adequate media for UVC exposure.
Appropriate dilutions of cells were plated onto SC plates to determine cell survival, and onto
SC media supplemented with 60 pug/mL canavanine for determination of forward mutation in
locus CANI. In order to determine protective effect, cells were exposed to UVC, and after 4-5

days incubation at 30 °C, mutants were counted.

2.6.5. Investigation of the role of DNA photolyase role in the protective effect of the

extracts
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For this purpose, survival assays were performed using wild type and phrIA strains
treated with the extracts before exposure to UVC. Relative sensitivity was assayed by
suspending 2 x 10° cells/mL of stationary cultures in 1 mL PBS containing different
concentrations of each extract and incubation with aeration by rotary shaking at 30 °C for 3 h.
After this treatment, appropriate dilutions of cells were plated onto SC plates, and exposed to
UVC. Immediately after irradiation, all plates were submitted to photoreactivation with 6 kJ/m?
at 360 nm using Stratalinker UV Crosslinker 1800 (Stratagene, California) as described
elsewhere [28]. Plates were incubated at 30 °C for 3-5 days before counting the surviving
colonies. Assays were repeated at least three times, and plating was performed in triplicate for

each dose.

2.7. Assays in V79 cells

2.7.1. Cell culture and treatments

V79 cells were cultured under standard conditions in DMEM supplemented with 10%
heat-inactivated-FBS, 0.2mg/mL L-glutamine, 100 IU/mL penicillin, and 100 pg/mL
streptomycin. Cells were kept in tissue-culture flasks at 37 °C in a humidified atmosphere
containing 5% CO; in air, and then harvested by treatment with 0.15% trypsin-0.08% EDTA in
PBS. Cells were seeded (3x10° cells) in 5 mL complete medium in a 25-cm? flask, and grown
for 2 days up to 60-70% confluence before treatment with the test substance. Extracts were
thawed, dissolved in sterile distilled solution, filtered in 0.22 pM, , diluted, and added to the
culture medium to achieve the different designed concentrations. Cells were incubated with the
extracts for 3 h in FBS-free medium, and, in order to determine the protective effect, cells were
washed and exposed to UVC.

For UVC irradiation , the medium was removed after incubation, and the monolayer
rinsed with PBS pH7.4. PBS pH 7.4 was added to each dish , and PBS layer thickness was
about 1.8 mm. Cells were exposed to a defined dose of ultraviolet light (254 nm) at a rate of 0.3
J/m?/s at room temperature. UVC dosimetry was performed in air with Black-Ray Ultraviolet
Meter, USA. In order to reduce incident energy, irradiation was performed through a double

layer of a UVC transmissible plastic film. Irradiation dose was 5 J/ m?.

2.7.2. Cytotoxicity evaluation by colony-forming ability (Clonal survival)
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V79 cells presenting exponential growth were treated according to the experimental
protocol. Thereafter, they were trypsinized, and 500 cells/60mm dish were seeded in triplicate
to determine colony-forming ability. An aliquot of the extract was added after attachment (4h).
After 5 days of incubation, colonies were fixed with formaldehyde 3%, stained with Giemsa,

counted, and their survival was calculated as a percentage relative to the control treatment.

2.7.3. Comet assay

Alkaline comet assay was performed as described by Singh et al. [29], with minor
modifications [30,31]. After treatment, cells were washed with ice-cold PBS, trypsinized, and
resuspended in complete medium. Then, 20uL of cell suspension (3x10°cells/mL) were
dissolved in 0.75% low-melting point agarose, and immediately spread onto a glass microscope
slide pre-coated with a layer of 1% normal melting point agarose. Agarose was allowed to set at
4°C for Smin. Slides were then incubated in ice-cold lysis solution (2.5M NaCl, 10mM Tris,
100mM EDTA, 1% Triton X-100 and 10% DMSO, pH10.0) at 4°C for at least 1hr in order to
remove cell membranes, leaving DNA as “nucleoids”. In the modified Comet assay, slides
were removed from the lysing solution, washed three times in enzyme buffer (40 mM Hepes,

100 mM KCI, 0.5 Mm NajEDTA, 0.2 mg/mL BSA, pH 8.0), and incubated with 70 uL T4

Endo V (30 min 37°C), FPG (30 min 37°C) ,or EndollII (45 min 37°C). Slides were placed on a
horizontal electrophoresis unit, and incubated with fresh buffer solution (300mM NaOH, ImM
EDTA, pH 13.0), for 20min at 4°C in order to allow DNA unwinding and expression of alkali-
labile sites. Electrophoresis was conducted for 20min at 25V (300mA). All the above steps
were performed under yellow light or in the dark in order to prevent additional DNA damage.
Slides were then neutralized (0.4M Tris, pH 7.5), washed in bi-distilled water, and stained
using silver staining protocol described in [32]. After the staining step, gels were left to dry at
room temperature overnight, and analyzed using an light microscope. One hundred cells (50
cells from each of two replicate slides) were analyzed for each treatment. During the analysis,
edges and cells around air bubbles were ignored, as recommended in [33]. Cells were visually
scored according to tail length into five classes: (1) class 0: undamaged, with no tail; (2) class
1: with tail shorter than the diameter of the head (nucleus); (3) class 2: with tail length 1-2x the
diameter of the head; (4) class 3: with tail longer than 2x the diameter of the head, and (5) class
4: comets with no heads. Two parameters, Damage index (DI) and Damage frequency (DF),

were used in our analyses to evaluate DNA damage. A damage index was calculated for each
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sample, and ranged from O (completely undamaged: 100 cells x 0) to 400 (with maximum
damage: 100 cells x 4) [30-33]. Damage frequency (%) corresponds to the percentage of cells

with tail (classes 1-4) in each sample. Vehicle was used as negative control.

2.7.4. Measurement of lipid peroxidation

The possible extent of lipid peroxidation induced by Antarctic plants and their effects
on UVC-induced lipid peroxidation was determined by the reaction of TBA with
malondialdehyde (MDA), a product formed by lipid peroxidation. Assays were performed
according to Salgo and Pryor [34], with minor modifications. V79 cells (3x10°cells) were
treated as described above, and lysed with Tris-HCl (15mM for 1 hr). Two mL 0.4mg/mL
TCA, 0.25M HCI were added to the lysate, which was then incubated with 6.7mg/mL TBA at
100 °C for 15min. The mixture was centrifuged at 750 x g for 10min. As TBA reacts with other
products of lipid peroxidation in addition to MDA, results are expressed as thiobarbituric
reactive species (TBARS), which were determined by absorbance at 532nm. Hydrolyzed TMP

was used as the standard. The results were normalized by protein content [35].

