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RESUMO
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O estresse oxidativo esta envolvido na etiologia de diversas doencas crénicas,
incluindo doencas cardiovasculares, diabetes, cancer, e doencas neurodegenerativas.
A partir desta perspectiva, nés avaliamos as possiveis capacidades antioxidantes de
cinco diferentes ftalocianinas (PCs), consistindo de 4 metaloftalocianinas e uma
ftalocianina simples, a fim de explorar, pela primeira vez, as possiveis capacidades
antioxidantes desses compostos. Os resultados mostram que todas as PCs testadas
neste estudo possuem uma significante atividade antioxidante no ensaio de
peoxidacao lipidica, fornecendo protec¢éo contra a indugéo de dano oxidativo induzido
por nitroprussiato de sédio em sobrenadantes de homogenatos de figado, cérebro e
rins de camundongos. Comparado ao controle induzido, as PCs foram geralmente
mais eficientes em reduzir os niveis de malondialdeido em todos os ensaios de
peroxidacdo lipidica induzida por nitroprussiato de sédio; a ordem decrescente de
eficiéncia foi a seguinte: manganés-PC (melhor eficiéncia) > cobre-PC > ferro-PC >
zinco-PC (pior eficiéncia). Além disso, os compostos cobre-Pc e manganés-Pc
exercem um efeito protetor significante em ensaios de degradacdo da desoxirribose,
quando empregando solucdes de Fe?, Fe* + H,0,, e H,0,. Em conclus3o, todas as
PCs testadas aqui mostraram ser compostos promissores para futuras investigacoes
in vivo.

Palavras-chave: antioxidante, peroxidacdo lipidica, desoxirribose, ftalocianina,
metaloftalocianina.
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Oxidative stress is believed to be involved in the etiology of several chronic
diseases, including cardiovascular disease, diabetes, cancer, and neurodegenerative
disorders. From this perspective, we have evaluated the possible antioxidant capacities
of five different phthalocyanines (PCs), consisting of four metallophthalocyanines
(MPCs) and one simple phthalocyanine (PC) in order to explore, for the first time, the
potential antioxidant activities of these compounds. Our results show that all PCs
tested in this study have significant antioxidant activity in lipid peroxidation assay,
providing protection from sodium nitroprusside—induced oxidative damage to
supernatant from the homogenized liver, brain, and kidney of mice. Compared to the
noninduced control, the PCs were generally more efficient in reducing malondialdehyde
levels in all assays on lipid peroxidation induced by sodium nitroprusside; the order of
decresent efficiency was as follows: manganese-PC (better efficiency) > copper-PC >
iron-PC > zinc-PC > PC (worst efficiency). Furthermore, the copper-PC and
manganese-PC compounds exerted a significant protective effect in deoxyribose
degradation assays, when employing Fe? Fe* + H,0,, and H,O, solutions. In
conclusion, all PCs tested here were shown to be promising compounds for future in
Vvivo investigations, because of their potential antioxidant activities in vitro.
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APRESENTACAO

No item INTRODUCAO, esta descrito uma sucinta reviséo bibliografica sobre

os temas trabalhados nesta dissertacao.

O DESENVOLVIMENTO da dissertacdo esta apresentado sob a forma de um
artigo publicado na revista Toxicology in vitro o qual se encontra alocado no item
ARTIGO CIENTIFICO. As secbes Materiais e Métodos, Resultados, Discussdo dos
Resultados, Conclusédo e Referéncias Bibliograficas, encontram-se no préprio artigo e
representam a integra deste estudo.

Os itens CONCLUSOES e PERSPECTIVAS sdo encontrados no final desta
dissertacdo e apresentam interpretacdes e comentarios gerais sobre a investigacao
desenvolvida.

As REFERENCIAS BIBLIOGRAFICAS referem-se somente as citagbes que
aparecem no item INTRODUCAO uma vez que o artigo cientifico contém as suas

proprias referéncias.
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INTRODUCAO

Nos ultimos anos tem crescido o interesse no desenvolvimento de
estudos no ambito do estresse oxidativo devido ao conhecimento de que
inUmeras patologias e o proprio envelhecimento de seres humanos e animais
podem decorrer desse processo (Lambeth, 2007). Dessa forma, baseado em
estudos prévios de consideravel relevancia, pode-se apontar as espécies
reativas (ER) como um dos principais agentes causadores do estresse
oxidativo (Halliwell, 2006; Halliwell e Gutteridge, 2007; Lambeth, 2007).

Dessa maneira, nesse estudo foram desenvolvidos experimentos com a
finalidade de investigar o potencial antioxidante de diferentes ftalocianinas

como uma alternativa viavel no combate ao estresse oxidativo.
1. 1. Estresse oxidativo e suas implicacdes

Entre as ER, ganham destaque as espécies reativas de oxigénio e
nitrogénio (ERO e ERN, respectivamente), por se tratarem das ER encontradas
com maior frequéncia ou concentragcdo nos processos de estresse oxidativo
(Alderton, 2001; Valko, 2004).

As ER podem ser encontradas frequentemente na forma de radicais
livres (RL), os quais correspondem a um grupo de espécies quimicas que
contém um ou mais elétrons desemparelhados, ou seja, elétrons isoladamente
ocupando apenas um orbital atbmico ou molecular, como exemplo o radical
hidroxil (OH™) e superéxido (O."); ou ainda na forma ndo radicalar como
peréxido de hidrogénio (H.O,), que pode facilmente gerar radicais livres ou
causar dano oxidativo (Halliwell, 2011; Halliwell e Gutteridge, 2007).

Dessa forma, devido a importancia dessas espécies na etiologia de
muitas doencas, torna-se relevante destacar que as ERO e ERN podem ser
geradas de diferentes formas, por mecanismos enddégenos ou exdgenos. Entre
0S mecanismos exogenos ou ambientais, encontram-se a exposicao a
diferentes tipos de irradiacdo como a ultra-violeta, raios X ou ainda raios gama
(Valko et al., 2004); além disso a exposicao ambiental pode apresentar outros

perigos como a poluicdo atmosférica, a qual pode conter um grande nimero de
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agressores capazes de desencadear a geragdao de ER, como exemplo os
metais ferro, cobre, cromo, cobalto, cadmio, arsénio e niquel (Valko et al.,
2004).

Somado a isso, ainda existe um consideravel numero de fatores
enddgenos capazes de gerar ER, tomando como exemplo a acdo de neutréfilos
e macrofagos em processos inflamatorios, a regulacdo de véarias enzimas
(NADPH oxidase, hemeoxigenase 1, xantina oxidase, 6xido nitrico sintase, etc.)
ou ainda reacdes envolvendo o transporte de elétrons nas mitocondrias, entre
outras (Halliwell, 2006).

Nesse contexto, cabe compreender que as ER, especialmente os
radicais livres, podem causar dano a macromoléculas como lipidios, proteinas
e DNA, ou ainda causar um desequilibrio redox nas vias de sinalizacdo de
células normais (Griffiths, 2002; Valko et al., 2006). Dessa maneira, o dano aos
constituintes celulares, acumulados durante o ciclo de vida de seres humanos e
animais, representa um papel chave no desenvolvimento da senescéncia
celular e apoptose (Valko et al., 2006), e na etiologia de grande numero de
patologias associadas a idade como desordens neurolégicas (Alzimer,
Parkinson, etc.), ou ateroesclerose, artrite, complicacdes diabéticas e cancer
(Griffiths, 2002). Somado a isso, é importante destacar que as ER estéo
diretamente relacionadas com o inicio da oncogénese, uma vez que podem
causar mutacdes ao DNA devido aos elevados niveis de lesbes a essa
estrutura, o que sao frequentemente identificadas em diversos tipos de tumores
(Halliwell e Gutteridge, 1999).

