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RESUMO
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O metilmercudrio (MeHg) é um conhecido poluente @&ntal que afeta uma variedade de fungbes celulares,
sendo o estresse oxidativo um dos mecanismos pospgmra explicar sua toxicidade. A inibicdo de
selenoenzimas (Glutationa Peroxidase (GPx) e Tdoxiea Redutase (TrxR)) tem sido demonstrada como u
importante fator relacionado ao estresse oxidatidozido por MeHg. Por outro lado, compostos sicwétde
selénio apresentam importante acdo antioxidaribuéta principalmente a atividade mimética a GRwodato

de serem substratos para TrxR, podendo inclusigecex prote¢éo contra a toxicidade do MeHg. Conaidio

que o mecanismo exato pelo qual o MeHg exerce ittade ainda deve ser melhor investigado e que nédo
existem terapias eficazes para a toxicidade deg@nometal, este estudo avaliou os diferentes risnan
envolvidos na toxicidade induzida por MeHg, bem apom possivel papel protetor de compostos orgérdeo
selénio (ebselen, disselento de difenila (Ph&e)nalogos (3'3-disseleneto de ditrifuorometildif¢DFD), p-
metoxi-disseleneto de difenila (MD) and p-clorosgieneto de difenila (CLD)) frente aos efeitos ¢4zi deste
organometal em diferentes modelnsvitro de sistemas bioldgicos alvos da acdo do mesmo.rigm a foi
observado que o MeHg causou um aumento em marcaderestresse oxidativo em um modelo utilizando
fracdo mitocondrial de cérebro de camundongos. Essdtado foi evidenciado através de um aumento da
peroxidagdo lipidica, conteado de hidroperéxidosne significativa diminuicdo da atividade mitocaatlr
Além disso, também foi demonstrada uma deplecaufisigtiva de tidis. Os compostos (PhSe) DFD foram
capazes de proteger contra a reducéo na atividédeomdrial e peroxidacéo lipidica causada pelo ble@
composto CLD também mostrou ser efetivo em revertexidacéo de lipideos causada pela exposicamcizof
mitocondrial de cérebro de camundongos ao MeHgPh&¢) também mostrou ser capaz de degradar o
peréxido de hidrogénio através de um estudo cortipareom a catalase. Esses compostos mostraraidaates
protetora de acordo com a intensidade de sua atigidsPx-like (PhSg)> DFD > CLD> MD). Em uma
segunda analise (manuscrito 1), o MeHg causou ugméfisativa inibicdo das enzimas antioxidantes Rre
GPx em células de neuroblastomas (SH-SY5Y). Nesttede o (PhSeg)apresentou melhor atividade protetora
que o ebselen. O (Ph$&ausou um aumento substancial na atividade e #§weda TrxR e foi capaz de
proteger da inibicdo desta enzima causada pelo M8Hlg as mesmas condi¢gbes experimentais, 0 composto
ebselen apresentou efeito similar, no entantomedaeira mais modesta quando comparado ao (PhSe)
(PhSe) também causou um aumento da expressdo da GPXpiqueior quando comparado ao efeito do
ebselen. Em modelo de leucocitos humanogitro (manuscrito 2) foi possivel observar que o MeHgsoa
morte celular e danos ao DNA. Em paralelo, obsesmum aumento significativo na expressédo de Nrf2,
principal regulador da resposta antioxidante celiaco-tratamento com (Ph$ejoi capaz de reverter esses
danos e normalizar a expressao do Nrf2. Além dizsgPhSe) causou um aumento substancial na expressao da
enzima TrxR, resposta ja demonstrada no estudoi@ném modelo de neuroblastoma humano. Em conjunto
os resultados apresentados nesta tese reforcapebqeatral do estresse oxidativo e inibicdo dersmzimas

na toxicidade induzida pelo MeHg. Além disso, csulados indicam que os compostos organicos deisglé
em especial o (PhSgkexercem um importante papel protetor frente &idexde deste organometal. A reversao
da inibicdo da enzima TrxR causada pelo (Phfa)ece ser um importante mecanismo envolvido agegéio
contra os efeitos deletérios causados pela exmoa#eHg, um agente téxico ambiental.

Palavras-chave Metilmercurio, estresse oxidativo, selenoenzimas)postos organicos de selénio.
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Methylmercury (MeHg) is a known environmental ptdiot that affects a variety of cellular functioasid the
oxidative stress is one of the proposed mechanigmsxplain its toxicity. Inhibition of selenoenzyme
(Glutathione peroxidase (GPx) and Thioredoxin Réake (TrxR)) has been demonstrated as an impdéaectotr
related to oxidative stress induced by MeHg. Ondatieer hand, synthetic selenium compounds have ritaupio
antioxidant activity, mainly attributed to the Ghbe activity and the fact that they are substrddeslrxR, may
even exert protection against MeHg toxicity. Wherdlae exact mechanism by which MeHg exerts toxicity
remains to be further investigated and that theeena effective therapies for this organometal dibyj this
study evaluated the different mechanisms involveeHg-induced toxicity as well a possible proteetrole

of organic selenium compounds (ebselen, diphenykeldhide (PhSg) and analogues (3'3
ditrifluoromethyldiphenyl diselenide (DFD)p-chloro-diphenyl diselenide (CLDand p-methoxy-diphenyl
diselenide(MD)) against toxic effects of this orgaretal at differenin vitro models of biological systems
targets of MeHg action. In Article 1 it was obsahthat MeHg caused an increase in oxidative streskers in

a model of mouse brain mitochondrial-enriched foact This result was evidenced by an increase pid li
peroxidation, hydroperoxide formation and a siguifit decrease in mitochondrial activity. Furtheredr was
also demonstrated a significant depletion of thiffhSe) and DFD were able to protect against the decri@ase
mitochondrial activity, and lipid peroxidation cagsby MeHg. The compound CLD was also effective in
reversing the lipid peroxidation caused by exposdir@ouse brain mitochondrial fraction to MeHg. TR Se)
was also able to degrade hydrogen peroxide thrauglomparative study with catalase. These compounds
showed protective activity according their GPx-ldeivity intensity ((PhSe) 2> DFD> CLD> MD). Ins&cond
analysis (manuscript 1), MeHg caused a signifidahibition of antioxidant enzymes, TrxR and GPx, in
neuroblastoma cells (SH-SY5Y). In this study (PhS&pwed a better protective activity than ebselPhSe)
caused a substantial increase in the activity aquession of TrxR, and it was able to protect agfathe
inhibition of this enzyme caused by MeHg. Under $hene experimental conditions, ebselen exhibitsidndar
effect, though more modestly compared to (PhSB)phenyl diselenide also caused an increased Px G
expression, which was higher when compared to tleeteof ebselen. Inn vitro model of human leukocytes
(manuscript 2), MeHg caused cell death and DNA dmmadn parallel, there was a significant increase i
Nrf2expression, the main cellular regulator of exitlant response. Co-treatment with (PhSeas able to
reverse these damages, and normalizing the expresdi Nrf2. Furthermore, (PhSetaused a substantial
increase in expression of TrxR enzyme, respongehtigabeen already demonstrated in the previouy stua
model of human neuroblastoma. Together, the resuksented in this thesis reinforce the centrad rof
oxidative stress and inhibition of selenoezimaMeHg-induced toxicity. Furthermore, the resultsicade that
the organic selenium compounds, especially (Ph®&y an important protective role against MeHgidiby.
The reversal of TrxR inhibition caused by (PhSappears to be an important mechanism involvech@ t
protection against the deleterious effects caugezkposure to MeHg, a toxic environmental agent.

Key-words: Methylmecury, oxidative stress, selenoenzymegamic selenium compounds.
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APRESENTACAO

No item INTRODUCAO ¢ apresentado um referenciétit® sucinto sobre os temas
trabalhados nesta tese, bem como a justificatosabjetivos gerais e especificos da mesma.

Na REVISAO BIBLIOGRAFICA ¢é apresentado um manuscrie revisdo da
literatura sobre os temas trabalhados e relaciecna@sta tese.

A metodologia realizada e os resultados que compEsta tese estado apresentados sob
a forma de artigos e manuscritos, 0s quais se gaoomo item ARTIGOS CIENTIFICOS.
Neste constam as secdes: introducdo, materiaigaoss resultados, discussao e referéncias
bibliograficas.

Os itens DISCUSSAO e CONCLUSOES, encontradosmal flesta tese, apresentam
interpretacdes e comentarios gerais sobre os artigatificos contidos neste trabalho.

As REFERENCIAS BIBLIOGRAFICAS referem-se soments aitacdes que
aparecem nos itens INTRODUCAO, DISCUSSAO e CONCLES@esta tese.
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INTRODUCAO

O metilmercario (MeHg), considerado a principakrnfi@a organica de mercurio
encontrada na natureza, € gerado através da blagdetido mercurio inorganico presente em
sedimentos aquaticos (CLARKS@Qa al, 2003). Este organometal € um conhecido poluente
ambiental, que nas ultimas décadas causou contgdoirein humanos em vérias partes do
mundo, sendo os incidentes mais severos observad@aia de Minamata no Japao e no
Iraque (TAKEUCHIet al.,1962; BAKIR et al, 1973). No Brasil, estudos tém evidenciado
que varias espécies de peixes da Amazonia apresaeitas niveis de MeHg (PINHEIREX
al., 2003). Consequentemente, comunidades ribeirild@dizadas proximas as areas de
garimpo sofrem exposicao cronica a niveis relatamta elevados de MeHg através da sua
dieta, a qual é rica em peixes (PINHEIRCal, 2003).

O MeHg afeta uma variedade de funcdes celulardemun causar danos em muitos
orgaos e sistemas, particularmente no sistema seientral (SNC) (FARINAtal., 2011).

No entanto, o figado, os rins, o sistema imunerdi@aascular parecem ser também alvos
importantes para a toxicidade do MeHg (DIAZ al, 2001; RUTOWSKIet al., 1998;
MOSZCZYNSKI et al, 2008; VIRTANEN et al, 2007). Aléem disso, danos ao material
genético podem ser consequéncia da exposicao eossposto (GROTT@t al, 2009).

Os mecanismos de acdo envolvidos na toxicidadeMedlg ainda néo estao
completamente elucidados, porém, o estresse oxidati qual € caracterizado por um
desequilibrio entre a producédo de espécies reatigasxigénio (ERO) e sua remocao por
sistemas antioxidantes (Akl al, 1992), exerce um papel central na toxicidadezitth por
este composto organico de mercario (ASCHN#ERI.2007). Este efeito esté principalmente
relacionado a acao direta do MeHg sobre tidis emadsg, levando a uma deplecdo dos niveis
de glutationa (GSH) e também ao seu efeito sobra vemedade de sistemas enzimaticos,
causando dano e morte celular (GERHARDSSON & SKHERB/ 1996). Desta forma, a
deplecdo da GSH e inibicdo de sistemas antioxidaatzimaticos induzidas por MeHg
podem facilitar o0 aumento de espécies reativasxgmio (ERO) (FARINAet al, 2003) e,
consequentemente, danificar macromoléculas bid8gitais como, acidos nucléicos,
proteinas, lipidios e carboidratos (XION& al, 2007). As mitocbndrias, que sdo as
principais organelas envolvidas na producdo de E&Ghém representam um dos sitios mais
suscetiveis a toxicidade induzida pelo MeHg (CECERMI et al, 2010).

Enzimas antioxidantes, como a Glutationa PeroridéSPx) e a Tiorredoxina

Redutase (TrxR), podem ter sua atividade negatintena&fetadas pela exposicdo ao MeHg
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devido a presenca do selenol nos sitios ativossiesizimas (de acordo com Sugietal. o
selenol demonstra maior afinidade pelo MeHg quepagutiél) (FRANCOet al, 2009,
GLASER et al., 2010; SUGIURAet al., 1976;CARVALHO et al., 201]). Em um estudo
recente, de Usulat al. também foi observado que o MeHg induz uma redugdmiveis de
selénio (Se) intracelulares, o que acarreta umacéed da atividade e expressdo destas
selenoenzimas (GPx e TrxR), fato que também foiaestnado em modeln vivo por
Zemolin et al. (ZEMOLIN et al,2012), resultando em um distldrbio no sistema xeths
células e estresse oxidativo (USUXIal, 2011).

O Se é um elemento traco essencial (COMBS & COMBB4) e exerce fungbes de
grande importancia no organismo desempenhando @restipal papel como aminoacido
selenocisteina (Sec), presente no sitio ativo ldaseroteinas como a GPx e a TrxR, enzimas
com papel essencial no equilibrio redox do orgaojsmagindo como importantes
antioxidantes (FLOHEet al., 1973; ARNER AND HOLMGREN, 2000). Além disso, o Se
também desempenha protecdo de membranas biol@ginogs dano oxidativo e é capaz de
interagir com metais pesados (incluindo o merctaiehuando sua toxicidade (FALNOGA &
TUSEK-ZNIDARIC, 2007). Vérios estudos apontam para&feito protetor de compostos
inorganicos de Se contra a toxicidade do MeHg (SKIZet al, 1998; BRANCOet al.,
2012). No entanto, ainda séo poucos 0s estudos sopossivel papel protetor das formas
organicas de Se.

Nos ultimos anos, varios estudos tém demonstragmtencial farmacologico de
compostos sintéticos organicos contendo Se, jaatguenas dessas moléculas podem formar
espécies nucleofilicas potentes (NOGUEIRA & ROCHA11). O ebselen (2-fenil-1,2-
benzisoselenazol-3(2H)- one) foi um dos primeirosgostos utilizado na pesquisa, 0 qual
demonstrou importantes propriedades antioxidarResteriormente, também o composto
disseleneto de difenila (PhSed mais simples diaril disseleneto, também apteseefeitos
protetores com propriedades semelhantes ao ebsekenguais tém sido atribuidas,
principalmente, a atividade mimeética a enzima @Rambém por sua acdo como substrato
da enzima TrxR, propriedades também observadas gmranalogos do (PhSef3'3-
disseleneto de ditrifuorometildifenil (DFD), p-metalisseleneto de difenila (MD) and p-
cloro-disseleneto de difenila (CLD)) (WENDE&t al, 1984; NOGUEIRAet al, 2004,
FREITAS et al, 2010). O ebselen e (Phgexambém tem demonstrado atividades
neuroprotetora, anti-inflamatoria, anti- aterosafiea e anti-hipercolesterolémica em varios
modelosin vitro e in vivo (DE BEM et al, 2009; FREITASet al, 2009; FREITASet al,
2010; NOGUEIRA & ROCHA, 2011; HOREt al, 2011). Ainda, o ebselen e (PhSeram
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capazes de proteger contra efeitos toxicos do Mahignodeladn vitro e in vivorelacionados
ao estresse oxidativo (FARINA et al., 2003; FREIT&%I, 2009).

Considerando que (i) a toxicidade do MeHg est&tainente relacionada a um
decréscimo na atividade de importantes selenoesziena&onsequentemente ao estresse
oxidativo; (ii) déficits na funcédo destas proteit@s sido relacionados ao desenvolvimento
de patologias cardiacas (DE LORGERIL & SALEN, 2p@ésordens embriogénicas, doencas
neurodegenerativas e cancer (STEINBRENNER & SIES9P (iii)) ndo existem formas de
tratamento efetivas para a intoxicacdo com MeHg)ecOmpostos organicos de Se tém sido
caracterizados por suas propriedades benéficascigmimente a atividade antioxidante,
torna-se importante o estudo do potencial protdestes compostos contra a toxicidade
induzida por MeHg, contribuindo, assim, para o deskimento de novas abordagens
terapéuticas para o tratamento de casos de ing@&dqaor este organometal.

Desta forma, este estudo focara na investigacdomdeanismos celulares e
moleculares envolvidos na toxicidade induzida poeHg bem como na avaliacdo do
potencial efeito protetor do ebselen, (Ph®eanalogos, compostos com atividade mimética a
GPx em modelog vitro. A utilizacdo de modelom vitro, além de representar um passo
importante para a avaliacdo do mecanismo de acabradms, possibilitando um ambiente
controlado para observacdo de interagcbes celularesioleculares, reduz a variagcédo
experimental e é de facil replicacdo (FRESHNEY,1308endo assim, para este estudo serdo
utilizados modelosin vitro que representam alvos da toxicidade do MeHg (como

mitocondrias cerebrais, células cerebrais e letm®@olados).
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OBJETIVOS

Objetivo Geral

Compreender os diferentes mecanismos envolvidosoxiaidade do MeHg, bem
como avaliar um possivel papel protetor de congsostganicos de selénio frente aos efeitos
toxicos deste organometal em diferentes modelogtro de sistemas bioldgicos alvos da

acdo do mesmo.

Objetivos especificos

- Avaliar a toxicidade do MeHg frente a diferenfEgametros bioquimicos e moleculares
buscando compreender e elucidar mecanismos dd@géa deste composto;

- Estudar o possivel efeito protetor do (Ph®eanalogos na toxicidade induzida por MeHg
em diferentes indicadores de estresse oxidativividade mitocondrial em modelo de fragao

mitocondrial enriquecida de cérebro de camundongos;

- Investigar como o tratamento com (PhSegbselen pode alterar a atividade e expressao da
TrxR e GPx e interferir na interacdo entre o meéoc(MeHg) e estas selenoenzimas em
modelo experimental de cultura celular de neurotwaa humano (SH-SY5Y);

- Avaliar, em modelo de leucdcitas vitro, o possivel papel protetor do (PhSégnte a
toxicidade induzida por MeHg na viabilidade celudanos ao DNA e expressao de enzimas

antioxidantes (com foco para selenoenzimas).
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Abstract:

Selenium (Se) is an essential micronutrient ooguim a number of forms in
the environment. In living organisms, the most camnfiorms are selenomethionine
and selenocysteine. As selenocysteine it plays mraje in the cell defense against
oxidative stress, being a component of endogenelemn@enzymes with antioxidant
activity. In contrast, mercury, which is far froneibg an essential element, has been
utilized by humans since ancient times. Methylmgrcan organic form of this metal,
iIs demonstrated to negatively interact with Se-gmmg enzymes and to induce
toxicity by means of oxidative stress. In this Bavj we emphasize the importance of
Se in health and discuss on the biological actmnsew syntethic organoselenium

compounds and their role as protective compoundmsigthe toxicity of mercury.

Key-words: selenium, seloenzymes, mercury.
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1. Introduction

Selenium (Se) is a nonmetal element that occurdifigrent forms (organic and
inorganic) in the environment (soil, water, air andorporated to different organisms). Its
essentiality, as trace element, for several spaeless on the fact that it is constituent of
selenocysteine on selenoproteins. This fact west feported at 1970’'s by authors that
described Glutathione Peroxidase (GPx), as a seheiyme. Thus, this micronutrient, with
redox characteristics, plays major role in the deflense against oxidative stress (Rotruck et
al., 1973; Flohe et al., 1973; Frostom et al., 2978

Moreover, Se is increasingly recognized for it®ldgical importance and it is
considered a nutraceutical component, having hdadthefits as part of prevention and
treatment of diseases. Deficiency of Se, can leathtdiovascular disorders (Allander et al.,
1994), cognitive impairment, seizures, Parkinsanisl Alzheimer’'s diseases (Zhang et al.,
2010), increase of cancer incidence (Davis et 2012) and conditions associated with
increased oxidative stress or inflammation (Whangé02; Rayman, 2000). In this context,
Se supplementation can be considered a valuablepingtic alternative for such diseases as
demonstrated on studies using inorganic and ordganmss of this element (Velardos et al.,
2004; Corcoran et al., 2010; Rayman et al., 206GRixthermore, synthetic organic Se
compounds, have also been investigated in thiseggnand despite some toxic effects, its
GPx-like activity and action as Thioredoxin redsetdTrxR) substrate, lead to evidences of
protection against some diseases in experimentdel®osuch as inflammation, depression,
cardiomyopathy, neuro disorders and other (Noguetied., 2003; Posser et al., 2009; de Bem
et al., 2008, 2009; Saito et al., 1998).

In contrast, mercury (Hg), which is far from beiag essential element, has been
utilized by humans since ancient times. MethylmerdeHg), considered the main organic
form of this metal found in nature, is a known eamimental pollutant that caused human
contamination around the world in the last decd@darkson et al., 2003; Bakir et al., 1973).
The main source of contamination to this organomeda be through fish and seafood
consumption (Pinheiro et al., 2003), where thisa@wompound demonstrate affect a variety
of cellular functions leading to damage of organd @ssues, particularly to central nervous
system (Farina et al., 2011), but also to livednkly and immune and cardiovascular systems

(Freitas et al., 2009; Shenker et al., 1997; Vetast al., 2007). This organometal negatively
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interact with Se-containing enzymes, reducing thetox potential and induce toxicity by
means of oxidative stress (Shanker et al., 20Gn der et al., 2009; Branco et al., 2012).

As described before, Se is a potent antioxidant eay, due to its chemical
characteristics, be a promising class of therap@atnpounds against Hg toxicity particularly
in its organic form, in order to reduce its toxiifeets. This, compound also have a high
ability to interact with heavy metals (Falnoga dngsek-Znidaric, 2007), and it is a natural
MeHg and inorganic Hg antagonist that potently d¢eractts or eliminates symptoms of
toxicity that would otherwise accompany high MeHg/exposures (Ralston and Raymond,
2010). Synthetic organic Se compounds have alsm loeenonstrated potent agents to
attenuate MeHg toxicity (Freitas et al., 2009, Raret al., 2003; Meinerz et al., 2011), and
their importance are emphasize here.

This review describes important aspects of Sehm e@nvironment and in living
organism, with focus to selenoenzymes, and its rtapoe to health. In addition, we describe
some important characteristics of Hg at inorgamd anainly at organic forms, and their
toxicological effects in the metabolism. Finallg review will describe some Se and Hg
interactions; their biochemical, physiological, artdxicological interactions, and the
importance of this antioxidant compounds (espgcidl synthetic organic Se compounds) in

the attenuation of MeHg toxicity.

2. Selenium

Selenium is a nonmetal element with atomic nun3derit was identified, in 1818 by
Jons Jacob Berzelius a Swedish chemist (BerzdlRE3; Kabata-Pendias, 1998) that named
it in reference to Selene, the Greek goddess ofntben (Kabata-Pendias, 1998), thus
contrasting with tellurium, metalloid that has demiproperties shared with Se, initially
referred to the Earth.

Selenium is present in nature and in organisnw@eanic and/or inorganic forms. The
main organic forms are selenomethionine (SeMet) saldnocysteine (Sec). The inorganic
forms are selenite (Se®), selenide (S®), selenate (Se) and the Se element (Se). In

addition, this element is often associated witlplsui containing compounds (Mehdi, 2013).
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2.1Selenium in the Enviornment

This trace element is present in the earth’s @usin average of 90 ug/Kg. Selenium
concentration is high in carbonate rocks as well@sanic and sedimentary soils (Mehdi et
al., 2013). In soils, Se availability occurs maidiye to erosion of rocks containing selenites
and selenides which are associated with sulphideerals. It is also found in the form of
elemental Se, selenate salts and ferric selenii its organic forms that derive mainly from
the decomposition of plants that accumulate Se ti@viarand Suarez, 1996; Barceloux, 1999).
Basically, Se concentration in soil varies depegdn the type, texture and organic matter
content of the soil (Dumont et al., 2006).

In water, Se is originated from atmospheric pré&ipn and deposits or soil drainage
and sub-soils which are naturally rich in this edern This element can be found mainly as
selenide, selenate and selenite forms (Barceld89)1

Regarding human health, Se in water has been @esidess important than it in soil.
However, the presence of this element in drinkiregew provided manly from agricultural
fertilizers hasbeen recently linked to an increased propensityeteelop Amyotrophic lateral
sclerosis (Vinceti et al., 2010)n the atmosphere, the presence of Se is linkedataral
activities, such as soil erosion, volcanism, fofess, and anthropogenic activities like fossil
fuel burning, incineration of garbage, tires anghgra(Barceloux, 1999; Wen and Carignan,
2007). Three groups of Se compounds can be dissingd in the atmosphere: volatile
organic compounds (dimethylselenide (DMSe), dimetldiselenide (DMDSe) and
methaneselenol), volatile inorganic compounds (Bide), and elemental Se, linked to
ashes or particles (Sannac, 200y(re 1).