2.8. Assays in Cantareus aspersus

2.8.1. Animals and treatment

Adults of the snail C. aspersus, a terrestrial mollusk, were used. This animal was
recently used as a bioindicator in ecotoxicological studies and in genetic toxicology [36,37].
Two weeks were required for acclimation, under temperature conditions of 21-24°C, and a 12-
hour photoperiod in blank light. Organic (free from agrochemicals) lettuce and water were
supplied ad libbitum. Animals were kept in propylene cages. Each group consisted of 7
animals. The control group was fed only lettuce, whereas the test groups were fed on the
species of plants under study during the 1* week. In order to evaluate the genotoxicity of the
extracts, a hemolymph sample was collected by aspiration with a 3ml syringe , which was
introduced in the mollusk shell. In order to evaluate the potential photoprotective effect,
hemolymph cells from animals fed with the tested plant species or with lettuce (control group)

were spread on microscopic plates and exposed to radiation UVC 4.5 J/m?.

2.8.2. Comet assay

33



Comet assay was performed as described by Silva and co-workers, and Hartmann and
co-workers with some modifications [38-40]. After treatment, hemolymph cells were
dissociated in DMEM, dissolved in 0.75% low-melting point agarose, and immediately spread
onto a glass microscope slide, pre-coated with a layer of 1% normal melting point agarose.

Subsequent steps and analysis were performed as described above for V79 cells.

2.9. Statistical analysis
All results are expressed as mean + SD, and were analyzed by one-way analysis of variance
(ANOVA), and means were compared by by Tukey’s or Dunnet’s test, with P<0.05 being

considered as statistically significant.

3. RESULTS

3.1. Phytochemical screening and flavonoid content

Flavonoids were detected among the secondary metabolite classes evaluated in the
methanolic crude extract, using simple screening tests. Through the analyzed TLC, the
qualitative preliminary presence of the following molecules is suggested: isoquercetin,
quercetin derivates, and rutin in the methanolic extract of D. antarctica, and lutheolin and
chlorogenic acid in C.quitensis (data not shown). Quantitative determination results that D.
antarctica methanolic crude extract D. antarcticapresented higher total flavonoid content
(28.36%), mainly consisting of flavonols and flavones (24.12%), as compared to C.quitensis
(15.78%) and P. juniperinum (6.15%). D. antarcticaP. juniperinum[Flavanone content, as
compared to flavonols and flavones, was higher in C.quitensis (7.91%) as compared to D.

antarctica (4.24%) and P. juniperinum (5.07%)].

3.2. Antimutagenic effect of the extracts in yeast

Table 1 shows the response of wild type yeast cells treated with the methanolic crude
extracts of Antarctic plants. At a dose range of 1-10 mg/mL, these extracts were not cytotoxic
or mutagenic in S.cerevisiae. Moreover, Table 2 shows that pre-treatments with extracts
improved the survival and decreased the induced reverse, frameshift and forward mutations in
all UVC doses employed in a dose response manner, and the best result was obtained at 10
mg/mL. Therefore, these extracts contain molecules that have beneficial effects of protecting

against UVC-induced cell damage, as well as of rescuing UVC-damaged cells.
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3.3. Involvement of DNA photolyase in the protective effect of the extracts in yeast

Figure 1 shows that the extracts of all tested methanolic crude extracts were not
cytotoxic to wild type or phrlIA mutant strains in the employed concentration range (panel A).
In addition, as expected, phirlA mutant was very sensitive to UVC-induced cytotoxicity (panels
B, C, and D). Panels B, C, and D show that the pre-treatment with the extracts of Antarctic
species increases wild type and phrlA mutant strains survival after UVC exposure, indicating a

photoprotective effect. However, the increment in survival of the pirlA mutant was very weak.

3.3. Protection against UVC-induced DNA damage in V79 cells

Figure 2 shows the response of cells that were pre-treated with the extracts before
exposure to 5 J/m? UVC. At the dose range of 5-10 mg/mL, treatment improved survival,
indicating that the extracts were able to protect V79 cells against UVC cytotoxicity.

We also investigated the genotoxic effects and the anti-genotoxic properties of the plant
extracts in V79 cells. The alkaline (pH >13) comet assay is the most frequently used assay for
routine screening of potential genotoxic agents, and can be performed with a variety of cell
types, including V79 cell lines [41]. Table 3 shows that the treatment with the methanolic
crude extracts of Antarctic species — D. antarctica, C.quitensis, and P. juniperinum - did not
generate a significant amount of DNA strand breaks in V79 cells as compared with the negative
control, at the evaluated concentration range, as detected by standard comet assay. Moreover,
the exposure of V79 cells to 5 J/m* UVC resulted in a significant increase in DNA damage
parameters DI and DF, whereas pre-treatment significantly prevented DNA damage induced by
UVC in a dose-response manner.

While the alkaline version of the comet assay detects DNA single- and double-strand
breaks and alkali-labile sites, the modified comet assay is more specific than the standard
method. In this version, there is an incubation step of lysed cells with lesion-specific
endonucleases, which recognizes certain damaged bases and creates breaks [42]. In this study,
we used FPG, which is specific for oxidized purines, including 8-oxo0-7,8-dihydroguanine, 2,6-
diamino- 4-hydroxy-5-formamidopyrimidine, and 4,6-diamino-5-formamidopyrimidine, as well
as other ring-opened purines; Endolll, which recognizes oxidized pyrimidines, including
thymine glycol and uracyl glycol, and Endo V endonuclease, a pyrimidine dimer-specific DNA

repair enzyme [43].
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Table 4 shows that, in cells exposed to UVC radiation, oxidative DNA damage was
significantly higher when cells were incubated with endonuclease DNA-repair enzymes, which
recognized oxidized purines, oxidized pyrimidines, and pyrimidines dimers, as compared to
enzyme buffer only treatment, as expected. None of the treatments with the extracts induced
significant oxidative damage as recognized by these DNA-repair enzymes, as expected (data
not shown). Indeed, when DI increase was evaluated after incubation with these enzymes in
pre-treated cells as compared with cells only exposed to UV, the extention of oxidative DNA
damage, as recognized by FPG and Endolll enzymes, significantly decreased, as shown in
Table 4 and Figure 3. In addition, DI after incubation with Endo V was also significantly
reduced (Figure 3), indicating a parallel decrease in pyrimidine dimers formation and therefore,

stressing the photoprotective effect.

