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RESUMO

Dissertagdo de Mestrado
Programa de Pds-Graduagdo em Ciéncias Biologicas: Bioguimica Toxicologica
Universidade Federal de Santa Maria

AVALIACAO DA CAPACIDADE ANTIOXIDANTE IN VITRO DE NOVOS
COMPOSTOS MONO E DISSELENETO
AUTOR: SILVIO TERRA STEFANELLO
ORIENTADOR: FELIX ALEXANDRE ANTUNES SOARES
Local e Data da Defesa: Santa Maria, 26 de julho de 2013.

A acdo antioxidante dos compostos organicos de selénio, como o ebselen e o
disseleneto de difenila (DPDS), estd intimamente envolvida com a capacidade de
formacéo do grupamento selenol. Neste estudo foi avaliado o perfil antioxidante in vitro
de novos compostos mono e disseleneto, onde foi comparado se a formagéo do p-metil-
selenol pelos compostos 1-fenil-3-(p-tolilselenil)propano-2-amina (C1) e o 1,2-dip-
tolildisseleneto (C4), assim como a formacdo do grupamento o-metoxi-selenol pelos
compostos  1-(2-metoxifenilselenil)-3-fenilpropano-2-amina  (C2) e  1,2-bis(2-
metoxifenil)disseleneto (C3) pode estar associados com o0s efeitos antioxidantes
apresentados. Os novos compostos mono e disseleneto foram avaliados quanto a
capacidade de reducdo dos niveis de peroxidacdo lipidica induzida por Fe(ll) e
nitroprussiato de sodio em homogenatos de cérebro e figado de ratos, assim como
também foi avaliada a capacidade antioxidante através do ensaio da reducdo do
fosfomolibdénio e do radical DPPH. Além disso, foram quantificados os efeitos dos
compostos quanto a atividade das enzimas antioxidantes, tioredoxina redutase (TrxR) e
glutationa peroxidase (GPx). O efeito oxidante, dos novos compostos, foi investigado
através do ensaio da tiol oxidase e da viabilidade celular de leucdcitos isolados.
Decorrente dos resultados obtidos foi possivel evidenciar que ambos 0s compostos
apresentaram uma reducdo significativa da peroxidacédo lipidica quando induzidas por
diferentes pro oxidantes assim como, uma capacidade antioxidante total semelhante a
equivalentes de acido ascorbico. Da mesma forma, 0os compostos ndo apresentaram
efeito tiol oxidase, assim como ndo apresentaram uma diminuicdo da viabilidade celular
de leucdécitos. Os compostos C1 e C2 ndo apresentaram atividade mimética a enzima
GPx assim como, também ndo serviram de substrato para a enzima TrxR,
provavelmente devido a presenca do grupamento amino nas estruturas quimicas destas
moléculas o que incapacitou a formacdo dos respectivos grupamentos selenois. No
entanto, 0os compostos analogos ao DPDS apresentaram atividades miméticas a GPX,
assim como também apresentaram uma aumento na atividade da TrxR provavelmente
devido a formacao dos selenois (p-metil-selenol e o-metoxi-selenol).

Palavras-chave: Organocalcogénios. Selenol. Antioxidante. TrxR. GPxX.



ABSTRACT

Thesis of Master’s Degree
Graduation Program in Biological Sciences: Toxicological Biochemistry
Federal University of Santa Maria, RS, Brazil

EVALUATION OF IN VITRO ANTIOXIDANT CAPACITY OF NEW MONO
AND DISELENIDE COMPOUNDS
AUTHOR: SILVIO TERRA STEFANELLO
ADVISOR: FELIX ALEXANDRE ANTUNES SOARES
Place and Date of the presentation: Santa Maria, July 26, 2013

The antioxidant action of organic selenium compounds, as well as ebselen and diphenyl
diselenide (DPDS), is closely connected to its ability of generating the selenol group.
(In) this study it was evaluated the in vitro antioxidant effect of new mono and
diselenide compounds, where it was compared whether the formation of p-methyl-
selenol from compounds 1-phenyl-3-(p-tolylselanyl)propan-2-amine (C1) and 1,2-dip-
tolyldiselenide  (C4) and  o-methoxy-selenol ~ from  compounds  1-(2-
methoxyphenylselanyl)-3-phenylpropan-2-amine (C2) and 1,2-bis(2-methoxyphenyl)
diselenide (C3) may be involved with their antioxidant effects. The mono and diselenide
compounds were tested in their Fe(ll) and sodium nitroprusside (SNP)-induced lipid
peroxidation in rat brain and liver homogenates and also in their antioxidant ability in
phosphomolybdenum test-reductionand and DPPH radical. Besides, the effects of the
compounds in the antioxidant enzymes thioredoxin reductase (TrxR) and glutathione
peroxidase (GPx) were quantified. The new compounds’ oxidant effects were
investigated through the thiol oxidase assay and the cellular viability of isolated
leukocytes. The results demonstrated that the compounds obtained a significant reduce
on the lipid peroxidation induced by different pro-oxidants, as well as an antioxidant
effect similarly when compared to ascorbic acid equivalents. In the same manner, the
compounds did not present thiol oxidase activity. Furthermore, they did not preset any
decrease on the cellular viability of leucocytes. The compounds C1 and C2 did not show
mimetic activity of GPx enzyme or had a substrate effect on TrxR enzyme, probably
due the amino group presence on their chemical structures which must have inhibited
the selenol formation. However, DPDS’ analog-compounds presented a mimetic
activity of GPx, as well as they showed an increase in the TrxR activity, presumably
due the formation of the selenol groups (p-methyl-selenol and o-methoxy-selenol).

Keywords: Organochalcogen. Selenol. Antioxidant. TrxR. GPx.
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1- INTRODUGCAO

O funcionamento normal do metabolismo celular, como por exemplo, a
respiracdo mitocondrial nos organismos aerobicos, assim como a exposi¢do a fatores
ambientais como radiagéo, infeccdo e poluicdo entre outros, pode gerar metabolitos
altamente reativos, conhecidos como espécies reativas (ER) (POYTON; BALL;
CASTELLO, 2009; PUNTEL et al., 2013; ZADRA et al., 2012). As ER séo capazes
de desencadear estresse oxidativo justamente devido as suas propriedades oxidantes
podendo danificar macromoléculas biol6gicas tais como &cidos nucléicos, proteinas,
lipidios e carboidratos (HALLIWELL; GUTTERIDGE, 2007; MARKESBERY, 2007;
VALKO et al., 2007).