2.1.1 Selenium entry in the life cycle

Selenium assimilation by plants is influenced bg physico-chemical properties of
the soil (redox status, pH and microbial activitygut the main critical factors for
assimilation/absorption of Se are its concentraffdoughtrey et al., 1983) and its speciation
or chemical form in the surrounding soil. Selenabe most oxidized form of Se, can be
found in alkaline soils, where it is soluble andiBaavailable to plants. However, this Se
(VI) competes with its sulfur analogue sulfate éiptake by root plasma membrane of plants,

because these two elements are metabolized bythe siethabolic pathways (Dumont et al.,
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2006; Zhu et al., 2009). Selenite can be absorbssl éffectively by plants, about ten times
less than selenate (Coughtrey et al., 1983).

Se (VI), that is the most important form of Settbaters in the biological cycle, in a
number of circumstances can dictate the naturaintiiropogenic environmental toxicity of
Se, depends on its concencentration in the surmogrgbil (Madison, 1860; Dumont et al.
2006; Zhu et al. 2009). In plants, Se can alsoobed as organic compounds such as SeMet,
Se- methylselenocysteine (MeSeCys) or Sec, thatrgrertant forms of this element that can
be absorbed, bioaccumulated and metabolized byadsimthe food chainHgure 1).

2.1.2 Selenium Distribution in Living organisms

According to many studies, sea food, offal meat$ Brazil nuts are the richest source
of Se (Rayman, 2008; Rayman et al., 2008). In amditereals, grains, egg, vegetables and
dairy products are other important sources of Ser(ashita and Yamashita, 2010). However,
the quantities may vary widely according to thel sointent of Se in different continents
(Mahalingam et al., 1997).

2.2 Selenium in cell biology

2.2.1. The first evidences of selenium in cell bagy

Selenium is an essential trace element in mantynttuall, life forms. It was found as
an essential micronutrient for some microorganismmaind 1950, by Pinsent. In that study,
the author found that traces of selenite were éisddar the formation of an active formic
dehydrogenase by strains of coli-aerogenes groupacteria grown in a purified synthetic
medium, although selenite had no influence on gngq®insent, 1954).

In 1957, Schwarz and Foltz demonstrated that Sadcsubstitute vitamin E and
prevent hepatic degeneration caused by the vitdingteficient diet in rats. Indeed, as a
pioneering discovery, they demonstrated that fa@®ofa fraction isolated from kidney)
blunted the liver degeneration and, most imporyariiey definitely demonstrated that pure
Se (as selenite (Se(lV)) could substitute fact@sJrotective agent. Schwarz and Foltz did

not demonstrate the essentiality of Se in mammatistablished for the first time that selenite
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could replace vitamin E in an aggressive modeiveir Idisease, a finding that suggested Se to
be a nutritional requirement for mammals (Schwaia loltz, 1957).

However, the molecular role of Se was only idésdifabout 15 years after Schwarz
and Foltz’s publication In the early 1970's, the first biological activity Se was identified
by independent groups. Two publications demongiréitat glutathione peroxidase (GPx)
from blood, an enzyme that decompose hydrogen mkraxsing reduced GSH as reducing
equivalent donor, was a selenoenzyme. In additiomas found that Se deficient rats exhibit
decreased GPx activity, indicating that this elemerust be considered an essential
component of this enzyme (Rotruck et al., 1973)wkNer, the chemical nature of Se in GPx
was unknown in 1973 (Flohe et al., 1973; Rotruckletl973).

Forstrom et al. (1978) demonstrated that Se wasept in the active site of rat GPx as
selenocysteine, which corroborated previous finglingth the selenocysteine-containing

enzyme glycine reductase in a prokaryotostridium sticklandi{Cone et al., 1976).

2.2.2 Incorporation of Selenium as selenocysteiire selenoproteins

Unlike other inorganic elements that interact wjthoteins as cofactors, Se is
cotranslationally incorporated into the polypepticdeain as part of the amino acid Sec.
Selenocysteine is known as the®2amino acid in the genetic code as it has its own
biosynthetic machinery, a tRNA and an elongatiootdg and is inserted into newly
synthesized polypeptides in response to the SeoncddGA, that in most circumstances
signals translation termination. But, this codoraldy is circumvented by the presence of
evolutionary conservedis- and transacting elements and protein factors dedicated to
decoding of UGA as Sec (Copeland, 2003; Discrotl @wopeland, 2003; Tujebajeva et al.,
2000).

Sec insertion into protein requires the presesfca conserved stem-loop structure,
known as the Sec insertion sequence (SECIS) elefBemnty et al., 1991). In eukaryotes, this
structure is located in the-BTR (Walczak et al.,, 1996; Berry et al.,, 1993).yBed the
SECIS element, the selenoprotein synthesis maghaiso include other factors such as, Sec-
specific elongation factor, Sec-tRNASec, SBP2 (SElihding protein 2), ribosomal protein
L30, 43-kDa RNA binding protein, soluble liver aggn protein, and SPS1 thus work in
concert to incorporate the Sec into a polypeptidtéha site encoded by the UGA codon in

mammalian cells (Hatfield et al., 2006; Squires Bedy, 2008).
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Sec-containing proteins occur in all major linéoganism (for example, eukaryota,
eubacteria and archaea), but not all of them hlh®set proteins. Prokaryotic genomes have
been extensively analyzed for the occurrence otnsgrotein genes (Kryukov and
Gladyshev, 2004) and among eukaryotes, mainly gr@mes of mammaldHomo sapiens
and Mus musculus (Kryukov et al., 2003), nematodesgenorhabditis elegansand
Caenorhabditis briggzge (Taskov et al., 2005), fruit fly Orosophila melanogaster
(Castellano et al., 2001), green alg@&hlamydomonas reinhardfi(Novoselov et al., 2002)
and Plasmodia (Lobanov et al., 2006) have beernyaslwith regard to the entire set of
selenoproteins (a set of selenoproteins in an @gars known as the selenoproteomieggble
1 shows the most used experimental organisms (eotem)yto the analysis of selenoproteins
and the respective number of these proteins foungbgh of them.

However, no selenoproteins or Sec insertion maciiinvas detected in sequenced
fungal genomes, which is consistent with the ides selenoprotein genes were lost at this
kingdom. Similarly, while large selenoproteomes wca Chlamydomonas, Volvox and
Ostreococcus — green algae genders, higher planks asArabidopsis thalianaand Oryza
sativacompletely lost both selenoproteins and Sec irseriachinery, instead, they express
cysteine-containing homologues (Lobanov et al., 7200

Recent studies also showed that aquatic organigmeserally have larger
selenoproteomes than terrestrial organisms, antdnti@mmalian selenoproteomes show a
trend toward reduced use of selenoproteins (Lobatal., 2007; 2008).Accordingly, the
highest number of selenoproteins is found in aguatganisms, whether they are animals
(e.q., fish) or plants (e.g., algae). Some alga&eespecially rich in selenoproteins (Venturi
and Venturi, 2007). One factor for the occurremdelarge selenoproteomes in aquatic
organisms is bioavailability of Se in oceans. Iis tbnvironment, Se is highly available and
can be easily uptake along the food chain (Cut@89). In this case, an additional factor may
be related to lower fluctuating levels of nutriemtghe aquatic environments. In contrast, in
terrestrial environments, changes on nutrientslawdity are more frequent. Other important
factor to explain the differences between aquatid terrestrial selenoproteomes may be
oxygen content. Higher content of oxygen in airntha aquatic environments may pose
highly reactive selenoproteins more susceptiblexidation in terrestrial organisms and select
against the use of these proteins (Lobanov e2@07). To reinforce this hypothesis, Zhang
and coauthors demonstrated that decreases in oxygyeentration appeared to preserve or
even stimulate the use of Sec in bacterias. Indeadterias that have highest number of

selenoproteins are anaerobics (Zhang et al 2008yeftheless, the hypothesis on the
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preferential use of Se in aquatic environmentotsciear and, more evidences and studies are
nedded. Furthermore, these points of view may ebeclarge animals (vertebrates/ mammals)
because their intra-organismal environment would leéss affected by environmental
conditions due to their complex morphology.

Finally, to identify the specific factors that rhighave favored introduction or
exchange of selenocysteine in proteins, it may rbeerative to look at the chemical
differences between Se and sulfur. One of thigkfices is related to the polarizability of Se
(3.8 A% when compared to sulfur (2.9*Athat can make Sec better nucleophile and better
leaving group than cysteine (Cys) (Wada et al.,91%33uber and Criddle, 1967), and can
confers to a given selenol group a stronger redudgrial than that of an analog thiol group
(Nogueira and Rocha, 2010). In addition, Se hasveel pk, than sulfur (5.2 for the
selenolate versus 8.5 thiolate) and higher catabfficiency on Sec-dependent redox active
selenoproteins as compared to Cys-dependent nenegebtein orthologous (Arnér, 2010).

Other important characteristic is that, even ted&ng substantially more sensitive to
oxidation than their sulfur counterparts in an emwment with high levels of oxygen, the
oxidation of selenocysteine does not result inregversible inactivation. That can occur due
to the ability of Se-oxides to be recycled backh® parent selenol and due the ability of Se to
resist inactivation by one-electron oxidation bye@iectron oxidants. As a consequence,
enzymes that need to be very resistant to oxidatmuid be expected to prefer selenocysteine

to cysteine (Hondal and Ruggles, 2011).
2.3 Selenium in vertebrates

Selenium can occur in vertebrate cells incorporate SeMet to proteins in place of
methionine, but in this case this non- metal elendees not exert any important function in
cell, since methionine rarely has functional roiesproteins (Tuve and Williams, 1961,
Hartmanis and Stadtman, 1982).

Selenium can also be found in cells as Se-bingingteins mainly related to
toxification/ detoxification processes (Pumford at, 1992) and cell growth regulation
(Giometti et al., 2000). In addition, it can be mduin some low-molecular weight Se
compounds, such as methyl selenic acid, methyhseleteine, and SeMet, as efficient
antitumorigenic agents in animal (Ganther, 1999awWger, 2004). However, considering that
Se is an essential trace element in vertebratesntst important form of Se is found, as Sec,

in proteins known aselenoproteins
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According to a study of Mariotti and colaborataasjong all vertebrates, a set of 45
selenoproteins was identified, with at most 38 @spnted in a single organism (zebrafish).
Fish selenoproteomes are among the largest known. ifkstance, fish have several
selenoproteins (Fepl5, SelJ, Sell) that are missinghammals, as well as several Sec-
containing copies of selenoproteins T, U and W, tavalforms of SelP (Mariotti et al., 2012,
Lobanov et al., 2009).

Twenty seven selenoproteins were found to be @eniquertebrates. Twenty of them
were generated through duplication of an existielgrsoprotein in some vertebrate lineage,
while 6 of them were part of the predicted ancéstedenoproteome, a set of selenoproteins.
This implies that these latter 6 proteins (GPx2rdld hormone deiodinases (DIO 2 and DIO
3), Sell, SelPb, Fepl15) were generated at theafoetrtebrates (Mariotti et al, 2012).

Mammalian selenoproteomes consist of 24/25 setensips, from a set of 28, and
they have remained relatively stable. When humaodents and other mammals were
compared, selenoproteomes are very similar. Thguendifferences are GPx6 that in humans
it is a selenoprotein, but the rodent GPx6 replaBed with Cys, decreasing the rodent
selenoproteome to 24 selenoproteins, when compa28 tn humans (Kryukov et al., 2003)
and platypus retained a Sec-containing form otUSelhich was replaced in other mammals
with a Cys homolog.

Mammals/ human selenoproteins have important fomstas demonstrated irable
2. However, most of them act as oxidoreductasespiteatent damage to cellular components,
repair this damage, regulate redox state of preteirhave other redox functions. In addition,
they can patrticipate in the biosynthesis of dNT&*<IINA in thyroid hormone metabolism, in
immune responses, Se transport and storage andtiptiye protein folding (Papp et al.,
2007). This class of proteins plays a major roldhimman health and disease (Surai, 2006;
Hatfield et al., 2006).

Most selenoproteins belong to one of two main gsoaccording to the location of the
Sec residue. Selenoproteins of the first group aianSec closely to the C-terminus of the
protein. Mammalian selenoproteins K, S, O, |, R tfnaine-R-sulfoxide reductase, MsrB)
and thioredoxin reductases (TrxR) are examplesuoh roteins. Other proteins, such as
mammalian selenoproteins H, M, T, V, W, Sepl5, regkosphate synthetase 2 (SPS2),
thyroid hormone deiodinases (DIOs) and GPxs, hase i8 the N-terminal segments of
proteins (almost all are thioredoxin fold protejnsjten as part of the CxxU motif that
corresponds to the CxxC motif (two cysteines sdpdrhy two residues) in the active site of
thioredoxin (Lobanov et al., 2009).
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2.4 Selenoenzymes

The best characterized selenoenzymes familieGeres, TrxRs and DIOs, that are
described below. These selenoenzymes have differerymatic activities, but all require

reductive cofactors which provide the electronstif@ir catalytic redox cycle.

2.4.1 Glutathione Peroxidase

Glutathione peroxidase was the first mammaliaarsgrotein identified. This enzyme
Is associated with the antioxidant activity of F@rstrom et al., 1978), and its enzymatic
activity is directly proportional to Se intake. Theatalytic redox cycle involves the oxidation
of Sec to selenenic acid by hydrogen peroxide agdroc hydroperoxides and reduction to
the selenolate anion form by expenses of GSH (Eph.,€1983). Thus, this selenoenzyme is
able to protect cells from oxidative damage, emgurthe continued integrity of cell
membranes (Brigelius-Flohe et al., 1994).

There are eight identified forms of GPx which aharacterized by similar features.
They have different modes and sites of action affdrent chemical forms. However, only
five of them presents Sec in the catalytic actite, sthat include the following: the cytosolic
GPx (cGPx/GPx1), a gastrointestinal-specific enzyi@&GPx/GPx2), a secreted protein
found in plasma (pGPx/GPx3), an enzyme that actsoxidized lipids, phospholipid
hydroperoxide glutathione peroxidase (PHGPx/GPadAll a glutathione peroxidase (GPx6)
located in olfactory epithelium and embryonic tssuGPx1-3 are homotetrameric proteins
with a subunit molecular mass of 22-25 kDa, whef@Bg4 is a 20 —22- kDa monomeric
enzyme.

Glutathione peroxidase- 1lis a ubiquitouscytosolic enzymethat is widespread
throughout the whole body and is expressed at Wiglty levels in erythrocytes, liver, kidneys
and lungs (Flohé, 1989). Its main activity is axriilant and it can metabolize only hydrogen
peroxide and some organic hydroperoxides. It iditseenzyme to be affected in the case of
Se deficiency (Fairweather-Tait et al.,, 2010). GRah also be associated with protection
against virus infection (Beck et al., 1998).

Glutathione peroxidase-2(GPx-2) is an enzyme present in the cytosol laedliin
the human liver and predominantly in thastrointestinal tissues. Therefore, GPx2 is often

referred to as GI-GPx. Its distribution varies Ire tintestine, it is higher in the crypts and
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lower in the luminal surface. It protects againsidative damages and presents the structure
and substrate specificity similar to that of GPEhy et al., 1993).

Glutathione peroxidase-3(pGPx) is a glycosylated protein secreted to ertralar
compartments. It uses a wide range of substratdsdimg HO,, fatty acid hydroperoxides,
and phospholipid hydroperoxides and is an effici@ntioxidant in theplasma (Brigelius-
Flohe, 1999). GPx3 is the second most abundamnggtotein in the plasma after
selenoprotein P and represents 10 to 30% of Salfouplasma. In addition, it is also found
in the liver, kidneys, heart, lungs, thyroid, gaesitestinal tract and breasts, and also in the
placenta and the male reproductive system (Schetwal, 1998).

Glutathione peroxidase-4(GPx-4) Phospholipid hydroperoxide GP» is widely
spread in the human body. Unlike other GPxs, GPHEPx can reduce phospholipid- and
cholesterol-hydroperoxides directly, by using alees from protein thiols as well as from
glutathione in mammalian cells (Imai and Nakaga2@0)3). GPx4 is present in cytosolic,
mitochondrial, and nuclear isoforms with differ@htitissue distribution. Besides its
antioxidant activity, it protects biomembranes frg@roxidative degradation (an important
role is suggested in the brain) (Papp et al., 2010)

Glutathione peroxidase-6 is a selenoprotein found only in humans and they
expression is shown only in olfactory epitheliumdaembryonic tissues (Kryukov et al.,
2003) it is a homologue of GPx-3 and its role rermainknown.

2.4.2 Thioredoxin Reductase

Thioredoxin Reductases (TrxR) are members of thedipe nucleotide-disulfide
oxidoreductase family. TrxR is part of the thiorgogystem, together with thioredoxin (Trx),
and NADPH, and it is considered a major celluladore system present in all living
organisms (Arner and Holmgren, 2000). This selenpmes has115 kDa and are highly
homologous to glutathinone reductase, considehagthe N-terminal active sites of them are
identical, and use a CxxxxC motif in electron tfando a C-terminal -Gly-Cys-Sec-Gly-
active site without conformational changes (Zhohagle 2000; Zhong and Holmgren, 2000).

Mammalian TrxRs are housekeeping yet induciblégome with roles in many cellular
processes. They act both by controlling the fumctiof the central redox molecule
thioredoxin, and by directly reducing numerous $@bss. TrxRs contain an FAD domain, an
NADPH-binding domain, an interphase domain, andraufiimate Sec residue in a 16-residue

C-terminal extension, which is indispensable foeithenzymatic activity (Luthman and
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Holmgren, 1982, Zhong et al 2000). The proposed hamx@ism of mammalian TrxR-
dependent reduction involves electron transfer fid®WDPH to FAD via the N-terminal
active site of one subunit to the Cys—Sec selesatfide bond within the C-terminal active
site of the opposite subunit and finally to the dtdte Trx (Zhong et al., 2000; Zhong and
Holmgren, 2000).

Three mammalian TrxR selenoenzymes have beenifiddntthe cytosolic enzyme
(TrxR1), the mitochondrial enzyme (TrxR2), and a&tigespecific enzyme thioredoxin-
glutathione reductase (TGR/TrxR3) (the latter gdessessing glutathione and glutaredoxin
reductase activity).

Thioredoxin reductase 1is a ubiquitouscytosolic homodimeric oxidoreductase
containing 1 Sec and 1 FAD per 55 kDa subunit, viddt as the penultimate amino acid
(Gladyshev et al., 2004). This enzyme is involvedhiany aspects of cellular redox regulation
(Soderberg et al., 20p@nd DNA synthesis (Spyrou and Holmgren, 1996).dditson, it is
capable to induce apoptosis if the Se of the enzyuae compromised or if this residue is
blocked e. g. by a chemotherapeutic agent (Anas@lArnér, 2003).

Thioredoxin reductase 2located inmitochondria, is a ubiquitous homodimeric
pyridine nucleotide disulfide oxidoreductase, witc as terminal amino acid. Highest levels
are observed in prostate, testes, liver, uterus,samall intestine, with intermediate levels in
brain, skeletal muscle, heart, and spleen (Miranff&zuete et al., 2000).

Thioredoxin glutathione reductasecan reduce glutathione disulfide since it contains
an N-terminal 1-Cys glutaredoxin-like domain, diffatiating it from TrxR1 and TrxR2, but
its specific physiological functions remain unknoatmpresent. It isestes-specificwhere it
is localized in the ER (Sun et al., 2001).

TrxR is the only enzyme able to reduce oxidized. Trrx provides electrons to
ribonucleotide reductase, which is essential forADdynthesis by converting ribonucleotide
to deoxyribonucleotides. Trx can also reduce methmsulfoxide reductase and thioredoxin
peroxidase (peroxiredoxin) and thus is involvethim repair of methionine sulfoxide-oxidized
proteins or redox signaling via hydrogen peroxid®l(ngren, 1989; Arnér and Holmgren,
2000). In addition, Trx system participates in masijular signaling pathways by controlling
the activity of transcription factors containingitical cysteines in their DNA-binding
domains, such as NiEB, AP-1, p53, and the glucocorticoid receptor {giland Holmgren,
2007).
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Since TrxR is essential for cell survival, it i1 amportant target of many
pharmaceutical drugs, such as anticancer and autirltic agents (Ralston and Raymond,
2010).

2.4.3 lodothyronine Deiodinases

lodothyronine hormones regulate many metabolictions in vertebrates relating to
growth, development, thermogenesis and regulationbasal metabolic rate. Three
iodothyronine deiodinases (DIO) that differ in seqce, structure and also catalyze different
reactions are responsible for activation and iratibn of these molecules. All three are
selenoenzymes (DIO1, DIO2, DIO3), and they werestheond type of selenoproteins to be
characterized (Koéhrle, 2000).

Deiodinase type I(DIO 1) was the first DIO identified, in 1990 (Bahet al., 1990).

It is a homodimeric plasma membrane protein founcharily in the liver, kidneys, thyroid
and brown fat that plays a role in thyroid hormanetabolism. It converts inactive L-
thyroxine (T4) - the major form secreted by therthy - into active 3,3'-5'triiodothyronine
(T3)- the major thyroid hormone in peripheral clation - by catalyzing the removal of
iodine from T4 (Behne et al., 1990).

Deiodinase type Ilis an ER- membrane protein abundant in the cemiealous
system, thyroid, in the brown adipose tissue andhan skeletal muscles. It provides an
important regulatory function in the brain and cahhervous system. The deiodinase type Il
also has a role in the activation of thyroid horesn

DIO1 and DIO2 can also convert reverse T3 intd-@j8othyronine (Kuiper et al.,
2005).

Deiodinase lll is localized in plasma membrane and has an activitetal and in the
deactivation of thyroid hormones (converts thyrbadmone T3 to inactive rT3 by catalyzing
the removal of iodine from T3). In addition thiszgme can also converts T4 into reverse T3
and also T3 into 3,3’-diidothyronine (Kiuper et2105). It is present in the placenta, uterus,

fetus and central nervous system (Salvatore €1205).

2.4.4 Other selenoenzymes
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Selenophosphate synthetase (3PS2) catalyzes the activation of selenide with
adenosine 5'-triphosphate (ATP) to generate selersghate, the essential reactive Se donor
for the formation of selenocysteine (Sec) and ssittes the SeR® precursor required for

de novoSec synthesis of all selenoproteins, includinglfit$Guimaraes et al., 1996).

Methionine R-sulfoxide reductase(MsrB1, also known as SelR or SelX) employs
one Sec and one Zhion bound to four Cys residues per 12-kDa molecMsrB1 is
predominantly localized in the nucleus and the mgigem of cells (Kim and Gladyshev,
2004). It has the highest specific activity amohgeé principal types of Met-R-sulfoxide
reductases, all of which employ thioredoxin as fb@uctive cofactor. They contribute to
antioxidant defenses by reducing oxidized methieniasidues (methionine sulfoxide) in
proteins back to methionine (Zhao et al., 2012pldb has role in counteracting aging and
neurological disorders, and its expression is damed by oxidative stress (Ralston and
Raymond, 2010).

3. Selenium compounds
3.1 The importance of selenium compounds to health

Selenium is essential for life, and undoubtedtiequate amounts of this element are
required for cell function. As a micronutrient, @hnquantities of dietary Se are necessary to
maintain good health in several species (50-70qyy/d

One major mechanism by which Se exerts its phygioal roles can be attributed to
its redox characteristics. The antioxidant mechasisnclude radical scavenging, metal-
binding activities and in the form of antioxidarglenoproteins, it constitutes the major Se
containing antioxidant machinery in cells (Kielikzet al., 2013). These mechanisms are
generally associated with disease prevention bgupplementation, due to the relationship
between oxidative stress and disease (Weekley aniisH2013).