3.4. Effects on lipid peroxidation in V79 cells

In order to determine the effect of the extracts on oxidative damage triggered by UVC,
we examined the degree of lipid peroxidation in V79 cells. As shown in Figure 4, cell treatment
with UVC resulted in an increase in TBARS production, whereas lipid peroxidation
significantly decreased in those treated with each extract before exposure to UVC, in a dose-

response manncer.

3.4. Effects of the extracts in Cantareus aspersus

Figure 5 shows that hemolymph cells of animals fed D. antarctica and P. juniperinum
did not present significant difference in DNA damage as compared to the control group.
However, animals fed C.quitensis showed significant DNA damage, suggesting the occurrence
of genotoxins in this species. Hemolymph cells exposed to UVC showed significant higher
DNA damage as compared to control. In the groups fed either Deschampsia or Polytricum a
reduction in DNA damage parameters was observed, suggesting that the treatment was able to
protect against UVC-induced damage. In the C.quitensis-fed group, DNA damage after UVC
exposure was less extensive than in the control group, indicating that although this plant can be
genotoxic to C. aspersus, an indication of protective effect also is present in the biological

response to UVC.

4. DISCUSSION
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During the gradual process of evolution, organisms have developed natural sun-
protecting strategies that enable their survival under direct and intense UV radiation. It is well
known that every living organism exposed to UV radiation presents difference reactions, such
as avoidance of UV source (phototaxis), hiding under inert materials, and particularly
producing photoprotective compounds that especially screen UV radiation, such as
mycosporine-like amino acids, scytonemim secreted by cyanobacteria, flavonoids secreted by
plants, and melanin expressed by animal and human cells [9,44,45]. Indeed, organisms, which
are native to habitats with naturally high UV radiation exposure (e.g. alpine and tropical areas),
tend to have more developed UV-tolerance mechanisms than organisms from lower-intensity
UV environments [46,47].

Historically, Antarctic plants grew under the lowest UV levels on Earth, but today, as a
result of ozone depletion, they are exposed to some of the highest UV levels, with a short
period for evolutionary adjustment and acclimation [48,49]. Ozone depletion is today very
pronounced and consistent over Antarctica, with record levels of during the last decade of up to
74% as compared to pre-ozone hole levels [49,50]. As ozone depletion can stimulate the
biosynthesis of UV-protecting compounds in plants, we studied the photoprotective effect of
methanolic crude extracts of three Antarctic species [5]. We used UVC radiation because it is
the most damaging UV radiation, generating clear genotoxic and mutagenic responses in
several in vitro and in vivo models [14].

D. antarctica and C. quitensis are native vascular plants of Antarctica, occurring
extensively from the South Orkney and South Shetland Islands in the north, to Terra Firma
Islands, in the southwestern Antarctic Peninsula. These species are physiologically well-
adapted to the rapidly fluctuating thermal, hydrological, and irradiance conditions of their
maritime Antarctic habitats, as well as to the thermal and hydric status of their tissues [51-53].
P. juniperinum is one ofthe simplest terrestrial plants of Antartica, and therefore fit for studies
on plant acclimation, particularly on incident light and UV radiation [54]. Low temperatures
and high UV irradiation enhance ROS formation, and may cause photoinhibition. Therefore, an
efficient mechanism of energy dissipation and ROS scavenging of could contribute for the
survival of these species in this harsh environment [55].

Our results demonstrated that the extracts from these Antarctic species markedly
decreased DNA damage and mutation triggered by UVC in yeast, V79 cells, and C. aspersus.
In the wild type yeast, all extracts conferred protection against UVC toxicity, and decreased

induced mutagenesis rate. Moreover, the extracts were able to reduce UVC-induced
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genotoxicity in V79 cells in standard comet assay. Likewise, p-aminobenzoic acid and 4-[(2-
oxo0-3-bornylidene)methyl]-phenyl trimethylammonium methylsulfate, two components used in
sunscreen formulations, showed the same response in these biological models [56]. Zinc oxide,
a compound widely used in sunscreens, also was evaluated in this respect in cultured cells [57].
Also, 1-(4-fluorphenyltioureido)-4-methyl-piperazyne protected human lymphocytes against
high doses UVC irradiation [58].

In an attempt to explain the observed cytoprotective properties, we investigated at the
effects of these plants on lipid peroxidation levels in V79 cell line. Extracts significantly
decreased UVC-induced lipid peroxidation, showing a clear antioxidant property (Figure 4). In
order to explore the nature of this protective mechanism, we carried out the modified comet
assay in V79 cells. Reinforcing these results, Figure 3 clearly shows that pre-treatment with
these extracts protects against UV-induced oxidative damage, effectively reducing FPG- and
Endolll-sensitive sites by inhibiting the formation oxidized bases. In addition, the results of
comet assay employing Endo V endonuclease, demonstrated significant reduction in
cyclobutane pyrimidine dimers after pre-incubation with all tested extracts (Table 4),
suggesting that the protective effect may be due to blocking UVC penetration, in addition to
their antioxidant properties [14].

The yeast mutant defective in DNA repair by photoreactivation is a useful tool to access
the photoprotective potential of natural products, as well as their protective effects by inducing
DNA repair. S.cerevisiae PHRI gene encodes the apoenzyme photolyase, which exclusively
repairs pyrimidine dimers [59]. Thus, it seems likely that PHRI expression is regulated by a
global damage response pathway rather than by a dimer-specific or UV-specific pathway.
Indeed, PHRI transcription is also induced by several damaging agents, including UVC
radiation, 4-nitroquinoline oxide, methyl methanesulfonate, nitrosoguanidine, bleomycin, and
cis-diaminedichloroplatinin [59].

The mutant phriA treated with all tested extract was very sensitive to the highest UVC
dose, which was similarly employed in non-treated mutant cells. This finding suggests that the
pyrimidine dimers cytotoxicity is present, independent of extract treatment. Therefore, it is
possible that the main mechanism of photoprotective effect is linked to the antioxidant
properties of the mixture. However, as UV cytotoxicity was virtually inhibited in the wild type
strain pretreated with these extracts, and mutant phriA protection was not significant, except
forantioxidant protection, we believe that damage reversion by photolyase pathway is an

important target of the a stimulatory effect of the substances on DNA repair mechanisms.
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Surprisingly, the effect of the extracts on phriA strain was minimal, although this strain
presented intact DNA repair by nucleotide excision. This is expected, since photolyase not only
repairs UV damage, but it is also involved in stimulating nucleotide excision repair in yeast
[60].