Nas ultimas décadas, diversos estudos cientificos relacionaram o dano celular
gerado pelo estresse oxidativo como sendo um dos principais desencadeadores de
doengas tais como o Alzheimer, Parkinson, aterosclerose, diabetes mellitus, cancer,
assim como a possibilidade de tais oxidantes estarem envolvidos no envelhecimento
precoce (BENZI; MORETTI, 1995; DUGAN; QUICK, 2005; Jl et al., 2003; KEANE
etal., 2011; PELICANO; CARNEY; HUANG, 2004).

Dentre o0s agentes oxidantes mais importantes envolvidos em processos
patoldgicos estdo as espécies reativas de oxigénio (EROs) como o anion superoxido
(02, o radical hidroxila (OH) e o peréxido de hidrogénio (H.O,) e as espécies
reativas de nitrogénio (ERNSs) que incluem o 6xido nitrico (NO"), o éxido nitroso (N,O)
e o peroxinitrito (HNOQO") (GILLHAM et al., 1997; SIES, 1997).

O estresse oxidativo € a representacao fisiologica de um desequilibrio entre os
agentes oxidantes e as defesas antioxidantes, podendo ser assim caracterizado tanto pela
superproducdo de ER no organismo quanto pela diminuicdo das defesas antioxidantes
(GRIFFITHS et al., 2002; REUTER et al., 2010).

O sistema de defesa antioxidante possui a capacidade de inibir a formacao ou
neutralizar as ER e pode ser dividido de acordo com a sua origem enddgena ou exdgena
(REUTER et al., 2010). O sistema de defesa enddgeno representa a maior parcela
antioxidante encontrada nos mamiferos e pode ser decorrente de origem enzimatica,
representadas pelas enzimas glutationa peroxidase (GPx), catalase (CAT), a superoxido
dismutase (SOD) e a tioredoxina redutase (TrxR) ou ndo enzimatica, como a glutationa
(GSH), a vitamina C e acido Urico entres outros (FLOHE; GUNZLER; SCHOCK,
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1973; FRIDOVICH, 1999; LU; HOLMGREN, 2009; RAHMAN, 2007). Além disso,
0 organismo ainda dispde do sistema de defesa antioxidante exdgeno que é representado
por constituintes de origem natural ou de origem sintética (CAROCHO; FERREIRA,
2013; HASANI-RANJBAR; LARIJANI; ABDOLLAHI, 2009).

Dentre os elementos naturais usualmente estudados devidos as suas propriedades
antioxidantes, destaca-se o selénio (Se). O Se faz parte do grupo 16 ou grupo dos
calcogénios da tabela periddica, juntamente com os elementos oxigénio, enxofre, teldrio
e polénio (NOGUEIRA; ROCHA, 2011). Sendo esta, a principal razdo pela qual o
elemento Se é capaz de compartilhar com o enxofre algumas propriedades fisicas e
quimicas tdo importantes para o balango redox através da formacao dos grupamentos R-
SeH (selenol) e R-SH (tiol) (SUZUKI et al., 2008; URSINI; BINDOLI, 1987).

O Se é um elemento traco considerado nutricionalmente essencial aos mamiferos
(OLDFIELD, 1987). Sendo estipulada pela Junta de Alimentacdo e Nutricdo da
Academia de Ciéncias dos Estados Unidos a necessidade de uma ingestdo diaria de 40 -
70 pg para homens e de 45 - 55 pg para mulheres, conforme a idade (KIELISZEK;
BLAZEJAK, 2013).

Além disso, este elemento quanto presente sob forma do aminoacido
selenocisteina desempenha um importante papel antioxidante nos sistemas biolégicos
justamente por fazer parte do sitio ativo de enzimas como a GPx e TrxR (FLOHE et al.,
1973; LU; HOLMGREN, 2009; NOGUEIRA; ROCHA, 2010; ROTRUCK et al.,
1973).

Sendo assim, a sintese de compostos organicos contendo o elemento selénio
obteve um amplo enfoque académico justamente por representar uma nova estratégia
terapéutica a ser utilizada no tratamento de doencas relacionadas ao estresse oxidativo
(ARTEEL,; SIES, 2001; NOGUEIRA; ROCHA, 2011).

O principal interesse por compostos organicos contendo selénio se da pelo fato
que estes poderiam imitar a quimica fisioldgica redox dos grupos selenol/selenolato
(NOGUEIRA; ZENI; ROCHA, 2004). O grupamento selenolato € mais nucledfilo do
que o seu analogo tiolato o que permite apds uma reacdo com GSH a formacdo do
grupamento selenol capaz de um poder redutor maior do que 0 presente nos
grupamentos tiois (NOGUEIRA; ROCHA, 2011).

Dentre os compostos organicos de selénio que foram estudados quanto a

capacidade antioxidante, destacaram-se o ebselen e o disseleneto de difenila (DPDS).
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O ebselen (2-fenil-1,2-benzisoselenazol-3[2H]-ona) (Figura 1) foi relatado na
literatura como sendo o primeiro composto organico de selénio a apresentar atividade
mimetica a GPx (MAIORINO et al., 1988; WENDEL et al., 1984). O mecanismo pelo
qual o ebselen é capaz de desempenhar a sua atividade redutora de H,O; entre outros
hidroperdxidos, ocorre atraves da reagdo do composto com um grupamento tiol para
produzir o selenenil sulfeto. A producdo do grupamento selenol ocorre quando o
selenenil sulfeto reage com outro equivalente de GSH. O selenol devido a sua alta
nucleofilicidade é capaz de reagir com o0 H,O, ou hidroperoxidos organicos para formar
agua (H,0) e acido selenénico, o qual ao produzir uma nova molécula de H,0, e capaz
de regenerar o ebselen (Figura 2) (NOGUEIRA; ROCHA, 2011; NOGUEIRA; ZENI;
ROCHA, 2004).

