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O metilmercúrio (MeHg) é um conhecido poluente ambiental que afeta uma variedade de funções celulares, 
sendo o estresse oxidativo um dos mecanismos propostos para explicar sua toxicidade. A inibição de 
selenoenzimas (Glutationa Peroxidase (GPx) e Tiorredoxina Redutase (TrxR)) tem sido demonstrada como um 
importante fator relacionado ao estresse oxidativo induzido por MeHg. Por outro lado, compostos sintéticos de 
selênio apresentam importante ação antioxidante, atribuída principalmente a atividade mimética a GPx e ao fato 
de serem substratos para TrxR, podendo inclusive exercer proteção contra a toxicidade do MeHg. Considerando 
que o mecanismo exato pelo qual o MeHg exerce toxicidade ainda deve ser melhor investigado e que não 
existem terapias eficazes para a toxicidade deste organometal, este estudo avaliou os diferentes mecanismos 
envolvidos na toxicidade induzida por MeHg, bem como, um possível papel protetor de compostos orgânicos de 
selênio (ebselen, disselento de difenila (PhSe)2 e análogos (3’3-disseleneto de ditrifuorometildifenil (DFD), p-
metoxi-disseleneto de difenila (MD) and p-cloro-disseleneto de difenila (CLD)) frente aos efeitos tóxicos deste 
organometal em diferentes modelos in vitro de sistemas biológicos alvos da ação do mesmo. No artigo 1 foi 
observado que o MeHg causou um aumento em marcadores de estresse oxidativo em um modelo utilizando 
fração mitocondrial de cérebro de camundongos. Esse resultado foi evidenciado através de um aumento da 
peroxidação lipídica, conteúdo de hidroperóxidos e uma significativa diminuição da atividade mitocondrial. 
Além disso, também foi demonstrada uma depleção significativa de tióis. Os compostos (PhSe)2 e  DFD  foram 
capazes de proteger contra a redução na atividade mitocondrial e peroxidação lipídica causada pelo MeHg. O 
composto CLD também mostrou ser efetivo em reverter a oxidação de lipídeos causada pela exposição da fração 
mitocondrial de cérebro de camundongos ao MeHg. O (PhSe)2 também mostrou ser capaz de degradar o 
peróxido de hidrogênio através de um estudo comparativo com a catalase. Esses compostos mostraram atividade 
protetora de acordo com a intensidade de sua atividade GPx-like ((PhSe)2 > DFD > CLD> MD). Em uma 
segunda análise (manuscrito 1), o MeHg causou uma significativa inibição das enzimas antioxidantes TrxR e 
GPx em células de neuroblastomas (SH-SY5Y). Neste estudo o (PhSe)2 apresentou melhor atividade protetora 
que o ebselen. O (PhSe)2 causou um aumento substancial na atividade e expressão da TrxR e foi capaz de 
proteger da inibição desta enzima causada pelo MeHg. Sob as mesmas condições experimentais, o composto 
ebselen apresentou efeito similar,  no entanto, de maneira mais modesta quando comparado ao (PhSe)2. O 
(PhSe)2 também causou um aumento da expressão da GPx, que foi maior quando comparado ao efeito do 
ebselen. Em modelo de leucócitos humanos in vitro (manuscrito 2) foi possível observar que o MeHg causou 
morte celular e danos ao DNA. Em paralelo, observou-se um aumento significativo na expressão de Nrf2, o 
principal regulador da resposta antioxidante celular. O co-tratamento com (PhSe)2, foi capaz de reverter esses 
danos e normalizar a expressão do Nrf2. Além disso, o (PhSe)2 causou um aumento substancial na expressão da 
enzima TrxR, resposta já demonstrada no estudo anterior em modelo de neuroblastoma humano. Em conjunto, 
os resultados apresentados nesta tese reforçam o papel central do estresse oxidativo e inibição de selenoezimas 
na toxicidade induzida pelo MeHg. Além disso, os resultados indicam que os compostos orgânicos de selênio, 
em especial o (PhSe)2, exercem um importante papel protetor frente a toxicidade deste organometal. A reversão 
da inibição da enzima TrxR causada pelo (PhSe)2 parece ser um importante mecanismo envolvido na proteção 
contra os efeitos deletérios causados pela exposição ao MeHg, um agente tóxico ambiental. 
 
Palavras-chave: Metilmercúrio, estresse oxidativo, selenoenzimas, compostos orgânicos de selênio. 
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Methylmercury (MeHg) is a known environmental pollutant that affects a variety of cellular functions, and the 
oxidative stress is one of the proposed mechanisms to explain its toxicity. Inhibition of selenoenzymes 
(Glutathione peroxidase (GPx) and Thioredoxin Reductase (TrxR)) has been demonstrated as an important factor 
related to oxidative stress induced by MeHg. On the other hand, synthetic selenium compounds have important 
antioxidant activity, mainly attributed to the GPx-like activity and the fact that they are substrates for TrxR, may 
even exert protection against MeHg toxicity. Whereas the exact mechanism by which MeHg exerts toxicity 
remains to be further investigated and that there are no effective therapies for this organometal toxicity, this 
study evaluated the different mechanisms involved in MeHg-induced toxicity as well a possible protective role 
of organic selenium compounds (ebselen, diphenyl diselenide (PhSe)2 and analogues (3’3 
ditrifluoromethyldiphenyl diselenide (DFD), p-chloro-diphenyl diselenide (CLD) and p-methoxy-diphenyl 
diselenide(MD)) against toxic effects of this organometal at different in vitro models of biological systems 
targets of MeHg action. In Article 1 it was observed that MeHg caused an increase in oxidative stress markers in 
a model of mouse brain mitochondrial-enriched fraction. This result was evidenced by an increase in lipid 
peroxidation, hydroperoxide formation and a significant decrease in mitochondrial activity. Furthermore, it was 
also demonstrated a significant depletion of thiols. (PhSe)2 and DFD were able to protect against the decrease in 
mitochondrial activity, and lipid peroxidation caused by MeHg. The compound CLD was also effective in 
reversing the lipid peroxidation caused by exposure of mouse brain mitochondrial fraction to MeHg. The (PhSe)2 
was also able to degrade hydrogen peroxide through a comparative study with catalase. These compounds 
showed protective activity according their GPx-like activity intensity ((PhSe) 2> DFD> CLD> MD). In a second 
analysis (manuscript 1), MeHg caused a significant inhibition of antioxidant enzymes, TrxR and GPx, in 
neuroblastoma cells (SH-SY5Y). In this study (PhSe)2 showed a better protective activity than ebselen. (PhSe)2 
caused a substantial increase in the activity and expression of TrxR, and it was able to protect against the 
inhibition of this enzyme caused by MeHg. Under the same experimental conditions, ebselen exhibited a similar 
effect, though more modestly compared to (PhSe)2. Diphenyl diselenide also caused an increased in GPx 
expression, which was higher when compared to the effect of ebselen. In in vitro model of human leukocytes 
(manuscript 2), MeHg caused cell death and DNA damage. In parallel, there was a significant increase in 
Nrf2expression, the main cellular regulator of antioxidant response. Co-treatment with (PhSe)2 was able to 
reverse these damages, and normalizing the expression of Nrf2. Furthermore, (PhSe)2 caused a substantial 
increase in expression of TrxR enzyme, response that has been already demonstrated in the previous study in a 
model of human neuroblastoma. Together, the results presented in this thesis reinforce the central role of 
oxidative stress and inhibition of selenoezimas in MeHg-induced toxicity. Furthermore, the results indicate that 
the organic selenium compounds, especially (PhSe)2, play an important protective role against MeHg toxicity. 
The reversal of TrxR inhibition caused by (PhSe)2 appears to be an important mechanism involved in the 
protection against the deleterious effects caused by exposure to MeHg, a toxic environmental agent. 
 