Plant-derived antioxidants are often in the form of extracts, and therefore contain a
complex mixture of compounds, such as polyphenols, which contribute to the overall activity of
the extract [61]. The antioxidant effect observed in our experiments may be partially explained
by the presence of flavonoids, the largest and best-studied group of polyphenols, as evidenced
by phytochemical screening. Flavonoids are recognized as antioxidants, with a potential role in
chemoprevention in human cells [5,16,62-65]. Moreover, the treatment with flavonoids is able
to promote an increase in the expression of several DNA repair genes in several biological
systems [29,66-68]. Therefore, the flavonoids present in Deschampsia, Colobanthus, and
Polytricum methanolic crude extracts have protective effects against UVC radiation in the
studied biological models due to their antioxidant, UV-absorbing, and DNA-repair stimulation
effects.

The main flavonoid constituents of Deschampsia antartica are C-glycosylflavones, iso-
swertiajaponine (7-O-methylorientine)-2"-O-beta-arabinopyranoside, and orientine [69].Our
TLC analysis suggested the possible presence of isoquercetin and rutin. Quercetin and its
derivatives are the most abundant natural flavonoids, and are powerful antioxidants, preventing
the harmful effects of UV light [16,63]. Rutin is a well-studied flavonoid with clear
cytoprotective effect against oxidative stress, and presents UV-absorbing properties [5,62]. The
high flavonoid content found in D. antarctica extract may be responsible for its highest
protective effect as compared to the other evaluated extracts, using the several biological
models. In addition, previous work showed that D. antarctica exhibits high levels of superoxide
dismutase and ascorbate peroxidase activitis, suggesting that photochemical quenching is
related to high levels of antioxidant defense, which may determine the survival of this species
in the harsh Antarctic environment [52]. In C. quitensis, we found luteoline derivatives and
chlorogenic acid, which are molecules with antioxidant activity capable of directly scavanging
hydroxyl radicals and eliminating ROS generated by hydrogen peroxide [64,65,70-73].

Moreover, the concentration of carotenoids, which comprise the other group of UV-
screening pigments, are is higher in vascular plants than in Antarctic lichens. In addition, in D.
antartica, more than 11 carotenoids were identified, certainly contributing to protective effect

[74]. In C. quitensiss, which presented a significantly higher concentration of UV-absorbing
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pigments, fourteen carotenoids were identified. Although carotenoids, particularly those
involved in photosynthesis and photochemical quenching, are not thought to offer substantial
protection from UV radiation, they have an important role in this function, in addition to
flavonoid-mediated UV screening [45]. Antarctic field experiments have also shown increased
concentrations of UV-screening pigments, including carotenoids and flavonoids, in foliage of

the C. quitensis and D. Antarctica, when these species are exposed to UV radiation [52,74].

The D. antarctica and P. juniperinum plants were not cytotoxic or genotoxic in the snail
C. aspersus, and were able to prevent UVC-induced DNA damage. Therefore, Antarctic
species present a potentially photoprotective effect in vivo. Interestingly, C. quitensis was
genotoxic in C. aspersus (Figure 5). This fact can be due to metabolization differences among
the evaluated biological systems as, although there is some evidence of the involvement of
cytochrome P450 in xenobiotics metabolism in gastropods, this biotransformation pathway is
often not consistent in invertebrates [36]. In addition, not all flavonoids and not all actions of
individual flavonoids are necessarily beneficial. Some have genotoxic, mutagenic, and/or pro-
oxidant effects, as well as interfere with essential biochemical pathways in different test
organisms [63,75]. Furthermore, the plant presents compounds other than methanolic crude
extract, and therefore, the genotoxic component of C.quiftensis leaves may not be present in the
extract. In addition, the ethanolic extract of D. antarctica was highly toxic for A. salina in the

brine shrimp test, which uses Artemia salina larvae [76].

In conclusion, this is a pioneer study on the photoprotective effect of plants from the
Antarctic region. The methanolic crude extracts of D. antarctica, C. quitensis, and P.
Jjuniperinum present photoprotective effects against UVC-induced DNA damage in yeast and in
V79 cells, but the same response was not verified in C. aspersus. This protective potential can
be attributed to molecules, such as flavonoids and carotenoids, which act as UV-absorbing
molecules and antioxidants, and also stimulate DNA repair processes. Therefore, these species
are very promissing for the isolation of new molecules with photoprotective effects. Further
studies designed to isolate, to identify, and to characterize their active constituents should
provide a better understanding of these compounds and of the mechanisms underlying these

effects.
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TABLES

Table 1. Mutagenesis evaluation and effects of methanolic crude extracts of plants of Antarctica in strains XV185-14c and N123 of S. cerevisiae.

Treatment XV185-14c¢ strain N123 strain
Survival (%) Mutagenesis Survival (%) Mutagenesis
HISI /107 LYS1/10 HOM3/10’ CANI mutants/10’
survivors® survivors® survivors® survivors
Negative control 100 + 12,57 0.88 +0.31 0.22 +0.02 0.94 +0.39 100+6.73 0.82+0.02
UVC 60 J/m* 12.77 £2.35 111.30 + 7.37** 33.9]1 £2.45%* 63.91 £3.07**  8.81+£1.99 42.0+3.95
D. antarctica
1 mg/mL 89.5 +4.30 1.32+0.20 0.12+0.05 0,89 + 0,05 94.0+1.53 1.3040.50
5 mg/mL 93.5+8.21 1.05+0.24 0.10 £ 0.02 1.26+0,15 100.0 £ 15.08 1.20.+£0.28
10 mg/mL 98.5+0.50 0.53+0.20 0.29 +0.01 1.10+ 0,20 98.10+ 0.59 0.90+0.10
C.quitensis
1 mg/mL 100.0 £2,00 0.78 +0.20 0.09 +0.02 0.99 +0.10 100+3.73 0.95+0.25
5 mg/mL 95.5.5+5.01 1.04 £0.10 0.15+0.05 1.15+0.30 100.2+1.70 1.14+0.30
10 mg/mL 96.0 + 0.30 1.20 £ 0.31 0.21 +0.07 1.21+0.10 98.1+ 6.99 1.24+0.35
P_juniperinum
1 mg/mL 96.40 £ 1.32 1.50+0.60 0.23.40.05 1.30+0.60 91.72+7.48 1.2040.80
5 mg/mL 92.70 £ 8.14 0.99+40.11 0.35+0.09 1.50+0.11 92+15.46 0.57+0.21
10 mg/mL 88.5 0+ 10.13 1.40+0.37 0.19+0.07 1.00+0.17 100.35+7.73 0.26+0.27