The essentiality of Se is further highlighted bg high incidence of Keshan disease,
an endemic cardiomyopathy and well documented ebawipextreme Se deficiency in the
diet, a condition which was first observed in Séeaient areas in Keshan County,

Heilongjiang Province, China in 1935. Clinical feiss of Keshan disease include acute or
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chronic episodes of a heart disorder charactetigedardiogenic shock and congestive heart
failure (Li et al., 2013; Allander, 1994).

Furthermore, some studies have suggested thalesopptation of Se could reduce the
risks associated with cardiovascular diseasesicpkatly on cardiac muscle integrity (Ricetti
et al.,, 1999; Anderson, 1982). Low levels of plasiinia element are associated with the
increased risk of cardiovascular disease mortdigve, 1996). In addition, this essential
trace element takes part in the biosynthesis ahagdanic acid derivatives involved in platelet
and leucocyte functions, in the regulation of cktdeol, and also in the direct protection of
endothelial and vascular smooth muscle cells andoeyes against the accumulation of
undesired reactive oxygen species and consequntgtive stress leading to cardiovascular
disease and formation of atherosclerotic lesiore/@N1996; Salonen et al., 1982).

In Germany, authors found that patients with sogaecoronary artery disease present
low GPx1 activity in erythrocytes that were asstema with an increased risk of
cardiovascular events (Blankenberg et al., 2008yévVer, the studies about the protection of
Se in cardiac pathologies are yet controversy,essmne epidemiological studies suggest no
correlation between the plasma Se levels and cadonlar diseases (Strages et al., 2006)
and some other clinical studies strongly suppatiianeficial effects of Se on cardiovascular
functioning (Derneneve et al., 2012; Turan, 2010).

Considering that brain is particularly susceptitdeoxidative stress due to its high
oxygen consumption and presence of redox activalméValko et al., 2007), Se, as an
antioxidant, can offer benefits to neurologicaltegs. In fact, studies have demonstrated
evidences on the importance of Se to brain (Rayr2@00). For instance, (i) Se depletion
induces increased neuronal cells death in animaletsoof neurodegenerative diseases, (ii)
genetic inactivation of cellular GPx increases #amsitivity to neurotoxins and cerebral
ischaemia, while increased GPx activity as a resulbhcreased Se supply or overexpression
present beneficial outcomes; (iii) genetic inadiwa of selenoprotein- P leads to a marked
reduction in brain Se content with a parallel ingore of movement disorder and spontaneous
seizures in animal models (Schweizer et al., 2004).

Accordingly, evidence from clinical studies rewahlthat Se deficiency leads to
cognitive impairment, seizures, Parkinson’s and h&imer's disease, with important
evidences for a role oxidative stress in these itiond (Zhang et al., 2010). Low Se levels
also deactivate certain centers in the brain leatinchanges in the mood (Benton, 2002;
Sher, 2002) with incidence of depression and ottegjative mood states such as anxiety,

confusion, and hostility (Rayman, 2000).
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The immune system is also influenced by body kweélSe. Considering that immune
cells regulating organs such as spleen and livetaoo abundance of this nonmetal, it shows
the importance of the Se in immune function/modata{Hawkes et al, 2001). For example,
as a constituent of selenoproteins, Se is neededh# proper functioning of neutrophils,
macrophages, NK cells, T lymphocytes and some othenune mechanisms. In animal
models, Se deficiency impairs the ability of phagmc neutrophils and macrophages to
destroy antigens. Selenium appears to be a keienuin counteracting the development of
virulence and inhibiting HIV progression to AIDSeffencik et al., 2003). In HIV-infected
patients, Se deficiency has been significantlyelated with total lymphocyte counts (Look et
al., 1997). Thus, maintaining an optimal Se statusilV-1 infected patients may help to
increase the enzymatic defense and improve germalth in those patients (Delmas-
Beauvieux et al. 1996; Cirelli et al 1991).

Low Se levels can also lead to various thyroid gastrointestinal problems. Adequate
levels of this element is associated with a higivilg of GPx3 and TrxR that protects thyroid
cells from the hydrogen peroxide generated in #iis to be used by the thyroid peroxidase in
the synthesis of thyroid hormone. In addition, thisment is also required by selenoenzyme
iodothyronine deiodinase for the production of \&tthyroid hormone (Schomburg and
Kohrle, 2008). On the other hand, deficiency ofirlbéhe diet leads to the lack of absorption
of various other trace elements in the duodenunstrGiatestinal GPx2 protects from the
toxicity of ingested lipid hydroperoxides in mamm@rigelius-Flohé and Maiorino, 2013).

Davis and coworkers showed that different seleotegns are involved in cancer
prevention, and that Se deficiency can be a camenoter factor. In addition, the authors
demonstrated that Se had a protective effect aghing cancer in populations with low Se
status and that the risk of cancer was 2—-6 timme®id in high Se serum levels compared to
low levels (<100 ng/mL), or low Se intake (<p§/day) (Davis et al 2012). On the other
hand, few studies reported that there is no sicanifi effect on Se levels in plasma on the high
risk cancer populations (Algotar et al., 2013). Aaddo, there is no recommendation of Se
supplementation for cancer prevention in healthyutations (Cortes-Jofre et al., 2012).

In fertility, Se can also represent an importaetphar. In men, this nonmetal is
essential for sperm motility in the form of GPx4dafor Se supply to the testes from
Selenoprotein P (Mesenguer et al., 2007; ShalidiBemsal, 2005). Se deficiency is likely to
affect male fertility, particularly in the synthesof testosterone and sperm (Rayman, 2000).
Moreover, many studies have highlighted the invmilgat of Se in human and animal
reproduction (reproductive parameters and perfoomanindeed, many cases of infertility
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were recorded in Se deficient areas. It also ptagpecific role during embryo implantation.
Selenium deficiencies have also been involved itritise retained placenta, miscarriage and
preeclampsia. Some diseases during the gestatiorbeadeveloped by low levels of Se
ingestion, as obstetric cholestasis, and gestatibabetes mellitus (Mistry et al., 2012).

Despite the well-known deleterious effects of Sefiaency, high intake of
organic/inorganic Se is also detrimental to heatintenance. High levels of this element
can cause selenosis, resulting in hair loss, asd, lbrittleness, lesions in the skin and nervous
system, fatigue and irritability (Nuttal, 2006; Naxo- Alarcon and Cabera-Vique, 2008).
Acute Se toxicity causes severe neuronal lesioasirgntestinal symptoms, respiratory
symptoms, kidney failure, myocardial infarction awother cardiac disorders (Navarro-
Alarcon and Cabera-Vique, 2008).

3.1.1Inorganic forms of selenium

Sodium selenite (N&eQ) and selenate, as demonstrated below, are thestuukéd
inorganic forms of Se and supplementation with éhesmpounds are shown to improve
health. Laboratory studies point to benefits of maiNaSeQ supplementation in several
disease models.

For instance, Schnabel and coauthors showed th&e@asupplementation increased
the antioxidant capacity through GPx-1 activityendothelial cells and in coronary artery
disease patients (Schnabel et al, 2008). In anactiely, researchers showed that low doses
of selenite (5—-40 nM) increased both TrxR and G&widies and protected human coronary
artery and human umbilical vein endothelial cettenf peroxide toxicity, but TrxR appeared
to be most important in exerting the antioxidanteets (Miller et al.,, 2001). In rats
supplemented with 1 ppm Se per day with the sanmepoand for 5 weeks there was a
modest increase in TrxR and GPx levels, with aesponding modest improvement in
cardiac function post ischaemia-reperfusion (Velaret al., 2004).

Sodium selenite supplementation (200 pg/day) Wasedfective against auto immune
thyroid disorders like Hashimoto’s thyroiditis (HT)oulis et al., 2010). Then, according to
this study, routine Se supplementation can be retamded in the treatment of HT,
demonstrating an improvement in thyroid functiod amorphology.

Related to immune system, Roy and coauthors reyeidlat supplementation of

NaSeQ (200 mg) enhanced T cell response (Roy et al.419995). Sodium selenite
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supplementation (200 pg/day) also lead to sigmti@mhancement of cell mediated immune
response in cancer patients who have undergonethadapy (Kiremidjian et al., 2000).
Broome and collaborators also reported antivirdivies of Se using a supplementation of
NaSeQ (100 pg/day) that cleared the poliovirus more dapihan placebo (Broome et al.,
2004).

In a diabetes model in rats, Se supplementatiopg(INaSeQ/kg body weight)
reduced the expression of NF-kB, which is respdedibr the expression of inflammatory
proteins such as interleukins and tumor necrogitofgPillai et al., 2012). This fact can be
related with the mechanism of Se in neutralizing dxidative stress, one important cause of
diabetes (Fatmi et al., 2013).

Kumar and coauthors reported the importance oBN@& againstHelicobacter pylorj
a gastric pathogen causing gastric ulcer. Thigitro and animal model studies revealed that
inorganic Se compound showed the &htpylori activity. Duringin vitro condition, NaSeQ
showed significant bactericidal effects howeirewivo only low doses were not toxic to the
animals (Kumar et al., 2010).

In Alzheimer’s disease (AD) models, sodium selemaitigates tau pathology, making
it a promising lead compound for tau-targeted tmegits of AD and related dementias (van
Eersel et al., 2010). In addition sodium selenads also able to specifically activates PP2A
phosphatase, dephosphorylates tau and reverses rinetaficits and neurodegeneration
(Corcoran et al., 2010).

3.1.2 Organoselenium compounds

Vegetables are important sources of organoselecmmpounds. Selenium in plants
can be found mainly as SeMet, MeSeCys, Sec and@w@e. Previous studies have shown
that supplementation with organic forms of Se @ ofkSe enriched foods can improve health
and disease (Rayman et al., 2008).

For instance, a study of Lovell and collaboratosing a diet supplemented with
selenised yeast (1 ppm Se in feed) decreaseD thidnburden and oxidative damage in a
mouse model of Alzheimer’s disease, supportingle far SeMet as a potential therapeutic
agent in neurologic disorders with increased oxwastress (Lovell et al., 2009). Using a
similar model of selenized yeast, Wood and coastliound an increase in T cells count.
Previous studies also reported the correlationlasma SeMet levels with the respiratory
distress syndrome (Wood et al., 2000).
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Considering that, many studies are available onS&eadeficiency and infertility in
men, Scott and coauthors showed that supplememtafith selenomethionine (100 pg/day)
in men having low initial Se status and presentimg motility levels of sperm, caused
improvement in the motility after 3 months (Scdtak, 1998).

Organoselenium compounds such as MeSeCys werendémated to be capable of
binding copper and iron and preventing oxidative DNamage induced by these metals
(Battin et al., 2011).

3.1.3 Synthetic organoselenium compounds

Considering that physiological chemistry of Senmammalian cells relies on the
presence of selenocysteine, an organoselenium agmdpm selenoproteins, and that GPx, an
important selenoprotein, acts in the antioxidartcpss catalyzing the reduction of a wide
variety of hydoperoxides, protecting against oxidastress, efforts have been made to find
organoselenium compounds capable of imitating tizymatic properties of GPx.

In this way, several simple synthetic organoselenicompounds with glutathione
peroxidase-like activity have been prepared and usalifferent models of diseases due its
antioxidant activity that greatly rely in the fortran of selenol group after interaction with
reducing thiolsBasically these compounds interact with thiol-thtek in the cell forming the
selenol group that will than, catalyzed the perexdggradation in a GPx- like manner (Figure
3) (Nogueira et al., 2004).

Ebselen was the first organoselenium compoundeptesy GPx- like activity
described in the literature (Wendel et al., 1984}er, other GPx mimetic compounds were
also investigated, including diphenyl diselenide$B) and anologues, with a higher catalytic
activity than ebselen (Nogueira et al., 2004).

In the last decades, the antioxidant activity bseden and other organoselenium
compounds have been reported in experimental moaetsa number of studies showed that
these compounds can efficiently scavenge and dimimeactive oxygen species. The
foremost antioxidant abilities of such compoundBeseon the protection against lipid
peroxidation, radical-scavenging activity (Mishra al., 2006; Prigol et al., 2009b),
peroxynitrite scavenging activity (Sies and Masumdt997; Woznichak et al., 2000) and
also act as substrates of mammalian thioredoxidectase enzyme (Freitas et al., 2010). In
addition this seleno compounds were also abledode the TrxR synthesis, by increasing its

expression, as observerd by Zhang and coauthoi8)20
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Moreover, synthetic organoselenium compound caras@etoxifying agents against
xenobiotic compounds that exhibits toxicity throughrious mechanisms. For instance,
xenobiotics that induce ROS production can be atttsd by ebselen antioxidative properties.
This selenocompound is highly effective in reducingn, cadmium and MeHg-induced
cytotoxicity (Davis and Bartffay, 2004; Ardais dt,&008; Yin et al.,, 2011). In the same
context, (PhSe)reduces the pro-oxidant effect of cadmium and gieterucry (MeHQ)
(Santos et al., 2005; Roos et al. 2009).

Therefore, synthetic organoselenium compoundsdcoepresent novel therapeutic
strategies against oxidative stress and inflammatedated diseases (Arteel and Sies 2001,
Wang et al., 2004; Gill et al., 2010). In fact, eles and other organoselenium compounds
have been shown to be efficient anti-inflammatogeras (Parnham and Kindt 1984;
Cotgreave et al. 1989; Nogueira et al., 2003).

Antinociceptive activity is also among the repegea®f biological actions delivered by
organoselenium compounds. Diphenyl diselenideh@®ve as an effective antinociceptive
compound on the tail-flick, formalin, acetic acitdiuced abdominal writhing, and capsaicin
animal models (Nogueira et al. 2003; Savegnagd.20®8). Indeed, its activity in these
models is more effective than ebselen. In addifpemethoxyldiphenyl diselenide, an anolgue
of (PhSe) was also able to act as antinociptive drug (Nagugnd Rocha, 2010).

Depression and anxiety mood disorders are showetlinked to low Se levels and
increasing dietary Se intake is shown to improwséhfactors (Sher, 2007; Rayman, 2000;
Benton, 2002). The antidepressant-like effect ofeddn was evidenced in the forced
swimming test, a predictive model for antidepressimgs (Posser et al.,, 2009). Such an
effect was demonstrated to involve noradrenergicdopaminergic neurotransmitter systems
(Posser et al., 2009). By using a similar modelye§aago et al (2007) pointed the
serotonergic system as a main mediator for thel@ptessant-like effect of (PhSeDiphenyl
diselenide and its anologuetrifluoromethyl- diphenyl diselenide have also hg@oposed to
have anxiolytic action in different animal mode®&hisleni et al. 2008; Briinig et al., 2009).

Synthetic organoselenium compounds have also beestigated for its protective
effects as antioxidants. In this regard, ebselah (@ihSe) act as a hepatoprotetective agent
against toxicants as Paracetamol (Li et al., 199dhelm et al., 2009a). The compoungls
methoxyldiphenyl diselenide and m-trifluoromethypldenyl diselenide also showed
hepatoprotective effects on acute liver injure ipppolysaccharide/D glucosamine exposure

and 2-nitropropane respectively (Wilhelm et al.,020;c). Ebselen and (Phgehave
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demonstrated yet, renoprotective activity againstearenal failure injury (Noiri et al., 2001;
Brandéo et al., 2009).

In addition, considering that organoselenium coonmals do not induce irritability of
the gastric mucosa, in contrast to non-sterioidatiirdlamatory drugs (NSAIDS),
organochalcogenides are suggested as gastropvetelrttig candidates, as demonstrated in
studies with ebselen that prevents ulceration aaduby ethanol in mice (Tabuchi et al.,
1995) and diclofenac in rats (Leyck and Parnhar@0LDiphenyl diselenide showed similar
effects in the ethanol and endomethacin models$cefation in rats (Savegnago et al., 2006).

As depicted before, extreme deficiencies of Sé¢han diet can lead to Keshan and
Kashin-Beck diseases (Navarro-Alarcon and LopeztiMez, 2000). Then, some synthetic
organoselenium compounds have been studied irreliffenodels of cardiovascular damage.
Ebselen was effective against daunorubicin-induzaadiomyopathy in rats. In fact, ebselen
can normalize serum cardiac enzymes creatine kitestate dehydrogenase, and GPx (Saad
et al., 2006). Diphenyl diselenide inhibited ligpdroxidation and prevented the oxidation of
protein moieties in human isolated LDin vitro (de Bem et al. 2008) and rabbits
supplementation with 10 ppm of this compound redutotal cholesterol levels (de Bem et
al., 2009). In addition, the hypolipidemic actioh (PhSe) was characterized besides the
reduction in the total cholesterol also, non-higimsity lipoprotein cholesterol, and
triglycerides levels (da Rocha et al., 2009).

Synthetic organoselenium compounds, have also beeestigated as potential
neuroprotective drugs. Ebselen was wused in clinit@édls for the treatment of
neuropathological conditions associated with oxi@astress (Saito et al. 1998). Ebselen has
been proved to protect against brain damage frdi@reint models of permanent and transient
focal ischemia (Johshita et al. 1990; Dawson etl@B5), and hypoxia/ischemia-induced
neuronal damage (Knollema et al. 1996). This comgdouwlemonstrated significant
neuroprotectionn vitro, in ischemic model where protected the brain ajairxygen and
glucose deprivation (Porcitncula et al., 2003) atignuated, in concentration dependent
manner, the degradation and depletion of glutathionastrocytes (Gabryel and Malecki,
2006).

Diphenyl diselenide has been reported as a neategior agent in a classical model
of in vitro ischemia (Ghisleni et al. 2003), that can occuthgyinhibition of excessive nitric
oxide (NO) production by inducible nitric oxide slgase (iINOS) after brain ischemia in vitro.
This compound was also able to attenuate the dgsidinnduced by haloperidol (Burger et

al., 2005) and fluphenazine (Fachinetto et al.,7200his compound has been demonstrated
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yet, as an inductor of facilitation of long-termj@tt recognition memory in rats (Rosa et al.,
2003).

Diphenyl diselenide anologues have also been peip@s neuroprotective agents.
Pinton and co-workers showed thatnethoxyldiphenyl diselenide was able to reverse th
learning and memory impairments induced by intr@losventricular injection of
streptozotocin, a model of sporadic dementia ofhAimer’s type, in mice (Pinton et al.,
2010). Another analogue known asttrifluoromethyldiphenyl diselenide attenuated
behavioral features associated with a mouse mdgeyahosis (Machado et al., 2006), it also
present an anticonvulsivant effect pentyleneteteagwuced seizures in mice (Prigol et al.,
2009a).

3.1.4 Selenium compounds and cancer

Many studies in relation to anticarcinogenic effeaf Se compounds have been
carried out by several research groups.

For instance, N&eQ, due to its pro-oxidant characteristic, represenzromising
alternative for cancer therapy (Brozmanova et24110). Sodium selenite has been shown to
be the most effective inn vitro and in vivo studies of carcinogenesis. As recently
demonstrated, selenite possesses oxidizing prepdrtithe presence of specific substrates.
Selenite by virtue of oxidizing cell membrane tkiatan prevent the formation of the coat and
consequently makes cancer cells vulnerable to imaune control and destruction. It is,
therefore, postulated that pEeQ, in view of its relative low toxicity, and mightebome a
drug of choice for many types of cancer includiegklemia (Lipinski, 2005).

Accordingly, Combs demonstrated that in animal et®d supplementation of
inorganic Se in the diet protects against canaguaad by a variety of chemical carcinogens
(Combs, 1997). In addition, in a study of Davis ammhuthors, an enriched selenite salt
supplementation in a community of 21,000 person€ma reduced liver cancer by 35%
(Davis et al., 2012).

Selenium compounds like selenite and selenate rak@ng inhibitory effects
particularly on mammalian tumor cell growth (Spyretial., 1996). In this context, the
selenoenzyme, TrxR can represent an importantdrigmg anticancer activity of inorganic Se
compounds, since TrxR1 represents a central enzgmeell growth tumor, differentiation,
and the protection against oxidative stress. Trxfiich in several studies has been shown to
be up-regulated in various tumor cells, is alsargédt for many anticancer drugs. In a study of
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Selenius and colaborators, inhibition of TrxR résdilin enhanced selenite cytotoxicity,
clearly connecting the thioredoxin system to thad@ffects mediated by selenite, inhibiting
the cell tumor growth (Selenius et al., 2008).

Effects of organoselenium compounds (SeMet and @gSeare also tested in several
studies of prevention or treatment to cancer. Sasha meta-analysis of various studies
published on the effect of Se on gastrointestirsalcers showed that Se supplementation
(SeMet) was associated with nearly 60% reductiomastrointestinal cancers (Ma et al.,
2012; Jayaprakash and Marshall, 2011; Ibiebe#b €2013).

In accordance, the Nutritional Prevention of Can@¢PC) trial carried out with
selenised yeast supplements (200 pg per day) cargaSeMet (18- 69%) but also other
forms of Se (selenite, g-glutamyl-methylselenoapgteand Se-adenosylhomocysteine),
showed significant reduction in total cancer madmialtotal cancer incidence and the
incidence of prostate, lung and colorectal caneatfsout any effect in the primary endpoint,
nonmelanoma skin cancer (Clark et al., 1996). Thenmpreventive mechanism of action of
these compounds is not known, but as demonstratetei literature it may be mediated
through the Se dependent redox systems in thearellsough the T cell action (Cheng et al.,
2012). T cells are the major components on careapval, and the synthesis and activation
of which are Se dependent (Clarlson et al., 20h@n&li et al., 2008).

However, a Se and Vitamin E cancer prevention (8&LECT) that was designed to
study the effect of SeMet (the main form of Se fbun food - 200ug) alone or in
combination with vitamin E, did not presented esthstic results and in contrast, an increase
in type 2 diabetes was observed together with aifgignt increase on the risk of prostate
cancer (Lippman et al., 2005). These contrastingult® evidenced the importance of
considering the speciation of Se supplement an&¢hstatus of population.

Futhermore, studies have demonstrated that MeSe@y be more effective than
other natural organic form of Se as an anticar@nagcompound, which can be found some
members of theBrassicaand Allium families, as well as in Se-accumulatidgtragalus
species (Whanger., 2002; Ganther, 1992).

Accordingly, numerous studies have demonstratedattticarcinogenic activities of
some organic forms of Se against certain typesoter (Whanger., 2002; Clark et al., 1996;
Raid et al., 2002). In a long-term double-blind dstusupplemental Se (MeSeCys) was
associated with significant reductions in lung,ocettal and prostate cancers (Ganther, 1992).

In addition, Se-enriched broccoli is shown to betgctive against intestinal cancer
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susceptibility in multiple intestinal neoplasia (M)I mice and in chemically induced
mammary and colon cancer in rats (Davis et al.2200

In parallel to a number of pharmacological praopsrtreported by synthetic
organoselenium compounds, ebselen has been aliedstas a chemopreventive compound.
In this context, ebselen inhibits the cell growth human breast and colon cancer cells
(Engman et al. 1997), and induces apoptosis imdnean hepatoma cell line HepG2 (Yang et
al. 2000a). The apoptotic effect of ebselen invelig ability to deplete thiols and to alter the
mitochondrial permeability transition (Yang et 2000b). This compound has showed to be
also an effective inhibitor of TrxR, one importamechanisms to decrease the growth of
tumor cells. (Ganther and Ip, 2001).

Futhermore, diphenyl diselenide presents a pirigteceffect against the tumor
development, even when supplemented at a relatiegyconcentration (1 ppm), in B-
nitrosoN-methylurea (NMU)-induced mammary carcinogenesisl@han rats (Barbosa et al.
2008), demonstrating potential effect as chematbeutic drug.