 
Key-words: Methylmecury, oxidative stress, selenoenzymes, organic selenium compounds. 
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APRESENTAÇÃO 
 
 

 No item INTRODUÇÃO é apresentado um referencial teórico sucinto sobre os temas 

trabalhados nesta tese, bem como a justificativa e os objetivos gerais e específicos da mesma. 

 Na REVISÃO BIBLIOGRÁFICA é apresentado um manuscrito de revisão da 

literatura sobre os temas trabalhados e relacionados a esta tese. 

 A metodologia realizada e os resultados que compõem esta tese estão apresentados sob 

a forma de artigos e manuscritos, os quais se encontram no item ARTIGOS CIENTÍFICOS. 

Neste constam as seções: introdução, materiais e métodos, resultados, discussão e referências 

bibliográficas. 

 Os itens DISCUSSÃO e CONCLUSÕES, encontrados no final desta tese, apresentam 

interpretações e comentários gerais sobre os artigos científicos contidos neste trabalho. 

 As REFERÊNCIAS BIBLIOGRÁFICAS referem-se somente às citações que 

aparecem nos itens INTRODUÇÃO, DISCUSSÃO e CONCLUSÕES desta tese. 
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INTRODUÇÃO 
 
 O metilmercúrio (MeHg), considerado a principal forma orgânica de mercúrio 

encontrada na natureza, é gerado através da biometilação do mercúrio inorgânico presente em 

sedimentos aquáticos (CLARKSON et al., 2003). Este organometal é um conhecido poluente 

ambiental, que nas últimas décadas causou contaminação em humanos em várias partes do 

mundo, sendo os incidentes mais severos observados na Baía de Minamata no Japão e no 

Iraque (TAKEUCHI et al., 1962; BAKIR et al., 1973). No Brasil, estudos têm evidenciado 

que várias espécies de peixes da Amazônia apresentam altos níveis de MeHg (PINHEIRO et 

al., 2003). Consequentemente, comunidades ribeirinhas localizadas próximas às áreas de 

garimpo sofrem exposição crônica a níveis relativamente elevados de MeHg através da sua 

dieta, a qual é rica em peixes (PINHEIRO et al., 2003).  

 O MeHg afeta uma variedade de funções celulares podendo causar danos em muitos 

órgãos e sistemas, particularmente no sistema nervoso central (SNC) (FARINA et al., 2011). 

No entanto, o fígado, os rins, o sistema imune e cardiovascular parecem ser também alvos 

importantes para a toxicidade do MeHg (DIAZ et al., 2001; RUTOWSKI et al., 1998; 

MOSZCZYNSKI et al., 2008; VIRTANEN et al., 2007). Além disso, danos ao material 

genético podem ser consequência da exposição a este composto (GROTTO et al., 2009).  

 Os mecanismos de ação envolvidos na toxicidade do MeHg ainda não estão 

completamente elucidados, porém, o estresse oxidativo, o qual é caracterizado por um 

desequilíbrio entre a produção de espécies reativas de oxigênio (ERO) e sua remoção por 

sistemas antioxidantes (ALI et al., 1992), exerce um papel central na toxicidade induzida por 

este composto orgânico de mercúrio (ASCHNER et al.,2007). Este efeito está principalmente 

relacionado à ação direta do MeHg sobre tióis endógenos, levando a uma depleção dos níveis 

de glutationa (GSH) e também ao seu efeito sobre uma variedade de sistemas enzimáticos, 

causando dano e morte celular (GERHARDSSON & SKERFVING, 1996). Desta forma, a 

depleção da GSH e inibição de sistemas antioxidantes enzimáticos induzidas por MeHg 

podem facilitar o aumento de espécies reativas de oxigênio (ERO) (FARINA et al, 2003) e, 

consequentemente, danificar macromoléculas biológicas tais como, ácidos nucléicos, 

proteínas, lipídios e carboidratos (XIONG et al., 2007). As mitocôndrias, que são as 

principais organelas envolvidas na produção de ERO, também representam um dos sítios mais 

suscetíveis à toxicidade induzida pelo MeHg (CECCATELLI et al., 2010). 

 Enzimas antioxidantes, como a Glutationa Peroxidase (GPx) e a Tiorredoxina 

Redutase (TrxR), podem ter sua atividade negativamente afetadas pela exposição ao MeHg 
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devido a presença do selenol nos sítios ativos destas enzimas (de acordo com Sugiura et al. o 

selenol demonstra maior afinidade pelo MeHg que grupos tiól) (FRANCO et al., 2009, 

GLASER et al., 2010; SUGIURA et al., 1976; CARVALHO et al., 2011). Em um estudo 

recente, de Usuki et al. também foi observado que o MeHg induz uma redução nos níveis de 

selênio (Se) intracelulares, o que acarreta uma redução da atividade e expressão destas 

selenoenzimas (GPx e TrxR), fato que também foi demonstrado em modelo in vivo por 

Zemolin et al. (ZEMOLIN et al.,2012), resultando em um distúrbio no sistema redox das 

células e estresse oxidativo (USUKI et al., 2011).  

 O Se é um elemento traço essencial (COMBS & COMBS, 1984) e exerce funções de 

grande importância no organismo desempenhando o seu principal papel como aminoácido 

selenocisteína (Sec), presente no sítio ativo de selenoproteínas como a GPx e a TrxR, enzimas 

com papel essencial no equilíbrio redox do organismo, agindo como importantes 

antioxidantes (FLOHÉ et al., 1973; ARNER AND HOLMGREN, 2000). Além disso, o Se 

também desempenha proteção de membranas biológicas contra dano oxidativo e é capaz de 

interagir com metais pesados (incluindo o mercúrio) atenuando sua toxicidade (FALNOGA & 

TUSEK-ZNIDARIC, 2007). Vários estudos apontam para o efeito protetor de compostos 

inorgânicos de Se contra a toxicidade do MeHg (SUZUKI et al., 1998; BRANCO et al., 

2012). No entanto, ainda são poucos os estudos sobre o possível papel protetor das formas 

orgânicas de Se.  

 Nos últimos anos, vários estudos têm demonstrado o potencial farmacológico de 

compostos sintéticos orgânicos contendo Se, já que algumas dessas moléculas podem formar 

espécies nucleofílicas potentes (NOGUEIRA & ROCHA, 2011). O ebselen (2-fenil-1,2-

benzisoselenazol-3(2H)- one) foi um dos primeiros compostos utilizado na pesquisa, o qual 

demonstrou importantes propriedades antioxidantes. Posteriormente, também o composto 

disseleneto de difenila (PhSe)2, o mais simples diaril disseleneto, também apresentou efeitos 

protetores com propriedades semelhantes ao ebselen, as quais têm sido atribuídas, 

principalmente, a  atividade  mimética à enzima GPx e também por sua ação como substrato 

da enzima TrxR, propriedades também observadas para os análogos do (PhSe)2 (3’3-

disseleneto de ditrifuorometildifenil (DFD), p-metoxi-disseleneto de difenila (MD) and p-

cloro-disseleneto de difenila (CLD)) (WENDEL et al., 1984; NOGUEIRA et al., 2004; 

FREITAS et al., 2010). O ebselen e (PhSe)2, também tem demonstrado atividades 

neuroprotetora, anti-inflamatória, anti- aterosclerótica e anti-hipercolesterolêmica em vários 

modelos in vitro e in vivo (DE BEM et al., 2009; FREITAS et al., 2009; FREITAS et al., 

2010; NOGUEIRA & ROCHA, 2011; HORT et al., 2011). Ainda, o ebselen e (PhSe)2 foram 
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capazes de proteger contra efeitos tóxicos do MeHg em modelo in vitro e in vivo relacionados 

ao estresse oxidativo (FARINA et al., 2003; FREITAS et al., 2009). 