Além disso, cabe destacar que o processo de estresse oxidativo pode
apresentar variagcdes de acordo as particularidades de cada orgao ou tecido,
uma vez que um mesmo agente indutor de dano pode se acumular e
consequentemente agir de forma desigual em diferentes regides dos
organismos de mamiferos (Gabriel et al., 2013; Rosa et al., 2007).

Esse comportamento deve-se, em maior parte, pelas caracteristicas
metabdlicas distintas de cada 6rgdo ou tecido, como exemplo as existentes
entre o cérebro, figado e rins; ou ainda associada ao aporte antioxidante

enddgeno de cada tecido que pode apresentar uma maior ou menor eficiéncia
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antioxidante de acordo com as caracteristicas do agente pro-oxidante presente
(Gabriel et al., 2013; Rosa et al., 2007).

1. 2. Antioxidantes

Devido ao perigo que o estresse oxidativo representa para 0S seres
humanos e animais, torna-se de suma importancia a utilizacdo de sistemas de
defesa enddgenos e exdgenos para manter as ER em niveis fisiol6gicos e
assim garantir a integridade das estruturas celulares. Dessa forma, para
realizar essa protecdo de forma eficiente os organismos dos seres em questao
fazem uso de estruturas conhecidas como antioxidantes que sdo moléculas as
quais protegem um alvo biolégico contra danos oxidativos (Halliwell e
Gutteridge, 2007).

A rede antioxidante em mamiferos é complexa e interligada, funcionando
para diminuir os niveis de ER através de diversas formas (Al-Jaber et al.,
2011). Contudo, para uma melhor compreensdo, os antioxidantes estéo
divididos, de forma geral, neste estudo, pela sua origem enddgena

(enziméticos e ndo enzimaticos) ou exdgena (naturais ou sintéticos).

1. 2. 1. Antioxidantes enddgenos

Em mamiferos, a maior parte da capacidade antioxidante total das
células e tecidos é constituida pela sintese de antioxidantes endogenos. Dessa
maneira, pode-se resumir a agdo dessas substéncias de acordo com seus
principais mecanismos de acdo, entre 0s quais se encontra a capacidade de
inibir a formagé&o de ER ou atuar ativamente na neutralizagdo das mesmas, ou
ainda como quelantes de metais que poderiam agir como pro-oxidantes, entre
outras possibilidades, etc. (Kancheva, 2009; Pokorny, 2007).

O sistema antioxidante endégeno de mamiferos, para melhor
compreensdo, estd dividido nesse estudo em dois grandes grupos:

antioxidantes enzimaticos e ndo enzimaticos.
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1. 2. 1. 1. Antioxidantes enziméticos

As defesas enzimaticas, em mamiferos, podem ser divididas em defesas
primaria e secundaria. Dessa maneira, € possivel apontar como exemplo de
defesas primérias algumas enzimas que impedem a formacdo ou neutralizam
as ER, entre as quais se destacam a glutationa peroxidase (GPx) e a catalase
(CAT) (Lefer, 2000; Smith, 2000). A primeira pode reduzir peréxidos; a segunda
converte ativamente H,O, em H,0 e O, (Ferreira, 2009; Flora, 2009). E por fim,
a superoxido dismutase (SOD) possui como principais isoformas a CuZnSOD
(SOD1, localizada no espaco intermembrana mitocondrial) e a MNnSOD (SOD2,
localizada na matrix mitocondrial. Essa enzima, entre outras funcdes, pode
converter O, em H,O, como um substrato para a CAT (Rahman, 2007) (Figura
1).

r \ Enzimas da cadeia respiratéria
P-450
oxidase — Enzi itoseli
_,?” Paroxissoma
P
NADPH \ o oty
A\ o
\ Fe?* Reagdo do Fa™*
. Fenton
Superdxido-
O ~mise > HO, \ - OH + OH~ =8 H.0
/ZGSH\
Glutationa- Glutationa-
Catalase peroxidase redutase
\GSSG A
H0 HO
".-' ez S
. O0p ” 0 o}
1 0.._‘ Peroxidago lipidica
i ; L Lesio
< £ o OO protéica
5 s Lesao do DNA
. 09*200 © !

Figura 1: Esquema demonstrando a geracao de algumas ER (O, H,0O,) e os possiveis danos
que elas podem gerar (peroxidacdo lipidica, lesdo protéica e dano ao DNA). Além de
apresentar a acao desintoxicante de algumas defesas antioxidantes enddgenas (superoxido

dismutase, catalase e glutationa reduzida, ou seja, a GSH) (Albas et al., 2010).
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A defesa enzimética secundaria é representada, de maneira geral, por
enzimas que ndo neutralizam as ER diretamente, no entanto, possuem papéis
de apoio aos outros antioxidantes endogenos. Nesse contexto, pode-se tomar
como exemplo a GR e a G6PD. A primeira reduz a glutationa a partir da sua
forma oxidada (GSSG) até a sua forma reduzida (GSH), dessa maneira a
tornando novamente disponivel para continuar neutralizando mais radicais
livres (Krishnaiah et al.,, 2011) (Figura 1). A G6PD, por sua vez, cria um
ambiente redutor ao regenerar NADPH (nicotinamida-adenina-dinucleétido-
fosfato) (Ratnam, 2006).

1. 2. 1. 2. Antioxidantes ndo-enzimaticos

Existem diversos antioxidantes nao-enzimaticos de origem enddgena
que desempenham fun¢cdes de grande importancia no adequado controle do
estresse oxidativo, ajudando a manter as ER em niveis basais. Dessa forma,
entre essas defesas podemos destacar como principais a GSH, a vitamina A, o
acido urico e a coenzima Q10, entre diversos outros.

A GSH pode atuar regenerando outros antioxidantes como a vitamina C
ou ainda neutralizando RL (Steenvoorden, 1997).

A vitamina A possui uma atividade antioxidante bem conhecida devido a
sua capacidade de agir sobre radicais peroxil (ROOH"), neutralizando-os e
evitando dessa forma o dano oxidativo decorrente da acdo desses radicais
(Jee, 2006).

O acido urico desempenha o seu papel de antioxidante atuando como
“scavenger’” de oxigénio singlete (*O,) e de OH", e dessa maneira pode
prevenir o rompimento dos eritrécitos ao evitar a peroxidacdo das estruturas
celulares causada pela presenca dessas ER (Kand’ar, 2006).

A coenzima Qjo, por sua vez, impede a formagdo de radicais lipidicos,

além de possuir a capacidade de regenerar a vitamina E (Turunen, 2004).
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1. 2. 2. Antioxidantes exégenos

Quando a geracédo de ER excede a capacidade de defesa dos sistemas
antioxidantes enddégenos, torna-se de grande relevancia a utilizacdo de
antioxidantes exdgenos, que podem ser de origem natural, principalmente
oriundos de plantas, ou de origem sintética, para evitar o desenvolvimento de
diversas patologias previamente exemplificadas (Halliwell, 2009).

Para facilitar o entendimento, os antioxidantes exdégenos estédo divididos

nesse estudo de acordo com sua origem natural ou sintética.

1. 2. 2. 1. Antioxidantes naturais

O acido ascorbico (vitamina C) inclui dois compostos com atividade
antioxidante: acido L-ascorbico e &cido L-desidroascorbico e ambas as formas
podem ser absorvidas no trato gastrointestinal e agir de maneira eficaz na
eliminacdo do radical superdxido, peréxido de hidrogénio, radical hidroxil,
oxigénio singlete e O6xido de nitrogénio (Barros, 2011). Além disso, essa
vitamina atua ativamente na regeneracdo do tocoferol, devolvendo o seu
potencial antioxidante (Halpner et al., 1998).

O tocoferol (vitamina E) exerce sua acao diretamente sobre os radicais
peroxil através da doacdo de um hidrogénio, e assim originando radicais
tocoferoxil que ndo apresentam reatividade. Dessa forma, ao transformar um
radial peroxil em um radical inofensivo, a vitamina E previne a peroxidacao
lipidica das estruturas celulares (Burton, 1990).