4. Mercury

The element Hg is a metal classified in the pecitable with the atomic number (80)
and atomic mass 200.59 Da. Mercury can exist ieetloxidation states: elemental mercury
(Hg®), mercurous ion (Hg") and the mercuric ion (H§ — and can be found also in organic
form as MeHg and dimethylmercury (Eisler, 2006).eTélemental Hg is liquid at room
temperature, but form amalgams in contact with teetach as gold and silver, and then it is
used in the extraction process of these preciouslsnéAt high temperatures it passes to
gaseous phase, originating Hg vapor which is higdyc. Both mercurous and mercuric ions
can form chlorine salts, such as mercurous ch@HadeCl,) and corrosive sublimate mercuric
chloride (HgC}) (Eisler, 2006).

4.1 Mercury in the environment

Mercury is considered a global pollutant. In the@sphere, the major form of Hg is
found as Hg vapor, which can be released from #mh's crust and volcanic eruptions
(Mason, 2009). Atmospheric Figcan be oxidized to H§ under the action of ozone or

halogens. Mercury (lI) may be adsorbed to solidosiperic particles and deposited on the
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surface (dry deposition), or it can also be dissdhby atmospheric moisture and then
deposited on the surface by rain (Ariya et al.,900

In water, H§" can either be abiotically and biotically reduceghia to H§ and re-
emitted to the atmosphere or adsorbed onto susgegratéicles and organic matter and then
be deposited on the bottom sediments, or transfbinyemicrobiological action, mainly by
sulphate-reducing bacteria, into alkylated formsHyg (Morel et al., 1998). The main
alkylated forms of Hg resulting from microbial awtiare monomethylmercury (MeHg) and
dimethylmercury (ChBHgCH; or DMeHg) (Barkay and Wagner-Ddbler, 2005).

Once methylated, MeHg becomes the main form ofiHgquatic sediments, being
available to be absorbed by phytoplankton and/er ghytobenthos, and subsequently, it
becomes available to superior trophic levels, a npheenon that results in Hg
biomagnification along food chain (Morel et al..98). Moreover, the elimination of MeHg
by organisms (e.g. fishes) is a rather slow proeess the exposure level is more or less
constant, leading to accumulation in tissues thnouy the life-span of the fish
(bioaccumulation), increasing this accumulationiluthe top of food chain (Jackson, 1998).
Since humans stand at the very top of the food mpighapopulations relying on a diet
containing high amounts of predatory marine orHvester fishes are, consequently, exposed
to high levels of MeHg (Carvalho et al., 2008).

Mercury and its compounds have been used in gmlgenmic activities since ancient
times by different civilizations (Goldwater, 1972he Chineses (100 a.c.) utilized Hg in the
form of cinnabar, as the pigment in red ink and dghemists. The Europeans used
therapeutic applications of Hg for the treatmentsgbhilis, which showed also Hg’'s toxic
nature resulting in a large number of deaths (Glamkand Magos, 2006). Moreover, although
its use for the treatment of this disease declohetihg the 18 and early 28 centuries, Hg
remained as a common treatment for a vast myriadtioér pathologies (Clarke, 1912;
Kollock, 1896). From 18 century, Hg begins to be utilizes in amalgamseinti$try, the main
exposure route of the general population to Hg véptarkson, 2002).

Nowadays, the use of Hg in medicine is mainlytegldo the anti-septic properties of
Hg compounds, such as phenylmercury and ethylmerntuosalacylate (Thimerosal), that
make them useful in preserving medical solutions eccines (Magos, 1997; Clarkson and
Magos, 2006). Mercury is also used in the indusisyelectronic components, as component
of energy-efficient compact fluorescent lamps anthermometers production (Clarkson and
Magos, 2006). In agriculture this metal is usednsecticides and antifungals. Its use in

mining represent an important problem of publiclteand a good example is the a Amazon
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region in Brazil, where the use of Hg compoundgétd extraction leads the workers to
contamination (Malm et al, 1998; Myers et al., 2007

At least two catastrophic episodes of environmeratamination with Hg occurred
around the world. For instance, the incidents imdvinata, Japan in the 1950’ decade and in
1970’ in Irag are the major environmental disasteqorted involving Hg, leading to an
unprecedented contamination of local populationgsicey severe neurological conditions
(Harada, 1995; Johansson et al., 2007).

In the last decades, the human exposure stillrecdwt in a less scale. Important
avenues of human contamination are agriculturejgtrchl and mining activities, but the main
source of Hg exposure to humans is suggested tihebeonsumption of MeHg-contaminated
fish (Clarkson, 2002, Clarkson e Magos, 2006).

4.2 Human exposure to mercury

4.2.1 Elemental and Inorganic Mercury (Occupationbexposition)

Elemental Hg is found as a liquid metallic that itself is natry toxic, since upon
ingestion gastrointestinal absorption is extremely (WHO, 2003; Rooney, 2007). Toxicity
of Hg? results primarily from the inhalation of Hg vapmy workers in industries where Hg
enters the manufacturing process or by generallptpu exposure is the release of’"Higm
dental amalgam surfaces (Clarkson, 2002; Roonéj;)20

Inhaled air is the main route by which Hip the form of vapor enters the body
(Clarkson et al., 2007). In the lungs, approximai#®% to 85% of Hg vapor diffuses from
the alveoli into the blood stream (Magos, 1997)n€idering that Hg vapor is an uncharged
monoatomic gas, lipid soluble and highly diffusibtecan diffuse through cell membranes by
passive diffusion and gain access to cell intemoall organs (WHO, 2003; Clarkson and
Magos, 2006). Mercury vapor can easily cross tloodsbrain barrier (BBB), reaching the
central nervous system (CNS) and the placentaldbgiirettmeier et al., 2010). Once inside
cells Hg vapor may be oxidized to Hipy catalase (Clarkson et al, 2007). Thus, the miercu
ion (Hg) is the direct responsible for Hg vapor toxicitjlgrkson and Magos, 2006) and
since it cannot cross easily the BBB, it is retdiire the CNS for long periods (Mottet et al,
1997; Rooney, 2007; WHO, 2003).
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The liver is a major organ for metabolization ofj Mapor (Magos, 1997). The
mercuric ion can then be conjugated with Se fornmragcuric selenide (HgSe) precipitates
which have been observed in the liver of severatigs and are thought to be a detoxification
mechanism for Hg (Groth et al., 1976; Parizek etl&l71).

The mercuric ion can also be conjugated with ghidae (GSH) by binding the thiol
group (SH-) of the cysteine residue (Cys), formengomplex similar to oxidized glutathione
(Clarkson and Magos, 2006). A fraction of this H§H#Eadduct may be secreted into the bile
followed by HG" elimination in the feces (Ballatori and Clarksdi985). It can also enter
systemic circulation and eventually reach the kygdriee major organ for Hg accumulation
following exposure to Hg vapor similarly to whatdbserved for exposure to HigMagos,
1997).

Inorganic Hg compounds (Hg salts) are also significant soufddgintoxication. It
has been used in numerous products, including ragolis, germinal soaps, teething powders
and skin creams (Goldman and Shannon, 2001).

In addition, mercuric mercury in form of water wolle salt (HgGl) is considered a
highly potent poison (Clarkson and Magos , 200&estion of as little as 1 g may be fatal.
This dose of mercuric chloride leads to a compbegakdown in patient’s renal function. It is
also highly corrosive to the gastrointestinal tracwer doses cause selective damage to the
kidneys, being the proximal tubules the main targéthis Hg compound.

Cases of occupational contamination have beentezpto cause lung damage and the
use of H§" as an antiseptic in diapers for infant use wasaated with Acrodynia (Warkany
and Hubbard, 1953). In addition, there are alsdistulinking Hg* contamination and the
development of autoimmune diseases (Pollard antivtdnl, 1997).

4.2.2 Ethylmercury

Ethylmercury (EtHg) is an organic Hg compound rhaused in form of thimerosal as
topical antiseptic and as a preservative in vasginautinely given to children. It represents
the most widely used form of organic Hg (Ball et 2001). Ethylmercury was already used
in the treatment of siphilis and commercial appliedhe agriculture as fungicidal, which
caused severe toxicity and some accidental deatlexample the episode of Iraq in 1970’ as
related before (Jalili and Abbasi, 1961).
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Thimerosal, still used nowadays in vaccines, dastabout 50% Hg by weight and is
metabolized to EtHg and thiosalicylate (Ball ef 2001). Ethylmercury radical, in thimerosal,
is attached to the sulfur atom of the thiol grodsalicylic acid. Considering that, mercuric
ions bind tightly but reversibly to thiol ligand€4rty and Malone., 1979), after thimerosal
injection, the released EtHg would be expectedinal bo small (cysteine, glutathione) and
large (proteins) endogenous thiol-containing mdiezuHowever, little is know about this
process and less about how the bound EtHg is lliséd throughout the blood and body
(Dorea et al, 2013).

Studies have suggested that EtHg exposure maycencheuro-developmental
disabilities such as attention deficit-hyperacyivlisorder, language delay but especially
autism spectrum disorder (Geier and Geier, 2006¢. ddverse effects of high dose EtHg are
thought to be similar to those of high-dose MeHal(®t al., 2001; Halsey, 1999) but the
effects of low dose EtHg are unclear.

The literature in general suggests that the rdlenaltiple doses of thimerosal -
containing vaccines in current immunization scheduan be public health issue. Even the
exposure to Hg in the form of EtHg being lower thiémat from MeHg in fish-eating
populations, is important considered that thim&ros injected intramuscularly, and
consequently, its absorption is approximately 10fi% very early age and in several doses
(Dorea, 2007).

Furthermore, in the end of ®Ccentury, a request to vaccine manufacturers about
removing thimerosal from vaccines was performed r@od, it has been removed from most
vaccine in United States and in other European tc@snsuch as Italy but it is still used in
some developing countries (Freed et al., 2002).

In terms of metabolization, the convertion of Etkginorganic Hg appears to be
substantially faster than MeHg (Burbacher et &Q%). As disclosed by a study of Matheson
and coworkers (Matheson et al., 1980), after imgecof thimerosal, 90% of the total Hg
eliminated in urine was in the inorganic form, ganty to MeHg, whose excretion in urine is
considerably lower (Bakir et al., 1973).

The pattern of tissue disposition of EtHg was ga@ely similar to that of MeHg,
with brain levels of the intact Hg being slightlygher for methyl than for ethyl forms.
Moreover, passage of EtHg is hindered by its lasyeg and faster decomposition (Clarkson,
2002). Regarding the kinetic of EtHg eliminationttlé is known, however, feces are
suggested the main pathway of elimination. Adddibn the residence time in the body is
shown to be shorter for ethyl than to MeHg (Clarks2002).
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4.2.3. Methylmercury

The first evidences for contamination with MeHgneafrom the first half of the 30
century, attributed to its use in some industri@cpsses and in agriculture as a fungicide
(Ahlmark, 1948). However, after the massive Hg aomhation in Minamata (Japan) the
scientific community and the general public realizleat fish consumption is the major route
by which humans are exposed to MeHg.

Today the main regions of contamination by MeHg & close proximity to rivers
where the gold mining is performed. For examplérazil, the Tapajos region (Amazon),
where fish consumption is the main source of daibd, levels of MeHg, measured in hair
root of inhabitants, ranging from a fgw/g to over 15Qug de Hg/g hair (Malm, 1998; Pinheiro
et al., 2003). That can represent 3 times highan the level at which the first clinical signs
and symptoms of Hg contamination occur. In addjtioonsuption of predatory fish (e.qg.
swordfish, shark and tuna) from oceans, are algmitant source of MeHg intoxication
(Carvalho et al., 2008).

However, despite the toxicity in the consumptidrfish contaminated with MeHg is
important to consider that a diet rich in fish alg@vides many important high quality
protein, vitamins, long-chain-3 polyunsaturatedyfaicids (PUFA), and micronutrients as Se
in fish muscle (Dorea, 2003; Strom et al., 2011)ef, the literature suggests that perhaps is
better to advice consumers not to exclude fish seafood from their diet but to consume
preferably species with low MeHg levels (Mahaff2904).

Methylmercury from fish, after ingested is hydmédg and the MeHg-Cys, complex
found in fish muscle, is absorbed in the intestimall (Clarkson and Magos, 2006). This is a
highly effective process, with more than 95% of Mgbeing absorbed in the Gl tract (Magos,
1997). The high motility in the body happens beeatine MeHg-Cys complex has a similar
structure to the amino acid methionine (Met), ameht by molecular homology, it use the
same neutral amino acid carrier (LAT) (Roos et2010; Simmons-Willis et al., 2002).

The systemic distribution of MeHg is fast, in ab80 hours, considering that only 5
% of Hg is found in the blood-strem. From this camment, MeHgq is distributed virtually to
all protein-rich tissues, such as the brain (foabdut 10% of Hg), kidney, liver, muscle, hair
and nails (Clarkson et al., 2003, 2007).

In the liver MeHg is metabolized and it may be jogated with reduced glutathione
(GSH) followed by its secretion through the biléoithe intestinal lumen (Mottet et al., 1997;
Clarkson, 2002). Then, the MeHg pass by enterotfepaabsorption and recirculation
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process and only 1% of the MeHg will be excreteddoes (Clarkson, 2002). Although
inefficient, fecal excretion is still the major teuof MeHg elimination, which occurs in the
form of H¢* after cleavage of the Hg-C bond by intestinal ofiora, known as
demethylation (Clarkson et al., 2007). After demgkettion, Hd"* may conjugate with GSH
and enter the systemic circulation to be delivecethe kidney to be excreted (Zalups, 2000).
Mercury (II) can also conjugate with Se forming meic selenide (HgSe) (Groth et al., 1976;
Parizek et al., 1971).

Methylmercury easily cross the Blood- brain barr{8BB) by the same mimic
mechanism described before and thus, gain accemsdtathelial cells of the BBB, and enter
the CNS (Clarkson and Magos, 2006).

Methylmercury affects a variety of cellular funet®and may cause damage to many
organs and tissues, as well as: monocytes and lyoypds (Insug et al., 1997; Shenker et al.,
1997) kidney and liver tissues (Freitas et al.,90the cardiovascular system (Virtanen et
al. 2007) and other. However, the CNS seems tachbentain MeHg target (Choi, 1978;
Atchison, 2005; Freitas et al., 2009).

In fact, the MeHg effects occur because of damagdhe brain focal regions, usually
involving areas related to sensory functions andtomaoordination, particularly the
cerebellum, and also surrounding areas of the hsargex. The damage is irreversible due to
the severe neuronal death (Clarkson and Magos,)2006

One of the proposed mechanisms for MeHg neuratgxgrelated with the disruption
of glutamate transport, which represents the maaitaory neurotransmitter in mammalian
CNS (Fonfria et al., 2005). When released intosyreptic cleft it stimulates €ainflux via
NMDA receptors in the post-synaptic terminal. Innarmal physiological scenario, the
glutamate in the synaptic cleft is taken up by asties through Na+/K+ transporters,
allowing for the signal transmission to terminakorgfria et al., 2005). However, MeHg
(Aschner et al.,, 1993, 1994; Fonfria et al., 20@fgct glutamate mediated excitatory
signaling by simultaneously enhancing its releasenfthe pre-synaptic terminal and by
impeding their uptake by astrocytes. Increasedldewé glutamate in the synaptic cleft
promote an increased calcium influx to the posagyic terminal.

This excess of calcium can affect the mitochondaasing mitochondrial swelling
and depolarization. These factors may contributeintbease ROS levels, alteration of
mitochondrial homeostasis (Seegal et al., 2007 )candequently cause apoptosis / cell death.
All of these events may culminate in neuronal lasgl contribute to the onset of various
diseases related to contamination with MeHg (Ctamk2002; Mutter et al., 2004).
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Furthermore other mechanisms can be involvedarMbHg toxicity such as:

Depletion of Intracellular Glutathione (GSH): GSH is the most abundant cellular
thiol, especially in hepatocytes and, it is invalvim many cellular processes (e.g. in the
regeneration of oxidized proteins and as a radicalenger) and constitutes one of the most
important antioxidant defense lines (Meister, 19&3)njugation with GSH is an important
step in the metabolization and systemic transpomercurials. However, an excessive MeHg
burden may lead to the depletion of reduced gliga#) with serious consequences in the cell

antioxidant response (Farina et al., 2011).

Oxidative stress: Oxidative stress is defined as an imbalance betwleenevels of
pro-oxidant and antioxidant molecules (Halliwell Gutteridge, 1999). Oxidative stress
induced by MeHg is apparently due to its directaacbn endogenous thiols (Shanker et al.,
2005) and also its effect on antioxidant enzymemi(@a et al., 2004). Once inside the cell,
MeHg covalently binds to the -SH groups of biomales, including GSH as depicted before,
thus causing oxidative stress (Franco et al., 2008 HO, production, as well as other
ROS, can be form at different ways. However, we o@mtion the mitochondria as a primary
source of ROS, that can occur via eletrons esaape ffespiratory chain to oxygen, forming
superoxide anion (§ (Halliwell e Guitteridge, 1999). Moreover, fregdicals, such as some
ROS, may cause direct oxidative damage in mitochandesulting in reduce enzymatic
activity and compromising mitochondrial functiongliRadi et al., 2002; Galindo et al.,
2003). Incrases in lipid peroxidation can also beiradicator of MeHg induces oxidative
stress (Huang et al 2011; Mahboob et al., 2001}io&idant enzymes, involved in the
degradation of ROS, can have their activity changgd/leHg. Changes in the activities of
other enzymes involved in ROS scavenging enzynststems such as catalase (CAT) and
superoxide dismutase (SOD) are also frequently rabdeas Hg induced oxidative stress.
However, the results in the literature are not iest regarding the effect of mercurials over
the activity of these enzymes and some studies blweed the opposite effect (Hussain et
al., 1997).

Changes in the activity of selenoenzymesConsidering that the selenol present in
the selenocysteine molecule is more nucleophiba tthiol present in cysteine, as depicted in

the first chapter of this review, selenoenzymesrmoee susceptible to MeHg toxicity, than
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thiol enzymes. In this context, there are someistudbout the interactions/inhibition of
selenoenzymes, particularly GPx and TrxR, by MetHat will be better explained in the next

section.

5. Interaction between Mercury and Selenium

The interaction between Hg and Se has been repsiriee 1967, where the first study
about the protective role of Se against Hg toxiaigs carried out by Parizek and Ostadalova.
In this work, injections of N&eQ reduced the renal toxicity induced by Hg@h rats
(Parizek and Ostadalova, 1967).

The mechanism on how and why these two compoumidsact was proposed in the
1990’s decade by Imura and Naganuma (1991). Sodielenite forms a high molecular
weight complex with Hg (Se-Hg at equimolar ratiodaa plasma protein. The formation of
the complex causes a marked decrease of Hg acciwnuiathe kidney, the Hg target organ,
that reduce Hg renal toxicity (Magos and Webb, }91®e protein which Hg-Se attaches
was identified as selenoprotein P, the major plasefenoprotein (Yoneda and Suzuki, 1997).
Basically, intravenously administered selenite esluced by GSH in red-blood cells to
selenide (S8 and in the plasma binds Hgorming a complex (HgSe)n, that binds to SelP
excreted from the liver (Suzuki and Ogra, 2001)difidnally, observations of insoluble
granules of HgSe have been reported in the orgassveral species (Eley, 1990; Arai et al.,
2004). Moreover, N&eQ and Hg can form an inert high molecular weight ctempand
accumulate in the red blood cells causing no harrother tissues (Imura and Naganuma,
1991).

There is also evidence that various forms of Sauding selenate and selenide, when
administered to rats together with mercuric chlericeduce the toxicity of both Se and Hg,
probably by forming a Hg-Se complex that can bected in nuclei of renal tubular cells by
electron microscopy (Goyer, 1997).

However, the benefit of Se supplementation is dlspendent on the chronology of
exposure treatments, and is frequently reportedishanly observable when both compounds
(HgCl, and NaSeQ) are provided simultaneously. When,SaQ is administered delayed, it
has been reported as having no protective effeagéiuna et al., 1984). Agarwal and Behari

(2007) noted that treatment of rats previously eedoto HgG with NaSeQ resulted in
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greater accumulation of Hg in the brain and kidmath increased lipid peroxidation and
decreased GPx activity and did not decrease tgaciHg

Considering organic forms of Hg, Ganther and doanst (1972) were the first to show
that Se was able to alleviate the lethal effectsleHg in rats co-exposed. Based on the study
of Ganther et al (1972), several authors have stemiar results in various mammal, birds
and fish species (Cuvin-Aralar and Furness, 198&rKan et al., 1975, Beijer and Jernelov,
1978; Ohi et al., 1980; Ralston et al., 2007) dsd & humans (Kosta et al., 1975).

Initially this phenomenon had been thought to resalt of supplemental dietary Se
binding to Hg, thereby preventing Hg from exertitggtoxic effects (Suzuki, 1997; Whanger,
1992). However, considering the role of Se in pblggly, authors suggested then that Hg's
propensity for Se sequestration in several tissumesd inhibit formation of essential Se-
dependent proteins (selenoproteins).

Selenium and Hg have a high affinity. Then, theleenents selectively bind together
and form insoluble Hg selenides that are retainettheé brain (Moller-Madsen and Danscher,
1991; Moller- Madsen, 1990). The affinity constdrgtween Hg and the Se of Sec is
estimated to bel0?, much higher than Hg's affinity for the sulfur 6§s; 13*. Futhermore,
the selenides that form during each cycle of Sath&gis have an exceptionally high affinity
constant for Hg (1) which is a million times higher than that of $iéf (15°), Hg's second-
best binding partner. This fact leads to extremificdlties in the release of complex
components (Hg-Se), thereby reducing the concéortrat free Se in the organism.

In this context, the supplementation with Se, sstgd by several authors, could have
a protective effect by ensuring adequate levelSeto replace the amount of Se lost to Hg
sequestration, thereby maintaining normal selerteprgynthesis.

Furthermore, Se may also decrease Hg toxicity dyynteracting the effects of free
radicals generated by inorganic Hg (Ganther, 19Ii8yeneral, Se has a protective effect in
that it delays the onset of Hg toxicity or reduttes severity of the effects of both inorganic
forms of Hg and MeHg (Goyer, 1997).

A recent study by Li et al. in China also reportledt in humans exposed to Hg, daily
supplementation with Se-enriched yeast for threenth® decreased the urinary levels of
biomarkers of oxidative stress, such as malondmgide and 8-hydroxy- 2-deoxyguanosine.
In addition, in the same study the authors dematestranother important property of Se in
counteracting Hg toxicity, showing an increaseha excretion of Hg after supplementation
of volunteers with selenomethionine (Li et al. 2D12
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Nevertheless, other works (Magos and Webb, 19@Kktéh et al., 2008) showed that
Hg-Se interaction is not always beneficial, as iaymlead to Se depletion making it
unavailable to participate in metabolism. As obedrby Khan and Wang (2009) the overall
net effect of Se over Hg toxicity will depend orettelative concentrations of Hg and their
bioavailability. Other variables to be taken intcaunt are the organism species and/or the
target organ.

5.1Interaction between MeHg and selenium

In this review, we emphasized the interaction leetwwMeHg and Se instead of other
forms of Hg. Considering that, perhaps it is thestrsdgnificant Hg form for non-occupational
human population and with important toxic effecthtiman health.

As depicted before, MeHg has a high affinity ta 8ethis way, the Hg and Se
interactions also occur in aquatic environment, levels of Se in rivers or oceans may lead
to higher accumulation of Hg in fish (MeHg) and sequently, increase the accumulation of
MeHg in the the food chain. Ocean fish tend to kaegally rich in Se relative to Hg.
However, in freshwater fish, the health risks of Hgjeexposure may vary in response to
individual and regional differences in Se intakbefiefore, fish from low-Se lakes would not
only have low-Se contents, they would also tendawe higher MeHg contents, a dangerous
combination for consumption by pregnant and othénerable subpopulations (Ralston and
Raymond, 2010). Thus, Hg — Se ratio interaction @amsequently, decrease or increase the
levels of MeHg in fish consumed by population.