 Considerando que (i) a toxicidade do MeHg está diretamente relacionada a um 

decréscimo na atividade de importantes selenoenzimas e consequentemente ao estresse 

oxidativo; (ii) déficits na função destas proteínas têm sido relacionados ao desenvolvimento 

de patologias cardíacas (DE LORGERIL & SALEN, 2006) desordens embriogênicas, doenças 

neurodegenerativas e câncer (STEINBRENNER & SIES, 2009); (iii) não existem formas de 

tratamento efetivas para a intoxicação com MeHg e (iv) compostos orgânicos de Se têm sido 

caracterizados por suas propriedades benéficas, principalmente a atividade antioxidante, 

torna-se importante o estudo do potencial protetor destes compostos contra a toxicidade 

induzida por MeHg, contribuindo, assim, para o desenvolvimento de novas abordagens 

terapêuticas para o tratamento de casos de intoxicação por este organometal. 

 Desta forma, este estudo focará na investigação de mecanismos celulares e 

moleculares envolvidos na toxicidade induzida por MeHg bem como na avaliação do 

potencial efeito protetor do ebselen, (PhSe)2 e análogos, compostos com atividade mimética à 

GPx em modelos in vitro. A utilização de modelos in vitro, além de representar um passo 

importante para a avaliação do mecanismo de ação de drogas, possibilitando um ambiente 

controlado para observação de interações celulares e moleculares, reduz a variação 

experimental e é de fácil replicação (FRESHNEY, 2001). Sendo assim, para este estudo serão 

utilizados modelos in vitro que representam alvos da toxicidade do MeHg (como 

mitocôndrias cerebrais, células cerebrais e leucócitos isolados). 
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OBJETIVOS 

 

Objetivo Geral 

 

 Compreender os diferentes mecanismos envolvidos na toxicidade do MeHg, bem 

como  avaliar um possível papel protetor de compostos orgânicos de selênio frente aos efeitos 

tóxicos deste organometal em diferentes modelos in vitro de sistemas biológicos alvos da 

ação do mesmo. 

 

 

Objetivos específicos 

 

- Avaliar a toxicidade do MeHg frente a diferentes parâmetros bioquímicos e moleculares 

buscando compreender e elucidar mecanismos de ação tóxica deste composto; 

 

- Estudar o possível efeito protetor do (PhSe)2 e análogos na toxicidade induzida por MeHg 

em diferentes indicadores de estresse oxidativo e atividade mitocondrial em modelo de fração 

mitocondrial enriquecida de cérebro de camundongos; 

 

- Investigar como o tratamento com (PhSe)2 e ebselen pode alterar a atividade e expressão da 

TrxR e GPx e interferir na interação entre o mercúrio (MeHg) e estas selenoenzimas em 

modelo experimental de cultura celular de neuroblastoma humano (SH-SY5Y); 

 

- Avaliar, em modelo de leucócitos in vitro, o possível papel protetor do (PhSe)2 frente à 

toxicidade induzida por MeHg na viabilidade celular, danos ao DNA e expressão de enzimas 

antioxidantes (com foco para selenoenzimas). 
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Abstract: 

 

 Selenium (Se) is an essential micronutrient occuring in a number of forms in 

the environment. In living organisms, the most common forms are selenomethionine 

and selenocysteine. As selenocysteine it plays major role in the cell defense against 

oxidative stress, being a component of endogenous selenoenzymes with antioxidant 

activity. In contrast, mercury, which is far from being an essential element, has been 

utilized by humans since ancient times. Methylmercury, an organic form of this metal, 

is demonstrated to negatively interact with Se-containing enzymes and to induce 

toxicity by means of oxidative stress. In this review, we emphasize the importance of 

Se in health and discuss on the biological actions of new syntethic organoselenium 

compounds and their role as protective compounds against the toxicity of mercury.  

 

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

 
 

 Selenium (Se) is a nonmetal element that occurs at different forms (organic and 

inorganic) in the environment (soil, water, air and incorporated to different organisms). Its 

essentiality, as trace element, for several species relies on the fact that it is constituent of 

selenocysteine on selenoproteins. This fact was first reported at 1970’s by authors that 

described Glutathione Peroxidase (GPx), as a selenoenzyme. Thus, this micronutrient, with 

redox characteristics, plays major role in the cell defense against oxidative stress (Rotruck et 

al., 1973; Flohe et al., 1973; Frostom et al., 1978).  

 Moreover, Se is increasingly recognized for its biological importance and it is 

considered a nutraceutical component, having health benefits as part of prevention and 

treatment of diseases. Deficiency of Se, can lead to cardiovascular disorders (Allander et al., 

1994), cognitive impairment, seizures, Parkinson’s and Alzheimer’s diseases (Zhang et al., 

2010), increase of cancer incidence (Davis et al., 2012) and conditions associated with 

increased oxidative stress or inflammation (Whanger, 2002; Rayman, 2000). In this context, 

Se supplementation can be considered a valuable therapeutic alternative for such diseases as 

demonstrated on studies using inorganic and organic forms of this element (Velardos et al., 

2004; Corcoran et al., 2010; Rayman et al., 2008). Furthermore, synthetic organic Se 

compounds, have also been investigated in this context, and despite some toxic effects, its 

GPx-like activity and action as Thioredoxin reductase (TrxR) substrate, lead to evidences of 

protection against some diseases in experimental models, such as inflammation, depression, 

cardiomyopathy, neuro disorders and other (Nogueira et al., 2003; Posser et al., 2009; de Bem 

et al., 2008, 2009; Saito et al., 1998). 

 In contrast, mercury (Hg), which is far from being an essential element, has been 

utilized by humans since ancient times. Methylmercury (MeHg), considered the main organic 

form of this metal found in nature, is a known environmental pollutant that caused human 

contamination around the world in the last decades (Clarkson et al., 2003; Bakir et al., 1973). 

The main source of contamination to this organometal can be through fish and seafood 

consumption (Pinheiro et al., 2003), where this toxic compound demonstrate affect a variety 

of cellular functions leading to damage of organs and tissues, particularly to central nervous 

system (Farina et al., 2011), but also to liver, kidney and immune and cardiovascular systems 

(Freitas et al., 2009; Shenker et al., 1997; Virtanen et al., 2007). This organometal negatively 
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interact with Se-containing enzymes, reducing their redox potential and induce toxicity by 

means of oxidative stress (Shanker et al., 2005; Franco et al., 2009; Branco et al., 2012). 

 As described before, Se is a potent antioxidant, and may, due to its chemical 

characteristics, be a promising class of therapeutic compounds against Hg toxicity particularly 

in its organic form, in order to reduce its toxic effects. This, compound also have a high 

ability to interact with heavy metals (Falnoga and Tusek-Znidaric, 2007), and it is a natural 

MeHg and inorganic Hg antagonist that potently counteracts or eliminates symptoms of 

toxicity that would otherwise accompany high MeHg/Hg exposures (Ralston and Raymond, 

2010). Synthetic organic Se compounds have also been demonstrated potent agents to 

attenuate MeHg toxicity (Freitas et al., 2009, Farina et al., 2003; Meinerz et al., 2011), and 

their importance are emphasize here. 

 This review describes important aspects of Se in the environment and in living 

organism, with focus to selenoenzymes, and its importance to health. In addition, we describe 

some important characteristics of Hg at inorganic and mainly at organic forms, and their 

toxicological effects in the metabolism. Finally, this review will describe some Se and Hg 

interactions; their biochemical, physiological, and toxicological interactions, and the 

importance of this antioxidant compounds (especially as synthetic organic Se compounds) in 

the attenuation of MeHg toxicity.  