Os flavondides constituem um grupo de compostos antioxidantes dos
quais fazem parte antocianinas, isoflavonoides, flavononas e flavonas. As
propriedades antioxidantes dos flavondides s&o conferidas pelos grupos
hidroxil fendlicos ligados a estruturas em anel e que podem atuar como
agentes redutores, doadores de hidrogénio, supressores de oxigénio singlete,
“scavengers” de radicais superdoxido e mesmo como quelantes de metais. Eles
também ativam enzimas antioxidantes, reduzem os radicais a-tocoferol, inibem
as oxidases e aumentam o0s niveis de acido Urico e moléculas de baixo peso
molecular (Prochazkova, 2011; Rice-Evans C.A., 1996).
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Os acidos fendlicos geralmente apresentam atividade antioxidante como
guelantes de metais e “scavengers” de RL, atuando principalmente sobre os
radicais hidroxil e peroxil, anions superoxido e peroxinitritos (Krimmel, 2010;
Terpinc, 2011).

Os carotendides estdo divididos em dois grupos conhecidos como
carotendides hidrocarbonados (carotenos) e carotendides oxigenados; e ambos
0S grupos podem formar compostos que se ligam aos radicais livres, 0s
neutralizando (Paiva, 1999).

O zinco pode induzir a producdo de metalotioneinas que atuam
principalmente como “scanvengers” de radical hidroxil. Além disso, o zinco
desempenha um papel essencial na estrutura da SOD1 para que esta possa
desempenhar sua atividade antioxidante adequadamente (Prasad, 2004).

O selénio pode ser encontrado nas formas organicas (selenocisteina e
selenometionina) e inorganicas (selenito) no corpo humano. Assim como 0
zinco ele ndo age diretamente sobre os RL, mas € uma parte indispensavel da
maioria das enzimas antioxidantes (metaloenzimas, glutationa peroxidase,
tiorredoxina redutase), que nao teriam nenhum efeito sem ele (Tabassum,
2010).

1. 2. 2. 2. Antioxidantes sintéticos

Os antioxidantes sintéticos geralmente sdo desenvolvidos com a
finalidade de apresentarem atividade antioxidante semelhante ou melhor do
gue a geralmente demonstrada pelos antioxidantes naturais. Além disso, os
antioxidantes sintéticos sdo geralmente incorporados em alimentos para 0s
proteger contra a oxidacdo e assim aumentar o tempo de estocagem, sem
alterar a qualidade do alimento (Carocho e Ferreira, 2013)

Entre os antioxidantes sintéticos mais utilizados pode-se tomar como
exemplos os seguintes (Figura 3):

O BHT (hidroxitolueno butilado) e BHA (hidroxianisol butilado) que
atualmente representam os antioxidantes quimicos mais utilizados. Contudo,

esses antioxidantes podem apresentar em cdes um aumento da



20

carcinogenecidade e danos hepaticos (Carocho e Ferreira, 2013; Joung et al.,
2004).

O TBHQ (terc-butil-hidroguinona) conhecido por estabilizar e preservar o
frescor, valor nutritivo, sabor e cor de produtos alimentares de origem animal
(Carocho e Ferreira, 2013; Joung et al., 2004).

O OG (Galato de octilo) é considerado seguro para utilizagdo como um
aditivo alimentar, porque apos o consumo ele € hidrolisado em acido galico e
octanol, que sdo encontrados em muitas plantas e ndo representam uma
ameaca para a saude humana (Carocho e Ferreira, 2013; Joung et al., 2004).

O NDGA (4cido Nordihidroguaiaretic) apesar de ser um antioxidante
alimentar é conhecido por causar a doenca cistica renal em roedores (Evan e
Gardner, 1979).
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Figura 2. Estrutura de antioxidantes sintéticos rotineiramente adicionados a alimentos: NDGA
(4cido Nordihidroguaiaretico); OG (Galato de octilo); BHT (hidroxitolueno butilado) e TBHQ

(terc-butil-hidroquinona) (Carocho e Ferreira, 2013).

1. 3. Ftalocianinas

Dessa forma, para aumentar as possibilidades do uso clinico de

antioxidantes torna-se de grande relevancia o adequado estudo de novos



21

compostos que possam apresentar propriedades antioxidantes viaveis para a
prevencdo ou tratamento de patologias oriundas do estresse oxidativo.

Assim, nessa dissertacdo é apresentado um estudo sobre as possiveis
atividades antioxidantes de 5 compostos conhecidos genericamente como
ftalocianinas (“phthalocyanines”), as quais até o momento tém sido exploradas
majoritariamente como pigmentos, sensibilizantes, e com diversas outras
aplicacdes, porém com poucas propriedades antioxidantes conhecidas
(Josefsen e Boyle, 2012).

A sintese da estrutura molecular das ftalocianinas sem substituintes e de
base livre (sem metal central) foi realizada acidentalmente em 1907, pelos
cientistas Braun e Tcherniac (Braun e Tcherniac, 1907). Também
acidentalmente, em 1927, os pesquisadores Diesbach e Von der Weid
realizaram, pela primeira vez, a sintese de uma ftalocianina metélica ou
metaloftalocianina (De Diesbach e Von Der Weid, 1927). Desde entdo, esses
compostos sdo conhecidos como excelentes materiais funcionais devido as
suas diversas aplicacdes (Zhong et al., 2010).

As ftalocianinas (PCs) sdo compostos de coordenacdo macrociclicos,
altamente conjugados, constituidos por 4 anéis isoindéis. Além disso, cada um
desses anéis é formado pela fusdo de 1 anel benzénico (6 carbonos) com 1
anel pirrol (4 carbonos e 1 nitrogénio) (Figura 3) (Josefsen e Boyle, 2012). Essa
estrutura basica das PCs confere a elas uma particular aromaticidade, com a
formacdo de um sistema 1 conjugado, com 18 elétrons que dao origem a
bandas de absor¢céo, com comprimentos de onda entre 400 e 700 nm e que
determinam suas principais propriedades fisico-quimicas (Esenpinar et al.,
2011; Zhou et al., 1996).
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Figura 3. Representag&o da estrutura basica de ftalocianinas sem ou com substituinte metalico

(M) em sua cavidade central (A e B, respectivamente).

As PCs sao altamente estaveis e capazes de incluir mais de 70 ions de
metais e ndo metais em sua cavidade central, sendo denominadas
metaloftalocianinas no primeiro caso (Figura 3B) (Esenpinara et al., 2013;
Milowska e Gabryelak, 2008). Dessa forma, as PCs sdo geralmente
sintetizadas com um atomo metéalico coordenado em sua cavidade central para
prevenir a agregacdo entre as moléculas e para permitir o0 aumento de suas
propriedades fotoquimicas (Esenpinara et al., 2013).

Elas tém sido estudadas em detalhes por muitos anos, especialmente
considerando suas propriedades como estabilidade térmica extremamente alta,
resistividade quimica, condutividade elétrica, fotocondutividade, atividade
catalitica e capacidade corante (Lokesh e Adriaens, 2013; Zhong et al., 2010).
Essas propriedades as permitem ter diversas aplicacdes na area industrial e de
materiais de ciéncia (Zhong et al., 2010).

Dessa forma, as PCs sao utilizadas amplamente como pigmentos e
corantes para superficies metalicas, tecidos, plasticos e revestimentos em
geral, ou ainda em feixes de impressoras laser e fotocopias (Zhong et al.,
2010). De fato, quase 25% de todos os pigmentos organicos artificiais séo

derivados das ftalocianinas (Heugebaert et al., 2012).
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Além disso, esses compostos apresentam relevantes aplicacdes como
cristais liquidos, substancias eletrocromicas e eletrocatalisadores, sensores de
gases, semicondutores, filmes de Langmuir—Blodgett, entre diversas outras
aplicacoes (Biyiklioglua et al., 2010; Esenpinar et al., 2011).