Considering that Se has an important physiologicdé, MeHg exposures that
approach or exceed 1:1 molar ratios with Se appeainduce toxicity as a result of
selenoenzyme inhibition.

Under normal conditions, homeostatic regulatiocma@isms prevent brain Se content
declines higher than 60% of normal levels, apprexety. However, consumption of diets
with high MeHg contents (50umol MeHg/keg;10ppm Hg) cause significant decreases in
brain Se levels up to 43% of normal in weanling natised on low-Se diets (Ralston et al.,
2008). These remarkably low brain Se contents rapglg occurred because MeHg impairs
redistribution of somatic Se reserves in otherugss Moreover, in the study of Ralston
(2008), it was shown that dietary Se has a potdghtence on toxic effects of chronic MeHg
exposure. Low-Se diets showed the greatest tdbacte from high-MeHg exposures. Blood

Hg:Se molar ratios were proportional to observexicity. Since increasing blood Hg:Se
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ratios are indicative of increasing risk of harnssessments of MeHg exposure should
evaluate blood Hg:Se ratios rather than just Hglke{Ralston, 2008).

The protective effect of supplemental Se appeasctur because additional dietary
Se is able to offset the Se sequestered by Hg f\ab&aet al., 1999a, b; Ralston et al., 2007)
and maintain uninterrupted selenoenzyme activitimtrary to earlier expectations, it has
been shown that Hg does not cause oxidative dardagetly (Seppanen et al., 2004).
Instead, high MeHg exposures cause increased oxadddmage secondary to their inhibition
of selenoenzyme activities, that will be betterlakpbelow.

Ganther and coauthors (1972) were the first tontefhe interaction between MeHg
and supplemented Se. They showed alleviation ofSBI@ treatment on MeHg induced
mortality in a mice model treated with low Se didreover, the results showed enhance in
neurotoxicity when the animals were exposed to Melkthy low Se when compared to Se-
sufficient mice (Ganther et al. 1972).

Moreover, related to mechanisms of Hg-Se intevacta study by Ilwata et al (1981)
demonstratedh vitro that conversion of albumin-bound MeHg to insolubdenplex (HgSe)
occur by reaction of MeHg and Se compound (possiy$e) reduced by GSH and /or
protein sulphydril groups in the soluble fractioh rat liver, kidney and brain. The Se
compounds used in this study, that demonstratemifisignt results, are selenite, selenate,
GSSeSG and selenocystine, and all of them formink@™uble and inert complex only in the
presence of a reducing thiols (GSH and sulphydaugs). Selenomethionine, was ineffective
in this experiment. In addition, this study propsleat this conversion activity was specific
for Se compounds. Together, these studies sugpgaststlenite induce redistribution of
MeHg, which has been reported to be the mechanigrotection by Se against Hg toxicity.

Studies of several authors (Beyrouty and Chang2@anther et al., 1972; Hoffman
and Heinz, 1998; Ralston et al., 2008; Satoh et1Q85) suggested that co-exposure to Se
compounds has been indicated to alleviate MeHgityxiDietary Se was recently shown to
diminish the neurotoxic effects caused by MeHgaits (Ralston et al., 2008).

It has been proposed that MeHg (mostly bound itWsh due to its higher affinity to
selenols (-SeH), could exchange ligands forming Bk3¢-R compounds that are less
reactive, more stable and so less bioavailable t{Catnal., 1983). Such compounds include
MeHg-Sec and bis(methylmercuric)selenide [(Mei3g]. The latter compound is thought to
be rapidly eliminated from tissues (Watanabe, 2002)

Selenium has been also reported to have a rodeHg demethylation, which is

known to occuin vivo, especially in the liver, but also in the braingtét et al., 1997). The
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mechanism by which the C-Hg bond is cleaved remamgiown but, several hypotheses
concerning the involvement of Se in this procesgehaeen suggested (Yang et al., 2008),
such as a direct role in the demethylation; theegaion of superoxide radicals by R-SeH
compounds, that will promote demethylation and thi#usion of (MeHg}Se into the
mitochondria where demethylation occurs by radattck.

However, the beneficial effects of Se co-exposover MeHg toxicity are still
controversial. In some studies (e.g. Magos and \Wd§lY7; Masukawa et al., 1982),
(MeHg)Se was shown to form in the blood, modifying MeHsgtribution and increasing
concentrations in the brain, which could increasHg toxicity. A study by Newland and co-
workers (2006) also showed that a Se rich dietessed levels of MeHg in the brain of
female rats and their pups. This increase of Maiglk in the brain, can potential enhance its

interference with the activity of selenoenzymes.

5.1.1 Interaction between MeHg and selenoenzymes

Chemically, MeHg is classified as soft electrophdand, consequently, it reacts
preferentially with soft nucleophiles (Pearson aBidngstad, 1967). So, in the living
organisms MeHg can react with-SH (sulfhydryl or thiol groups) and with—SeH
(selenohydryl or selenol groups). It is importamteimphasize that selenol groups are softer
nucleophiles than thiol groups; consequently, tifiaity of MeHg for selenol is expected to
be higher than that for an analog thiol (Sugiuralgt1976; Khan et al., 2009). Unfortunately,
these features that make it so valuable physicitigialso make it very vulnerable to MeHg
toxicity.

Biochemically, an irreversible inhibitor is oneathforms covalent bonds with
components of the active site of an enzyme. Sieémnecysteine is the principal active site
catalytic component of selenoenzymes, MeHg is nitien a highly specific irreversible
selenoenzyme inhibitor since it forms covalent tsohetween its Hg moiety and the Se of the
enzyme’s selenocysteine (Seppanen et al., 2004).

Therefore, selenoproteins are prone to be targeyethercurials leading to loss of
activity (Ralston and Raymond, 2010). Since, Satexprimarily in selenoproteins many of
which are enzymes with important roles in cellidad tissue homeostasis (Papp et al., 2007),
impairment of their functions by mercurials is pably a determinant factor in the

development of toxicity. Formation of MeHg—SeCysofsed term; pseudomethionine) will
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not only directly inhibit selenoenzyme activitidsjt the Se trapped in this form will become
unavailable for reuse in future cycles of selentaige synthesis.

There are several reports in the literature camigr interaction of MeHg with
selenoproteins. In this context, glutathione petage (GPx), which is one of the main
scavengers of ¥, and organic hydroperoxides, has been shown toebesdsed/inhibited
following exposure to MeHg (Franco et al. 2009;itaseet al. 2009). This can be the result of
several factors, such as GSH depletion, Se depletialirect interaction between mercurials
and its active site. In fact, Franco et al. (2088pwed, in neuroblastoma cells exposed to
MeHg, a concentration dependent decrease (up tQ #0@Px activity. Zemolin (2013) also
demonstrated an inhibition on GPx activity and erdase in GPx 4 expression by MeHg in
cortex and cerebellum of treated mice. Several ahistudies (Chang and Suber, 1982;
Franco et al., 2009; Fredriksson et al., 1993;Nigloi et al., 1987; Watanabe et al., 1999) also
reported decreased GPx activity in rodents aftposwre to MeHg (up to 50%) followed by
recovery when Se was provided.

Furthermore, TxrR is particularly sensitive to MgHoth uponin vitro andin vivo
exposureThe active site of TrxR enzyme is more susceptibl®eHg inhibition than GPx,
due to the presence of a selenocysteine (Secueesidclose proximity to three Cys residues
in the open C-terminus of mammalian TrxR when camgao the GPx active site, where the
Sec residue is close to GIn and Trp residues. fllcsisassociated with the ability of the TrxR
to bind electrophilic agents such as Hg compousimificantly increases the reactivity of
MeHg with the active site of TrxR (Branco et aD]12).

Recently several studies have demonstrated tlcestitslity of TrxR to MeHg toxicity.
For instance, Carvalho et al., (2008) showed thabitory effect of MeHg towards
thioredoxin reductase (TrxR) and thioredoxin (Tirxyitro (Carvalho et al. 2008). In
this study, Carvalho and coauthors showed that neliamTrxR activity was affected by
MeHg in HelLa and HEK cells, indicating that merailsi targeted the active site SeH
(Carvalho et al., 2008b). In addition, Wagner le{2010) showed that exposure of rats to
MeHg reduced the activity of TrxR in the liver akidney, however, no inhibition of TrxR
was observed in the brain (Wagner et al., 2010¢ra®4 hours of exposure to this
organometal. Moreover, Branco et al. showedivo exposure to MeHg profoundly affected
TrxR activity both in brain and liver of fishD{plodus cervinus) corroborating the
vulnerability of TrxR to this organomercury compauiBranco et al., 2011). Dalla Corte and
collaborators also showed a significant inhibitioriver, brain and kidney TrxR acitivity in

rats treated with MeHg for 21 days (Dalla Corteakt 2013), showing a time dependent
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effect of MeHg on TrxR enzyme activity.

Since the thioredoxin system is upstream of sé\moghemical pathways, it can be
anticipated that its inhibition by mercurials ikay step in the development of Hg toxicity
(Carvalho et al., 2008), and this inhibitory effeein lead to deleterious effects, leading to

cytotoxicity and cell death.

5.1.2 Interaction between MeHg and synthetic organoselenm compounds

In addition to inorganic and naturally occurringganic Se compounds, synthetic
organoselenium compounds can also exhibit protectiffects against MeHg. Especially
considering that some synthetic organic Se compoyad (PhSe)and ebselen) form a
“selenol intermediate” which MeHg has a high affmior can indirectly modulate the
oxidative stress.

Freitas and coauthors demonstrated that (Bh8e&) and 1 mg / kg, sc, for 35 days)
was able to minimize the oxidative stress causealdtdt mice by consumption of MeHg (2
mg/ kg/ day for 35 days). The researchers also sidivat the animals treated with (PhSe)
together with MeHg consumption presented lowewngsevels of this toxicant. The authors
argued that the benefits conferred by (Ph&ajainst MeHg intoxication are beyond the
antioxidant effect, suggesting that formation o€anplex between a selenol intermediate,
which possesses high nucleophilicity and high djfifor MeHg, accounts for the ability of
(PhSe) to ameliorate MeHg-induced toxicity, and that tloelyp can more easily excrete the
toxicant (Freitas et al. 2009). In addition, (Ph3kcreased the deposition of Hg in cerebrum,
cerebellum, kidney and liver (Freitas et al., 2009)

To justify the protective effect of this selenoqmound to counteract the toxicity of
MeHg, and the best activity when compared to otirganic Se compounds, a recent study
demonstrated that selenomethionine, which is npeeted to generate a selenol/selenolate
intermediate, did not reduce the levels of Hg aitgoxication with MeHg (Santos et al.,
2007). The same study also suggested that selehimomieie protected against MeHg-induced
toxicity by increasing the antioxidant defense, hat by a reduction in Hg body burden.
Accordingly, is possible suggest that (PhS®uld possess additional beneficial properties
against MeHg-induced toxicity when compared torsaheethionine.

Glaser et al (2013) also demonstrated importesteptive effect to (PhSg)showing

that it is a potent neuroprotective agent for pnéwvg MeHg-induced brain poisoning, and
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probably other neurotoxic and neurodegenerativalitions, mainly based on its capacity to
guench MeHg protecting cells from mitochondrial fdytion.

(PhSe) and analogues were also able to protect againsinsigMeHg-induced
mitochondrial dysfunction and oxidative stress imoghondrial-enriched fractions from adult
Swiss mouse brain. In this study the protective@# of compounds was shown to be directly
proportional to their GPx-like activity (Meinerz &, 2011).

In addition, Ebselen, another synthetic organos@éhe compound, protected
developing rats from MeHg neurotoxicity, by disropt in glutamate homeostasis (release
and uptake), during lactation period (Farina et2003a). In adult mice, Ebselen blunted the
MeHg inhibited glutamate uptake by cortical bralices and decreased cortical glutathione
peroxidase activity (Farina et al., 2003b).

Since ebselen can form both “selenol intermediaad an ebselen diselenide (Zhao
et al., 2002 a, b; Sausen de Freitas et al., 230} of the observed neuroprotective effect of
ebselen against MeHg could also be a consequenite s€duction in Hg deposition in the
brain.

In contrast, Dalla Corte et al (2013) did not aleed any protective effect of (PhSe)
to MeHg, except when total and no-proteic thiol elsvwere tested. In this study, Se
compound increased the accumulation of Hg in tesuss, leading to an increase in the

toxicity.

6. Concluding remarks

Selenium is an essential trace element and besanstituent of selenoenzymes (e.j.
GPx and TrxR), it plays its essentiality on the mb@mance of cellular redox balance
(Brigelius-Flohe et al., 1994; Arner and Holmgr@900). Moreover, this element (organic
and inorganic forms) has been used due to its itapbhealth benefits, acting on prevention
and mitigation of many diseases (Velardos et 8042 Rayman et al., 2008; Nogueira et al.,
2004). On the other hand, some studies have dermatsita toxic potential for Se
compounds, suggesting the need for additional ssudiming to investigate the actual limits

between toxicity and protective effects exertedh®se compounds.

In contrast to this essential element, Hg is aneex¢ly toxic element, especially at its

organic form, MeHg, which is consumed by the popoathrough diet (Clarkson et al.,
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2003). This organometal has harmful effects espgd@mthe CNS and can lead to significant
cognitive impairment (Farina et al, 2003). The iattion of Hg compounds with intracellular
Se pools has been shown as a major mechanism ioftypdeing selenoezymes important

targets during Hg compounds poisoning events.

In this context, considering the protective effeofsSe compounds, they may be
valuable allies in the treatment of MeHg poisoniagd also they can reduce the toxic effects
caused by this compound mainly by reducing theraateon with important intracellular
macromolecules containing Se. However, studiesrdayi the protective effect of these
compounds are still controversial. While some Semmunds are shown to protect against
MeHg toxicity (Freitas et al., 2009; Glaser et &013; Meinerz et al., 2011), others can
exacerbate MeHg deleterious effects (Dalla Cort@lgt2013). Thus, a question remains

unsolved: what is the actual mechanism involveithig equation?

Furthermore, despite the high levels of MeHg preskm seafood, it offers abundant
natural protection against MeHg. This has importanglications in human health, since fish
contains many essential nutrients that are oftexllessly avoided because of misguided fears
associated with its consumption. Then, another mapb question to be addressed is the
Hg:Se ration in the ecosystems, considering thatllschanges can lead to a greater
accumulation of MeHg in fish, and consequently kigimtake by humans. Such analysis is
also important considering fish as a great sourfcenioronutrients, important to healthy

development.
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Table 1. The most known organisms (eukaryotes) used expetaihe to analysis of
selenoproteins.

Division Species Number Of.
selenoproteins

Chordata Mus musculus 24

Homo Sapiens 25

Danio rerio 38

Arthropoda Drosophila melanogaster 3

Apis mellifera 1

Chlorophyta Chlamydomonas reinhardtii 10

Ostreococcus tauri 26

Ostreococcus lucimarinus 29

Amoeba Dictyostelium discoideum 5

Nematoda Caenorr(lza.l%(::ilgz Sealltzg:]ans and 1

Apicomplexan parasites Plasmodium sp. 4

Toxoplasma 5

Kinetoplastidan Leishmania and 3
parasites Trypanosoma

Crustacea Daphnia magna 7

Heterokontophyta Thalassiosira pseudonana 16

Information presented in this table was compilexifr Lobanov et al., 2007; Lobanov et al., 2009; dsslov et
al., 2007; Gladyshev et al., 1999; Castellano.e801; Clark et al., 2007; Kryukov et al., 20@ggory et al.,
2004.
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Table 2: Human selenoproteins and their functions.

Selenoprotein/Selenoenzyme Fuctions

Catalyzes the reduction of,8, and some organic

EtesolicGRACRT hydroperoxides in agueous compartment of cytosol.

Gastrointestinal GPx
(GPx 2)

Plasma GPx (GPx 3)

Protects against oxidative damage (similar to GPx1)

Antioxidant in extracellular fluids, efficient imé¢ plasma;
active in plasma Se transport to other tissues.
Can directly reduce phospholipid and cholesterol

Phospholipid hydroperoxide hydroperoxides; it protects biomembranes from pidedive

GPx (GPx4)

degradation
GPx 6 Protects against oxidative damage. (n.d.)
Thioredoxin reductase 1 Catalyzes NADPH-dependent reduction of oxidized
(TrxR1) thioredoxin which is involved in cellular redox rdgtion.
i elEeeln (L UEEES 2 Similar to TrxR1 (localized in mitochondria).
(TrxR2)

Catalyzes the reduction of thioredoxin and glutatki it has
a disulfide bond isomerization activity probablyatved in
spermatogenesis.
Activates thyroid hormone - converts thyroid prahone T4
to active hormone T3.
Similar to DIO1; regulatory function in the braindacentral
nervous system.

Thioredoxin glutathione
reductase (TrxR3)

Type 1 deiodinase (DIO 1)

Type 2 deiodinase (DIO 2)

Type 3 deiodinase (DIO 3) Activity in fetal and in the deactivation of thycbhormones.

Methionine sulfoxide reductase Redox control; it contributes to antioxidant deienby
B1 (MsrB1l or X or R) reducing methionine sulfoxide in proteins back tetmonine
Catalyzes the conversion of selenide to selenoptadsp
which provides selenium for the biosynthesis of
selenocysteine.
Thiol-disulfide isomerase activity, possibly invelyin
disulfide bond formation and in protein folding amansport

Selenophosphate synthetase
(SPS2)

Selenoprotein 15 kDa

(Sep 15) from ER.
Influences inflammatory response; might protecisdebm
Selenoprotein S ER stress-induced apoptosis; linked to glucose loétam

and insulin sensitivity.
Act as antioxidant, heavy metal chelator and sateni
transporter and delivery in plasma (10Sec/molecule)
Regulate calcium in ER mobilization required forlga
muscle development (mutations cause myopathies)
Needed for muscle function; potencial antioxidamtdtion.;
may regulate the redox state of 14-3-3 proteins

Selenoprotein P
Selenoprotein N
Selenoprotein W
Selenoprotein T Involvement in the control of glucose homeostasis

Selenoprotein H Nucleolar oxidoreductase function

ER-membrane protein important for promoting effesti
Selenoprotein K Cd*"flux during immune cell activation; involved in the
protection from ER stress agents-induced apoptosis
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Thiol disulfide oxidoreductase that participatehe

Selenoprotein M formation of disulfide bonds in ER; neuroprotective
properties

Selenoprotein O Redox-active mitochondrial selenoprotein

Selenoprotein | n.d

Selenoprotein V n.d

Information presented in this table was compilesimr Moghadaszadeh and Beggs, 2006; Papp et al7; 200
Rayman et al., 2012, 2000; Gromer et al., 2005; érdkm et al., 2009; Fergunson et al., 2005; Liu and

Rozovsky, 2013; Yao et al., 2013; Prevost et 8113 Verma et al., 2011; Du et al., 2010; Reeved.e2010;
Zhao et al., 2012; Han et al., 2014.
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Naturally organoselenium compounds
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2. ARTIGOS CIENTIFICOS

Os resultados que fazem parte desta tese est@seatados sob a forma de artigo
cientifico (1) e manuscritos (2). Os itens materiai métodos, resultados, discussao e
referéncias bibliograficas, encontram-se nos podpértigos e manuscritos. &tigo esta
disposto na forma em que foi publicado na revistzilan Jornal of Medical and Biological
Research. Osnanuscritos estdo dispostos na forma em que normalmente sakseea

publicacéo.
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2.1 Artigo 1:

PROTECTIVE EFFECTS OF ORGANOSELENIUM COMPOUNDS
AGAINST METHYLMERCURY-INDUCED OXIDATIVE STRESS IN
MOUSE BRAIN MITOCHONDRIAL-ENRICHED FRACTIONS

D.F. MEINERZ, M.T. DE PAULA, B. COMPARSI, M.U. SILX, A.E. SCHMITZ, H.C.
BRAGA, P.S. TAUBE, A.L. BRAGA, J.B.T. ROCHA, A.L. BFRE, M. FARINA, J.L.
FRANCO AND T. POSSER

(Artigo publicado na revista “Brazilian JournalMgdical and Biological Research”)
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Protective effects of organoselenium compounds
against methylmercury-induced oxidative stress in
mouse brain mitochondrial-enriched fractions

D.F. Meinerz2, M.T. de Paula2, B. Comparsi2, M.U. Silva3, A.E. Schmitz3,
H.C. Braga®, P.S. Taube?, A.L. Braga?, J.B.T. Rocha?,
A.L. Dafre3, M. Farina3, J.L. Franco'2 and T. Posser!-2

1Campus S&o Gabriel, Universidade Federal do Pampa, S&o Gabriel, RS, Brasil
2Centro de Ciéncias Naturais e Exatas, Universidade Federal de Santa Maria, Santa Maria, RS, Brasil
3Centro de Ciéncias Bioldgicas, Universidade Federal de Santa Catarina, Florianépolis, SC, Brasil

Abstract

We evaluated the potential neuroprotective effect of 1-100 uM of four organoselenium compounds: diphenyl diselenide, 3’3-ditri-
fluoromethyldiphenyl diselenide, p-methoxy-diphenyl diselenide, and p-chloro-diphenyl diselenide, against methylmercury-induced
mitochondrial dysfunction and oxidative stress in mitochondrial-enriched fractions from adult Swiss mouse brain. Methylmercury
(10-100 uM) significantly decreased mitochondrial activity, assessed by MTT reduction assay, in a dose-dependent manner,
which occurred in parallel with increased glutathione oxidation, hydroperoxide formation (xylenol orange assay) and lipid per-
oxidation end-products (thiobarbituric acid reactive substances, TBARS). The co-incubation with diphenyl diselenide (100 uM)
completely prevented the disruption of mitochondrial activity as well as the increase in TBARS levels caused by methylmercury.
The compound 3’3-ditrifluoromethyldiphenyl diselenide provided a partial but significant protection against methylmercury-
induced mitochondrial dysfunction (45.4 + 5.8% inhibition of the methylmercury effect). Diphenyl diselenide showed a higher
thiol peroxidase activity compared to the other three compounds. Catalase blocked methylmercury-induced TBARS, pointing
to hydrogen peroxide as a vector during methylmercury toxicity in this model. This result also suggests that thiol peroxidase
activity of organoselenium compounds accounts for their protective actions against methylmercury-induced oxidative stress. Our
results show that diphenyl diselenide and potentially other organoselenium compounds may represent important molecules in
the search for an improved therapy against the deleterious effects of methylmercury as well as other mercury compounds.

Key words: Methylmercury; Mitochondria; Oxidative stress; Organoselenium compounds; Diphenyl diselenide

Introduction

Reactive oxygen/nitrogen species (ROS/RNS) such as
superoxide anion, hydrogen peroxide and nitric oxide induce
damage to key biological components and cell membranes.
In order to counteract the deleterious effects of reactive spe-
cies, cells developed a specialized machinery of antioxidant
defense. Cellular defense against ROS involves enzymes
such as catalase, superoxide dismutase and glutathione
peroxidase, which play a central role in the detoxification
of reactive species (1,2).

Seleno-organic compounds such as ebselen and di-
phenyl diselenide (DD) (3,4) have a catalytic activity similar
to that of the enzyme glutathione peroxidase involving the

reduction of peroxides at the expense of thiol compounds
(2,5) and represent important molecules whose protective
and antioxidant properties against experimental oxidative
stress conditions have been reported (6-8). These studies
stimulated the search for new organoselenium compounds
with catalytic properties similar to those of ebselen and DD,
which could provide antioxidant and protective effects in
biological systems.