 

 

2. Selenium  

 

 Selenium is a nonmetal element with atomic number 34. It was identified, in 1818 by 

Jöns Jacob Berzelius a Swedish chemist (Berzelius, 1818; Kabata-Pendias, 1998) that named 

it in reference to Selene, the Greek goddess of the moon (Kabata-Pendias, 1998), thus 

contrasting with tellurium, metalloid that has similar properties shared with Se, initially 

referred to the Earth.   

 Selenium is present in nature and in organisms as organic and/or inorganic forms. The 

main organic forms are selenomethionine (SeMet) and selenocysteine (Sec). The inorganic 

forms are selenite (SeO3
2-), selenide (Se2-), selenate (SeO4

2-) and the Se element (Se). In 

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

 

 This trace element is present in the earth’s crust at an average of 90 µg/Kg. Selenium 

concentration is high in carbonate rocks as well as volcanic and sedimentary soils (Mehdi et 

al., 2013). In soils, Se availability occurs mainly due to erosion of rocks containing selenites 

and selenides which are associated with sulphide minerals. It is also found in the form of 

elemental Se, selenate salts and ferric selenite or in its organic forms that derive mainly from 

the decomposition of plants that accumulate Se (Martens and Suarez, 1996; Barceloux, 1999). 

Basically, Se concentration in soil varies depending on the type, texture and organic matter 

content of the soil (Dumont et al., 2006).  

 In water, Se is originated from atmospheric precipitation and deposits or soil drainage 

and sub-soils which are naturally rich in this element. This element can be found mainly as 

selenide, selenate and selenite forms (Barceloux, 1999).  

 Regarding human health, Se in water has been considered less important than it in soil. 

However, the presence of this element in drinking water provided manly from agricultural 

fertilizers has been recently linked to an increased propensity to develop Amyotrophic lateral 

sclerosis (Vinceti et al., 2010). In the atmosphere, the presence of Se is linked to natural 

activities, such as soil erosion, volcanism, forest fires, and anthropogenic activities like fossil 

fuel burning, incineration of garbage, tires and paper (Barceloux, 1999; Wen and Carignan, 

2007). Three groups of Se compounds can be distinguished in the atmosphere: volatile 

organic compounds (dimethylselenide (DMSe), dimethyl diselenide (DMDSe) and 

methaneselenol), volatile inorganic compounds (Se dioxide), and elemental Se, linked to 

ashes or particles (Sannac, 2009) (Figure 1). 

 

 2.1.1 Selenium entry in the life cycle  

 

 Selenium assimilation by plants is influenced by the physico-chemical properties of 

the soil (redox status, pH and microbial activity). But the main critical factors for 

assimilation/absorption of Se are its concentration (Coughtrey et al., 1983) and its speciation 

or chemical form in the surrounding soil.  Selenate, the most oxidized form of Se, can be 

found in alkaline soils, where it is soluble and easily available to plants.  However, this Se 

(VI) competes with its sulfur analogue sulfate for uptake by root plasma membrane of plants, 

because these two elements are metabolized by the same methabolic pathways (Dumont et al., 
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2006; Zhu et al., 2009). Selenite can be absorbed less effectively by plants, about ten times 

less than selenate (Coughtrey et al., 1983).  

 Se (VI), that is the most important form of Se that enters in the biological cycle, in a 

number of circumstances can dictate the natural or anthropogenic environmental toxicity of 

Se, depends on its concencentration in the surrounding soil (Madison, 1860; Dumont et al. 

2006; Zhu et al. 2009). In plants, Se can also be found as organic compounds such as SeMet, 

Se- methylselenocysteine (MeSeCys) or Sec, that are important forms of this element that can 

be absorbed, bioaccumulated and metabolized by animals in the food chain (Figure 1). 

  

 

2.1.2 Selenium Distribution in Living organisms 

 

According to many studies, sea food, offal meats and Brazil nuts are the richest source 

of Se (Rayman, 2008; Rayman et al., 2008). In addition cereals, grains, egg, vegetables and 

dairy products are other important sources of Se (Yamashita and Yamashita, 2010). However, 

the quantities may vary widely according to the soil content 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 biology  

 

 Selenium is an essential trace element in many, but not all, life forms. It was found as 

an essential micronutrient for some microorganisms around 1950, by Pinsent. In that study, 

the author found that traces of selenite were essential for the formation of an active formic 

dehydrogenase by strains of coli-aerogenes group of bacteria grown in a purified synthetic 

medium, although selenite had no influence on growth (Pinsent, 1954). 

 In 1957, Schwarz and Foltz demonstrated that Se could substitute vitamin E and 

prevent hepatic degeneration caused by the vitamin E deficient diet in rats. Indeed, as a 

pioneering discovery, they demonstrated that factor 3 (a fraction isolated from kidney) 

blunted the liver degeneration and, most importantly, they definitely demonstrated that pure 

Se (as selenite (Se(IV)) could substitute factor 3 as protective agent. Schwarz and Foltz did 

not demonstrate the essentiality of Se in mammals but stablished for the first time that selenite 
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could replace vitamin E in an aggressive model of liver disease, a finding that suggested Se to 

be a nutritional requirement for mammals (Schwarz and Foltz, 1957). 

 However, the molecular role of Se was only identified about 15 years after Schwarz 

and Foltz’s publication.  In the early 1970's, the first biological activity of Se was identified 

by independent groups. Two publications demonstrated that glutathione peroxidase (GPx) 

from blood, an enzyme that decompose hydrogen peroxide using reduced GSH as reducing 

equivalent donor, was a selenoenzyme. In addition, it was found that Se deficient rats exhibit 

decreased GPx activity, indicating that this element must be considered an essential 

component of this enzyme (Rotruck et al., 1973). However, the chemical nature of Se in GPx 

was unknown in 1973 (Flohe et al., 1973; Rotruck et al., 1973). 

 Forstrom et al. (1978) demonstrated that Se was present in the active site of rat GPx as 

selenocysteine, which corroborated previous findings with the selenocysteine-containing 

enzyme glycine reductase in a prokaryote - Clostridium sticklandii (Cone et al., 1976). 

  

 2.2.2 Incorporation of Selenium as selenocysteine in selenoproteins   

 

 Unlike other inorganic elements that interact with proteins as cofactors, Se is 

cotranslationally incorporated into the polypeptide chain as part of the amino acid Sec. 

Selenocysteine is known as the 21st amino acid in the genetic code as it has its own 

biosynthetic machinery, a tRNA and an elongation factor, and is inserted into newly 

synthesized polypeptides in response to the Sec codon, UGA, that in most circumstances 

signals translation termination. But, this codon duality is circumvented by the presence of 

evolutionary conserved cis- and trans-acting elements and protein factors dedicated to 

decoding of UGA as Sec (Copeland, 2003; Discroll and Copeland, 2003; Tujebajeva et al., 

2000). 

  Sec insertion into protein requires the presence of a conserved stem–loop structure, 

known as the Sec insertion sequence (SECIS) element (Berry et al., 1991). In eukaryotes, this 

structure is located in the 3′-UTR (Walczak et al., 1996; Berry et al., 1993). Beyond the 

SECIS element, the selenoprotein synthesis machinery also include other factors such as, Sec-

specific elongation factor, Sec-tRNASec, SBP2 (SECIS-binding protein 2), ribosomal protein 

L30, 43-kDa RNA binding protein, soluble liver antigen protein, and SPS1 thus work in 

concert to incorporate the Sec into a polypeptide at the site encoded by the UGA codon in 

mammalian cells (Hatfield et al., 2006; Squires and Berry, 2008). 
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 Sec-containing proteins occur in all major lines of organism (for example, eukaryota, 

eubacteria and archaea), but not all of them have these proteins. Prokaryotic genomes have 

been extensively analyzed for the occurrence of selenoprotein genes (Kryukov and 

Gladyshev, 2004) and among eukaryotes, mainly the genomes of mammals (Homo sapiens 

and Mus musculus) (Kryukov et al., 2003), nematodes (Caenorhabditis elegans and 

Caenorhabditis briggzae) (Taskov et al., 2005), fruit fly (Drosophila melanogaster) 

(Castellano et al., 2001), green algae (Chlamydomonas reinhardtii) (Novoselov et al., 2002) 

and Plasmodia (Lobanov et al., 2006) have been analyzed with regard to the entire set of 

selenoproteins (a set of selenoproteins in an organism is known as the selenoproteome). Table 

1 shows the most used experimental organisms (eukaryotes) to the analysis of selenoproteins 

and the respective number of these proteins found on each of them.  