As PCs possuem ainda diversas aplica¢des na quimica medicinal, sendo
usados como antibiéticos, inibidores de isoenzimas da ciclooxigenases (COX-
2) e trombina, etc (Heugebaert et al., 2012).

Em acréscimo ao que foi exposto torna-se importante destacar que
determinado grupo de PCs podem ser utilizadas no tratamento contra o cancer
de trés principais formas: 1) Terapia catalitica (Braun e Tcherniac), na qual
algumas PCs podem atuar como catalizadores, juntamento com um substrato
adequado para gerar ER e através delas atacar e destruir as células tumorais
(Dougherty et al., 1998); 2) Terapia sonodinamica (TSD) envolvendo PCs com
propriedades sonosensibilizadoras, fazendo uso da capacidade que algumas
PCs possuem de gerar ER quando estimuladas por ultrason em frequéncias
especificas (Milowska e Gabryelak, 2008); 3) Através da terapia fotodinamica
(TFD), algumas PCs que fazem parte da segunda geracdo de
fotossensibilizantes e que, dessa forma, possuem absorgéo luminosa acima de
630 nm, permitem uma ac¢do mais efetiva sobre tumores, além de serem
utilizadas ainda no combate a fungos, virus, etc (Al-Raga, 2008; Yslas et al.,
2007).

Até o presente momento, existe um numero muito reduzidos de estudos
gue demonstrem a existéncia de propriedades antioxidantes relacionadas a
estrutura das PCs. Contudo, em uma recente publicacdo descobriu-se que
algumas PCs quando combinadas a um grupo metoxi (CH3-O-), formam um
derivado capaz de apresentar significantes propriedades antioxidantes in vitro
(Agirtas et al., 2013).

Além disso, é razoavel inferir que seja de suma importancia a
descoberta de compostos sintéticos que possuam relevantes propriedades
antioxidantes, com o menor numero possivel de efeitos colaterais; uma vez que
para se isolar antioxidantes exdgenos de origem natural em escala industrial,

seria necessaria uma quantidade significativa de matéria prima (plantas), o que
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poderia gerar um desequilibrio ambiental caso ndo ocorresse um adequado
manejo das plantas de interesse (Corréa et al., 1998).

Somado a isso, o desenvolvimento de novos antioxidantes sintéticos
como as PCs, e que possam ser usados pela populacdo em doses seguras €
de grande importancia, pois uma boa parte dos antioxidantes sintéticos
atualmente adicionados a dieta podem nao ser totalmente seguros a longo
prazo como séo os casos do BHT e do NDGA (Carocho e Ferreira, 2013), entre

outros.
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2. OBJETIVOS

2.1. Objetivo geral

O objetivo geral deste trabalho € avaliar o possivel potencial antioxidante
de 5 diferentes ftalocianinas in vitro.

2.2. Objetivos especificos

v' Analisar o efeito per se das PCs sobre a peroxidacdo lipidica
basal em homogenatos de cérebro, figado e rins de
camundongos.

v' Avaliar o efeito das PCs na prevencdo da peroxidacao lipidica
induzida por nitroprussiato de sédio (NPS) em homogenatos de
figado, cérebro e rins de camundongos;

v' Analisar a capacidade protetora das PCs (as PCs que
apresentarem melhor efeito nos ensaios envolvendo tecidos)
diante de um dano oxidativo induzido por Fe®*, H,O, ou Fe?" +
H,O, em desoxirribose.

v' Mensurar a atividade antioxidante das PCs contra a geracao de
ER induzida por NPS no ensaio de H,DCF-DA em homogenatos
de cérebro, figado e rins de camundongos;

v' Determinar a atividade “scavenger” de Oxido nitrico (ON)
desempenhada pelas PCs.

v Verificar a atividade “scavenger” de radical DPPH exercida pelas
PCs.



26

3. DESENVOLVIMENTO

O desenvolvimento que faz parte desta dissertacdo esta
apresentado sob a forma de artigo cientifico. Os itens Materiais e
Métodos, Resultados, Discussdo dos Resultados e Referéncias
Bibliograficas, encontram-se no préprio artigo. O artigo encontra-
se na formatacao de publicacdo da revista cientifica Toxicology in

vitro.
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Oxidative stress is involved in the etiology of several chronic diseases, including cardiovascular disease,
diabetes, cancer, and neurcdegenerative disorders. From this perspective, we have evaluated the possible
antioxidant capacities of five different phthalocyanines (PCs), consisting of four metallophthalocyanines
(MPCs) and one simple phthalocyanine (PC) in order to explore, for the first time, the potential antioxi-
dant activities of these compounds. Our results show that all PCs tested in this study have significant

fmﬂfgs" antioxidant activity in lipid peroxidation assay, providing protection from sodium nitroprusside -induced
ntioxidant oxidative damage to supernatant from the homogenized liver, brain, e rim of mice. Compared to the non-
Lipid peroxidation . . B B . .

Deoxyribose induced control, the PCs were generally more efficient in reducing malondialdehyde levels in all assays

on lipid peroxidation induced by sodium nitroprusside; the order of approximate decrease in efficiency
was as follows: manganese-PC (better efficiency) > copper-PC > iron-PC > zinc-PC > PC (worst efficiency).
Furthermore, the copper-PC and manganese-PC compounds exerted a significant protective effect in
deoxyribose degradation assays, when employing Fe?*, Fe?* + H.0,, and H,0- solutions. In conclusion,
all PCs tested here were shown to be promising compounds for future in vive investigations, because

Phthalocyanine
Metallophthalocyanine

of their potential antioxidant activities in vitro.

@ 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Phthalocyanines (PCs) are macrocyclic complexes whose T sys-
tems (bonds in which the atomic orbitals overlap in parallel, form-
ing an electron density cloud above and below the internuclear
axis) (Graham Solomons and Fryhle, 2001; Pine et al.,, 1982) are
delocalized over an arrangement of conjugated carbon and nitro-
gen atoms, providing for their unique chemical and physical prop-
erties (Fig. 1) (Leznoff and Lever, 2004; Mckeown, 1998). Due to
the significance of the structural component of the m system in
PCs, studies on the nature of the 7 system and attempts to modu-
late it have been intensively investigated (Day et al, 1975;

Abbreviations: PCs, phthalocyanines; MPCs, metallophthalocyanines; simple PC,
29H, 31-phthalocyanine; CuPC, copper(ll) phthalocyanine; MnPC, manganese(ll)
phthalocyanine; ZnPC, zinc phthalocyanine; FePC, iron(ll) phthalocyanine; SNP,
sodium nitroprusside; PDT, photodynamic therapy; CT, catalytic therapy; ROS,
reactive oxygen species; TBARS, thiobarbituric acid reactive substances; DMSO,
dimethyl sulfoxide; MDA, malondialdehyde; 51, supernatant fraction; H:DCF-DA,
2,7-dichlorodihydrofluorescein diacetate; DCF, 2,6-dicloroindephenol sodium salt
hydrate; NO, nitric oxide; DPPH, 2,2-diphenyl-1-picrylhydrazyl; TCA, trichloroace-
tic acid; TBA, thiobarbituric acid; RS, reactive species; BSA, bovine serum albumin.

* Corresponding author. Tel.: +55 55 3220 9522; fax: +55 55 3220 8978.

E-mail address: felix_antunes_soares@yahoo.com.br (FAA. Soares).

0887-2333/$ - see front matter @ 2011 Elsevier Ltd. All rights reserved.
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Svetlana et al., 1996). Many of the properties of PCs are highly
dependent on the extent of intermolecular - stacking interac-
tions between the planar faces of the macrocycles. PCs as metal
complexes, generated by replacement of the hydrogen atoms in
the central cavity, are usually called metallophthalocyanines
(MPCs), and these central metal ions play a critical role in regulat-
ing the properties of MPCs (Hanack et al., 2001). Thus, since the
structural arrangement of MPCs is determined by the size and loca-
tion of the metal ion center, in relation to the mean plane of the
aromatic PC ligand, several conformations have been described
(Barthel et al., 2002).