* Locus-specific revertants; ” Locus non-specific revertants; Mean and standard deviation per three independent experiments in triplicate for each treatment;
** Data significant in relation to negative control group (vehicle) at P<0.01 / ANOVA one way (Tukey test): Treatments with extracts were compared to the negative
control group; Positive control (UVC 60 J/m?) was compared against negative control.
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Table 2. Effect of the pre-treatment with methanolic crude extract of Anatarctica plants on UVC- induced cytotoxicity- and mutagenicity in XV 185-

14¢ and N 123 strains of S. cerevisiae.

Treatment

XV185-14c strain

N123 strain

Negative control
UVC 40 J/m’
UVC 60 J/m’

1 mg/mL plus UVC 40 J/m*
5 mg/mL plus UVC 40 J/m’
10 mg/mL plus UVC 40 J/m’
1 mg/mL plus UVC 60 J/m’
5 mg/mL plus UVC 60 J/m*
10 mg/mL plus UVC 60 J/m’

1 mg/mL plus UVC 40 J/m’
5 mg/mL plus UVC 40 J/m*
10 mg/mL plus UVC 40 J/m’
1 mg/mL plus UVC 60 J/m*
5 mg/mL plus UVC 60 J/m’
10 mg/mL plus UVC 60 J/m’

1 mg/mL plus UVC 40 J/m*
5 mg/mL plus UVC 40 J/m’
10 mg/mL plus UVC 40 J/m’
1 mg/mL plus UVC 60 J/m’
5 mg/mL plus UVC 60 J/m*
10 mg/mL plus UVC 60 J/m’

Survival (%)

100 £ 12,57
51.11+£1.57
1277 £2.35

77.77£3.14
89.44 +£0.78
96.66 + 1.57
60.55 +5.49
73.88 £3.92
85.0£3.92

87.22+2.35
91.66 £2.35
98.88 +1.57
58.88 +3.14
77.22 £2.35
95.0£3.92

75.00 +£3.92
86.67+3.14
95.55+3.14
63.33 +7.85
81.66 £2.35
91.66 +0.78

HISI /107
survivors®
0.88 +£0.31
19.45 + 0.46**
111.30 £ 7.37**

Mutagenesis
LYS1/10
survivors®

0.22 +0.02
3.69 + 0.61**
33.91 £2.45%*

D. Antarctica

6.64 £0.10%* 3.00 £ 0.40**
521 +£0.17** 1.67 £0.08**
4.28 £ 0.08%* 091 £0.16%*
9.35 £ 1.29%* 5.50 £ 0.25%*
6.84 £0.10** 2.85 £ 0.42%*
5.68 £ 0.09** 1.37 £0.27**
C.quitensis
9.36 £ 0.45%* 0.95 £ 0.09**
824 £0.17** 0.66 £ 0.08**
7.13 £0.23** 0.44 + 0**
4.15 £ 1.06%* 10.37 £ 1.06**
2.94 £ 0.10%* 9.20 £ 0.61**
0.52 £ 0.08%* 5.90 £0.08**
P. juniperinum
14.59 £0.10 1.03 £0.20
11.92 +£0.90 0.64+0.18
9.59+£0.54 0.34x0.16
18.50 £ 0.12 1.66 +0.12
12.58 £0.09 0.61 £0.28
9.45+0.34 048 +£0.17

HOM3/10"
survivors®
0.94 +0.39
14.34 + 0.92**
63.91 + 3.07**

15.0 £ 0.40%*
10.06 £ 1.58%*
9.82 £ 0.56**
19.08 £ 1.55%*
15.33 £0.85%*
13.92 £ 0.27%*

6.30 £ 0.27%*
4.60 £ 0.17**
3.82£0.15%*
10.37 £ 1.06**
9.20+£0.61%*
5.90 £ 0.08%**

6.29£1.15
4.87+0.10
3.95+£0.82
9.21+0.12
8.23+0.09
6.60 = 0.08

Survival (%)

100£6.73
10.22+2.74
8.81£1.99

40.1£2.50
72.9+11.25
91.0+4.25
43.0£2.00
71.11+4.89
89.30+7.27

28.79+0.89
52.61£6.30
71.01+2.55
31.0£3.00

58.33+£8.29
75.60£8.22

44.97£6.23
52.55+£1.99
46.73£2.74
35.44+6.23
41.79£12.22
55.7442.49

Mutagenesis
CANI mutants/10’
survivors
0.82+0.02
25.17+7.31
42.0+£3.95

9.0£0.31*

2.6£0.50%*
0.840.04**
20.1+100%*
8.3£0.44**
1.2+0.30**

12.0+1.24*
3.0£1.00%*
1.0£0.10%**
26.0+5.05%*
10.0+1.82%*
2.0£3.77**

15.96+0.94*
8.72+1.42%*
29.0+6.95*
10.19+1.33*
7.84+0.59*
21.71+0.67**

Locus-specific revertants; ” Locus non-specific revertants; Mean and standard deviation per three independent experiments in triplicate for each treatment;
** Data significant in relation to negative control group (vehicle) at P<0.01 / ANOVA one way (Tukey test): Treatments with extracts were compared to the negative
control group; Pre-treatments with extracts plus UVC exposure were compared to cells only exposed to UVC; UVC treatment was compared against negative control.
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Table 3. Evaluation of the genotoxicity of Antarctic species methanolic extract and the anti-

genotoxicity against UV-C radiation in V79 cells using standard comet assay.