Figura 1: Estrutura quimica do ebselen.

Além disso, evidéncias indicam que as propriedades antioxidantes do ebselen
também estdo relacionadas devido as reacBes com o sistema da tioredoxina (Trx)
(NOGUEIRA; ROCHA, 2010; ZHAO; HOLMGREN, 2002). A reducdo do ebselen
pela TrxR na presenca de NADPH ou através da Trx reduzida, sdo capazes de formar
um grupamento selenol (NOGUEIRA; ROCHA, 2011; ZHAO; MASAYASU;
HOLMGREN, 2002). Sendo que, o selenol formado a partir do ebselen ao ser oxidado,
passa a servir como substrato para TrxR de mamiferos gerando como produto final um
selenol ativo (NOGUEIRA; ZENI; ROCHA, 2004).

O DPDS (Figura 3) & o mais simples dos diaril disseleneto e é muito utilizado
como composto intermediario para a sintese de novos compostos organicos de selénio
(NOGUEIRA; ROCHA, 2010; PAULMIER, 1986; SALMAN et al., 2012).
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Figura 2: Mecanismo redox de hidroperoxidos pelo ebselen. Fonte:
NOGUEIRA; ZENI; ROCHA, 2004.

Estudos demonstram que o DPDS possui atividade anti-inflamatoria,
cardioprotetora, hepatoprotetora, anti-Ulcera, anti-carcinogénica e antidepressiva
(BORGES et al., 2005; BRANDAO et al., 2009; DE BEM et al., 2009; DE VARGAS
BARBOSA et al., 2008; GHISLENI et al.,, 2008; NOGUEIRA et al., 2003;
SAVEGNAGO et al., 2008). Além disso, sabe-se que o DPDS apresenta tanto uma
maior atividade tiol-peroxidase, quanto uma menor toxicidade em roedores quando

comparado com os resultados encontrados para o ebselen (MEOTTI et al., 2003;

NOGUEIRA; ZENI; ROCHA, 2004).

Figura 3: Estrutura quimica do disseleneto de difenila

A acdo antioxidante apresentada pelo DPDS também se encontra intimamente
ligada com a capacidade de formacdo dos grupamentos selendis, podendo assim
apresentar tanto a atividade mimética a GPx (Figura 4) quanto servir de substrato da
TrxR (DE FREITAS; ROCHA, 2011; NOGUEIRA; ROCHA, 2010).
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Figura 4: Mecanismo de agao antioxidante do disseleneto de difenila. Fonte:
NOGUEIRA; ROCHA, 2010.

Decorrente da reconhecida acdo antioxidante dos compostos ebselen e DPDS,
inimeros grupos de pesquisa criaram analogos destes compostos, principalmente na
intencdo de melhorar os seus efeitos antioxidantes assim como diminuir a toxicidade
(BHABAK; MUGESH, 2010; MUGESH; DU MONT; SIES, 2001; WILSON et al.,
1989).

Nesse sentido, este estudo buscou evidenciar a capacidade antioxidante in vitro
de novos compostos organicos de selénio, sendo eles, o 1-fenil-3-(p-
tolilselenil)propano-2-amina (C1), o 1-(2-metoxifenilselenil)-3-fenilpropano-2-amina
(C2), 0 1,2-bis(2-metoxifenil)disseleneto (C3) e o 1,2-dip-tolildisseleneto (C4) (Figura
5). Estes compostos sdo pertencentes a duas classes diferentes, sendo o Cl e C2
denominados como monosselenetos ou B-selenoaminas, e 0 C3 e C4 como disselenetos
ou analogos do DPDS.

Sabe-se que a presenca de um grupamento amino proximo ao elemento selénio
possui a capacidade de aumentar os niveis antioxidantes da molécula justamente pela
obtencdo de um grupamento selenol mais estavel (HASSAN et al., 2012). Da mesma
forma estudos na literatura, ja demonstraram que inser¢do de grupamentos metoxi e
metila na molécula do DPDS, apresentam um maior efeito antioxidante associado a uma
menor toxicidade quando comparados com o composto classico (PINTON et al., 2013;
WILHELM; BORTOLATTO; NOGUEIRA, 2012).

Neste estudo, os compostos C1 e C4 receberam a insercdo de um grupamento
metila na posicdo para do fenil, enquanto que os compostos C2 e C3 receberam a

insercdo de um grupamento metoxi na posi¢do orto. Dessa forma, é possivel estimar
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através da estrutura quimica dos compostos que o C1 e o C4 podem vir a formar um
grupamento p-metil-selenol, enquanto que o C2 e o C3 podem formar o grupamento o-

metoxi-selenol.

1-phenyl-3-(p-tolylselanyl)propan-2-amine

C1
mse@
NH, o
\

1-(2-methoxyphenylselanyl)-3-phenylpropan-2-amine

Cc2
0 RN
/

1,2-bis(2-methoxyphenyl)diselenide
C3

/@/Se&e@/

1,2-bisp-tolyldiselenide
C4

Figura 5: Estrutura quimica e nomenclatura das -selenoaminas (C1 e C2) e dos
compostos analogos do disseleneto de difenila (C3 e C4). Fonte: STEFANELLO etal.,
2013.

Sendo assim, este estudo teve como proposito principal a realizacdo de técnicas
in vitro utilizando novos compostos mono e disseleneto, para elucidar se as
modificagdes realizadas nas estruturas das moléculas classicas de compostos organicos
de selénio como o ebselen e DPDS, apresentavam melhores resultados antioxidantes

assim como se reduziam os efeitos oxidantes ja previamente descritos na literatura.
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2 OBJETIVOS

2.1 Objetivo geral

Verificar a capacidade antioxidante de novos compostos orgéanicos de selénio,
atribuindo os resultados quanto a insercdo dos grupamentos metila e metoxi na estrutura
quimica da molécula, assim como, a possibilidade de formacdo dos grupamentos

selenais.