Methylmercury (MeHg) has been recognized as a ubig-
uitous environmental toxicant whose toxicity is associated
with neurological and developmental deficits in animals and
humans (9). Nowadays, especially in the Amazon Region,
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gold mining activity has been associated with intense
environmental and human contamination with mercury
compounds (10,11). Among the mechanisms involved in
MeHg neurotoxicity, oxidative stress (12,13) appears to play
a central role. MeHg-induced oxidative stress seems to be
related to the direct oxidative properties of MeHg toward
endogenous thiols (14) and to its inhibitory effects toward
antioxidant enzymes like glutathione peroxidase (6,15,16).
Mitochondria appear to be important cellular organelles
targeted by MeHg (17), which is known to accumulate in
mitochondria, where it can change mitochondrial mem-
brane permeability and cause disruption of mitochondrial
membrane potential (18,19). Considerable efforts have
been made in the search for new drugs that counteract
mercury toxicity. However, until now, no effective treat-
ments are available to completely abolish the toxic effects
of MeHg (20).

In previous studies, the organoselenium compounds
DD and ebselen demonstrated potential protective effects
against MeHg toxicity (6,21). Moreover, in in vivo studies,
DD demonstrated lower toxicity than ebselen (5) and DD
reversed MeHg-induced oxidative stress in vivo and in corti-
cal slices (22,23). These data support the potential use of
organoselenium compounds against MeHg poisoning.

The aim of the present study was to investigate the
potential protective effects of DD and three novel selenium
compounds: 3'3-ditrifluoromethyldiphenyl diselenide (DFD),
p-methoxy-diphenyl diselenide (MD) and p-chloro-diphenyl
diselenide (CLD) against MeHg-induced mitochondrial
dysfunction.

Material and Methods

Chemicals

Glutathione reductase (G3664), reduced glutathione
(GSH), oxidized glutathione (GSSG), t-butyl-hydroperoxide
(t-bOOH), 5,5’-dithiobis(2-nitrobenzoic acid (DTNB), meth-
ylmercury (Il) chloride, xylenol orange salt, and methylthi-
azolyldiphenyl-tetrazolium bromide (MTT) were purchased
from Sigma-Aldrich (USA). All other chemicals used in this
study were of the highest analytical grade available.

Synthesis and preparation of organoselenium
compounds

All organoselenium compounds (Figure 1) tested in the
present study were prepared as previously described (4).
Analysis of the hydrogen-1 nuclear magnetic resonance
("HNMR) and carbon-13 NMR (13C NMR) spectra showed
that all compounds presented analytical and spectroscopic
data in full agreement with their assigned structures (data
not shown). The diselenides were purified by flash chro-
matography on silica gel (hexane) and identified by ('H
NMR), 3C NMR and gas chromatography-mass spec-
trometry (GCMS), which revealed homogeneous product
(data not shown). Compounds were dissolved in ethanol

www.bjournal.com.br

1157

immediately prior to use in each assay. The final ethanol
in each experiment was 0.1%, and did not affect any of the
parameters analyzed when compared to a control sample
without ethanol (data not shown). We also investigated the
basal activity of the compounds tested for the parameters
analyzed in this study. We did not find significant changes
when comparing the effects of compounds alone in all
experiments performed (data not shown).

Preparation of mouse brain mitochondrial-enriched
fractions

All procedures involving animals were performed ac-
cording to the Animal Care Guidelines from the National
Institutes of Health of the United States of America, and
all procedures were approved by the Universidade Federal
de Santa Catarina Ethics Committee for animal use (313/
CEUA; 23080.026023/2004-39/UFSC). Mouse brain mito-

A diphenyl diselenide (DD)

B 3'3-ditrifluoromethyldiphenyl diselenide (DFD)

FS
C

p-chloro-diphenyl diselenide (CLD)
C

p-methoxy-diphenyl diselenide (MD)

Figure 1. Structures of the organoselenium compounds tested in
the present study.
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chondrial-enriched fractions were prepared as described
previously (24). Briefly, adult (8-10 weeks) male Swiss mice
were sacrificed by decapitation. The whole brain (minus
the cerebellum) was removed and homogenized on ice in
10 volumes of isolation medium (10 mM HEPES buffer, pH
7.0, containing 220 mM mannitol, 68 mM sucrose, 10 mM
KCI, and 0.1% serum albumin) and the homogenate was
centrifuged at 4°C for 10 min at 1000 g. The supernatant
was then centrifuged at 17,500 g for 10 min at 4°C, provid-
ing a myelin-rich supernatant and a pellet (P2) consisting
of synaptosomes and free (extra-synaptosomal) mito-
chondria. The supernatant was discarded, and the pellet
was suspended in the isolation medium without albumin.
The samples were kept on ice until the experiments were
performed, usually within 10-15 min.

Incubations

P2 (2 mg protein) was incubated with different concentra-
tions of MeHg (0, 10, 30, and 100 puM) diluted in incubation
buffer, and/or selenium compounds (1, 10, 30, and 100 pM)
in a incubation medium containing 10 mM HEPES buffer,
pH 7.0, 220 mM mannitol, 68 mM sucrose, and 10 mM KCI
(total incubation volume = 300 pL). In previous studies, we
found a concentration of about 10 yM Hg in the brain of
mice treated orally with 40 mg/L MeHg in drinking water
(24). Considering the high amount of protein (2 mg), in
the present study we used concentrations of MeHg up to
100 uM in order to obtain clear detection of all parameters
tested during the in vitro assays. Incubations were carried
outat 25°C. After incubation, mitochondrial dehydrogenase
activity, GSH content, total hydroperoxides, and lipid per-
oxidation (TBARS) were determined. Parallel experiments
with the presence of catalase (200 U) were also carried
out in order to test the role of hydrogen peroxide (H202)
in the mechanisms of toxicity and protection of MeHg and
organoselenium compounds, respectively.

Assessment of mitochondrial activity

Mitochondrial activity was assessed by the conversion
of the MTT dye to formazan (17). This assay is based on
the ability of mitochondrial enzymes to metabolize MTT
into formazan, a reaction that takes place only in function-
ally intact mitochondria. Briefly, samples (300 uL) were
incubated for 30 min at 25°C. The purple formazan crys-
tals were pelleted by centrifugation, and the supernatant
was discarded. The pellets were dissolved in DMSO and
the formazan was quantified spectrophotometrically by
absorbance measurements at 550 nm. Data are reported
as percentage of control. Selenium compounds alone did
not interfere with the MTT method described here (data
not shown).

Assessment of glutathione and hydroperoxide

content and lipid peroxidation
Glutathione content was measured as nonprotein thiols

Braz J Med Biol Res 44(11) 2011
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according to a method previously described (25). After treat-
ment with different concentrations (10, 30, and 100 uM)
of MeHg for 30 min, 300 uL 10% trichloroacetic acid was
added to the samples (300 pL). After centrifugation (4000
g at 4°C for 10 min), the protein pellet was discarded and
free thiol groups were determined in the clear supernatant
(which was neutralized with 0.1 M NaOH) by the method of
Ellman (25). The total hydroperoxide content was assessed
using the xylenol orange method (24) that allows the detec-
tion of hydrogen peroxide as well as lipid hydroperoxides.
Briefly, samples were incubated in the medium described
above for 60 min at 25 £ 1°C in the presence or absence
of MeHg and/or selenium compounds. Then, the xylenol
orange reagent, containing 0.25 mM Fe(NH4)2(SO4)o,
0.25 mM xylenol orange, and 110 mM perchloric acid, was
added to the incubation medium. After 30 min, absorbance
was recorded at 560 nm and compared to a hydrogen/
cumene peroxide standard curve. Selenium compounds
alone did not interfere with the method described here
(data not shown).

The lipid peroxidation end-products were determined
by the TBARS assay originally described by Ohkawa et
al. (26). After 60 min of incubation as described for the
xylenol orange method, samples were incubated with 0.45
M acetic acid/HCI buffer, pH 3.4, 0.28% thiobarbituric acid,
1.2% SDS, and thereafter at 95°C for 60 min to promote
color reaction, measured at 532 nm. Malondialdehyde (0
to 3 nmol/mL) was used as a standard. Protein concentra-
tion was determined by the method of Bradford (27) using
bovine serum albumin as standard.

Assessment of glutathione peroxidase (GPx)-like
activity of organodiselenides

The GPx-like activity of the organoselenium compounds
was determined using the coupled assay described by
Wendel (28), which indirectly monitors the consumption of
NADPH at 340 nm. The GPx/GPx-like compounds use GSH
toreduce tert-butylhydroperoxide, producing GSSG, which
is readily reduced to GSH by excess glutathione reductase
(GR), thus consuming NADPH.

Statistical analysis

Statistically significant differences among groups were
analyzed by one-way ANOVA followed by the Duncan
multiple range test when appropriate. Differences were
considered to be statistically significant when P < 0.05.

Results

MeHg induces oxidative stress and reduction of
mitochondrial metabolic activity

The toxicity of MeHg has been demonstrated in in
vitro and in vivo models and is generally associated with
increased oxidative stress, disruption of oxidative defenses
by inhibition of antioxidant enzymes as well as reduction

www.bjournal.com.br

90



Organoselenium compounds block methylmercury neurotoxicity

of GSH levels in the cell (15,16). Moreover, mitochondria
are an important cellular target for MeHg toxicity (17). In
the present study, as shown in Figure 2A, using the MTT
reduction test, MeHg decreased the mitochondrial activ-
ity in a concentration-dependent manner. This effect was
significantly different from control at concentrations as low
as 10 uM and a reduction of about 50% in cell viability was
verified at the highest concentration (100 yM). This effect
was followed by a concentration-dependent decrease in
mitochondrial GSH levels (Figure 2B). In parallel, a sig-
nificant increase in total-hydroperoxide production (Figure
2C) and increased lipid peroxidation were observed with
100 uM MeHg (Figure 2D). The following experiments
were performed using 100 pM MeHg, which affected all
parameters analyzed.

Protective effects of organoselenium compounds
against MeHg-induced mitochondrial oxidative stress
We investigated the potential protective effects of
organoselenium compounds against the decrease in
mitochondrial activity promoted by MeHg, using the MTT
reduction assay. As observed in Figure 3A, DD at concen-
trations of 30 and 100 uM was able to partially and totally

A B
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MeHg (uM) MeHg (uM)
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Figure 2. Effects of MeHg on brain mitochondria. Mouse brain
mitochondrial-enriched fractions were isolated and incubated
with different concentrations (0, 10, 30, and 100 uM) of MeHg
for 30 min (MTT test and GSH measurement) or 60 min (total-
hydroperoxide and TBARS content). Data are reported as means
+ SD of percent of control for 4-6 separate assays carried out in
duplicate. *P < 0.05 compared to control (without MeHg; ANOVA
and Duncan post hoc test). A, Mitochondrial activity; B, GSH lev-
els; C, total-hydroperoxides content; D, production of thiobarbitu-
ric acid reactive substances (TBARS).
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reverse the effect of 100 yM MeHg on mitochondrial activity,
respectively. Only the highest concentration of DFD (100
UM) caused a slight reversal of the MeHg-induced reduc-
tion of mitochondrial activity (Figure 3B), while CLD and
MD did not prevent the effects of MeHg on mitochondrial
function (Figure 3C and D).

Considering the significant decrease in GSH levels
promoted by MeHg treatment, we investigated whether
co-incubation of MeHg in the presence of organoselenium
compounds would be able to modulate the decrease in
GSH levels caused by this metal. As observed in Figure 4
(A-D), none of the compounds tested was able to protect
against the depletion of GSH levels caused by MeHg. In
fact, when MD and MeHg were co-administered (Figure
4D), the decrease of GSH levels was greater than in the
presence of MeHg alone, although this effect was not sta-
tistically significant (P = 0.08).

The antioxidant potential of the different organoselenium
compounds against lipid peroxidation induced by MeHg was
investigated by determining TBARS levels. As observed in
Figure 5A, DD totally blocked the increase in lipid peroxi-
dation induced by MeHg at a concentration as low as 10

- =
N o N
a o O

50 50

25 25

Mitochondrial viability (%) X>

3 Mitochondrial viabiliaty (%) T3

10 30 100
MeHg

0 1 10 30 100 (M) 0 1

MeHg

o

-
a N O N
o o o u

n
o

0 1

10 30 100
MeHg

O Mitochondrial viabiliaty (%) O

=
=
£

Figure 3. Effects of organoselenium compounds on MeHg-
induced decrease in mitochondrial activity. Mouse brain mito-
chondrial-enriched fractions were incubated with 100 uM MeHg
in the presence or absence of different concentrations (1-100
UM) of diphenyl diselenide (DD; A); 3'3-ditrifluoromethyldiphenyl
diselenide (DFD, B); p-chloro-diphenyl diselenide (CLD; C), and
p-methoxy-diphenyl diselenide (MD; D). Data are reported as
means + SD of percent of control for 4-6 separate assays carried
out in duplicate. *P < 0.05 compared to MeHg alone (ANOVA
and Duncan post hoc test). The dashed line indicates the control
without MeHg (100%).
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A B Figure 4. Effects of organoselenium compounds on MeHg-
induced decrease in reduced glutathione (GSH) levels. Mouse

125 125
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g 75 g 75 tions (.1'100 pM) of di_phenyl diselenide (DD; A); 3’3-ditr?fluoro_m-
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&3 &G 50 (CLD; C), and p-methoxy-diphenyl diselenide (MD; D). Data are
25 reported as means + SD of percent of control for 4-6 separate
assays carried out in duplicate. The dashed line indicates the
0 control without MeHg (100%).
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Figure 5. Effects of organoselenium compounds on MeHg-induced increase in the content of thiobarbituric acid reactive species
(TBARS) levels. Mouse brain mitochondrial-enriched fractions were incubated with 100 yM MeHg in the presence or absence of in-
creasing concentrations (1-100 uM) of diphenyl diselenide (DD; A); 3'3-ditrifluoromethyldiphenyl diselenide (DFD; B); p-chloro-diphenyl
diselenide (CLD; C), and p-methoxy-diphenyl diselenide (MD; D). Effect of compounds alone on TBARS induction (E). Data are
reported as means + SD of percent of control for 4-6 separate assays carried out in duplicate. *P < 0.05 compared to MeHg alone
(ANOVA and Duncan post hoc test). The dashed line indicates the control without MeHg (100%).
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Figure 6. A, Glutathione peroxidase (GPx)-like activity of organodiselenides. A solution of each compound was added
to cuvettes and GPx activity was determined as described in the Material and Methods section. Small letters indicate
statistical differences between compounds, considering GPx-like activity (P < 0.05; ANOVA and Duncan post hoc test). B,
Effect of DD and catalase (CAT) on MeHg-induced lipid peroxidation (thiobarbituric acid reactive species, TBARS). *P <
0.05 compared to control and to all other groups tested (ANOVA and Duncan post hoc test).

uUM. However, DFD and CLD (Figure 5B and C) blocked
the increase in lipid peroxidation promoted by MeHg only
at the highest concentration (100 pM), while MD did not
demonstrate a protective potential against lipid peroxidation
induced by MeHg (Figure 5D). There was no significant
TBARS induction by compounds alone (Figure 5E).

Glutathione peroxidase-like activity of organoselenium
compounds

In a previous report (24), our group demonstrated that
HoO2 generation represents a relevant event in MeHg-
mediated oxidative stress in mouse brain mitochondria. GPx
(EC 1.11.1.9) is a main cellular antioxidant responsible for
the removal of peroxides in the brain (29). Thus, consider-
ing that GPx-like activity of organoselenium compounds
is potentially involved in their antioxidant properties, we
investigated the in vitro GPx-like activity of each compound.
As observed in Figure 6A, DD demonstrated a higher
GPx-like activity when compared to the other compounds
tested. The order of magnitude for GPx-like activity was DD
> DFD > CLD > MD. In parallel experiments, in order to
confirm whether the anti-peroxidative activity of DD is linked
to its peroxide removal ability, we incubated mouse brain
mitochondrial-enriched fractions with MeHg in the presence
or absence of DD and catalase, an enzyme involved in the
clearance of HoO5. As shown in Figure 6B, MeHg-induced
lipid peroxidation was completely reversed by catalase
(200 U) as well as 100 uM DD, confirming that removal of
peroxides is an important mechanism responsible for the
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protective effects of DD in our study model.
Discussion

Inthe present study, we used isolated brain mitochondria
as amodel to investigate MeHg toxicity, since this organelle
represents a major target for MeHg in cells and plays a piv-
otal role in the initiation of biochemical cascades that lead
to cell death (30,31). The effects of MeHg on mitochondrial
function are associated with loss of the regular organiza-
tion of the cristae (32) and dissipation of mitochondrial
membrane potential (18,17,33).

The acute treatment of mitochondrial-enriched frac-
tions from mouse brain with MeHg caused a decrease in
mitochondrial activity, in agreement with previously reported
results for kidney, brain and striatal mitochondrial fractions
(17,24,34). This effect occurred in parallel to an increase
in lipid peroxidation and GSH depletion. The relationship
between ROS formation and mitochondrial damage after
MeHg exposure is not fully understood. ROS can cause
oxidative damage to mitochondria, leading to compromised
mitochondrial function (35,36). On the other hand, ROS
can also be produced by the mitochondria via leakage of
electrons from the electron transport chain to molecular
0Oy, forming superoxide anion radicals (Oz-). The Oy~ is
converted to HoO5 by the mitochondrial enzyme manganese
superoxide dismutase (MnSOD) (37). Although this process
occurs normally at a low rate in intact mitochondria, Oy~
production can be dramatically increased if mitochondria
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are challenged by toxicants (38). It was previously dem-
onstrated that treatment with MeHg causes an increase in
H205 generation as well inhibition of GPx activity (15,16,39),
which could be responsible in part for the increase in lipid
peroxidation observed in our model. We confirmed the
participation of HoO5 formation in MeHg toxicity when we
incubated the brain mitochondria with catalase. This H,O»
detoxifying enzyme was able to ameliorate the increase
in lipid peroxidation promoted by MeHg, which points to
an involvement of HyO» in the lipid peroxidation promoted
by MeHg and suggests that the GPx-like activity of DD is
involved in the antioxidant effect against MeHg.

DD (30 and 100 puM) protected mouse brain mitochon-
dria against MeHg toxicity by reversing the MeHg-induced
loss of mitochondrial activity/viability. Among the novel
organoselenium compounds tested here, only DFD partially
reversed the effect of MeHg on mitochondrial activity at the
highest concentration (100 uM). The co-treatment with DD
completely blocked TBARS production by MeHg. This effect
was observed from 10 uM up to 100 pM of this compound.
The novel organodiselenides DFD and CLD were able
to reverse the increase in lipid peroxidation promoted by
MeHg only at 100 pM, emphasizing a higher efficiency of
DD as a protective antioxidant, as demonstrated in previ-
ous studies (6-8).

GPx mimetic compounds can degrade hydroperox-
ides, consuming thiol reserves. Such ability confers to
these compounds the capacity of protecting cells against
oxidative stress conditions (7). The GPx-like activity of DD
was significantly higher than the activity of DFD, CLD and
MD, an effect possibly related to the higher antioxidant
and protective effects of this compound. This result was
confirmed by the fact that incubation of samples with
catalase, which removes H,0,, avoided TBARS formation
induced by MeHg exposure. These data suggest that the
protective and antioxidant actions of DD are linked to its
ability to remove peroxides. MeHg is known to increase
HoO2 formation by mitochondria (24,34). In this regard,
the GPx mimetic activity of DD may represent a promis-
ing tool against the cytotoxic effects of this environmental
neurotoxin. The lack of protective effect of the organo-
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ABSTRACT

Exposure to methylmercury (MeHg), an importantiemmental toxicant, may lead
to serious health risks, damaging various orgard mredominantly affecting the brain
function. This effect may be related to the inhdnt of important selenoenzymes, such as
glutathione peroxidase (GPx) and thioredoxin reaget(TrxR). Experimental studies have
shown that selenocompounds play an important releedlular detoxifiers and protective
agents against the harmful effects of mercury. gifesent study investigated the mechanisms
by which (PhSe) and ebselen interfered with the interaction of cugr (MeHg) and
selenoenzymes (TrxR and GPx), using an experimembde! of human neuroblastoma cells
(SH-SY5Y).Our results established that (PhSa)d ebselen increased the activity of TrxR,
but only (PhSe) caused a significant increase of TrxR expressiancontrast, MeHg
inhibited TrxR activity and expression even at ldeses. Coexposure to selenocompounds
and MeHg showed a protective effect of (PhSe) both the activity and expression of TrxR.
However, ebselen failed to induce TrxR expressidhen the selenoenzyme GPx was
evaluated, selenocompounds did not alter its agtitaut (PhSe) when added to cultures
alone, increased the expression of GPx, whereasgMghibited the activity of GPx. Among
the selenocompounds only (PhSplotected against MeHg's effects on GPx activitgken
together, these results indicate a potential uselieelen and (PhSeggainst MeHg toxicity.
Furthermore, for the first time, we have demonsttdhat (PhSe) caused a more pronounced
upregulation of TrxR than ebselen in neuroblastaelts, likely reflecting be an important

molecular mechanism involved in the antioxidantpmies of this compound.

Key works: Diphenyl diselenide, Ebselen, Methylmercury, élastoma cells, Thioredoxin

reducatese and Glatathione Peroxidase.
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INTRODUCTION

Mercury (Hg) is one of the most harmful metalghe environment. Exposure to this
element, particularly in the form of methylmercuiMeHg), which is present in variable
amounts in fish and seafood, can cause seriouthhésks> MeHg readily crosses the blood
brain barrier and disrupts normal brain functfdrin addition, MeHg can also lead to severe

damage to immune and cardiovascular systehkigney® and induce genetic damage.

Exposure to MeHg has been associated with oxiglatiressn viva'® andin vitro*'*?

and it can alter the antioxidant defense system ihybiting sulfhydryl (-SH) and
selenohydryl (-SeH) containing protefs:*°In this context, studies suggest that the activity
of selenoenzymes, such as glutathione peroxidag&x)(Gnight be negatively affected by
MeHg"*® Furthermore, thioredoxin reductase (TxrR), a hjgiority selenoenzyme, is

1519 andin vivo exposuré®*®

particularly sensitive to mercury compounds botbruim vitro
Branco et al. showeth vivo exposure to MeHg profoundly affected TrxR activitgth in
brain and liver of fish Qiplodus cervinus)corroborating the vulnerability of TrxR to this

organomercury compourfd.

As an integral component of selenoproteins, setaris an important essential trace
element with several biological functiofis?’ Selenoenzymes, such as GPx and TrxR serve as
potent antioxidants and inorganic selenium (Se)ldee reported to antagonize the toxicity
of several heavy metals, including mercéitil.o counteract or minimize Hg-induced toxicity,
selenium compounds can act by improving antioxiddefenses?*® and/ or by inducing
changes in the distribution, deposition and exoretf Hg***%’ Nevertheless, there is a
dearth of information on the molecular mechanisn(gdlved in the protection afforded by

organic forms of selenium against the toxicity aftvy 242’

Diaryl diselenides and ebselen are synthetic aggenium compounds, with
antioxidant propertie®3° Both compounds have been shown to possess thimtifase-like
activity and neuroprotective properties in expentaémodels of toxicity botim vitro andin
vivo. 2431"% Notably, both diphenyl diselenide [(Phgeind ebselen have been reported to

protect against MeHgn vivo and in vitro neurotoxicity, 2*2%%

yet the mechanism(s)
associated with their efficacy has yet to be recegh We have postulated that ebselen and
(PhSe) can be reduced to selenol intermediates (eitteerawilirect interaction with thiols or
indirectly via NADPH mediated TrxR reduction), whisubsequently bind to the -Hg moiety

in the MeHg moleculé?* However, recent reports have indicated that ehsatel (PhSe)



101

can have antioxidant properties by stimulating th@nscription of antioxidant genes,
increasing the synthesis of selenoenzymes withoxidént propertied>** Therefore, the
objective of the present study was to determinetidrethe beneficial properties of (PhSe)
and ebselen in mitigating MeHg-induced neurotoyiaite associated with increased synthesis
of selenoenzymes. Accordingly, the present studsestigated the mechanisms by which
(PhSe) and ebselen interfered with the interaction of sugr (MeHg) and selenoenzymes
(TrxR and GPx), using an experimental model of humauroblastoma cells (SH-SY5Y).