Treatment Damage index (DI) Damage frequency (DF)

Genotoxic evaluation of the extracts

Negative control 18.20+1.50 23.40£2.00
Positive control 185.0£10.40%* 96.10£8.00%**

D.antarctica 1 mg/mL 14.30£0.80 28.00+0.80

5 mg/mL 21.50£3.00 31.00£4.50

10 mg/mL 15.00£2.40 25.00£1.90

C.quitensis 1 mg/mL 25.0046.20 20.60+1.60

5 mg/mL 29.80£5.40 28.50+4.30

10 mg/mL 16.10+0.90 34.40£9.50

P juniperinum 1 mg/mL 19.3042.60 30.10+8.80

5 mg/mL 14.3046.00 28.40£9.30

10 mg/mL 31.50£11.70 16.50£7.00

Protective effect against UV-C-induced DNA damage

UV-C 5 J/m’

D.antarctica 1 mg/mL plus UV-C 5 J/m’
5 mg/mL plus UV-C 5 J/m’
10 mg/mL plus UV-C 5 J/m’

270.30 £ 10.60**

250.4 0+ 12.90*

192.50 £ 21.40%*

156.10+ 15.90%**

92.00+ 1.00**
84.00 £ 2.50*

62.60 + 4.80**
39.80 £ 12.0**

C.quitensis 1 mg/mL plus UV-C 5 J/m’ 230.40+ 26.90* 85.00 + 3.10%
5 mg/mL plus UV-C 5 J/m’ 199.50 +9.00** 67.30 £ 6.20**
10 mg/mL plus UV-C 5 J/m’ 166.70 + 5.10%* 45.00 +2.30%*
P juniperinum 1 mg/mL plus UV-C 5 J/m’ 260.50 £ 7.30 89.20 £3.50
5 mg/mL plus UV-C 5 J/m’ 248.40 + 8.80%** 78.10 + 0.40%*
10 mg/mL plus UV-C 5 J/m’ 210.40 £ 2.30** 60.10 £ 0.93**

Mean + SD from three experiments. DI: damage index; DF: damage frequency. * P<0.05; **

P<0.01 as tested by one-way ANOVA and Tukey test. Treatments with extracts were compared
to the negative control; Pre-treatments with extracts plus UVC exposure were compared to cells
only exposed to UVC; UVC treatment was compared against negative control. Negative
control: vehicle. Positive control: 4x10°M methylmethane sulphonate.
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Table 4. DNA damage in V79 cells pre-treated with methanolic extract of three Antarctic species and exposed to UVC in modified comet

assay.

Treatment Buffered FPG Endolll EndoV
Negative control 26.8 £10.7 49 £ 8.40 51+6.2 483+ 14.8
UVC5 J/m’ 231.8+9.3 312 +£6.80 356 £1.20 3175+ 144
D.antarctica 5 mg/mL plus UVC 5 J/m’ 174.7£10.9 209 £ 7.00%* 199 + 4.00%* 236.7 £ 17.9*
C.quitensis 5 mg/mL plus UVC 5 J/m’ 201.0 £20.6 231+ 5.10%* 259 +7.70%* 249.3 £ 29.1%*
P. juniperinum 5 mg/mL plus UVC 5 J/m’ 1720+ 7.6 196 £ 8.1%* 221 £ 2.9%%* 237.0 £ 18.7*

One hundred cells were scored for each sample. Mean + SD from three experiments. * P<0.05; ** P<0.01 as compared to the cells exposed

to UVC without pre-treatment and incubated with these enzymes.
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FIGURE CAPTIONS

Figure 1. Relative sensitivity of wild type and phr/A mutant strains pre-treated with the
extracts for 3h in PBS and then challenged with UVC radiation. Panel A: cytotoxicity of the all
extracts at concentration 10 mg/mL to yeast strains. Panel B: Both strains pre-treated with
D.antarctica extract; Panel C: treatment with C.quitensis extract; Panel D: treatment with
P.juniperinum extract. Panel A: wild type without treatment (fill square); phriA mutant without
treatment (fill triangle); wild type treated with D.antarctica extract (fill inverted triangle);
phriIA treated with D.antarctica extract (fill thombus); wild type treated with C.quitensis
extract (fill circle); phriA treated with C.quitensis extract (open square); wild type treated with
P juniperinum extract (open triangle); phriA treated with P.juniperinum extract (open inverted
triangle). Panels B,C and D: wild type without pre-treatment (fill square); phr/A mutant
without treatment (fill triangle); wild type treated with extract at 5 mg/mL (fill circle); phriA
treated with extract at 5 mg/mL (open square); wild type treated with extract at 10 mg/mL (fill
inverted triangle); phri A treated with extract at 10 mg/mL (fill rhombus).

Figure 2. Clonogenic survival of V79 cells pretreated with non-cytotoxic doses of the extracts
for 3h in medium without FBS and then challenged with UVC radiation 5 J/m”. The results are
expressed as meantSD, n=6. The symbol * represents p<0.05 as tested by one way ANOVA
(Tukey test): pretreated cells were compared to cells only exposed to UVC. UVC exposed cells

were compared to negative control (vehicle treatment without UVC-exposure).

Figure 3. Inhibitory effect of Antarctica methanolic crude extracts on the DNA damage index
of V79 cells exposed to UVC 5 J/m? with subsequent treatment with Endolll, FPG or EndoV.
The figure shows mean results from three independent experiments and the number the cells
analyzed in each treatment was 100. The levels of Endolll, FPG or EndoV sensitive sites were
calculated as the score obtained with enzymes minus the score without enzyme (buffered) after
treatment with UVC. *Data significant in relation to UVC treatment at P<0.05;

***P<(0.001/Anova One-way Tukey’s multiple comparison test.

Figure 4. Determination of thiobarbituric acid reactive substances (TBARS) in cells pretreated
with the extract at the indicated concentrations for 3h and subsequently submitted to UV-C

radiation 5 J/m” Data are presented as mean + SD, n = 6. The symbol * represents p<0.05 as
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tested by one way ANOVA (Tukey test): pretreated cells were compared to cells only exposed
to UVC. UVC exposed cells were compared to negative control (vehicle treatment without

UVC-exposure).