2.2 Objetivos especificos

Considerando os aspectos mencionados, 0s objetivos especificos deste estudo
compreendem:

o Avaliar a atividade dos novos compostos organicos de selénio
frente a peroxidacao lipidica induzida por ferro (Fell) e nitroprussiato de sédio
em cérebro e figado de ratos;

. Avaliar a atividade antioxidante total dos compostos atraves do
ensaio do fosfomolibdénio;

J Avaliar a capacidade “scavenger” dos compostos através do
ensaio empregando o radical DPPH,;

. Avaliar se 0s compostos apresentavam a capacidade de quelar o
ion Fe(ll);

. Avaliar a toxicidade dos compostos através dos ensaios da tiol
oxidase, assim como a viabilidade celular realizada em leucdcitos isolados;

o Avaliar se 0s compostos apresentaram atividade mimética as
enzimas TrxR e GPx;

o Elucidar se a estrutura quimica da molécula pode estar envolvida

na atividade antioxidante.
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3 RESULTADOS

Os resultados que fazem parte dessa dissertacdo estdo apresentados na forma de
um artigo cientifico. Os itens Materiais e Métodos, Resultados, Discussao e Referéncias
Bibliogréaficas do artigo estdo dispostos de acordo com a recomendagdo do periddico

cientifico no qual foi publicado.
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This study was designed to examine the antioxidant activity in vitro of novel mono- and diselenide
mmpounds, We ompared whether the formation of p-methyl-selenol from compounds 1-phenyl-
3+ p-tolylselanyl jpropan-2-amine (C1) and 1.2-dip-tolyldiselenide (C4) and o-methoxgy-selenol from
mmpounds 1-{2-methoxy phenylselany [}-3-pheny lpropan-2-amine (C2) and 1,2-bis) 2-methog phenyl)
diselenide (3 ) may be involved in their antioxidant effects. The compounds were tested against Fe{1l)
and sodium nitroprusside (SNP Finduced lipid peroxidation in rat brain and liver homogenates. Likewise,
the antioxidant capadty of the compounds was assessed by their ability todecolorize the DPPH radical as
weell as the Fe(ll) chelating assay through the reduction of molybdenum{VI} { Mob+) to molybdenumi{V)
(Ma5+). This colorimetric assay was also used to quantify thiol peroxidase (GPx) and oxidase activity
and thioredoxin reductase (TrxR) activity. The results showed that the novel selenide compounds inhibit
the thioharbituric add reactive species (TBARS) induced by different pro-oxidants, but the monoselenides
e bects were significant only at concentrations higher than the concentmations of the diselenides. Simi-
larly, the total antimxidant activity was higher in the diselmides. Moreover, GPx and TrxR activity was
only observed for the diselenides, which indicates that these compounds are more stable selenol mole-
ules than monoselenides.

@ 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Oxygen metabolism, which typically cccurs in aerobic organ-
isms, allows energy formation mediated by the mitochondrial elec-
tron transfer system (Puntel et al, 2013) However, axygen
metabolism also leads to the production of small guantities of
reactive oxygen species (ROS), such as superoxide (05 ), hydroxyl
radical ("OH) and hydrogen peroxide (Hz03) (Mugesh et al,
2001}, Additionally, an aerobe is able to produce reactive nitrogen
species (ENS), such as peroxynitrite (ONOO™) and nitric oxide
(“NO), which are also as strong biclogical oxidants (Nathan and
Ding, 2010}, Accordingly, the imbalance between ROS/RNS forma-
tion and the enzymatic/non-enzymatic antioxidant system is asso-
ciated with many diseases, such as Alzheimer's, myocardial
infarction, atherosclerosis, and Parkinson's, and in other patholog-
ical conditions, including senescence (Ji et al., 2003 ; Salmon et al,
2010; Schon and Przedborskd, 2011}

Similarly, several research groups developed techniques to cre-
ate potential antioxidant molecules wsing chalcogen elements in
their structure, and thus, some of these new compounds were

* Comesponding author. Tel.: +55 3220 9522 fax +55 3220 8978,
E-mail address: felis@ufsmbr (FAA Soares]

(HET-2333)% - see front matter & 20013 Elsevier Ltd. All righits reserved.
hittp: jfdocdolorg 101016/ | thv 2013.03.001

characterized as strong free radical scavengers. (Gutteridge amd
Halliwell, 1992). For example, the organoselenium compounds
have shown mimetic glutathione peroxidase-like activity (GPx)
and also act as substrates of thioredoxin reductase (TrxR). There-
fore, these compounds might represent novel therapeutic targets
for diseases caused by oxidative stress (Arteel and Sies, 2001

The antioxidant effects of organoselenium compounds, such as
ebselen and diphenyl diselenide (DFDS), have been shown to be
due to their ability to generate a selenol/selenolate chemical form
(Nogueira and Rocha, 2010 The selenolate group is a stronger
nucleophile than its thiclate analog, which confers stronger reduc-
ing power to a given selenol group than the analog thiol group
{Nogueira and Rocha, 2011

However, although the selenol groups are less abundant than
thiols and are found only in a small number of selenoproteins, they
exhibit a stronger nucleophilicity than their sulfur analogs (Lu
et al., 2009). In brief, the presence of selenium (Se) in selenocys-
teine reduces the enzymatic pK; compared to the sulffwdryl
emzyme, and therefore leads to Se ionization, forming a selenol
group (Gutteridee and Halliwell, 1992).

According to the proposed mechanism, the selencl complex
(enzyme-5H) could react with hydrogen peroxide or other hydro-
peroxides to produce selenic acid {enzyme-Se0H), which is capable
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when reacting with glutathione (GSH) to reclaim the selenol and
form water (Nogueira and Rocha, 2010).

Previous studies reported that the DPDS antioxidant effect was
better than that of ebselen, especially in the GPx-like action, and
was mainlydue to the for maton of two selenol structures after inter-
action with reducing thiol groups (Nogueira et al., 2004). However,
the instabilicy of the selenol complex makes it difficult to detect
any antioxidant effects during in vitro studies (Bhabak and Mugesh,
2010). Therefore, the emergence of classic, structural organosele niwm
compound analogs can promote the stability of the selenol (Balk-
rishna et al., 2011). Indeed, the structural inclusion of a basic amino
acid nitrogen near the selenium can i ncrease the antoxidant ca pacity
to create a more stable selenol molecule (Hassan et al, 20012).