PCs and related macrocycles are of great interest due to the
variety of interesting optoelectronic and coordination properties
they display (Beltran et al, 2004; Leznoff and Lever, 2004;
Mckeown, 1998; Mitzel et al., 2004), and they serve as active com-
ponents in several diverse fields (Cook and Mater, 1996; Emmelius
et al., 1989). The applicability of these complexes has been inves-
tigated in different areas, especially in materials science (de la Tor-
re et al., 1998; Farren et al., 2002; Loosli et al., 2005; Mizuguchi and
Matsumoto, 1999; Nazeeruddin et al., 1998; Pandey and Herman,
1998; Sies, 1985) and in therapeutic medicine (Pandey and
Herman, 1998); examples include photodynamic therapy (PDT)
and catalytic therapy (CT). They are also emerging modalities for
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Fig. 1. The chemical structure of phthalocyanine (PC) (A). The chemical structures
of MPCs [copper{ll) phthalocyanine (CuPc), manganese(ll) phthalocyanine ({man-
ganese-nPc), zinc phthalocyanine (zinc-Pc), iron(ll) phthalocyanine (iron-PC) | were
obtained by replacing X by one of the following metals: Cu®’, Mn**, Zn**, and Fe®',
respectively (B).

the treatment of neoplastic and non neoplastic diseases such as
cancer, skin disorders, and macular degeneration. Photodynamic
therapy involves the administration of a photosensitizing drug
(PCs) and its subsequent activation by light to produce reactive
oxygen species and/or free radicals that selectively destroy target
cells (Dougherty et al., 1998; Hasan et al., 2002).

Catalytic therapy (CT) is a cancer treatment modality that em-
ploys a transition metal complex as a catalyst and a second molecule
as a substrate. Catalytic therapy is similar to photodynamic therapy
(PDT), and is another approachtocancer treatment (Dougherty etal.,
1998). This radiation-based approach for the treatment of solid
malignancies involves the systemic or local administration of a
photosensitizing agent (PCs), followed by irradiation with an appro-
priate wavelength of visible light. Photodynamic therapy has proved
to be successful in the treatment of a broad range of diverse solid tu-
mors; however, its use is limited to tissues and areas accessible to
light or light-producing devices (Brown et al,, 2004; Juzeniene
et al., 2006; Triesscheijn et al., 2006). In contrast, CT is potentially
a more versatile cancer treatment modality, which, although also
based on the generation of reactive oxygen species (ROS), uses a
combination of substrate molecules and a catalyst in place of light
irradiation (Feofanov et al., 2000). Mechanisms underlying the anti-
tumor action of CT are similar to X-ray therapy and PDT cancer treat-
ments, in that CT's actions are dependent on the production of ROS,
which subsequently induces oxidative degradation of critical cellu-
lar molecules and organelles (Fuchs et al., 2000; Heck et al., 2004,
2003; Plaetzer et al., 2005). However, until the present study, there
have not been any studies depicting the possible antioxidant
properties of the PCs.

It is important to consider that biomolecular reactions involving
free radicals, and their relationship with oxidative stress, have been
the subject of a multitude of scientific investigations, and this re-
search consistently tops the list of current topics in health and med-
icine (Balentine, 1982; Ji, 1995). Oxidative stress is related to an
imbalance between the production of reactive species and the
strength of the antioxidant defenses, which can result in several
impairments of cell function, culminating in cell death (Grune
et al., 2001; Scott, 1997). It has been suggested that when exacer-
bated, oxidative stress, which is present during normal cell metabo-
lism, is involved in the etiology of several chronic diseases, including

cardiovasculardisease, diabetes, cancer, and neurodegenerative dis-
orders (Grune et al., 2001; Scott, 1997). On the other hand, antioxi-
dant intake has emerged as an alternative therapeutic approach for
several pathological conditions related to oxidative damage in the
biological systems responsible for normal cell functions (Scott,
1997; Simic and Karel, 1980).

Antioxidant defenses belong to two major groups: (1) those
preventing the initiation of a peroxidative chain reaction, and (2)
those slowing down the progression of a peroxidative chain reac-
tion (Puntel et al., 2009; Simic and Karel, 1980). Research focused
on the elucidation of the antioxidant and therapeutic properties of
new chemical compounds have been continuously performed by
our research group (de Avila et al., 2006; de Lima Portella et al.,
2008; Puntel et al., 2009). Consistent with this line of research pro-
gress, we have conducted the present studies on the antioxidant
potential of PCs, as well as the elucidation of the mechanisms of ac-
tion of the PCs.

Thus, considering the relevance of oxidative stress in medicine
in general, and the increasing interest in PCs compounds in partic-
ular, our research group is concerned with the elucidation of pos-
sible antioxidant potentials for five different PCs. To elucidate
their potential use as antioxidant compounds, we have performed
the present in vitro study which analyzed four MPCs and one PC.

2. Materials and methods
2.1. Drugs

Oxidant agents including hydrogen peroxide, and FeSO4 were
obtained from local suppliers. PCs [29H, 31-phthalocyanine (PC),
copper(I1) phthalocyanine (copper-PC), manganese(Il) phthalocya-
nine (manganese-PC), zinc phthalocyanine (zinc-PC), iron(11) phtha-
locyanine (iron-PC)], sodium nitroprusside (SNP), the purity of each
compound is respectively 98%, 97%, 90%, =90%, 90% and 99-102%,
and other reagents were supplied by Sigma-Aldrich Chemical.

2.2. Animals

Untreated 40 adult male Swiss albino mice 50-60 days old,
weighing 25-35 g, were used. These mice were obtained from
our own breeding colony. The animals were maintained in an air
conditioned room (20-25°C) under a 12 h light/dark cycle, and
with water and food provided ad libitum. All experimental proce-
dures were conducted according to guidelines of the Committee of
Care and Use of Experimental Animal Research of the Federal
University of Santa Maria, Brazil.

2.3. Assays with tissue homogenates

2.3.1. Tissue preparation

Mice were sacrificed by cervical dislocation, and the liver, kid-
neys, and brain were quickly removed, placed on ice, and homog-
enized in 10 volumes of cold, Tris buffer (10 mM, pH 7.4), The
homogenates were centrifuged at 4000xg at 4°C for 10 min to
yield a low-speed supernatant fraction (S1) for each tissue (liver,
kidney and brain) that was used for SNP-induced lipid peroxida-
tion and H,DCF-DA assays.

2.3.2. SNP-induced lipid peroxidation assay

The antioxidant effect of the PCs was evaluated against produc-
tion of SNP (5 pM)-induced thiobarbituric acid reactive substances
(TBARS), using vehicle, dimethyl sulfoxide (DMSO), or PCs
(1-100 pM). The S1 was pre-incubated for 1 h at 37 °C in a buffered
medium with the PCs in the presence or absence of SNP. TBARS
formation was determined spectrophotometrically at 532 nm,
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using malondialdehyde (MDA) as a standard, according to Ohkawa
et al. (1979). In this work we used the SNP as a mechanism of tox-
icity, in a concentration of 5 pM according to previously described
(Puntel et al., 2009). In fact, sodium nitroprusside (SNP) is a good
chemical inducer of lipid peroxidation in mice tissues (Rauhala
et al., 1998), since it release in a short-lasting time NO. in tissue
preparations.