 However, no selenoproteins or Sec insertion machinery was detected in sequenced 

fungal genomes, which is consistent with the idea that selenoprotein genes were lost at this 

kingdom. Similarly, while large selenoproteomes occur in Chlamydomonas, Volvox and 

Ostreococcus – green algae genders, higher plants such as Arabidopsis thaliana and Oryza 

sativa completely lost both selenoproteins and Sec insertion machinery, instead, they express 

cysteine-containing homologues (Lobanov et al., 2007).  

 Recent studies also showed that aquatic organisms generally have larger 

selenoproteomes than terrestrial organisms, and that mammalian selenoproteomes show a 

trend toward reduced use of selenoproteins (Lobanov et al., 2007; 2008).  Accordingly, the 

highest number of selenoproteins is found in aquatic organisms, whether they are animals 

(e.g., fish) or plants (e.g., algae). Some algae are especially rich in selenoproteins (Venturi 

and Venturi, 2007).  One factor for the occurrence of large selenoproteomes in aquatic 

organisms is bioavailability of Se in oceans. In this environment, Se is highly available and 

can be easily uptake along the food chain (Cutter, 1989). In this case, an additional factor may 

be related to lower fluctuating levels of nutrients in the aquatic environments.  In contrast, in 

terrestrial environments, changes on nutrients availability are more frequent. Other important 

factor to explain the differences between aquatic and terrestrial selenoproteomes may be 

oxygen content. Higher content of oxygen in air than in aquatic environments may pose 

highly reactive selenoproteins more susceptible to oxidation in terrestrial organisms and select 

against the use of these proteins (Lobanov et al., 2007). To reinforce this hypothesis, Zhang 

and coauthors demonstrated that decreases in oxygen concentration appeared to preserve or 

even stimulate the use of Sec in bacterias. Indeed, bacterias that have highest number of 

selenoproteins are anaerobics (Zhang et al 2006). Nevertheless, the hypothesis on the 
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preferential use of Se in aquatic environments is not clear and, more evidences and studies are 

nedded. Furthermore, these points of view may exclude large animals (vertebrates/ mammals) 

because their intra-organismal environment would be less affected by environmental 

conditions due to their complex morphology.  

 Finally, to identify the specific factors that might have favored introduction or 

exchange of selenocysteine in proteins, it may be imperative to look at the chemical 

differences between Se and sulfur. One of this differences is related to the polarizability of Se 

(3.8 Å3) when compared to sulfur (2.9 Å3) that can make Sec better nucleophile and better 

leaving group than cysteine (Cys) (Wada et al., 1999; Huber and Criddle, 1967), and can 

confers to a given selenol group a stronger redox potential than that of an analog thiol group 

(Nogueira and Rocha, 2010). In addition, Se has a lower pKa than sulfur (5.2 for the 

selenolate versus 8.5 thiolate) and higher catalytic efficiency on Sec-dependent redox active 

selenoproteins as compared to Cys-dependent non-selenoprotein orthologous (Arnér, 2010). 

 Other important characteristic is that, even the Se being substantially more sensitive to 

oxidation than their sulfur counterparts in an environment with high levels of oxygen, the 

oxidation of selenocysteine does not result in an irreversible inactivation. That can occur due 

to the ability of Se-oxides to be recycled back to the parent selenol and due the ability of Se to 

resist inactivation by one-electron oxidation by one-electron oxidants. As a consequence, 

enzymes that need to be very resistant to oxidation would be expected to prefer selenocysteine 

to cysteine (Hondal and Ruggles, 2011). 

 

 2.3 Selenium in vertebrates 

 

 Selenium can occur in vertebrate cells incorporated as SeMet to proteins in place of 

methionine, but in this case this non- metal element does not exert any important function in 

cell, since methionine rarely has functional roles in proteins (Tuve and Williams, 1961; 

Hartmanis and Stadtman, 1982).  

 Selenium can also be found in cells as Se-binding proteins mainly related to 

toxification/ detoxification processes (Pumford et al., 1992) and cell growth regulation 

(Giometti et al., 2000). In addition, it can be found in some low-molecular weight Se 

compounds, such as methyl selenic acid, methyl-selenocysteine, and SeMet, as efficient 

antitumorigenic agents in animal (Ganther, 1999; Whanger, 2004). However, considering that 

Se is an essential trace element in vertebrates, the most important form of Se is found, as Sec, 

in proteins known as selenoproteins.  
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 According to a study of Mariotti and colaborators, among all vertebrates, a set of 45 

selenoproteins was identified, with at most 38 represented in a single organism (zebrafish). 

Fish selenoproteomes are among the largest known. For instance, fish have several 

selenoproteins (Fep15, SelJ, SelL) that are missing in mammals, as well as several Sec-

containing copies of selenoproteins T, U and W, and two forms of SelP (Mariotti et al., 2012; 

Lobanov et al., 2009). 

 Twenty seven selenoproteins were found to be unique to vertebrates. Twenty of them 

were generated through duplication of an existing selenoprotein in some vertebrate lineage, 

while 6 of them were part of the predicted ancestral selenoproteome, a set of selenoproteins. 

This implies that these latter 6 proteins (GPx2, thyroid hormone deiodinases (DIO 2 and DIO 

3), SelI, SelPb, Fep15) were generated at the root of vertebrates (Mariotti et al, 2012). 

 Mammalian selenoproteomes consist of 24/25 selenoproteins, from a set of 28, and 

they have remained relatively stable. When humans, rodents and other mammals were 

compared, selenoproteomes are very similar. The unique differences are GPx6  that in humans 

it is a selenoprotein, but the rodent GPx6 replaced Sec with Cys, decreasing the rodent 

selenoproteome to 24 selenoproteins, when compare to 25 in humans (Kryukov et al., 2003) 

and  platypus retained a Sec-containing form of SelU, which was replaced in other mammals 

with a Cys homolog.  

 Mammals/ human selenoproteins have important functions as demonstrated in Table 

2. However, most of them act as oxidoreductases that prevent damage to cellular components, 

repair this damage, regulate redox state of proteins or have other redox functions. In addition, 

they can participate in the biosynthesis of dNTPs for DNA in thyroid hormone metabolism, in 

immune responses, Se transport and storage and potentially protein folding (Papp et al., 

2007). This class of proteins plays a major role in human health and disease (Surai, 2006; 

Hatfield et al., 2006).  

 Most selenoproteins belong to one of two main groups according to the location of the 

Sec residue. Selenoproteins of the first group contain Sec closely to the C-terminus of the 

protein. Mammalian selenoproteins K, S, O, I, R (methionine-R-sulfoxide reductase, MsrB) 

and thioredoxin reductases (TrxR) are examples of such proteins. Other proteins, such as 

mammalian selenoproteins H, M, T, V, W, Sep15, selenophosphate synthetase 2 (SPS2), 

thyroid hormone deiodinases (DIOs) and GPxs, have Sec in the N-terminal segments of 

proteins (almost all are thioredoxin fold proteins), often as part of the CxxU motif that 

corresponds to the CxxC motif (two cysteines separated by two residues) in the active site of 

thioredoxin (Lobanov et al., 2009). 
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2.4 Selenoenzymes  

 

 The best characterized selenoenzymes families are GPxs, TrxRs and DIOs, that are 

described below. These selenoenzymes have different enzymatic activities, but all require 

reductive cofactors which provide the electrons for their catalytic redox cycle. 