Consequently, this study evaluates two different classes of orga-
noselenium compounds, monoselenides (p-selenoamines) and
diselenides (analogs of DPDS), using various antioxidant assays.
The p-selencamine chemical structure includes amino groups (C1
and €2) and the diselenides consist of methyl or methoxy group
modifications (3 and C4, respectively) (Fig. 1L

The aim of this study was to evaluate the antioxidant capacity
using invitro models of the compounds cited above and to associate
the effects with the capacity of these molecules to form a more sta-
ble selenol once the theoretical compounds C1 and C4 generate p-
methyl-selenol and compounds C2 and C3 form o-methoxy-selenol

2. Materials and methods
2.1. Animals

Male, adult Wistar rats (200-250 g) from our own breeding col -
ony were used. The animals were maintained on a 12-h light 12-h

dark cycle, at a room temperature of 22-24 =C and with free access
to food and water. The animals were treated according to standard

AR

1-phenyl-3-{p-tolylselanyl)propan-2-aming

c1
SR
NHp
\

A={2-methoxyphenylselanyl)-3-phenylpropan-2-amine

c2
e
8] G\
4

1.2-bis {2-methoxyphanyl) diselenide

PN

1.2-bisp-tolyldiselenide
Cc4

Fig L Chemical strscture and nomenclaire of the f-selenoamines (C1 and C2) and
analogs of dipheny diselenide (C3 and C4).

guidelines of the Committee on Care and Use of Experimental Ani-
mal Resources.

22 Chericals

Thiobarbituric acid (TBA), malonldialdehyde (MDA), diphenyl-
2'picrylhydrazyl (DPPH), adenine dinucleotide phosphate
[(NADPH), benzenethiol, Tris-HCl, sodium dodecyl sulfate (SDS),
ethylene diamine tetra acetic acid (EDTA) and dimethyl sulfoxide
(DMS0) were obtained from Sigma (St Louis, MO)Y Fe(ll) sulfate,
sodium nitroprusside (SHP), ascorbic acid, hydrogen peroxide, ace-
tic acid, 5.5-dithiobis2-nitrobenzoate) (DTNE), MaCl, KCl, MNag
HPOy, KHzPO4 and ethanol were obtained from Merck (Rio de
Janeiro, B, Brazil).

23, Compords

The mono- and disel enides were prepared following previouwsly
described methods (Salman et al, 2012}, and the purity of the
prod ucts was accessed by hydrogen and carbon nuclear magnetic
resonance and gas chromatography. The compounds tested were
1-phenyl-3< p-tolylselanyljpropan-2-amine (C1}), 142-methaxy-
phenylselanyl)-3-phenylpropan-2-amine (C2), 1.2 -bis{ 2-methoxy-
phenyl)diselenide (C3), and 1.2-bisp-tolyldiselenide (C4]). All the
compounds are dissolved in DMSO.

24 Tissue preparation

Animals were sacrificed by decapitation. The brain and liver tis-
sues were removed and immediately placed on ice. The tissues
were homogenized in Tris=HCl 10 mM and centrifuged for
10 min at 2000 rpm. The supernatant fraction (51) was collected
immediately for the assays.

25 Sample preparation

Heparinized venous blood previously obtained from healthy
volunteer donors from the Hospital of Federal University of Santa
Maria (UFSM), Santa Maria, RS, Brazil. The study protocol was re-
viewed and approved by the appropriate institutional review board
following the Guidelines of the Committee of UFSM
(00850243 000-07). The erythrocytes were separated by centrifu-
gation (480 for 10 min at room temperature) and the plasma was
aspirated. The cell pellet was washed three times with phosphate
buffer-saline (6.1 mM and pH 74, containing 150 mM NaCl). The
leukocytes were separate and utilized in the cell viability analysis.

26. Purification of hepatic TrxR

The rat livers were homogenized in buffered saline (137 mb
MaCl, 2.7 mM KC, 43mM NagHPO, 1.4mM KH PO, - pH 73)
and centrifuged at 13,000 for 30 min at 4=C. The supernatant frac-
tion was collected for TrxR isolation and dialyzed against buffered
saline for 24 h to remove low molecular weight thiols. The dialy-
sate was heated at 55°C for 10 min, cooled, and centrifuged at
13,000z for 30min (Wagner et al, 2010). The supernatant was
used for the TrxR assay.

2.7. TRARS assay

The capacity to prevent end products of lipid peroxidation was
determined in tissue samples as previously described (Ohlawa
et al, 1979). Aliquots of brain and liver supematants (100 pL of
51) were incubated for G0min with freshly prepared Fe(ll)
(10 ph) or NP (5 uM) in the absence or presence of different con-
centrations of the compounds C1-C4 (6.25, 12.5, 25, 50 pM) in a
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medium cont@ining Tris-HCI buffer 10 mM pH 74. The reaction
was stopped by the addition of SDS (final concentration of
1.35%), and lipid peroxidation products were measured by the
addition of acetic acid (HC] buffer, pH 3.4 and 0.6% TBA, pH 6.0
The color reaction was developed by incubating tubes in boiling
water for 60 min. TBARS levels were measured at 532 nm

28 DPPH- radical scavenging method

The radical scavenging activities of the compounds were deter-
mined as previously described (Brand-Williams et al., 1995). Each
compound was tested ar 6.25, 12.5, 25, 50, 100, 200, and 400 pM in
10% DMSO. Seven different concentrations of ascorbic acid (6.25:
12.5; 25: 50: 100; 200; 400 uM) were used as positive controls.
DPPH- (diluted in ethanol) was added o final concentration of
03 mM and allowed to react at room temperature for 30 min in
dark conditions. The absorbance was measured at 518 nm using
Spectra Max Plate Reader®™ M2 (Molecular Devices), Sunnyvale,
California, USA

29 Totdl antioxidant capacity assay

The total antdoxidant potential of the mono- and diselenides
was evaluated by the phosphomolybdenum method as previously
described (Prieto et al., 1999). A sample solution aliquot in ethamol
(03 ml) was combined in a vial with reagent solution (0L6 M sulfu-
ric acid, 28 mM sodium phosphate and 4 mM ammoniwm molyb-
date, 3 ml). The compounds were tested a concentration of
400 ph The vials were capped and incubated in a water bath at
95 °C for 90 min. After cooling the mixture to room temperature,
the absorbance was measured at 695 nm against a blank control.