2.3.3. Not-induced lipid peroxidation assay

The antioxidant effect of the PCs was evaluated against basal
production of thiobarbituric acid reactive substances (TBARS), using
vehicle, dimethyl sulfoxide (DMSO), or PCs (1-100 pM). The S1 was
pre-incubated for 1 h at 37 °C in a buffered medium with the PCs.
TBARS formation was determined spectrophotometrically at
532 nm, using malondialdehyde (MDA) as a standard, according to
Ohkawa et al. (1979).

2.3.4. H:DCF-DA assay

S1 was used for the 2,7-dichlorodihydrofluorescein diacetate
(H,DCF-DA) oxidation assay to evaluate levels of RS (reactive spe-
cies). S1, in Tris buffer (10 mM, pH 7.4) was incubated with differ-
ent PCs at concentrations of 1,5, 10, 50, and 100 puM at 37 °C. After
1 h, aliquots were removed, H,DCF-DA (7 M) was added to the
medium, and incubation was continued for 1 h in the dark. Fluores-
cence was determined using 488 nm for excitation and 520 nm for
emission. A standard curve was created using increasing concen-
trations of 2,6-dicloroindophenol sodium salt hydrate (DCF) incu-
bated in parallel (Pérez-Severiano et al., 2004). The results were
analyzed as a percentage value in relation to the control group.

2.3.5. Protein determination
The protein content was determined according to Lowry et al.

(1951), using bovine serum albumin (BSA) as a standard.

2 4. Assays without tissue homogenates

2.4.1. Nitric oxide (NO) scavenging assay

The scavenging of NO was assessed by incubating SNP (5 mM, in
potassium buffer) with different PC concentrations at 25 °C. After
120 min, 0.5 mL of incubation solution was sampled and mixed
with 0.5 mL of Griess reagent (Green et al., 1981), and the absor-
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bance was measured at 550 nm. The amount of nitrite was calcu-
lated using different concentrations of sodium nitrite, A curve of
sodium nitrite, constructed in the presence of the PCs in order to
verify interaction with nitrite, depicted no interference of PCs with
the color development after addition of Griess reagent. The values
were compared to a control to determine the percentage of inhibi-
tion of nitrite reaction with Griess reagent, depicted by the PCs, as
an index of the NO scavenging activity (Marcocci et al., 1994).

2.4.2. DPPH. radical scavenging activity assay

The measurement of a PC's scavenging activity against the radical
(DPPH.)was performed in accordance with Choi et al. (2002). Briefly,
85 pM DPPH. was added to a medium containing different PCs con-
centrations. The medium was incubated for 30 min at room temper-
ature, and the decrease in absorbance measured at 518 nm depicted
the scavenging activity of the PCs against DPPH. (Puntel et al.,2009).
The values are expressed as percentage of inhibition of DPPH. absor-
bance in relation to the control values without the PCs.

2.4.3. Deoxyribose degradation assay

The deoxyribose degradation assay was performed according to
Puntel et al. (2005). Briefly, the reaction medium was prepared
containing the following reagents at the final concentrations indi-
cated: PCs (concentrations indicated in the figures), deoxyribose
(3 mM) ethanol (5%), potassium phosphate buffer (0.05 mM, pH
7.4), FeSO,4 (50 pM), and H,0, (500 pM). Solutions of FeSO4 and
H,0, were made prior to use. Reaction mixtures were incubated
at 37 °C for 30 min and stopped by the addition of 0.8 mL of tri-
chloroacetic acid (TCA) 2.8%, followed by the addition of 0.4 mL
of thiobarbituric acid (TBA) 0.6%. Next, the medium was incubated
at 100 °C for 20 min and the absorbance was recorded at 532 nm
(Gutteridge, 1981; Halliwell and Gutteridge, 1981). Standard
curves of MDA were made for each experiment to determine the
MDA generated by the deoxyribose degradation. The values are ex-
pressed as a percentage of control values (without PCs).

2.5, Statistical analysis

Statistical significance was assessed by one-way ANOVA,
followed by the Student-Newman-Keuls test for post-hoc
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Fig. 2. Effect of PC (phthalocyanine), cooper-PC (copper(Il) phthalocyanine), manganese-PC (manganese(ll) phthalocyanine), iron-PC (iron(Il) phthalocyanine), and zinc-PC
(zinc phthalocyanine) on the SNP (sodium nitroprusside)-induced lipid peroxidation assay, in 51 from mouse liver. Values are expressed as % of control not induced,
36.6 nmol MDA/mg protein (C). *p <0.05, "p <0.01, “p< 0.001, compared to control induced (—) by SNP (5 uM). Data are presented as the mean + SEM. (n=3). *p<0.05,
*p <001, §’p < 0.001, compared to control not induced by Student-Newman-Keuls test for post-hoc comparison.
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comparison and two-way ANOVA. Results were considered statis-

3.2. SNP-induced lipid peroxidation assay
tically significant at values of p < 0.05, p<0.01 and p < 0.001.

The PC significantly decreased the SNP-induced lipid peroxida-
tion in liver, kidney, and brain tissues of mice at concentrations
ranging from 1 to 100 pM (Figs. 2-4, respectively).

Similarly, cooper-PC (Figs. 2-4), and manganese-PC (Figs. 2-4)
significantly decreased SNP-induced lipid peroxidation in liver,
kidney, and brain at all tested concentrations (1-100 pM). More-

3. Results
3.1. The chemical structures of PCs

The chemical structure of a PC is shown in Fig. 1A. The chemical

structures of MPCs (copper-PC, manganese-PC, zinc-PC, and iron-  ©ver, the manganese-PC was able to decrease the lipid peroxida-
PC) were obtained by replacing X with one of the following metals: tion to levels lower than those of the controls, both in liver, and
cu?*, Mn?*, Zn®*, or Fe?*, respectively (Fig. 1B). brain tissues (Figs. 2 and 4, respectively).
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Fig. 3. Effect of PC [phthalocyanine), cooper-PC (copper (11) phthalocyanine), manganese-PC (manganese(ll) phthalocyanine), iron-PC (iron(11} phthalocyanine), and zinc-PC
(zinc phthalocyanine) on the SNP (sodium nitroprusside)-induced lipid peroxidation assay, in 51 from mouse kidney. Values are expressed as % of control not induced,

36.6 nmol MDA/mg protein. *p<0.05, hp( 0.01, “p<0.001, compared to control induced (—) by SNP (5 uM). Data are presented as the mean £S.EM. (n=3). “p< 005,
*p <001, %p < 0.001, compared to control not induced by Student-Newman-Keuls for post-hoc comparison.
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Fig. 4. Effect of PC (phthalocyanine), cooper-PC (copper(ll) phthalocyanine), manganese-PC (manganese(ll) phthalocyanine), iron-PC (iron(ll) phthalocyanine), and zinc-PC
(zinc phthalocyanine) on the SNP (sodium nitroprusside)-induced lipid peroxidation assay, in §1 from mouse brain. Values are expressed as % of control not induced,
36.6 nmeol MDA/mg protein. *p<0.05, "p<0.01, p< 0.001, compared to control induced (—) by SNP (5 uM). Data are presented as the mean £S.EM. (n=3). *p <005,
*p < 001, %p < 0,001, compared to control not induced by Student-Newman-Keuls test for post-hoc comparison.
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The iron-PC at the same concentrations (1-100 uM) signifi-
cantly decreased the SNP-induced lipid peroxidation in liver, kid-
ney, and brain tissues of mice (Figs. 2-4, respectively) to the
control levels. However, in kidney, the iron-PC at 50 and 100 pM,
was not able to achieve the control levels.

The zinc-PC, at all tested concentrations, significantly decreased
the SNP-induced lipid peroxidation in liver, kidney, and brain tis-
sues of mice (Figs. 2—4 respectively) to the control levels. However,
in kidney, the zinc-PC was less effective.
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In the liver, manganese-PC and copper-PC induced lipid perox-
idation levels that were significantly lower than that of PC at con-
centrations of 1, 5, 10, 50, and 100 pM (Fig. 2). Iron-PC and zinc-PC
in the liver demonstrated no significant difference compared to PC
at all concentrations used in this study (Fig. 2). In the liver, manga-
nese-PC demonstrated reduction of SNP-induced lipid peroxida-
tion levels that was lower than that of iron-PC at concentrations
of 1, 5, 10, 50, and 100 pM (Fig. 2).