  

 2.4.1 Glutathione Peroxidase 

 

 Glutathione peroxidase was the first mammalian selenoprotein identified. This enzyme 

is associated with the antioxidant activity of Se (Forstrom et al., 1978), and its enzymatic 

activity is directly proportional to Se intake. Their catalytic redox cycle involves the oxidation 

of Sec to selenenic acid by hydrogen peroxide and organic hydroperoxides and reduction to 

the selenolate anion form by expenses of GSH (Epp et al., 1983). Thus, this selenoenzyme is 

able to protect cells from oxidative damage, ensuring the continued integrity of cell 

membranes (Brigelius-Flohe et al., 1994).  

 There are eight identified forms of GPx which are characterized by similar features. 

They have different modes and sites of action and different chemical forms. However, only 

five of them presents Sec in the catalytic active site,  that  include the following: the cytosolic 

GPx (cGPx/GPx1), a gastrointestinal-specific enzyme (GI-GPx/GPx2), a secreted protein 

found in plasma (pGPx/GPx3), an enzyme that acts on oxidized lipids, phospholipid 

hydroperoxide glutathione peroxidase (PHGPx/GPx4), and a glutathione peroxidase (GPx6) 

located in olfactory epithelium and embryonic tissues. GPx1–3 are homotetrameric proteins 

with a subunit molecular mass of 22–25 kDa, whereas GPx4 is a 20 –22- kDa monomeric 

enzyme. 

 Glutathione peroxidase- 1 is a ubiquitous cytosolic enzyme that is widespread 

throughout the whole body and is expressed at very high levels in erythrocytes, liver, kidneys 

and lungs (Flohé, 1989).  Its main activity is antioxidant and it can metabolize only hydrogen 

peroxide and some organic hydroperoxides. It is the first enzyme to be affected in the case of 

Se deficiency (Fairweather-Tait et al., 2010). GPx1 can also be associated with protection 

against virus infection (Beck et al., 1998).  

 Glutathione peroxidase-2 (GPx-2) is an enzyme present in the cytosol localized in 

the human liver and predominantly in the gastrointestinal tissues. Therefore, GPx2 is often 

referred to as GI-GPx. Its distribution varies in the intestine, it is higher in the crypts and 
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lower in the luminal surface. It protects against oxidative damages and presents the structure 

and substrate specificity similar to that of GPx1 (Chu et al., 1993).  

 Glutathione peroxidase-3 (pGPx) is a glycosylated protein secreted to extracellular 

compartments. It uses a wide range of substrates including H2O2, fatty acid hydroperoxides, 

and phospholipid hydroperoxides and is an efficient antioxidant in the plasma (Brigelius-

Flohe, 1999).  GPx3 is the second most abundant selenoprotein in the plasma after 

selenoprotein P and represents 10 to 30% of Se found in plasma. In addition, it is also found 

in the liver, kidneys, heart, lungs, thyroid, gastrointestinal tract and breasts, and also in the 

placenta and the male reproductive system (Schwaab et al., 1998). 

 Glutathione peroxidase-4 (GPx-4) (Phospholipid hydroperoxide GPx) is widely 

spread in the human body.  Unlike other GPxs, GPx4/PHGPx can reduce phospholipid- and 

cholesterol-hydroperoxides directly, by using electrons from protein thiols as well as from 

glutathione in mammalian cells (Imai and Nakagawa, 2003). GPx4 is present in cytosolic, 

mitochondrial, and nuclear isoforms with differential tissue distribution. Besides its 

antioxidant activity, it protects biomembranes from peroxidative 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 epithelium and embryonic tissues (Kryukov et al., 

2003) it is a homologue of GPx-3 and its role remains unknown. 

 

 2.4.2 Thioredoxin Reductase 

 

 Thioredoxin Reductases (TrxR) are members of the pyridine nucleotide-disulfide 

oxidoreductase family. TrxR is part of the thioreoxin system, together with thioredoxin (Trx), 

and NADPH, and it is considered a major cellular redox system present in all living 

organisms (Arner and Holmgren, 2000). This selenoenzymes has ≥115 kDa and are highly 

homologous to glutathinone reductase, considering that the N-terminal active sites of them are 

identical, and use a CxxxxC motif in electron transfer to a C-terminal -Gly-Cys-Sec-Gly- 

active site without conformational changes (Zhong et al., 2000; Zhong and Holmgren, 2000).  

 Mammalian TrxRs are housekeeping yet inducible proteins with roles in many cellular 

processes. They act both by controlling the function of the central redox molecule 

thioredoxin, and by directly reducing numerous substrates. TrxRs contain an FAD domain, an 

NADPH-binding domain, an interphase domain, and a penultimate Sec residue in a 16-residue 

C-terminal extension, which is indispensable for their enzymatic activity (Luthman and 
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Holmgren, 1982, Zhong et al 2000). The proposed mechanism of mammalian TrxR-

dependent reduction involves electron transfer from NADPH to FAD via the N-terminal 

active site of one subunit to the Cys–Sec selenenylsulfide bond within the C-terminal active 

site of the opposite subunit and finally to the substrate Trx (Zhong et al., 2000; Zhong and 

Holmgren, 2000). 

 Three mammalian TrxR selenoenzymes have been identified: the cytosolic enzyme 

(TrxR1), the mitochondrial enzyme (TrxR2), and a testis-specific enzyme thioredoxin-

glutathione reductase (TGR/TrxR3) (the latter also possessing glutathione and glutaredoxin 

reductase activity). 

 Thioredoxin reductase 1 is a ubiquitous cytosolic homodimeric oxidoreductase 

containing 1 Sec and 1 FAD per 55 kDa subunit, with Sec as the penultimate amino acid 

(Gladyshev et al., 2004). This enzyme is involved in many aspects of cellular redox regulation 

(Soderberg et al., 2000) and DNA synthesis (Spyrou and Holmgren, 1996). In addition, it is 

capable to induce apoptosis if the Se of the enzyme was compromised or if this residue is 

blocked e. g. by a chemotherapeutic agent (Anestal and Arnér, 2003). 

 Thioredoxin reductase 2 located in mitochondria, is a ubiquitous homodimeric 

pyridine nucleotide disulfide oxidoreductase, with Sec as terminal amino acid. Highest levels 

are observed in prostate, testes, liver, uterus, and small intestine, with intermediate levels in 

brain, skeletal muscle, heart, and spleen (Miranda – Vizuete et al., 2000). 

 Thioredoxin glutathione reductase can reduce glutathione disulfide since it contains 

an N-terminal 1-Cys glutaredoxin-like domain, differentiating it from TrxR1 and TrxR2, but 

its specific physiological functions remain unknown at present. It is testes-specific, where it 

is localized in the ER (Sun et al., 2001). 

 TrxR is the only enzyme able to reduce oxidized Trx. Trx provides electrons to 

ribonucleotide reductase, which is essential for DNA synthesis by converting ribonucleotide 

to deoxyribonucleotides. Trx can also reduce methionine-sulfoxide reductase and thioredoxin 

peroxidase (peroxiredoxin) and thus is involved in the repair of methionine sulfoxide-oxidized 

proteins or redox signaling via hydrogen peroxide (Holmgren, 1989; Arnér and Holmgren, 

2000). In addition, Trx system participates in many cellular signaling pathways by controlling 

the activity of transcription factors containing critical cysteines in their DNA-binding 

domains, such as NF-κB, AP-1, p53, and the glucocorticoid receptor (Lillig and Holmgren, 

2007).  
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 Since TrxR is essential for cell survival, it is an important target of many 

pharmaceutical drugs, such as anticancer and antirheumatic agents (Ralston and Raymond, 

2010). 