2.10. Thiol-peroxidase-like activity assay

The GPx catalytic activity of mono- and diselenides was evalu-
ated utlizing 10 mM benzenethiol (PhSH) as a substrate, as previ-
ously described {Ilwaoka and Tomoda, 1994). The H,0; reduction
was monitored at 305 nm for 150 5. The compounds were tested
at concentrations of 200 and 400 ph. DMS0 was used as a negative
control (vehicle).

2.11. Thiol-oxidase activity assay

Thiol oxidase activity of 200 and 400 pM concentrations of the
compounds (C1=C4) was determined in a medium containing
10 mM Tris/HCl buffer (pH 74) and 1 mM glutathione or PhSH.
An aliquot of 100 pl was removed at different time points (0, 30,
60 and 120 min) and added to a solution containing 0.5 mM DTHE
and 10 mM Tris/HCl buffer (in the absence of thiol oxidaton a
maximum of 100 nmol of =SH/ml can be found) The absorbamce
of each sample was measured at 412 nm (Ellman, 1959

2.12. NADPH oxidation by TraR using the selenide compounds as
substrates

The reduction of mono- and diselenides (15 ph) by rat hepatic
TrxR was performed by a modification of the method previously
described by Holmgren and Bjornstedt {1995). TrxR was mixed
with a medium containing 10 mM Tris-HCL 1 mM EDTA, pH 7.5,
in the presence or absence of selenide compounds and then, the
reaction was started by adding NADPH (final concentration
120 pM)

2.13. Fe(ll }chelating assay

The Fe{ll}-chelating ability of compounds was determined using
a modified method of Puntel et al. (2005). Freshly prepared
500 pmol/L Fe(ll) (150 pL) was added to a reaction mixture con-
taining 168 pl of 0.1 molflL Tris-HCl {pH 7.4}, 218 pL saline and
the compounds (100 M), The reaction mixture was incubated
for 5 min prior to the addition of 13 pl of 025% 1,10-phenanthro-
lime (wivl The absorbance was then measured at 510nm in a
spectrophotmmeter.

214, Cell viability amalysis

The percentages of viable and nonviable leukocytes in samples
incubated (90 min) with the compounds (100 M) were deter-
mined by Trypan blue following the method of Mischell and Shiigi
(15980). Cell viability was calculated as the number of living cells
divided by the total number of cells multiplied by 100 (Mischell
and Shiigi, 19800

2.15. Protein guantiffoation

The protein concentration was estimated by the Bradford meth-
od using bovine serum albumin as the standard (Bradford, 1976}

2.16. Statistical analysis

Individual dependent variable data were analyzed statistically
by one-way (TBARS, DPPH levels, phosphomolybde num, Fe™ <che-
lating ability and cell viability) or two-way (thiol peroxidase, thiol
oxidase and TrxR activity) analysis of variance (ANOVA), followed
by Duncan's multiple range test when appropriate. Differences be-
tween groups were considered to be significant when p< 0.05.
Data are expressed as means £ SEM and each experimental proce-
dure was performed in at least 4 individual experiments with 3
replicates each. The compound concentration that causes 50% inhi-
bition (ICsg) and the maximal inhibition of compounds (.. was
determined by linear regression analysis from 4 individual experi-
ments, wsing Graph Pad Prism software.

3. Results

3.1 Effect of compounds on Epid peroxidation induced by Fe(ll ) and
SNP in rat brain

We induced lipid peroxidation in rat brain (Fig. 2) homogenates
with Fe{ll) (10 pM) and SNP (5 pM ), and the antioxidant effect of
selenium compounds on these homogenates was investigated. C1
had a protective effect against lipid peroxidation at the concentra-
tion range (25-50 ph), while the other compounds (C2, C3 and C4)
demonstrated a significant effect from the lowest concentration
tested (Fig 2A) In SNP-induced rat brain homoge nates, the mono-
selenides presented a significant antioxidant effect at the concen-
tration range (12.5-50 pM) for C1 and (25-50 pM) for C2, while
the diselenides showed a significant effect at 6.25 puM (Fig. 2B).

The 1C;; wvalues of the compounds followed the order
C4203 <2 <1 against Fe(ll}-induced lipid peroxidation (Table
1} For SNP-induced lipid peroxidation, the IC 5, values of the com-
pounds followed the order C4 <C3 <2 <1 (Table 1)

The Iz values of the compounds against Fe{ll)-ind uced lipid
peroxidation was 87%, 92%, 93% and 96% respectively of C1 to C4
(Table 3). For SNP-induced lipid peroxidation, the lma values of
the compounds was 83% 90% 91% and 92% respectively of C1 to
C4 (Table 3).
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Fig 2. Effect of the selenium compounds on TEARS prodisction in the brain The compounds were tested at final conce ntrations of 625, 125, 25 and 50 pM, and the results
are expressed as a percentage (means £ SEM) relative to the Felll Hindweced (A) or SNP-induced (B) comtral. Data i shown as meanst SEM of 4 individieal experiments (3
replicates each).* Represents a significant difference when compared with the induced group by Duncan’s miltiple range test

Talsle 1
Calculated 1Cap values of compounds on lipid peroxddation in rat brain

Table 2
Caloulated 1Cy, values of compounds on lipid peraidation in rat lver.