MATERIALS AND METHODS

Chemicals. Selenium compounds (Diphenyl diselenide and Eb¥€KEqgure 1), MeHg and
other laboratory chemicals used in the experimest® purchased from Sigma- Aldrich (St.
Louis, MO, USA). Cell culture reagents were obtdifidm Gibco-Invitrogen. TrxR and GPx
1 antibody were obtained from Santa Cruz Biotecbgyp|(CA, USA).

Maintenance and treatment of cell line.Human neuroblastoma cells (SH-SY5Y) (a kind
gift from Prof2. Dora Brites, Faculdade de Farmadmversidade de Lisboa) were grown in
medium consisting of a 1:1 mixture of DMEM and E-%@pplemented with 10% fetal bovine
serum, 5% of a Pen-Strep mixture (all from Gibcovitrogen). Cells were grown in a

humidified incubator at 37° C and 5% €O

Cellular viability assay. Cells were plated in 96-well plates (4%1@lIs/well) and allowed to
attach for 24 h after which different concentrasiasf MeHg (0, 0.1, 0.5, 1, 5, 10 uM) or
(PhSe) and ebselen (1, 5, 10 and 25 uM) were added toplaes. Cell viability was
determined at the time of addition (Oh) and aféh@urs of exposure to each compound with
the MTT assay. MTT (3[4,5-dimethylthiazol-2-yl]-2cbphenyltetrazolium bromide; Sigma)
was added to the plates at a final concentratiomd@ pg/mL per well, followed by
incubation a 37° C for 4 h. After incubation the dnen was removed and the formazan
crystals formed during the MTT reduction by viabkdls dissolved in a 4:1 DMSO/Glycine
buffer (pH 10.5 — 0.1M). Viability was then assab&y measuring formazan absorption at
550 nm. Results are expressed as percentage ¢ ¢iab(% of control).
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Cell culture and treatment for the assessment of egmatic activities. The SH-SY5Y cells
were plated (1x1%) in Petri dishes, incubated at 37°C and allowedredach 70-80%
confluence. Fresh medium was then added to the wdth the following concentrations of
various compounds: (Ph%€D.1, 0.5, 1, 2.5 and 5 uM); ebselen (0.1, 0,2.3 and 5 uM);
MeHg (0.1, 0.5, 1, 2.5 and 5 uM) and co-exposur@tiSe) or ebselen (0.5, 1, 2.5 and 5
uM) and MeHg (1 uM).

After 24 h incubation, the cells were harvestemnfrplates and lysed in a buffer
containing: 25 mM Tris (pH 7.5), 0.1 M NacCl, 2.5 mBDTA, 2.5mM EGTA, 0.5% Triton
X-100, 20 mMp glycerolphosphate, 1 mM BNO,4, 20mM NaF, and 10mM NBR,O;. Cells
were then in accordance with requisite protocasjescribed below.

Protein determination. The protein content was determined by the metHoBradford et
al.*? Briefly, 1 pL supernatant was incubated with Coomassie dye-Rgig; diluted 5 times)
in 96-well plates and read at 595 nm in a micr@plaader (Zenyth 3100, Anthos Labtec

Instruments). Bovine serum albumin was used aslatdn

Measurement of glutathione peroxidase activity.The activity of cytosolic seleno-
dependent glutathione peroxidase 1 (GPx) was meadsaccording to the method by
Esworthy and coauthofé Forty ug of protein from whole cell lysates were mixedBrwell
plates with sodium phosphate buffer (50 mM, pH ,7®pH (10 mM), NADPH (2 mM),
sodium azide (1.125 mM), and GR (100 U/mL). A 5 mMution of HO, was used as the
substrate. The oxidized glutathione (GSSG) regylftom HO, degradation by GPXx is
reduced to GSH in the presence of GR and NADPH.dHweease in NADPH is monitored at
340 nm for 5 min at 30 °C and used to calculate @&wity. The activity was expressed
relative to control activity (relative GPx activityo of control, standardized to protein levels).

Determination of TrxR activity. TrxR activity was determined with the insulin endy
assa$/ for complex biological samples. For TrxR activitgtdrmination, 3Qug of soluble
protein samples were incubated in 96-well plated Wi3 mM insulin, 72QM NADPH, 2.5
mM EDTA, and 3uM fully reduced human Trx (IMCO Corp., Sweden) i& 8iM Hepes
buffer (pH 7.6), for 20 min at room temperaturen€ol wells containing the same reagents,
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but excluding Trx addition, were prepared in palali\fter the incubation period, 25Q of a

1 mM DTNB solution in 6 M guanidine hydrochlorideH 8.0) were added to each well and
absorbance was measured in a microplate readeytfz8h00, Anthos Labtec Instruments) at
412 nm. TrxR activity was quantified as the diffeze in absorbance between the Trx
containing well and the control well. The activiyas expressed relative to control activity
(relative TrxR activity- % of control, standardiztxprotein levels).

Western blot analysis. TrxR1 and GPx1 expression was analyzed by Wedikafter

separation of lysates (50 ug of protein) by SDS-BAGh a 12 % Bis-Tris gel with MES
running buffer (Invitrogen). For TrxR1, the follomg antibodies were used: rabbit anti-
human TrxR (sc-20147; Santa Cruz Biotechnology)bitaanti-human GAPDH (sc-25118;
Santa Cruz Biotechnology) and goat anti-rabbit HBP (sc-2004; Santa Cruz
Biotechnology). For GPx1 the antibodies utilizedreveanti GPx1 goat polyclonal 1gG (sc-
22145) and donkey anti-goat IgG-HRP (sc-2020) &&ruz Biotechnology). Western blots

shown are representative of two independent ex@etisn

Statistical analysis.All values are calculated as mean * standard ¢88M), and expressed
as percentage of control. Differences between thaps were analyzed by one or two-way
ANOVA, followed by Dunnett’s multiple comparisonste P values < 0.05 were considered

statistically significant.

RESULTS

Cell viability. After 24 hours of exposure, cell viability was desed by ~50% in the
presence of 5-10 uM of MeHg. In contrast, 25 uM(PISe) and ebselen caused only a
significant, yet much smaller decrease in cell Migh(~15%) (Figure 2).

Thioredoxin reductase activity. Thioredoxin reductase activity in human neurololast
cells was significantly decreased by MeHg expostine. inhibitory effect was concentration-
dependent and observed from 0.5 (p<0.05) to 5 uMelflg. At 5 uM MeHg the inhibitory
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effect was ~80% (p<0.0001) (Figure 3A). MeHg (1 ubHused 50% inhibiton in TrxR
activity. Accordingly, this concentration was chostr the co-exposure assay with the

selenium compounds.

Both (PhSe) and ebselen caused a significant increase in Tagiity at high
exposure concentrations (2.5 and 5 puM) when condprecontrol. Notably, TrxR activity
was more effectively increased by (PhS&an ebselen, corresponding to a 4-fold increase a
the highest tested concentration (Figure 3B), wdsesbselen increased TrxR activity by only
1.5 fold (Figure 3C).

Co-treatment of SH-SY5Y cells with (Phge(2.5 and 5 uM) ) blunted the inhibitory
effect of MeHg (1uM), and at 5 puM(PhSe)2 signifitgnncreased TxrR activity to levels
higher than controls (Figure 4A). In contrast, éasalid not reverse the inhibitory effect of
MeHg on TrxR activity (Figure 4B).

Glutathione peroxidase activity.As depicted in Figure 5A, MeHg at concentratiohs aM
to 5 uM caused a small, yet significant (p<0.01grdase in GPx activity in neuroblastoma
cells, albeit it the effect was not concentrati@pendent. In contrast, selenium compounds

did not alter the activity of this selenoenzymey(ffe 5B and 5C).

Diphenyl diselenide (5 uM), blunted the inhibitagffect of MeHg on GPx activity
(Figure 6 A). However, co-exposure to ebselen WittHg failed to modify the inhibitory
effect of MeHg on GPx activity (Figure 6 B).

Western blot. As shown in Figure 7, (PhSe)nduced an increase in TrxR protein expression
in neuroblastoma cells. This effect was concemnatiependent. Diphenyl diselenide also
slightly increased the expression of GPx at lowmrcentrations. In contrast, ebselen did not
change the expression of TrxR, but increased GPotkip expression upon co-treatment with
MeHg.
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DISCUSSION

In the present study, we demonstrated that expostihuman neuroblastoma cells
(SH-SY5Y) to MeHg was associated with cell mortalitorroborating analogous effects in
human cervical carcinoma HelLa cells and human bepatells (HepG2)>2® Cell death is
likely triggered by the ability of MeHg to induceidative stres$:* Herein, we investigated
the mechanisms that may mediate this effect, tath@ntage of antioxidant organoselenium
compounds.

Considering that the toxicity of MeHg is assodikteith the generation of reactive
oxygen species (ROS), mainly by inhibiting sulfhydr (-SH) and selenohydryl (-SeH)
containing proteins, such as selenoezyfés> we have used the activity and protein
expression of the selenoenzymes TrxR and GPx gsoend of MeHg neurotoxicity. These
enzymes are known important molecular targets dfiytexicity 241171924

MeHg caused a significant inhibition of both TraRd GPx activity, possibly related
to a reduction in enzymes synthesis and/or a dirgetaction of MeHg with the selenol
groups of these enzymégarlier studies have indicated that MeHg can itfibxR and GPx
derived from various tissues and experimental nedef****> Here, we observed that the
sensitivity of TrxR to MeHg was higher than that@®x. This likely reflects the presence of
the selenocysteine (Sec) residue in close proxitatyhree Cys residues in the open C-
terminus of mammalian TrX¥R* vs. the GPx active site, where the Sec residue idosec
proximity to Gln and Trp residud$.This accessibility, and the ability of the TrxR lind
electrophilic agent® such as mercury compounds, increases significahélyreactivity of
MeHg with the active site of Trx&.

As a corollary to the above, it has been previpusipothesized that antioxidants
might be useful tools to mitigate MeHg toxicfty’****%ince there is no effective treatment
to completely counteract its ill effects. Accordipgselenium compounds with antioxidant
properties might offer efficacious treatment againgiry caused by MeHg as demonstrated
here and in other studié$*?’>* The protective effect of the selenium compoundsemw
cotreated with MeHg, might be related to the paténeffects of these compounds to
scavenge hydroxyl, superoxide and peroxyl radi@asin this context, a study by Li et al.
reported that in humans exposed to Hg, daily supgigation with selenium-enriched yeast
for three months decreased the urinary levels ombrkers of oxidative stress, such as

malondialdehyde and 8-hydroxy- 2-deoxyguanosine.adidition, in the same study the
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authors demonstrated another important propersgl@ium compounds in counteracting Hg
toxicity, showing an increase in the excretion @f &fter supplementation of volunteers with
selenomethionin&’

Moreover, considering that TrxR is an importamgyéa of MeHg'161920.2643phSe),
as an antioxidant organoselenium compound, mayhsidered an efficacious compound in
protecting against MeHg toxicity. Our findings shexha significant increase in TrxR activity
and expression when neuroblastoma cells were treatth (PhSe) alone. Furthermore,
(PhSe) when co-administered with MeHg fully reversed thkibitory effect of MeHg on
TrxR activity. The molecular mechanism(s) involMadthe protection afforded by (Phge)
likely reflect its ability to induce the synthesi$ TrxR*. Furthermore, (PhSgjnay also be
transformed into its selenol intermediate and bmMeHg with high affinity®*°3In contrast,
ebselen, another important organoselenium compaovtid marked antioxidant properties,
had only a modest protective effect against MeH@he weak efficcacy of ebselen in
counteracting the toxicity of MeHg may be relatedits weak effect as inducer of TrxR,
despite its documented ability to decrease theityxdf MeHg both in rats and miée&®>">*

Treatment of neuroblastoma cells with ebselen(&m&e) did not increase the total
GPx activity, but (PhSe)treatment alone increased the expression of #lEsngenzyme.
(PhSe) and ebselen are mimetics of GPx actfitj>*and exposure of endothelial cells to
these compounds has been shown to increase expgression of GPx 4 and the total GPx
activity.>® However, as demonstrated in our study, (PhSieduced a significantly higher
increase in both cellular GPx expression when coetb® ebseler?

Moreover, (PhSeg)and ebselen can be reduced to selenol intermedomtih after a
direct reaction with thiol groupsor via a NADPH-dependent reduction catalyzed byRTr
reductasé®®’ Of particular significance to our results, is theservation that (PhSe$erves

%23%8and it is also a better substrate for TrxR thasekmn>>>°

as a better mimetic of GP
Taken together, the protective effect of (PhSa)d ebselen against MeHg toxicity may be
associated with their antioxidant properties (fustance, as a mimetics of GPx). However,
the up-regulation of TrxR may also be involved iredt neuroprotective effect of (Phge)
observed here.

In conclusion, our results support the potentis¢ wf selenocompounds, such as
(PhSe) against MeHg toxicity and other xenobiotic TrxR{Tinhibitors. Furthermore, we
have demonstrated for the first time that (PhSegqused up-regulation of TrxR in
neuroblastoma cells, reflecting an important mdecunechanism in the antioxidant

properties of this compound.
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LEGENDS TO FIGURES

Figure 1. Chemical structure of the selenium compounds diphgdiselenide (a) and ebselen

(b).

Figure 2. Effect of MeHg, (PhSe) and ebseleron viability in SH-SY5Y cells. Data are
expressed as percentage of control and the valgesnaan = S.E.M. of 4 independent
experiments. * P < 0.05, and **** P < 0.0001 vsntol.

Figure 3. Effect of MeHg (A), (PhSe)(B) and Ebselen (C) on TrxR activity in SH-SY5Y
cells. Data are expressed as percentage activéivesto control and the values are mean =
S.E.M. of 4-5 independent experiments. * P < 0*0% < 0.01, *** P < 0.001 and **** P <
0.0001 vs. control.

Figure 4. Effect of co- treatment with (PhSeand MeHg (A) and co-treatment with ebselen
and MeHg (B) on TrxR activity in SH-SY5Y cells. [Daére expressed as percentage activity
relative to control and the values are mean + S.[Ml-5 independent experiments. ** P <
0.01, ** P < 0.001 and **** P < 0.0001 vs. contéf* P < 0.0001 vs. MeHg.

Figure 5. Effect of MeHg (A), (PhSe)(B) and Ebselen (C) on GPx activity in SH-SY5Y
cells. Data are expressed as percentage activavesto control and the values are mean *

S.E.M. of 4-5 independent experiments. * P < 0*®%, < 0.01 vs. control.

Figure 6. Effect of co- treatment with (PhSeand MeHg (A) and co- treatment with ebselen
and MeHg (B) on GPx activity in SH-SY5Y cells. Datee expressed as percentage activity
relative to control and the values are mean +S.EBV4-5 independent experimentsP <
0.05 vs. MeHg.

Figure 7. Effect of treatment with (PhSe)and ebselen alone or in co-treatment with MeHg
on TrxR and GPx expression by western blot analysiSH-SY5Y cells. Equal loading of
western blots was verified with GAPDH expressionl aepresent one of two experiments.
(P.S.: The values of selenium compounds are exgtesstM; MeHg was used only at a

concentration of 1uM).
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2.3 Manuscrito 2:

PROTECTIVE EFFECT OF DIPHENYL DISELENIDE AGAINST
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INTRODUCTION

Methylmercury (MeHg), the organic form of mercury,among the most potentially
toxic species to which human populations are exghdseth at high levels through poisonings
and at lower levels through consumption of fish atider seafood (Clarkson and Magos,
2006).

Among the mechanisms proposed to explain the tiyxafi MeHg, oxidative stress
plays a crucial role demonstratedimvivo andin vitro studies (Ascher and Syversen 2005;
Franco et al. 2007; Meinerz et al. 2011), in whideHg induces the generation of reactive
oxygen species (ROS) (Sarafian, 1999) and altersatiioxidant defense system of cells by
inhibiting their sulphydryl groups [-SH] and seléydryl groups [-SeH], compromising the
expression and activity of thiol and selenoenzyitMsri et al. 2007; Branco et al., 2011,
2014). These ROS generated, such as hydroxyl fa@i@H), superoxide anion (O, and
hydrogen peroxide, may also attacks the DNA mokand frequently cause oxidative DNA
damage and altered intracellular redox status €Samlal Bagchi, 1995; Joshi et al. 2014). On
the other hand, selenium (Se) acts as an antagortis¢ toxic effects of many heavy metals,
including Hg (Yoneda and Suzuki 1997; Falnoga ansek-Znidaric 2007).

Moreover, selenium is a fundamental componenthefliving cells of a variety of
organisms with antioxidant properties (Bock et1l®91; Nogueira et al. 2004; Freitas et al.
2009), and it is necessary for the expressionlehsenzymes, such as glutathione peroxidase
(GPx) (Flohe et al. 1973) and thioredoxin reduc{d@sgR) (Holmgren, 1989). In this context,
the interest in compounds containing selenium hasased in the past three decades, mainly
due to their biological activities (Nogueira et2004).

Organoselenium compounds, such as (PhS#)e simplest of the synthetic diaryl
diselenides - are known as pharmacologically actvapounds, exhibiting antioxidant, anti-
inflammatory, neuroprotective, and antimutagenigperties (Nogueira et al. 2004; Rossato
et a. 2002; Nogueira and Rocha, 2011; Farina eR@D3). At low concentrations, these
compounds protect cells against the insults geaeéday ROS production, depleting®} via
their GPx mimic activity (Mugesh and Singh, 200Based on this, it appears that (PhSe)
could behave as a potent protective compound irefaaaf toxicity.

In this regard, the purpose of the present studg wvaluated whether human
leukocytesin vitro exposed to low levels of MeHg are subject to tibxicMoreover, we
evaluated the possible protective effect of (PhSa)h potent antioxidant compound, to
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counteract the toxicity caused by MeHg relatedaib\dability, DNA damage and changes in

gene expression (TrxR, GPx and NFE2L?2) in the saxpesed cells.

MATERIALS AND METHODS

Chemicals

Diphenyl diselenide, methylmercury, Trypan’s Bluextran, tungstosilicic acid and
Triton X-100 were obtained from Sigma- Aldrich (&buis, MO). All the other reagents

were purchased from standard chemical suppliers.

Sample Preparation

Leukocytes were isolated from heparinized venolmod obtained from healthy
volunteers (4 volunteers for each methodology). phatocol of study was reviewed and
approved by the appropriate institutional revievadgofrom Guidelines of the Committee of
UFSM (0089.0.243.000-07).

Briefly, 2 mL of dextran 5% (dissolved in Phosgh8uffer Saline 1%) was added to
8 mL of blood. The tube was gently mixed and leftstand at room temperature for 45
minutes. Afterwards, the supernatant was centrdu@80 xg, 10 min) and plasma was
discarded. The pellet was washed with erythrocyges Isolution (NHCI 150 mM; NaHCQ
10 mM; EDTA 1 mM) and centrifuged (480 xg, 2 mifihe supernatant was discarded and
the pellet was washed twice with 1mL erythrocytesidy solution. After the second
centrifugation, the pellet was suspended in 2 mlnk#a buffer solution (KCl 5.4 mM;
NaoHPO, 0.3 mM; KHPO, 0.4 mM; NaHCQ 4.2 mM; MgCh 0.5 mM; NaCl 122.6 mM; D-
glicose 10 mM, Tris- HCI 10 mM; Cag£l.3 mM; pH 7.4). The concentration of leukocytes
was adjusted to 2000 cejis/.

Leukocytes Exposure to compounds

Leukocytes were exposed to (PhSe®y MeHg at 1, 5, and 10M or they are co-

treated with (PhSepnd MeHg at the same concentrations and as cdu®bicle) was used
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an equal volume of ethanol (final concentratiorDd%) during 3 hours at 37 °C. Positive
control group was treated with hydrogen peroxidgd2 mM and sodium azide 1 mM.

Trypan’s Blue Exclusion Test

Trypan’s Blue exclusion test was performed aceaydo Mischel and Shiingi (1980).
After 3 hours of incubation, 5@L of Trypan'’s Blue 0.4% was mixed with 5@ of
leukocytes and left to stand at room temperatur® fminutes. Cell viability was determined
microscopically (400 x magnification) and expresaschumber of viable cells divided by the

total number of cells multiplied by 100.

Comet Assay

Comet Assay was performed according to Collind420with some modifications.
After three hours of incubation, 18 of the sample was mixed with gD of low melting
point agarose 0.75% and placed in a slide pre edveith agarose 1%. A coverslip was
added and the samples were left to solidify at 4F@e coverslips were removed and the
slides were placed on a lysis solution (NaCl 2.5BDTA 100 mM; Tris-HCI 8 mM; Triton
X-100 1%; pH 10-10.5) during 24 hours at 4 °C. Aftards, the slides were incubated in an
electrophoresis solution (NaOH 300 mM; EDTA 1 mNH £3.5) for 20 minutes at 4°C and
the electrophoresis was performed (25 V; 300 mAY)7for 20 minutes. All the steps were
performed in the dark until this moment. After ¢tephoresis, the slides were washed in a
neutralizing solution (Tris-HCI 400 mM; pH7.5) tlerémes, washed with distilled water, and
left to dry. The slides were rehydrated and fix@dicghloroacetic acid 15%; ZnSO4 5%
glycerol 5%), washed thrice with distilled watendaleft to dry. Afterwards, the rehydrated
slides were stained (MaOs; 5%; NHNOsz 0.1%; AgNQ 0.1%; H[W1,SiOs 0.25%;
formaldehyde 0.15%). The slides were immersed @ti@acid 1%, washed, and left to dry.

One hundred cells randomly selected were analyzeach sample according to tail
size and intensity in five classes. The damageesfmr each cell can range between 0 (no
damage) and 4 (maximum damage), according to Figubmmage index (DI) was defined as
follows: DI = Inl + 2n2 + 313 + 4n4, wherenl represents the number of cells with damage
level 1,n2 represents the number of cells with damage [2yeB represents the number of
cells with damage level 3, amd represents the number of cells with damage KvAL least

two different individuals analyzed the slides undignd conditions.
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Real time RT-PCR analysis of mMRNA

After incubation time, leukocytes were immediategntrifuged at 48& g during 5
minutes. The buffer was discarded and the leukscytere homogenized in 1 mL of
TriZOL®.

Total RNA extraction was performed adoog to manufacturer’'s instructions
(Invitrogen, USA). RNA samples were dissolved in0 of water, and the quality/integrity
of RNA was confirmed in agarose 1% gel stained wthidium bromide 0.5 pg/mL and
visualized under ultraviolet light. RNA samples wdreated with DNase | according to
manufacturer’s instructions and reverse transatippecDNA molecules using M-MLVRT
reverse transcriptase enzyme according to manuéttunstructions (Invitrogen, USA).

Gene expression analysis was perforttedugh real-time Polymerase Chain
Reaction (PCR). The reaction mixture for PCR reactontains: 10 pL diluted 1:100 cDNA
or water as negative control; 0.2 uM primers; OM deoxiribonucleotide triphosphates; 1.5-
3 mM MgCh; 1x PCR buffer; 0.05 U/uLaqDNA Polymerase; and 0.01x SYBR Green. The
reaction was submitted to the following cycling didions: TaqDNA Polymerase activation
at 95°C for 3 min, followed by 40 cycles of 15s9°C (denaturation), 15s at 58-62°C
(annealing), and 15s at 72°C (extension). Thresleddls were manually determined using
StepOne Software v2.0 (Applied Biosystems, NY). RYBreen fluorescence and Cq values
generation were analyzed using StepOne Softwate(®pplied Biosystems, NY).