 

 2.4.3 Iodothyronine Deiodinases  

 

 Iodothyronine hormones regulate many metabolic functions in vertebrates relating to 

growth, development, thermogenesis and regulation of basal metabolic rate. Three 

iodothyronine deiodinases (DIO) that differ in sequence, structure and also catalyze different 

reactions are responsible for activation and inactivation of these molecules. All three are 

selenoenzymes (DIO1, DIO2, DIO3), and they were the second type of selenoproteins to be 

characterized (Köhrle, 2000). 

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

It is a homodimeric plasma membrane protein found primarily in the liver, kidneys, thyroid 

and brown fat that plays a role in thyroid hormone metabolism. It converts inactive L- 

thyroxine (T4) - the major form secreted by the thyroid - into active 3,3'-5'triiodothyronine 

(T3)- the major thyroid hormone in peripheral circulation - by catalyzing the removal of 

iodine from T4 (Behne et al., 1990). 

 Deiodinase type II is an ER- membrane protein abundant in the central nervous 

system, thyroid, in the brown adipose tissue and in the skeletal muscles. It provides an 

important regulatory function in the brain and central nervous system. The deiodinase type II 

also has a role in the activation of thyroid hormones.  

 DIO1 and DIO2 can also convert reverse T3 into 3,3’-diidothyronine (Kuiper et al., 

2005). 

 Deiodinase III is localized in plasma membrane and has an activity in fetal and in the 

deactivation of thyroid hormones (converts thyroid hormone T3 to inactive rT3 by catalyzing 

the removal of iodine from T3). In addition this enzyme can also converts T4 into reverse T3 

and also T3 into 3,3’-diidothyronine (Kiuper et al 2005). It is present in the placenta, uterus, 

fetus and central nervous system (Salvatore et al., 1995).  

 

 

 2.4.4  Other selenoenzymes 
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 Selenophosphate synthetase 2 (SPS2) catalyzes the activation of selenide with 

adenosine 5'-triphosphate (ATP) to generate selenophosphate, the essential reactive Se donor 

for the formation of selenocysteine (Sec) and synthesizes the SePO4
2− precursor required for 

de novo Sec synthesis of all selenoproteins, including itself (Guimarães et al., 1996).  

 

 Methionine R-sulfoxide reductase (MsrB1, also known as SelR or SelX) employs 

one Sec and one Zn2+ ion bound to four Cys residues per 12-kDa molecule. MsrB1 is 

predominantly localized in the nucleus and the cytoplasm of cells (Kim and Gladyshev, 

2004). It has the highest specific activity among three principal types of Met-R-sulfoxide 

reductases, all of which employ thioredoxin as the reductive cofactor.  They contribute to 

antioxidant defenses by reducing oxidized methionine residues (methionine sulfoxide) in 

proteins back to methionine (Zhao et al., 2012). It also has role in counteracting aging and 

neurological disorders, and its expression is stimulated 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 undoubtedly, adequate amounts of this element are 

required for cell function.  As a micronutrient, small quantities of dietary Se are necessary to 

maintain good health in several species (50-70 µg/day). 

 One major mechanism by which Se exerts its physiological roles can be attributed to 

its redox characteristics. The antioxidant mechanisms include radical scavenging, metal-

binding activities and in the form of antioxidant selenoproteins, it constitutes the major Se 

containing antioxidant machinery in cells (Kieliszek et al., 2013). These mechanisms are 

generally associated with disease prevention by Se supplementation, due to the relationship 

between oxidative stress and disease (Weekley and Harris, 2013). 

 The essentiality of Se is further highlighted by the high incidence of Keshan disease, 

an endemic cardiomyopathy and well documented example of extreme Se deficiency in the 

diet, a condition which was first observed in Se-deficient areas in Keshan County, 

Heilongjiang Province, China in 1935. Clinical features of Keshan disease include acute or 
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chronic episodes of a heart disorder characterized by cardiogenic shock and congestive heart 

failure (Li et al., 2013; Allander, 1994). 

 Furthermore, some studies have suggested that supplementation of Se could reduce the 

risks associated with cardiovascular diseases, particularly on cardiac muscle integrity (Ricetti 

et al., 1999; Anderson, 1982). Low levels of plasma this element are associated with the 

increased risk of cardiovascular disease mortality (Neve, 1996). In addition, this essential 

trace element takes part in the biosynthesis of arachidonic acid derivatives involved in platelet 

and leucocyte functions, in the regulation of cholesterol, and also in the direct protection of 

endothelial and vascular smooth muscle cells and monocytes against the accumulation of 

undesired reactive oxygen species and consequently oxidative stress leading to cardiovascular 

disease and formation of atherosclerotic lesions (Neve, 1996; Salonen et al., 1982). 

 In Germany, authors found that patients with suspected coronary artery disease present 

low GPx1 activity in erythrocytes that were associated with an increased risk of 

cardiovascular events (Blankenberg et al., 2003). However, the studies about the protection of 

Se in cardiac pathologies are yet controversy, since some epidemiological studies suggest no 

correlation between the plasma Se levels and cardiovascular diseases (Strages et al., 2006) 

and some other clinical studies strongly support the beneficial effects of Se on cardiovascular 

functioning (Derneneve et al., 2012; Turan, 2010). 

 Considering that brain is particularly susceptible to oxidative stress due to its high 

oxygen consumption and presence of redox active metals (Valko et al., 2007), Se, as an 

antioxidant, can offer benefits to neurological system. In fact, studies have demonstrated 

evidences on the importance of Se to brain (Rayman, 2000).  For instance, (i) Se depletion 

induces increased neuronal cells death in animal models of neurodegenerative diseases, (ii) 

genetic inactivation of cellular GPx increases the sensitivity to neurotoxins and cerebral 

ischaemia, while increased GPx activity as a result of increased Se supply or overexpression 

present beneficial outcomes; (iii) genetic inactivation of selenoprotein- P leads to a marked 

reduction in brain Se content with a parallel induction of movement disorder and spontaneous 

seizures in animal models (Schweizer et al., 2004). 

 Accordingly, evidence from clinical studies revealed that Se deficiency leads to 

cognitive impairment, seizures, Parkinson’s and Alzheimer’s disease, with important 

evidences for a role oxidative stress in these conditions (Zhang et al., 2010). Low Se levels 

also deactivate certain centers in the brain leading to changes in the mood (Benton, 2002; 

Sher, 2002) with incidence of depression and other negative mood states such as anxiety, 

confusion, and hostility (Rayman, 2000). 
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 The immune system is also influenced by body levels of Se. Considering that immune 

cells regulating organs such as spleen and liver contain abundance of this nonmetal, it shows 

the importance of the Se in immune function/modulation (Hawkes et al, 2001). For example, 

as a constituent of selenoproteins, Se is needed for the proper functioning of neutrophils, 

macrophages, NK cells, T lymphocytes and some other immune mechanisms. In animal 

models, Se deficiency impairs the ability of phagocytic neutrophils and macrophages to 

destroy antigens. Selenium appears to be a key nutrient in counteracting the development of 

virulence and inhibiting HIV progression to AIDS (Ferencík et al., 2003). In HIV-infected 

patients, Se deficiency has been significantly correlated with total lymphocyte counts (Look et 

al., 1997). Thus, maintaining an optimal Se status in HIV-1 infected patients may help to 

increase the enzymatic defense and improve general health in those patients (Delmas-

Beauvieux et al. 1996; Cirelli et al 1991). 