Figure 5. Effect of the extracts in C.aspersus. Open bars: genotoxicity of Antarctic plants in
cells of hemolimph of the C. aspersus clam fed with the Antarctic species or lettuce (L.sativa).
Filled bars: DNA damage in hemolimph cells of clams fed with Antarctic species or lettuce
(L.sativa) during seven days and irradiated with 4.5 J/m* UVC. The symbol # represents p<0.05
and as tested by one way ANOVA and Tukey test: animals fed with Antarctica species were
compared to animals fed with lettuce. The symbol ** represents p<0.01, as tested by one way
ANOVA and Tukey test: pretreated animals were compared to animals fed with lettuce and
exposed to UVC.
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Discussao




4.Discussao

Inimeros estudos demonstram que os efeitos prejudiciais da radiagdo UV, incluem
carcinogénese, eritema solar e envelhecimento prematuro da pele (FISCHER et al.,1997). Os
principais danos oxidativos relatados para o DNA s3o modifica¢des na seqiiéncia das bases do
DNA e quebras simples, os quais podem ser verificados através do teste cometa (VALKO et
al.,2007; VALKO et al.,2004; COLLINS & HORVATHOVA, 2001). Em um nivel molecular,
a radiacdo UV danifica também o DNA diretamente, provocando a produgdo de dimeros de
pirimidina capazes de interferir na replicagdo do DNA, o que podera desencadear o processo de
carcinogénese foto-induzido (PFEIFER E & BESARATINIA, 2005; TAIRA et al.;1992).

Ao longo da evolucdo, os organismos desenvolveram estratégias para se proteger da
radiagdo ultravioleta, tornando possivel a sobrevivéncia continua sob a luz solar direta e
intensa. Sabe-se que os organismos reagem de formas diferentes quando expostos & radiagdo
UV, respondendo fisiologicamente por meio de varios mecanismos, como os flavonodides
secretado por plantas e melanina expressa por células nos animais (COCKELL &
KNOWLAND, 1999; PSOTOVA et al., 2006; SCHMITZ-HORNER & WEISSENBOCK,
2003 ). Certamente organismos nativos de habitat com alta incidéncia de radiacdo UV, como
por exemplo dreas alpinas e tropicais, tendem a desenvolver mecanismos mais diversos e
eficazes para a tolerdncia UV do que organismos de ambientes com menor incidéncia de
radiacdo UV (FROHMEYER & STAIGER, 2003; TURUNEN & LATOLA,2005).

Historicamente, as plantas da Antarctica cresciam sob os niveis de UV mais baixos na
terra; entretanto, em conseqiiéncia da reducdo da concentracdo do ozbnio estratosférico sobre
este continente, atualmente essas espécies estdo expostas a um dos niveis de radiagdo UVmais
elevados do planeta. Os organismos dessa regido tiveram pouco tempo para desenvolver

mecanismos de fotoprote¢do, porém estudos atuais demonstram que estes seres vivos
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encontraram formas diversas para proteger-se ou corrigir as lesdes produzidas pela elevada
incidéncia solar (MADRONICH et al.,1998; ROZEMA et al.,2005). Os estudos recentes a
respeito das concentragdes de 0zonio sobre a Antartica demonstram um acentuado declive nas
ultimas décadas (DIAZ et al., 2006; ROZEMA et al., 2005). Esta drastica redugdo do 0zonio
pode estimular a biosintese de compostos fotoprotetores em vegetais. Nesse trabalho,
investigou-se o efeito fotoprotetivo de extratos metanolicos brutos de trés espécies de plantas
da Antartica.

A D. antarctica e o C. quitensis. sdo plantas vasculares nativas do continente
Antartico, ocorrendo extensivamente na regioes de Orkney ao sul, no arquipélago de Shetland
do Sul, e na peninsula Antartica. Essas espécies sdo fisiologicamente bem adaptadas as
condi¢des extremas de radiagdo de seus habitat na Antartica maritimica ( RUHLAND & DAY,
2001; ALBERDI et al, 2002). O P. juniperinum ¢ a planta mais simples encontrada no
continente (VAN DER VELDE & BIJLSMA, 2000). As temperaturas baixas, combinadas com
a alta incidéncia de UV favorecem a formacdo de ERO e a fotoinibi¢do, mas a existéncia de
mecanismos de seqiiestro deste radicais livres e bloqueio da radiagdo promovem e tornam
possivel a sobrevivéncia neste ecossistema hostil (ABELE & PUNTARULO, 2004).

Os resultados obtidos neste estudo demonstraram que os extratos dessas espécies de
plantas reduziram os danos genotoxicos e as mutagdes provocados por UVC em levedura, V79
e no molusco C. aspersus. Em linhagem selvagem de S.cerevisiae, todos os extratos conferiram
proteg¢ao contra a citotoxicidade da radiagdo UVC e diminuiram a taxa de mutagdo induzida.
Além disso, os extratos também reduziram a genotoxicidade induzida por esse agente fisico
nas células V79, verificado no ensaio cometa padrao. Dessa forma, os extratos dessas espécies
apresentam compostos com potencial aplicagdo na formulgdo de protetores solares.

Na tentativa de explicar as propriedades citoprotetoras observadas, foram investigados

os efeitos dos extratos em nivel de peroxidagdo lipidica em células V79. O pré-tratamento com
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esses extratos preveniu a peroxidac¢do lipidica induzida por UVC, mostrando desta forma
propriedades antioxidantes. Além disso, os resultados do ensaio cometa com a utilizagdo de
endonucleases lesdo especifica em células V79 mostram redugdo significativa da formagao de
dimeros ciclobutano piridinas, sugerindo-se desta forma que além do efeito antioxidante, o
efeito protetor pode estar relacionado ao bloqueio da penetragdo da UVC.

O mutante de leveduras deficiente no reparo do DNA por fotoreativagdo ¢ uma
ferramenta util para analisar a natureza do efeito fotoprotetivo desses compostos. O gene PHR!
de S.cerevisiae expressa a enzima fotoliase, que promove a reparagao exclusiva de dimeros de
pirimidina. A expressdo do gene PHRI ¢ regulada em resposta a danos causados pela radiagao
UV (SANCAR, 2000). A utilizacdo do mutante PHRI, combinado ao tratamento com os

extratos se mostrou bastante eficiente.