In addition, manganese-PC decreased the levels of lipid peroxi-
dation in the liver at concentrations of 5, 10, 50, and 100 pM as
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Fig. 5. Effect of manganese-Pc (manganese(ll) phthalocyanine) on deoxyribose
degradation assay. Values are expressed as % of control not induced, 0.94 uM/|g
deoxyribose (—). *p < 0.001, compared to control induced by Fe® 50 pM (A), Hy0y
500 uM (B), and Fe?* 50 uM plus Hy0; 500 pM (C). Data are presented as the
meantS.EM. (n=3). *p<0.001, compared to control not induced by Student-
Newman-Keuls test for post-hoc comparison.

Fig. 6. Effect of cooper-Pc (copper(ll} phthalocyanine) on deoxyribose degradation
assay. Values are expressed as % of control not induced, 0.94 pnM/g deoxyribose (—).
*p<0.001, compared to control induced by Fe*" 50 uM (A), Hz0» 500 uM (B), and
Fe?* 50 uM plus Hz03 500 uM (C). Data are presented as the mean + SEM. (n=3).
#p <0.001, compared to control not induced by Student-Newman-Keuls test for
post-hoc comparison.
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compared with that of zinc-PC (Fig. 2). Copper-PC induced lower
levels of lipid peroxidation in the liver at concentrations of 5, 10,
50, and 100 uM than iron-PC did (Fig. 2). In addition, copper-PC in-
duced lower levels of lipid peroxidation in the liver at concentra-
tions of 50 and 100 pM than zinc-PC did. There was no significant
difference between copper-PC and manganese-PC in the liver at
the concentrations used in this study (Fig. 2). At a concentration of
5 uM, iron-PC induced lipid peroxidation levels that were lower
than that of zinc-PC (Fig. 2, p<0.05).

In the kidney, PC increased levels of lipid peroxidation at
concentrations of 1, 5, 10, 50, and 100 pM as compared to that of
manganese-PC (Fig. 3). PC also increased levels of lipid peroxida-
tion in the kidney at concentrations of 1 and 5 pM as compared
to that of iron-PC, and demonstrated no difference compared to
that of zinc-PC (Fig. 3, p < 0.05).

There was no significant difference between copper-PC and
manganese-PC in the kidney at the concentrations used in this
study (Fig. 3). Inthe kidney, copper-PC effected lower levels of lipid
peroxidation than iron-PC did at concentrations of 50 and 100 pM
(Fig. 3, p <0.05).

In addition, copper-PC induced lower levels of lipid peroxidation
in the kidney at concentrations of 10, 50, and 100 pM than zinc-PC
did (Fig. 3). Manganese-PC induced no significant difference in the
kidney in relation to that of iron-PC and zinc-PC (Fig. 3). There was
no difference between iron-PC and zinc-PC (Fig. 3, p < 0.05).

In the brain, PC induced higher levels of lipid peroxidation com-
pared to that of copper-PC and manganese-PC. There was no signif-
icant difference between PC compared to iron-PC and zinc-PC
(Fig. 4, p < 0.05).

In the brain, manganese-PC effected lower levels of lipid perox-
idation than zinc-PC did at concentrations of 5, 10, 50, and 100 uM,
and at 10 pM compared to that of copper-PC (Fig. 4). Iron-PC re-
sulted in no significant difference in the brain in relation to man-
ganese-PC, zinc-PC, and copper-PC (Fig. 4). Compared to zinc-PC,
copper-PC induced lower levels of lipid peroxidation in the brain
at concentrations of 1, 50, and 100 uM (Fig. 4, p <0.05).

3.3. Not-induced lipid peroxidation assay

The manganese-PC (Figs. 7 and 8) significantly decreased the ba-
sal lipid peroxidation in liver and brain at all tested concentrations
(1-100 pM). Moreover, the manganese-PC was able to decrease the
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Fig. 7. Effect of manganese-PC (manganese(Il) phthalocyanine) on the not-induced
lipid peroxidation assay, in 51 from mouse liver. Values are expressed as % of
control (—), 36.6 nmol MDA/mg protein. Data are presented as the mean = SE.M.
(n=3) *p<0.01, 5p <0.001, compared to control by Student-Newman-Keuls test
for post-hoc comparison.
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Fig. 8. Effect of manganese-PC (manganese(ll) phthalocyanine) on the not-induced
lipid peroxidation assay, in S1 from mouse brain. Values are expressed as % of
control (—), 36.6 nmol MDA/mg protein. Data are presented as the mean £ SEM.
(n=3).*p<0.01, compared to control by Student-Newman-Keuls test for post-hoc
comparison.

lipid peroxidation to levels lower than those of the controls, both in
liver, and brain tissues (Figs. 7 and 8, respectively).

The PC, copper-PC, Zinc-PC, and iron-PC did not show any anti-
oxidant effects in basal-lipid peroxidation (data not shown).

3.4. H:DCF-DA, nitric oxide (NO) scavenging and DPPH. radical
scavenging activity assays

The PC and MPCs did not show any antioxidant effects in tests
involving H2DCF-DA, nitric oxide (NO) scavenging and DPPH. rad-
ical scavenging activities (data not shown).

3.5. Deoxyribose degradation assay

We evaluated the effect of manganese-PC and cooper-PC in the
assay for degradation of deoxyribose, because these two com-
pounds showed better results when tested in SNP-induced lipid
peroxidation, compared to PC, zinc-PC, and iron-PC.

The manganese-PC (1-50 pM) significantly decreased the deoxy-
ribose degradation induced by Hz0; (Fig. 5B), however it was less
able to reduce the Fe-induced deoxyribose degradation (Fig. 5A).
Additionally, the manganese-PC effect against Fe?* + H,0,-induced
deoxyribose degradation (Fig. 5C) was at the same magnitude as seen
for Fe?* alone, indicating that manganese-PC interferes with H,0,
without affecting Fe?* chemistry.

In contrast, the copper-PC (1-50 uM) significantly decreased
the deoxyribose degradation induced by Fe?* or H;0; alone, how-
ever, it showed no additional protective effect in the Fenton reac-
tion (Fe?* + H,0,) (Figs. 6A-C, respectively).

4. Discussion

In the current study, our research group investigated and clari-
fied the antioxidant properties of four different MPCs and a PC, be-
cause of the relevance of these compounds in the contexts of
oxidative stress, disease etiology, and for the progress of medicine
(Balentine, 1982; Ji, 1995). The experiments performed in this
study revealed a significant antioxidant capacity of PCs against li-
pid peroxidation induced by SNP in all tested tissues (Figs. 2-4).
Results from the present study showed more significant antioxi-
dant effects in trials using cooper-PC and manganese-PC (Figs. 2—
4, respectively). Additionally, lipid peroxidation assays revealed
that iron-PC and zinc-PC have less significant antioxidant effects
in kidney samples (Fig. 3, respectively) compared with samples
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of liver and brain (Figs. 2 and 4, respectively). Thus, we believe that
some chemical change should have occurred in the extruded iron-
PC and zinc-PC complexes, due to biological metabolism of the
kidney enzymes, by mechanisms not yet known.

On the other hand, the PC and the MPCs did not prevent RS for-
mation, as indicated by the H,DCF-DA assay, at all concentrations
tested (data not shown). This particular assay corresponds to a
nonspecific assay, where generated RS oxidizes HZDCF-DA, result-
ing in the generation of a fluorescent sub-product (Pérez-Severiano
et al., 2004), whose production was not prevented by the presence
of a PC, or by the presence of the various MPCs employed in the
study. Nevertheless, manganese-PC and cooper-PC showed antiox-
idant effects in the deoxyribose degradation assay (Figs. 5 and 6,
respectively), thereby justifying the continuation of this study after
the antioxidant results against lipid peroxidation induced by SNP
were determined (Figs. 2-4).