Compowund ICac (M) for Feill) ICac (M) for SNP Compound ICac (M) for Fe(ll) ICac (M) for SNP
Cl TETL128 20,12 £0.44 Cl 33714172 3IBTO £ 0.3
o 13784228 1877 £0.14 o 18734125 1726 £ 0.41
f 5901132 901 £0.12 « 2893 £2.05 14.18 £ 0.23
cd 473117 1564015 c4 1823 41,12 138 £0.21

Data are expressed as mean+ S EM and are calculated for fourth inde pendent
FEEILS

3.2 Effect of compounds on lipid peroxidation induced by Fe(ll) and
SNP in rat liver

Rat liver homoge nates were induced with Felll ) or SNP to cause
lipid peroxidation, and the effect of selenium compounds on this
lipid peroxidation was investigated (Fig. 3). Both the monosele-
nides and the diselenides decreased the lipid peroxidation induced
by Fe(ll) at the concentration range (25-50 pM ) (Fig. 3A). However,
during SNP-induced lipid peroxidation (Fig. 3B), the C1 com pound

A‘IW'

& C1

%, TBARS of contral

6.26 126 25 50
uM

Data are expressed as meant 5EM and are calculated for fourth independent
FIEETES

presented a significant effect only at the highest concentration
tested, while compounds C2 and C3 had significant effects at the
concentration range (25-50 pM). The C4 compound was effective
in reducing the lipid peroxidation at the lowest concentration
tested.

The [Cs wvalues of the compounds followed the order:
(4«02«03 <1 against Fe{ll -induced lipid peroxidation (Table
2}, For SNP-induced lipid peroxidation, the IC;, values of the com-
pounds followed the order: C4 <C3<C2<C1 (Table 2}

B 120 -

- C1

% TBARS of control

LT

Fig 3. Effect of the seleni um compounds on TEARS produc ton in the liver. The compounds were tested at final concentrat jons of 625, 12.5, 25 and 50 pM, and ©he results ane
expressed asa percentage (means + SEM relative to the Fa(ll Hnduced (A) or SMP-induced | B) control Data ts shown as means + SEM of 4 individial experiments (3 replicates.
each) * Represents a significant difference when compared with the induced group by Duncan's multiple mange test
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Talbsle 3

Calculated Jos values of compounds on lipid peroxidation in rat brain
Compound Tz (%] for FEI1) fnae (%) for SNP
Cl 8711151 B3E 2]
[ G2EEL29 L ES W
a 9303 +12 9101 +23
cd 9537+23 Lk rE 3]

Data are expressed a5 meant SEM and are calculated for fourth independent
FEETES

Table 4

Calculated Imax values of compounds on lipid peroxddation in rat liver.
Compoind Iy (%) oot Fell1) Lo, (%) for SHP
Cl 6T1BEX 19 6994+ 34
a BlET2 1.7 TaE L3
4 T239+323 BT +28
4 S039+21 G¥Nt16

Data are expressed a5 meant SEM and are calculated for fourth independent
FEETS

=1
£

o
=

Absorbance (625 nm)
=

Fig. 4. Total antiosddant activity of the monselenides and diselenides were
meazured by the phosphomolybdenum ssay. The compounds (400 M) were
imcubated with 0.6 M sulfuric ackd, 28 mM sodium phosphate and 4 mM ammao-
nium moelybdate for 90 min: (a-e) represent the effect of ascorbic acld. Valses are
expiessed a5 absorbance means +5EM of 4 individial experiments (3 replicates
each).

The lmax values of the compounds against Fe{ll)-induced lipid
peroxidation was 67% 81% 72% and 90% respectively of C1 to C4
(Table 4). For SMP-induced lipid peroxidation, the Ima values of
the compounds was 69%, 79%, 89% and 93% respectively of C1 o
C4 (Table 4).

33, Fe{ll}-chelating property, free radical scavenging (DPPH®), thiol-
oxidose activity and cell viability

The organoselenium compounds did not show any significant
effects in tests involving Fe{ll)-chelating properties, free radical
scavenging, thiol-oxidase activities and cellular viability (data not
shown).

3.4 Total antioxidant activity

The curve of ascorbic acid was determine utilizing the concen-
tration 5, 10, 20, 40 and 80 pM represented at Fig. 4 as the letters
a-e. The diselenides at 400 pM showed total antioxidant activity
similar to ascorbic acid at 10, 20 and 40 ph. Similarly, the mono-
selenides at 400 ph demonsirated an antioxid ant effect equivalent
to that of ascorbic acid at 5, 10 and 20 ph.

3.5 Determination of thiol-peroxidase-[ike activity

Fig. 5 demonstrates the GPx activity of the organoselenium
caompounds, The compounds C1 (Fig. 5A) and C2 (Fig 5B) did not
present any significant GPx activity when compared with the con-
trol group, DMS0 alone had no significant effect on the GPx activ-
ity. However, our data reveals that DPDS, (3 (Fig. 5C) and C4
analogs (Fig. 5D) at both concentrations tested demonstrated
GPx-like activity.

3.6 NADPH oxidation by TrxR using C1-C4 as substrates

The monoselenides did not show TrxR activity, while the disel-
enides demonstrated a significant difference compared to the con-
trol group. As shown in Fig. 6, C3 and C4 demonstrated 13 and 7
times higher TrxR activity, respectively, than the control.

4. Discussion

The present stuedy aimed to investigate and clarify the antioxi-
dant properties of novel mono- and diselenides compounds. Oxida-
tive stress is involved in various metabolic disorders and in the
normal process of aging (Giles et al., 2012; Mugesh et al,, 2001}
Additionally, antioxidant therapy has been used in an attempt to
repair these harmful effects (Nogueira and Rocha, 2011; Zadra
et al, 2012). In this context, lipid peroxidation products MDA
and 4-hydroxynonenal have been shown to play significant roles
in brain and liver toxicities and can serve as markers of oxidative
damage (Chen et al, 2005). Prestes reported that monoselenides,
which possess an amino group near the selenium, exhibited de-
creased MDA formation compared to that found for DPDS (Prestes
et al, 2012}, The novel mono- and diselenides compounds exam-
ined in our swdy demonstrated antioxidant activity against Fe
(I} and SNP-induced lipid peroxidation in rat brain and liver
homogenates. We also showed that the f-selenoamines had a sim-
ilar antioxidant effect as the diselenides in rat liver homogenates
following Fe(ll}-induced oxidation. The antioxidant effect on lipid
peroxidation demonstrated by the diselenide compounds was
more pronounced than that of the monoselenide compounds.
These results support the assumption that the presence of the ami-
no group decreases selenol formation.