The analyzed genes were TRXR1, GPX4 [dR&2L2. The reference genes were
GAPDH and RPL30. Primers were designed using PABnoerBLAST software based on

published sequences in GenBank (http://www.ncbi.mnilmgov/genbank/) as shown in Table

1. Results are expressed as relative expressidohwiill be calculated using”®“® formula
(Livak and Schmittgen, 2001).

Statistical Analysis
Statistical analyses were performed using anabfsiariance (ANOVA) followed by

Newman- Keuls multiple test when appropriate. Témults are expressed as mean £ SEM for

three to four independent replicates. The diffeeanas considered significant whBrx 0.05.



129

RESULTS

Cell viability

Diphenyl diselenide did not cause any significamtic effects on leukocytes at
concentrations tested (1, 5 and 10 uM) when condprehe control. However, MeHg at
concentrations from 5uM caused a significant desaéa cell viability when compared to the
control. Furthermore, at the highest concentratested, the cell viability was about 35% (P
<0.001) (Figure 2).

Diphenyl diselenide was able to protect agains tbxic effect of MeHg at
concentrations of 1 and 5 uM when co-exposed tMofiIMeHg, and at concentrations of 5
and 10uM when co-exposed to 10uM of MeHg, avoidsignificantly the cell mortality
(Figure 3).

The positive control (b0, 2 mM and sodium azide 1 mM) caused a significant
decrease in cell viability (approximately 33%) whempared to control (Fig. 3, P < 0.001).

DNA damage

Figure 4 shows the effects of (PhSand/ or MeHg on DNA damage in human
leukocytesin vitro. As expected, D, and azide used as a positive control caused a
significant increase in the damage index valuesrwd@mpared to the controP (< 0.001).
Incubation of human leukocytes with (PhSantil 10 M did not show significant increase in
the damage index. However, the MeHg even at lowesicentration tested, induced a
significant increase in the DNA damage when congbdcecontrol (P<0.01), suggesting a
possible induction of DNA double-strand breaks.

Nevertheless, when the leukocytes where co-expose(PhSe) and MeHg, the
selenium compound had an effective activity in atda the DNA damage caused by the

mercury toxic compound, at two concentrations te§tegure 4).
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Levels of mMRNA expression

Fig. 5 shows the expression of TrxR1, GPx 4 andENR in human leukocytes
treated with (PhSeg)and and/or MeHgExposure of human leukocytes to (PhSejone or
co-treated with MeHg 5uM, caused a significant éase in TrxR1 expression when
compared to control (P < 0.05, Figure 5A). On tileeohand, the treatment only with MeHg

did not change the expression of TrxR1.

The GPx 4 expression did not show any signifiadfierence among the treatments
(Figure 5 B). In contrast, when the NFE2L2 expm@ssvas evaluated, only the exposition of
leukocytes to MeHg was able to increase signifigaitd expression (P < 0.05) (Figure 5C).
But the selenium compound tested, did not modiéyekpression of NFE2L2 (Figure 5 C).

5 C).
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Table 1.Primers used to amplify target gene fragments.

Name of gene Symbol  Reference sequence Primer seoeee (5'-3") Amplicon
Tiorredoxina Redutase 1  TXNRD1 NM_001093771 GCATCAAGCAGCTTTGTTAGG 95pb
NM_001093771 TCATTCTGTCCCAATCATGC
Glutationa Peroxidase 4 GPX4 NM_001039847 AGATCTCAICAAGGGCAAG 72 pb
NM_001039847 GACGGTGTCCAAACTTGGTG
Nuclear factor NFE2L2 NM_001145412 AACCAGTGGATCTGEACT 134pb
(erythroid-derived 2)-like 2 NM_001145412 ACGTAGCBBEGAAACCTCATT
Glyceraldehyde-3-phosphateGAPDH NM_001256799 TTCGTCATGGGTGTGAACC 112pb
dehydrogenase NM_001256799 AGTTGTCATGGATGACCTTGG
Ribosomal protein L30 RPL30 NM_000989

GATGATCAGACESCAAAGC 105pb
NM_000989 ACACCAGTTTTAGCCAACATAGC
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LEGENDS

Figure 1. Damage levels considered for analysis in CometAdsavel 5 was excluded from

our evaluation. This figure is based on Santos. €2@09).

Figure 2. Effect of (PhSe)or MeHg on cell viability of human leukocytés vitro. Data are
expressed as means + SEM of four independent empets. * P <0.05 and *** P < 0.001 vs

control.

Figure 3. Effect of co-exposure to (PhSe&nd MeHgon cell viability of human leukocytes
vitro. Data are expressed as means + SEM of four indeperdperiments. * P <0.05 and
#* P < 0.001 vs control® P < 0.05 vs MeHg 5uM** P < 0.001 vs MeHg 10pM(The
dotted line represents the control (100%) and PRGttipe control).

Figure 4. Damage index (DI) of human leukocytes exposefPtise) and/ or MeHg. Data
are expressed as means = SEM of four independgarieents. ** P <0.01 and *** P <
0.001 vs control® P < 0.05 vs MeHg 5pM* P < 0.001 vs MeHg 10uM. (Positive control
had a DI of 388 + 4.94).

Figure 5. Effect of (PhSe) and/ or MeHg treatment on human leukocytes redatnRNA
expression of TrxR 1 (A), GPx 4 (B) and NFE2L2 (€alues are the means + SEM of n = 3

independent experiments performed in triplicate8.< 0.05 vs control.
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Figure 1.
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3. DISCUSSAO

O MeHg, principal forma organica de mercario encaoid na natureza, € um
conhecido poluente ambiental (CLARKSO#&t al, 2003). A toxicidade do MeHg em
humanos estéa relacionada, principalmente, ao camstden peixes e frutos do mar que
acumulam este composto, o qual acarreta sériassrsssaude (BURGER! al, 2014). No
Brasil, comunidades ribeirinhas localizadas prosiraareas de garimpo, e que se alimentam
quase que exclusivamente de peixes, sofrem exposig@nica a niveis relativamente
elevados de MeHg em sua dieta (PINHEIRCal, 2003). Pela facilidade em atravessar a
barreira hemato-encefalica, o MeHg causa alteragée=brais modificando as suas funcdes
normais (FARINAet al, 2011; ASCHNERet al, 2007). Este composto também pode ser
responsavel por danos ao sistema imune e cardideasg®OSZCZYNSKIet al., 2008,
VIRTANEN et al, 2007, MOREIRA & FARINA, 2014), aos rins e induecde danos ao
material genético (RUTOWSKIet al., 1998; GROTTOet al., 2009). Assim, a exposi¢cao
humana ao MeHg é um importante problema de saubkcaliem nivel mundial, tornando
relevante estudos que buscam a elucidacéo dos isracancelulares e moleculares pelos
quais o MeHg exerce seus efeitos toxicos, bem cpossiveis compostos que possam ser
utilizados no desenvolvimento de novas abordaggapéuticas para 0os casos de intoxicacéo
por este organometal.

O presente estudo demonstrou inicialmente, que estprincipais mecanismos pelos
quais 0 MeHg exerce seus efeitos toxicos esta cemtante espécies reativas (ou estresse
oxidativo), o que pode ser visto aqui como deseradolr de um aumento da peroxidacéo
lipidica, conteudo de hidroperéxidos e uma sigatfi@ diminuicdo na atividade
mitocondrial. Além disso, também foi demonstradst@esstudo uma deplecdo significativa
de tidis na mitocondria causada pelo MeHg (artijo Deste modo, a mitocondria é a
organela que representa o maior alvo para a t@adeidlo MeHg nas células e desempenha
um papel central no inicio de cascatas bioquingcaslevam a morte celular (ASCHNER &
SYVERSEN, 2005; ATCHISOMt al.,1994). Ainda, o MeHg pode alterar o funcionamento
mitocondrial por inibir enzimas tidlicas incluinds dos complexos da cadeia respiratoria
(GLASERZet al, 2010). A acao da toxicidade do MeHg realmentepestar associada com o
aumento de estresse oxidativo nessa organela. jisslcédo excessiva de ERO pode
exacerbar a toxicidade do MeHg, o qual ataca outensros nucleofilicos na mitocdndria e
em outros compartimentos celulares (FARINMAal., 2011). Neste estudo confirmamos a
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participagcdo da formacdo de peroxido de hidrogéhieO,) pelo MeHg quando as
mitocondrias foram incubadas com a catalase e MaHygyjal reduziu significativamente a
producao de TBARS induzida pelo MeHg.

Para verificar mecanismos de neurotoxicidade casspdlo MeHg, sendo esta uma
importante acdo deste metal, este composto fisideem células SH-SY5Yneuroblastoma
humano). Neste modelo este composto organico delim@foi capaz de inibir a atividade de
importantes selenoenzimas, principalmente a Trx& também a GPx em menor grau, 0
qual ocorreu mesmo em concentragcdes muito baixasuserito 1). A alta afinidade do
MeHg a grupos tidis (como o0s presentes na cisteinan como ao selenol (como o
presente na selenocisteina), presentes nos sitises ade indmeras enzimas (ex.
selenoenzimas) provavelmente é o responsavel pibigdo observada na atividade da TrxR
e da GPx (FARINAet al, 2011). No entanto, a maior afinidade e interagém a TrxR,
observada neste estudo deve-se provavelmente anpeaeslo residuo de Sec em estreita
proximidade com trés residuos de cisteina (Cysporgdo C terminal livre da TrxR de
mamiferos quando comparada ao sitio ativo da GREe @ residuo de Sec estd em
proximidade com residuos de glutamina (GIn) e dfgrto (Trp). Essa acessibilidade, e a
capacidade da TrxR em se ligar com agentes elatosfi como o Hg, aumenta
significativamente a reatividade do MeHg com sitivo da TrxR (BRANCt al, 2014).

Além disso, sendo o cérebro um importante alvdviddlg, este estudo mostra que
este composto parece inibir com maior intensidadex® e GPx de cultura de células que
representam um modelo de funcdo neuronal do quesaigicidos, como mostrado em estudos
com células de hepatoma (HepG2) ou cancer cervigéblLa) (BRANCOet al, 2014;
CARVALHO et al., 2008). O que demonstra uma maemsgbilidade de células cerebrais
guando comparadas com os demais tecidos.

O MeHg foi posteriormente testado em células samegsi humanas (leucocitos
isolados) (manuscrito 2), outro importante alvosda toxicidade, e causou uma significativa
morte celular e um aumento significativo dos nivkisdano no DNA de leucocitos humanos
quando tratado#n vitro. Este dano causado ao DNA pelo MeHg é provavdbnama
consequéncia da diminuicdo de antioxidantes aekilacomo GSH e selenoenzimas e do
aumento de ERO geradas pelo MeHg, as quais intaragm as moléculas do DNA levando
a um dano oxidativo e quebras na molécula, ou amdéeHg pode causar uma inibicdo no
sistema de reparo por ligar-se a regiao sulfidtda enzimas de reparo (GROTHEDal,
2009). Nao obstante, o0 MeHg causou um aumentofisgivo da expressédo génica do fator

de transcricdo Nrf2, observado através dos niveexgressdo do mRNA para este transcrito.
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Este resultado pode estar diretamente relacionadtivacdo do Nrf2 como resposta ao
estresse oxidativo gerado pela toxicidade do MeM@SHIDA et al, 2014) podendo
aumentar, assim, também a expressdo deste fatsicaBeente, o Nrf2 € um fator de
transcricdo que regula a expressao de uma bategartes no combate ao estresse oxidativo e
eletrofilico, induzido por quimicos exdgenos e seigtabdlitos. Sob condicdes normais o
Nrf2 € mantido no citoplasma ligado a proteina Keam entanto, sob condi¢cdes de estresse
ele é translocado para o nucleo onde se liga aoeel® de resposta antioxidante (ARE) na
regido promotora de muitos genes antioxidantescaia transcricdo dos mesmos (incluindo
GPx e TrxR) (NCet al.,2014).

Ni e colaboradores (2010) observaram ainda que arpsicdo de células da
microglia ao MeHg aumentou muito os niveis proteiate Nrf2, mesmo em baixas
concentracdes (até 5uM) e em um curto periodordpdag10min). Essas células respondem
rapidamente ao MeHg super regulando o Nrf2 comaaded de uma resposta antioxidante
(NI et al,, 2010).

Considerando todos esses efeitos de respostacidame induzida pelo MeHg, torna-
se importante a pesquisa de agentes antioxidaobtes, potencial em degradar/reduzir
espécies reativas ou interagir com o MeHg com witmmte reduzir seus efeitos toxicos, 0s
guais podem ser considerados uma classe terap@uticassora na toxicidade causada por
este composto organico de mercurio (FRAN&QI, 2007; FARINAet al, 2011; LIUet al,
2014).

Um bom exemplo de composto antioxidante é o sel&m elemento traco essencial,
(COMBS & COMBS, 1984) encontrado em diferentes fmsnorganicas e inorganicas na
natureza e que exerce funcbes de grande importanc@rganismo, principalmente como
aminoacido selenocisteina, o qual esta presensitiocativo de importantes selenoproteinas
como a GPx e a TrxR (FLOHEt al, 1973; ARNER & HOLMGREN, 2000), as quais
desempenham um papel fundamental como antioxidagtedo no equilibrio redox celular.
O selénio também é capaz de interagir com metaades (incluindo o mercurio) atenuando
sua toxicidade (FALNOGA & TUSEK-ZNIDARIC, 2007).

Compostos sintéticos de selénio tém sido utilizgadm inUmeros estudos e tém
demonstrado potencial atividade protetora. Estenuil terapéutico e antioxidante deve-se
principalmente a atividade GPx-like destes commpstornando-os capazes de degradar
peroxidos através da formacédo de um intermedi@iensl a partir da oxidacao de tidis (ex:
GSH), e também a atividade como substrato da TexdRial, pela oxidacdo de NADPH, sera
reduzido pela TrxR a um intermediario selenol (FRES et al, 2010). No presente estudo
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foram utilizados diferentes compostos sintéticoganicos de selénio e a maioria deles
demonstrou algum efeito protetor como pode seo wein mais detalhes adiante.

Inicialmente, avaliou-se o efeito protetor do (P analogos (3'3-disseleneto de
ditrifuorometildifenil; p-cloro-disseleneto de difiéa; p-metoxi-disseleneto de difenila) frente
ao estresse oxidativo induzido por MeHg em fragd@scondriais cerebrais enriquecidas
(artigo 1). Assim, demonstrou-se que o0s compostesS¢) e  3'3-disseleneto de
ditrifuorometildifenil foram capazes de protegea ceducdo na atividade mitocondrial
causada pelo MeHg e do aumento de TBARS, o qualclorp-disseleneto de difenila
também mostrou-se efetivo. Além disso, o (PhS®mposto com melhor atividade protetora
neste estudo, foi capaz de detoxificar ®flgerado pelo MeHg, sendo demonstrado através
de um estudo comparativo com a catalase, enzirpansével pela degradacdo desta espécie,
0 que também pode ser explicado pela atividade tiwené@ GPx apresentada por este
composto (reduzindo peroxidos). Na verdade, aeredit que as atividades protetoras
apresentadas por estes compostos de selénio st eestdo diretamente relacionadas a
ordem crescente da atividade GPx-like dos mesmossi@erando que o composto (p-
metoxi-disseleneto de difenila) com menor atividadienética a GPx n&o foi capaz de
proteger em nenhum modelo testado da toxicidadeadaupelo MeHg.

De fato, de acordo com Glaser e colaboradores3j201(PhSe)demonstra atividade
de protecdo a mitocondria, especialmente em eneamsjuais 0 agente toxico é acumulado
dentro da mesma. O (Phgearece também ser capaz de reduzir a incorporagéoondrial
de MeHg, consequentemente contrabalancando a dagii mitocondrial. Ainda, estes
autores sugerem um efeito neuroprotetor do (Bh8ejual pode estar relacionado a atividade
de protecdo a mitocondria.

Percebendo o maior potencial antioxidante e motdb (PhSe) demonstrado no
primeiro estudo, utilizou-se entdo, em uma segamddise, com foco para células do sistema
nervoso, onde o (PhSdbi comparado com o potencial protetor do ebseadatrp importante
composto organico de selénio com propriedadesadidiotes que ja vem sendo utilizado na
clinica. Estes compostos foram testados quantonasanismos pelos quais 0s mesmos
interferem na interacdo do MeHg e selenoenzimadR(&r GPx), bem como a acédo isolada
destes compostos de selénio na atividade e expregsiias selenoenzimas (manuscrito 1).
Foi possivel observar mais uma vez em destaque pualhor atividade protetora, o efeito do
(PhSe) em comparacao ao ebselen, mesmo ambos néo tausatdoanenhuma toxicidade em
concentracdes consideravelmente altas. O (Rlec&a¥ou um aumento significativo e bastante

alto da atividade e expresséo da TrxR e foi capgaroteger da inibicdo causada pelo MeHg.
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O mecanismo molecular envolvido na protecado propoaca pela (PhSgprovavelmente
reflete a sua capacidade para induzir a sintesend® (ZHANG et al, 2013). Além disso,
(PhSe) também pode ser transformado no seu intermedi&@ienal, o qual liga-se ao
metilmercurio com alta afinidade. Esta atividaddcdante também foi demonstrada pelo
ebselen, aumento da atividade da TrxR, mas comaapena modesta protecdo ao MeHg.

O (PhSe)também causou um aumento da expressdo da GPa] tbgmaior quando
comparado ao efeito do ebselen, o que mais umpodez ser explicado pela melhor atividade
mimética a GPx do (PhSgMWILSON et al, 1989; FREITASet al, 2010) e também por ser
um melhor substrato para a TrxR do que o ebselREIFAS et al, 2010; FREITAS &
ROCHA, 2011). Assim, este potencial protetor dosnpostos pode estar diretamente
associado as propriedades antioxidantes dos me&si@sestudo mostrou, a super regulacéo
da TrxR causada pelo (Phgegm neuroblastomas, o que reflete um importanteamgsmo
molecular na atividade antioxidante deste composto.

Este significativo aumento da atividade e ex@essa TrxR pelo (PhSg)é
importante, pois pode evitar ou diminuir uma influgda TrxR pelo MeHg. E, ainda, mesmo
que o MeHg consiga inibir parcial ou totalmenteaeshzima, a presenca do (PhSe)
provavelmente fard com que esta seja sintetizadanaior propor¢cdo para agir frente a
toxicidade induzida pelo MeHg e substituir aquelabidas pelo mesmo. Além disso, a
formacao de um intermediario selenol direta ouragtdmente pelo (PhSe)ermite que este
intermediario, por apresentar um alto potencialeufdico, complexe-se ao MeHg evitando
gue O mesmo interaja com importantes agentes diobes celulares (inclusive
selenoenzimas) impedindo, assim, o0 aumento dessstoxidativo. Como o MeHg diminui a
capacidade antioxidante celular, por depletar tohisselendis, € de suma importancia um
tratamento que retome estas atividades, como,¥gnm@o, foi demonstrado pelo (Phge)
qual também reduz perdxidos através da mesma adieiGPx-like.

Tendo em vista a protecdo desempenhada pelo @Pli®efe a inibicdo de
selenoenzimas, muito melhor que o ebselen (mamwdgrie considerando que este composto
parece ser menos toxico que 0s outros composititisos de selénio (NOGUEIRé al.,
2004; NOGUEIRA & ROCHA, 2011; MUGESHt al, 2001), no manuscrito 2 focou-se
apenas no potencial antioxidante do (Ph$ejm o objetivo de verificar principalmente o
papel protetor deste composto em relacdo a danaiges causados pelo MeHg, tanto em
relacdo a dano direto ao DNA ou em alteracdo deesgfo de enzimas antioxidantes (ja
verificadas como alvo no estudo anterior), e do2Ndm fator responséavel pela via de
resposta antioxidante. Utilizou-se entdo um mogefiadronizado em nosso laboratério e que
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também é considerado um alvo para o MeHg, céluamgusneas humanda vitro. A
atividade protetora do (PhS&correu mesmo em baixas doses. Este compostdé&teoskoi
capaz de evitar a morte celular e o dano no DNAa@da pelo MeHg, provavelmente i) pela
habilidade do mesmo em formar um complexo inedstével com o MeHg (FREITA& al.,
2009), impedindo que este organometal interaja tivegaente com as macromoléculas
celulares ou ainda, ii) por levar a uma super leggio da enzima antioxidante TrxR, que
demonstrou um aumento significativo da expressamdp exposta ao (PhSepesmo na
presenca do agente toxico. Esta enzima é capaegtadar espécies reativas comeQke
peroxinitrito (ARNER & HOLMGREN, 2000) e reduzir msequentemente a oxidagdo do
DNA pelas mesmas.

Como observado nos dois Ultimos manuscritos, dS¢phcausou um aumento
siginificativo na expressdo da TrxR, o que pode esqrlicado pela formacdo de acido
selenidrico a partir do (PhSg)forma inorganica de selénio, que pode ser codeer
selenocisteina e incorporada a selenoenzimas cohmeRa(PINHEIROet al, 2009). Sendo
assim, este composto pode agir positivamente, tanfitedte a outros agentes toxicos, onde a
inibicdo de selenoenzimas como a TrxR estdo erdamyvi

Em conjunto, os resultados obtidos neste estudocean o papel central do estresse
oxidativo na toxicidade do MeHg e a selenoezimaRTewmo alvo molecular principal deste
composto. Além disso, os resultados indicam queamspostos organicos de selénio, em
especial o (PhSg) exercem um importante papel protetor frente aicidxde deste
organometal. A reversao da inibicdo da enzima TecaRsada pelo (PhSeparece ser um
importante mecanismo envolvido na protecdo confraef@itos deletérios causados pela
exposicdo ao MeHg, um agente toxico ambiental.
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4. CONCLUSOES

De acordo com os resultados apresentados nestzotks@mos sugerir que:

O MeHg foi capaz de causar danos mitocondriaisaréirpde geracdo de espécies
reativas de oxigénio que levam ao aumento da paQao lipidica e disfuncdo em

mitocdndrias cerebrais;

O MeHg inibiu as selenoenzimas GPx e TrxR (expresséatividade), sendo esta
altima o principal alvo deste composto; 0 qual pedtar ligado ao aumento de

espécies reativas que levam a danos no DNA e roeldé&r;

Os compostos de selénio protegem contra a toxieidaditro do MeHg. E esta
protecdo parece estar diretamente relacionada ao dg capacidade antioxidante

destes compostos;

O (PhSe) foi o composto que apresentou melhor atividadéepora contra os danos
causados pelo MeHg em comparacdo com os demaisostosptestados. Este foi
capaz de proteger contra danos mitocondrias, Bobie atividade e expresséo de
selenoenzimas (TrxR e GPx) e danos no DNA causpdis MeHg, o que esta
relacionado principalmente a sua alta atividade ética a GPx ou a sua agdo como

substrato da TrxR.

O (PhSeg) levou a uma super-regulagéo (aumento da expresaiadade) da enzima
TrxR, um importante mecanismo molecular em r@acatividade antioxidante deste
composto. Sendo assim, um importante agente quee madl utilizado para

detoxificacdo dos efeitos toxicos do MeHg.
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5. PERSPECTIVAS

Investigar se o (PhSg)composto com melhor atividade antioxidante nestado, é
capaz de proteger dos efeitos do MeHg em um matiejpds-exposicdo, o0 que seria
significativo na reversao da toxicidade do MeHg;

Estudar com maior detalhes a interacdo (Ph8eyleHg para melhor entender os

efeitos deste complexo em modelos bioldgicos;

Investigar outros genes alvos da toxicidade do Meldgmo 0s compostos sintéticos

de selénio podem modular a toxicidade deste orgatadm

Invetigar o efeito direto do MeHg sobre a enzimarxRT (isolada) e como o0s
compostos sintéticos de selénio agem frente asragites causadas nesta

selenoenzima;

Avaliar a interacdo dos compostos organicos dengelé do MeHg com as

selenoezimas (TrxR e GPx) através de técnicas delagem molecular.
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