Similar to the findings in the SNP-induced lipid peroxidation,
manganese-PC and cooper-PC decreased oxidative stress induced
by solutions of Fe?*, H,0,, and Fe?* + H,0 in the deoxyribose deg-
radation assay (Fig. 5A-C, and Fig. 6A-C, respectively). However,
manganese-PC did not show antioxidant effects as expressive as
those found in SNP-induced lipid peroxidation (Figs. 2-4), although
it had a significant antioxidant effect in the deoxyribose degrada-
tion assay (Fig. 5). We believe that further studies are necessary
to understand this matter.

In addition, the PC and the MPCs had no effect in the DPPH. and
nitric oxide (NO) radical scavenging activity assays, (data not
shown), which excludes the possibility that these PC compounds
possess scavenging activity against the biologically relevant radi-
cals, NO and DPPH.. Thus, we suggest that the PC and the MPCs
may be acting by avoiding the generation of free radicals, or block-
ing the oxidative action of free radicals against the lipids present in
the cells from biological samples, or against the deoxyribose moi-
ety. Furthermore, these PCs compounds can act by directly degrad-
ing hydroperoxides such as H;05, which is a common mechanism
used by antioxidants (Scott, 1997; Simic and Karel, 1980).

We believe that the mechanism of action of the PC and the
MPCs is deeply related to resonance that occurs in the 1 system lo-
cated in these structures (Leznoff and Lever, 2004; Mckeown,
1998) (Fig. 1A and B). The m systems in these compounds corre-
spond to bonds in which atomic orbitals overlap in parallel, com-
prising an electron density cloud above and below the
internuclear axis, for example, as in the 2p orbital of nitrogen
and d orbital of metal, called a prt—dmn bond (Lee, 1999).

Thus, due to the fact that the cooper-PC and the manganese-PC
showed better antioxidant effects against lipid peroxidation in-
duced by SNP (Figs. 2-4) compared to the PC, the iron-PC and
the zinc-PC (Figs. 2-4, respectively), we hypothesize here that
the relative effects found are due to a total resonance around the
ring, resulting in a twist of the coordination of the metal center,
thus making a bridge between the opposite sides of the structure
in the MPCs. Moreover, the difference in results of one metal com-
plex compared to another, must be a consequence of a better res-
onance with Cu?* and Mn?* in comparison to Fe?* and Zn?* present
in the other MPC structures (Barthel et al., 2002; Day et al., 1975;
Hanack er al., 2001; Leznoff and Lever, 2004; Mckeown, 1998;
Svetlana et al., 1996),

Manganese-PC displayed a significant antioxidant effect per se
to reduce the basal levels of lipid peroxidation in the liver and
brain, which confirms the results of the SNP-lipid peroxidation as-
say. We can deduce that manganese-PC not only reversed the SNP-
induced lipid peroxidation but also act to prevent possible oxida-
tive stress because it was able to decrease the basal levels of oxida-
tive stress (Figs. 7 and 8, respectively).

Comparative analysis of manganese-PC and copper-PC in the li-
ver demonstrated a statistically similar effect in preventing lipid

peroxidation induced by SNP (Fig. 2). On the other hand, manga-
nese-PC and copper-PC demonstrated better antioxidant activity
than copper-PC, zinc-PC, and PC did in the liver, indicating that
manganese-PC and copper-PC possess a better antioxidant mecha-
nism for the prevention of SNP-induced lipid peroxidation (Fig. 2).

Copper-PC and zinc-PC in the liver presented very similar re-
sults and were superior to PC; together with the results of the
other PC compounds, they support the existence of an antioxidant
mechanism strongly reliant on the presence of metals in PC struc-
ture (Fig. 2).

Manganese-PC demonstrated an antioxidant activity similar to
that of copper-PC, iron-PC, and zinc-PC in the liver (Fig. 3). On
the other hand, copper-PC presented an antioxidant activity, pre-
vention of lipid peroxidation, higher than that detected with the
other PCs (Fig. 3). This indicates that the structure of copper PCs
plays a key role in the reversal of renal cell lipid peroxidation
(Fig. 3).

Copper-PC in the brain demonstrated a better antioxidant effect
than PC and zinc-PC did in preventing SNP-induced lipid peroxida-
tion (Fig. 4). In addition, manganese-PC in the brain yielded better
results than zinc-PC did in the prevention of lipid peroxidation
(Fig. 4). Other comparisons between PCs in the brain presented
similar results, demonstrating that copper-PC and manganese-PC
effected better antioxidant activities in brain structures than other
PCs did, which is probably related to the presence of copper and
manganese in the structure of the PCs (Fig. 4).

5. Conclusion

In conclusion, we believe that the PC and MPCs tested in this
investigation deserve further attention as to their probable impor-
tance as antioxidants, especially due to the results obtained in as-
says of lipid peroxidation induced by SNP, lipid peroxidation not-
induced and also due to the results of the deoxyribose degradation
assay. In addition, our research group believes that cooper-PC and
manganese-PC have promising antioxidant potentials, as evi-
denced by the positive effects observed in comparison to the other
metal complexes tested in our assays.
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4. CONCLUSOES

4.1 Concluséo geral

Baseando-se nos resultados obtidos nesse estudo torna-se razoavel
afirmar que todas as PCs aqui analisadas ndo apresentaram toxicidade, além
de possuirem caracteristicas antioxidantes relevantes referentes as
particularidades de cada teste. Esses compostos testados apresentaram uma
significativa protecdo contra a lipoperoxidacdo em trés distintos tecidos de
camundongo diante de um agente indutor de dano oxidativo, em ensaios in
vitro. Além disso, as MnPC e CuPC apresentaram uma significante atividade
protetora sobre a integridade da desoxirribose in vitro contra a acao de
diferentes indutores de dano.

Dessa forma, pode-se inferir que apesar de boa parte das PCs
corresponderem a compostos utilizados como pré-oxidantes em diferentes
terapias contra cancer, algumas delas podem, em determinados casos,
apresentar significativas propriedades antioxidantes in vitro, em condi¢des as
quais elas ndo sofram excitacdo e consequentemente ndo sejam capazes de

gerar espécies reativas.

4.2 Conclusdes especificas

De acordo com os resultados apresentados nesta dissertacdo podemos

concluir que:

v A MnPC analisada apresentou efeito antioxidante per se nos ensaios de

peroxidagéo lipidica em homogenatos de figado e cérebro.

v Todas as PCs testadas preveniram a peroxidac¢ao lipidica induzida por
NPS em figado, cérebro e rins de camundongos, com melhores efeitos
apresentados pelas MnPC e CuPC,;

v As CuPC e MnPC previniram o dano oxidativo da desoxirribose diante
de Fe*, H,0, ou Fe** + H,0..
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As PCs néo foram capazes de apresentar efeito antioxidante significativo
no ensaio de H,DCF-DA.

As PCs nao apresentaram significativa atividade “scavenger” de ON;

As PCs nado foram capazes de exercer uma significativa acao

“scavenger” de radial DPPH.
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5. PERSPECTIVAS

Tendo em vista os resultados obtidos neste trabalho, as perspectivas

para trabalhos posteriores, em modelos in vivo, séo:

» Ampliar os estudos sobre a toxicidade das PCs;

» Investigar parametros farmacologicos e/ou toxicologicos das PCs
administradas por diferentes vias;

» Investigar o efeito das PCs sobre enzimas do sistema antioxidante,
como SOD, CAT, entre outras;

» Ampliar os estudos sobre a peroxidacéo lipidica;

» Determinar a farmacocinética das PCs.
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