Os extratos de plantas sdo uma mistura complexa de componentes, como polifendis, que
contribuem para a atividade global do extrato (VAN DE STAAIJ et al., 2002). O efeito
antioxidante observado nos experimentos pode ser explicado, ao menos em parte, pela presenca
de flavonoides, o maior e mais bem estudado grupo de polifendis, evidenciado na analise
preliminar fitoquimica, reconhecido como antioxidantes com um potencial quimiopreventivo em
células humanas (AFAQ & MUKHATAR, 2006; MIDDLETON lIr. et al, 2000; SVOBODOVA
et al.,2003 & ZHANG et al., 2005). Além disso, o tratamento com flavonodides € capaz de
promover o aumento da expressdo de varios genes capazes de reparar o DNA em diferentes
sistemas biologicos (HAWTHORNE, 1969;VAN DE STAAIJ et.al.,2002; FERGUSON; 2001).
Desta forma, os flavonoides presentes no extrato metandlico bruto de Deschampsia,
Colobanthus e Polytricum podem possuir efeitos protetores contra radiagdo UVC nos modelos
biologicos empregados por sua acdo antioxidante, absor¢do da UV e estimulo da reparacdo do

DNA.
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Os principais flavonoéides constituintes de Deschampsia antartica sao glicosilflavonas, o
isoswertiajaponina, 7-O-metiloriantina, 2"-O-B- arabinopiranosideo e orientina (WEBBY &
MARKHAM,1994). Além disso, as analises de TLC sugerem a eventual presenca de
isoquercetina e rutina. A quercetina e seus derivados sdo as mais abundantes flavonoides
naturais, potentes antioxidantes que podem prevenir contra os efeitos nocivos da radiacdo UV (
FERGUNSON, 2001 & SVOBODOVA et al.,2003). Da mesma forma, a rutina ¢ um flavondide
bem estudado com claro efeito citotprotetivo contra o estresse oxidativo e com propriedades de
absor¢ao UV (AFAQ & MUKHTAR, 2006 & ZHANG et al.,2006). O alto teor de flavonodides
encontrados no extrato de D.antarctica pode ser responsavel pelo seu maior efeito protetor entre
os extratos avaliados, no varios modelos biologicos. Em C. quitensis, foi encontrado derivados
de luteolina e acido clorogenico, moléculas com atividade antioxidante capazes de seqiiestrar
diretamente radicais hidroxila e eliminar ERO gerados pelo perdxido de hidrogénio
(KANADASWAMI et al,2005; MIDDLETON Jr., et al, 2000 NIJVELDT et al.,2001 &
PIETTA,2000). As concentracdes de carotenoides, que compreende o outro grupo de pigmentos
dotados de fungdo fotoprotetora, estdo presentes de forma consistente nessas espécies. Em
D.antartica mais de 11 carotendides foram identificados, certamente contribuindo para o efeito
protetor (XIONG & DAY,2001). Em C. quitensis, que possui uma concentragdo
significativamente mais elevada de pigmentos UV-absorventes, quatorze carotendides foram
identificados (COCKELL & KNOWLAND,1999). Os estudos de analise de carotenoides e
flavonodides t€ém demonstrado aumento nas concentragdes quando estas espécies vegetais sdo
expostas a maiores indices de UV (RUHLAND et al, 2005; XIONG & DAY ,2001).

As folhas de D.antarctica e P.juniperinum ndo foram citotdxicas ou genotoxicas no
molusco C. aspersus e também foram capazes de impedir os danos induzidos por UVC.
Curiosamente, as folhas de C. quitensis foram genotdxicas em C.aspersus, possivelmente devido

a diferengas de metabolizacdo entre os sistemas bioldgicos avaliados, pois mesmo que existam
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alguns indicios do envolvimento do citocromo P450 no metabolismo de xenobidticos em
gastropodes, estas biotransformagdes sdao muitas vezes inconsistentes € controversas em
invertebrados (REGOLI et al.,2006). Considere-se também que nem todos os flavonoides
possuem agdo benéfica. Alguns tém efeitos genotoxico, mutagénicos e/ou pro-oxidante, e podem

interferir nas rotas bioquimicas dos organismos teste (FERGUNSON,2001 & RIETJENS,2005).
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5. Conclusdes

5.1. Concluséo geral

Os extratos de D. antarctica, C. quitensis e P. juniperinum parecem possuir propriedades
fotoprotetivas, o que pode ser atribuido a moléculas como flavonoides e carotenodides agindo
como moléculas absorventes de UV, antioxidantes e estimulando processos de reparacao do

DNA.

5.2.Conclusdes especificas

5.2.1. As concentracdes empregadas desses extratos ndo foram citotoxicas nem mutagénicas em
S.cerevisiae. Além disso, o tratamento com todos os extratos melhorou a sobrevivéncia e

diminuiu a taxa de mutagénese induzida por UVC nesse modelo bioldgico.

5.2.2. Os tratamentos empregados diminuiram significativamente os danos ao DNA induzidos
pela UVC em células V79, como verificado pelo ensaio cometa. Esses extratos também
reduziram a peroxidacdo lipidica induzida por UVC, mostrando uma clara propriedade

antioxidante.

5.2.3. Os resultados do ensaio cometa modificado, em células V79, empregando a
Endonuclease V, demonstraram uma diminui¢do na forma¢do de dimeros de ciclobutano
piridina apds a pré - incubagdo com estes extratos. O emprego das endonucleases FPG e ENDO

IIT indica um efeito protetor destes extratos contra as lesdes oxidativas geradas pelo UVC.
5.2.4. Em linhagens de levedura deficientes em fotoliase, o tratamento com os extratos nao se
mostrou tdo efetivo na protegdo contra os danos citotoxicos da radiacdo UVC, sugerindo que

esta via de reparagdo do DNA ¢ estimulada por substancias dos extratos.

5.2.5. Em C.aspersus, o tratamento com os vegetais na alimentacdo dos moluscos, foi capaz de

proteger contra os danos induzidos por UVC nas células da hemolinfa.

5.2.6. Verificou-se a presenca de flavondides nos extratos utilizados.
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6. Perspectivas

Para o seguimento desse trabalho planeja-se

6.1. Analise fitoquimica para separagdo, por metodologias preparativas, e identificacdo dos
componentes majoritdrios presentes nos extratos, empregando técnicas como espectrometria de

massas e ressonancia magnética nuclear.

6.2. Verificagdo do efeito fotoprotetor dos extratos de plantas da antartica em camundongos
submetidos a radiagdo ultravioleta empregando ensaios bioldgicos utilizados em preparagdes de

fotoprotetores topicos.

6.3. Estudo fotoprotetor dos extratos em células de fibroblastos humanos contendo mutagdes em
genes da via de reparo por excisdo de nucleotideos em relacdo aos efeitos citotoxicos,
genotoxicos e mutagénicos da radiagdo UVC nessa linahgem celular, empregando o ensaio de

sobrevivéncia clonogénica, teste cometa e ensaio de micronticleos.
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