Additionally, using a total antioxidant activity assay, we dem-
onstrated that the diselenides presented a greater antioxidant
activity than the monoselenides when compared with equival ents
of ascorbic acid. The presence of an amino group in the strecture of
organoselenium compounds was shown to reduce their antioxi-
dant activity (Sabir et al, 2012). Conversely, the inclusion of a
methyl and a methoxy group in the diselenides C3 and C4 does
not interfere in the antioxidant activity and most likely maintains
the formation of the two selenol structures.

Similarly, the effect of antioxidant compounds on DPPH radical
scavenging is imvolved with their capacity to donate a hydrogen
atom. Ogunmoyole et al. reported that DPDS had no significant ef-
fect on ability to decolorize the DPPH", and Prestes et al reported
that p-selenoamines had negligible antioxidant properties in the
DPPH assay (Ogunmoyole et al, 2009: Prestes et al, 2012). Thus,
in the present study, we also demonstrated that the novel mono-
and diselenides did not present any scavenger effects on DPPH rad-
icals, suggesting that the antioxidant mechamism of action of
mono- and diselenides may not be related to their ability to donate
an electron or hydrogen radical.

Similarly, red ucing power is rel ated to the mechanism by which
antioxidant agents transfer an electron or hydrogen atom to oxi-
dants or free radicals {Ogunmoyole et al., 2009 ) Thus, it is possible
to assert that the compounds tested in the Fe(ll)-chelating assay
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did mot generate significant results due to their inability to donate
electron or hydrogen atoms.

Studies in the literature report that organoselenium compounds
can cause several moxic effects. These effects are associated with
the catalytic oxidation of thiol groups from GSH or from different
proteins or enzymes (Meotti et al, 2003: Nogueira et al,
20032,b) Thus, thiol group oxidation might cause enzyme activicy
inhibition and can contribute to cellular toxicity (Mogueira and
Rocha, 2010). Santos suggested that organochalcogens exhibit
hemolytic and genotoxic actions in blood cells, which are most
likely linked o their thiol oxidase activity and preferential interac-
tion with sulfhwdryl groups critical to enzyme function (Santos
et al., 2009). However, when we tested the novel mono- and disel-
enides, we did not observe any toxic effects in the cellular viabilicy

of human leukocytes. Similarly, the compounds examined in this
study showed no significant difference in the thiol oxidase activity
when compared with the basal group. In agreement with these
observations, we propose that the novel mono- and diselenides
compounds have a low oxic potential because they did not dem-
onstrate any genotoxic effects and did not interact with sulflwdryl
groups in the same way as the classic organochaloogens.

Furthermore, we showed that the novel diselenides demon-
strated mimetic GPx-like activity as well as increased TrxR activity
when analyzed in vitro. The GPx enzyme neutralizes the toxic or
signaling effects of hydrogen and lipid peroxides {Arthur, 2000),
which is consistent with the fact that the novel diselenides, by hawv-
ing GPx-like activity, also had a significant inhibitory effect on li pid
peroxidation in brain and liver homogenates.

Similarly, TrsR exhibits a broad substrate specificity and can
therefore reduce many low molecular weight compounds, includ-
ing hydrogen peroxide and lipid hydroperoxides (Li et al., 2008).
Thus, according to the results obtai ned for the disele nides, it is pos-
sible that increased TrxR activity canbe associated with a lipid per-
oxidation inhibitory effect.

Therefore, we hypothesize that the effects presented in this
study for the O3 and C4 compounds, the GPx mimetic effect, and
the imcreased TrxR activity should most likely be attributed to
the formation of selenol groups, such as p-methyl-selenol and
o-methoxy-selenol.

However, the presence of the basic amino acid inclusion in the
monoselenides did not allow the formation of selenol groups,
which explains the lack of GPx and TrxR activity. Therefore, the
monoselenide effects obined in the TBARS assay as well as the
total antioxdant capacity may simply be due to the nucleap hilicity
of the amino group near the selenium (Hassan et al, 2012}

In conclusion, struectural additions made in classical organosel e-
nium compounds allow the elucidationof antioxidant mechanisms
involved in these compounds, enabling the discovery of new drugs.
We observed that the inclusion of the amino group in the monosel-
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enides resulted in an antioxidant effect, but this effect was not as
significant as that observed for the diselenides, which most likely
have a higher antioxidant effect due to the formation of selenol
groups, as well as their mimetic GPx activity and their elevated
TrxR activity.
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4 CONCLUSAO

Os resultados apresentados nesta dissertagdo permitem sugerir por qual
mecanismo 0S novos compostos mono e disselenetos apresentaram suas atividades
antioxidantes.

Os monosselenetos (C1 e C2) apresentaram uma atividade antioxidante
significativa nos ensaios do TBARS e da capacidade antioxidante total, provavelmente
devido a nucleofilicidade decorrente da presenca do grupamento amino proximo ao
elemento selénio na estrutura quimica destes compostos. No entanto, 0s monosselenetos
ndo apresentaram qualquer atividade GPx e TrxR, justamente porque o grupamento
amino pode ter interferido na formag&o do grupamento selenol.

Os resultados obtidos com compostos andlogos ao DPDS (C3 e C4) também
foram significativos para o ensaio do TBARS e da capacidade antioxidante total. Da
mesma forma, que ambos apresentaram atividade mimética as enzimas TrxR e GPx

supostamente devido a formacdo dos grupamentos p-metil-selenol e o-metoxi-selenol.



28

5 PERSPECTIVAS

Tendo em vista os resultados obtidos com esse trabalho, as perspectivas para

trabalhos posteriores séo:

Investigar as propriedades destes novos compostos organicos de selénio em
mitocondrias isoladas de figado de ratos;

Avaliar o efeito comportamental e bioguimico de animais submetidos ao
tratamento com estes compostos, com a finalidade de identificar a toxicidade.
Realizar estudos de avaliacdo destes compostos sobre a atuagdo como reversores
do dano hepatico causado por paracetamol e tioacetamida.

Realizar estudos toxicoldgicos com modelos alternativos tais como

Caenorhabdits elegans.
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