 Low Se levels can also lead to various thyroid and gastrointestinal problems. Adequate 

levels of this element is associated with a high activity of GPx3 and TrxR that protects thyroid 

cells from the hydrogen peroxide generated in the cells to be used by the thyroid peroxidase in 

the synthesis of thyroid hormone. In addition, this element is also required by selenoenzyme 

iodothyronine deiodinase for the production of active thyroid hormone (Schomburg and 

Köhrle, 2008). On the other hand, deficiency of Se in the diet leads to the lack of absorption 

of various other trace elements in the duodenum. Gastrointestinal GPx2 protects from the 

toxicity of ingested lipid hydroperoxides in mammals (Brigelius-Flohé and Maiorino, 2013).  

 Davis and coworkers showed that different selenoproteins are involved in cancer 

prevention, and that Se deficiency can be a cancer promoter factor. In addition, the authors 

demonstrated that Se had a protective effect against lung cancer in populations with low Se 

status and  that the risk of cancer was 2–6 times lower in high Se serum levels compared to 

low levels (<100 ng/mL), or low Se intake (<55 μg/day) (Davis et al 2012). On the other 

hand, few studies reported that there is no significant effect on Se levels in plasma on the high 

risk cancer populations (Algotar et al., 2013). And also, there is no recommendation of Se 

supplementation for cancer prevention in healthy populations (Cortes-Jofre et al., 2012).  

 In fertility, Se can also represent an important helper. In men, this nonmetal is 

essential for sperm motility in the form of GPx4 and for Se supply to the testes from 

Selenoprotein P (Mesenguer et al., 2007; Shalini and Bansal, 2005).  Se deficiency is likely to 

affect male fertility, particularly in the synthesis of testosterone and sperm (Rayman, 2000). 

Moreover, many studies have highlighted the involvement of Se in human and animal 

reproduction (reproductive parameters and performance). Indeed, many cases of infertility 
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were recorded in Se deficient areas. It also plays a specific role during embryo implantation.  

Selenium deficiencies have also been involved in metritis, retained placenta, miscarriage and 

preeclampsia. Some diseases during the gestation can be developed by low levels of Se 

ingestion, as obstetric cholestasis, and gestational diabetes mellitus (Mistry et al., 2012). 

 Despite the well-known deleterious effects of Se deficiency, high intake of 

organic/inorganic Se is also detrimental to health maintenance. High levels of this element 

can cause selenosis, resulting in hair loss, nail loss, brittleness, lesions in the skin and nervous 

system, fatigue and irritability (Nuttal, 2006; Navarro- Alarcon and Cabera-Vique, 2008). 

Acute Se toxicity causes severe neuronal lesions, gastrointestinal symptoms, respiratory 

symptoms, kidney failure, myocardial infarction and other cardiac disorders (Navarro- 

Alarcon and Cabera-Vique, 2008).  

  

 

 3.1.1 Inorganic forms of selenium 

 

Sodium selenite (Na2SeO3) and selenate, as demonstrated below, are the most studied 

inorganic forms of Se and supplementation with these compounds are shown to improve 

health. Laboratory studies point to benefits of mainly Na2SeO3 supplementation in several 

disease models.  

For instance, Schnabel and coauthors showed that Na2SeO3 supplementation increased 

the antioxidant capacity through GPx-1 activity in endothelial cells and in coronary artery 

disease patients (Schnabel et al, 2008). In another study, researchers showed that  low doses 

of selenite (5–40 nM) increased both TrxR and GPx activities and protected human coronary 

artery and human umbilical vein endothelial cells from peroxide toxicity, but TrxR appeared 

to be most important in exerting the antioxidant effects (Miller et  al., 2001). In rats 

supplemented with 1 ppm Se per day with the same compound for 5 weeks there was a 

modest increase in TrxR and GPx levels, with a corresponding modest improvement in 

cardiac function post ischaemia-reperfusion (Velardos et al., 2004). 

 Sodium selenite supplementation (200 µg/day) was also effective against auto immune 

thyroid disorders like Hashimoto’s thyroiditis (HT) (Toulis et al., 2010). Then, according to 

this study, routine Se supplementation can be recommended in the treatment of HT, 

demonstrating an improvement in thyroid function and morphology. 

Related to immune system, Roy and coauthors revealed that supplementation of 

Na2SeO3 (200 mg) enhanced T cell response (Roy et al., 1994, 1995).  Sodium selenite 
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supplementation (200 µg/day) also lead to significant enhancement of cell mediated immune 

response in cancer patients who have undergone radiotherapy (Kiremidjian et al., 2000). 

Broome and collaborators also reported antiviral activities of Se using a supplementation of 

Na2SeO3 (100 µg/day) that cleared the poliovirus more rapidly than placebo (Broome et al., 

2004). 

In a diabetes model in rats, Se supplementation (1 μg Na2SeO3/kg body weight) 

reduced the expression of NF-kB, which is responsible for the expression of inflammatory 

proteins such as interleukins and tumor necrosis factor (Pillai et al., 2012). This fact can be 

related with the mechanism of Se in neutralizing the oxidative stress, one important cause of 

diabetes (Fatmi et al., 2013).  

Kumar and coauthors reported the importance of Na2SeO3 against Helicobacter pylori, 

a gastric pathogen causing gastric ulcer. This in vitro and animal model studies revealed that 

inorganic Se compound showed the anti H. pylori activity. During in vitro condition, Na2SeO3 

showed significant bactericidal effects however in vivo only low doses were not toxic to the 

animals (Kumar et al., 2010). 

 In Alzheimer’s disease (AD) models, sodium selenate mitigates tau pathology, making 

it a promising lead compound for tau-targeted treatments of AD and related dementias (van 

Eersel et al., 2010). In addition sodium selenate was also able to specifically activates PP2A 

phosphatase, dephosphorylates tau and reverses memory deficits and neurodegeneration 

(Corcoran et al., 2010). 

 

3.1.2 Organoselenium compounds 

 

Vegetables are important sources of organoselenium compounds. Selenium in plants 

can be found mainly as SeMet, MeSeCys, Sec and selenoneine. Previous studies have shown 

that supplementation with organic forms of Se or use of Se enriched foods can improve health 

and disease (Rayman et al., 2008). 

For instance, a study of Lovell and collaborators using a diet supplemented with 

selenised yeast (1 ppm Se in feed) decreaseD the amyloid burden and oxidative damage in a 

mouse model of Alzheimer’s disease, supporting a role for SeMet as a potential therapeutic 

agent in neurologic disorders with increased oxidative stress (Lovell et al., 2009). Using a 

similar model of selenized yeast, Wood and coauthors found an increase in T cells count. 

Previous studies also reported the correlation of plasma SeMet levels with the respiratory 

distress syndrome (Wood et al., 2000). 
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Considering that, many studies are available on the Se deficiency and infertility in 

men, Scott and coauthors showed that supplementation with selenomethionine (100 µg/day) 

in men having low initial Se status and presenting low motility levels of sperm, caused 

improvement in the motility after 3 months (Scott et al., 1998). 

 Organoselenium compounds such as MeSeCys were demonstrated to be capable of 

binding copper and iron and preventing oxidative DNA damage induced by these metals 

(Battin et al., 2011).  

 

3.1.3 Synthetic organoselenium compounds  

 

 Considering that physiological chemistry of Se in mammalian cells relies on the 

presence of selenocysteine, an organoselenium compound, in selenoproteins, and that GPx, an 

important selenoprotein, acts in the antioxidant process catalyzing the reduction of a wide 

variety of hydoperoxides, protecting against oxidative stress, efforts have been made to find 

organoselenium compounds capable of imitating the enzymatic properties of GPx.  

 In this way, several simple synthetic organoselenium compounds with glutathione 

peroxidase-like activity have been prepared and used in different models of diseases due its 

antioxidant activity that greatly rely in the formation of selenol group after interaction with 

reducing thiols. Basically these compounds interact with thiol-thiolates in the cell forming the 

selenol group that will than, catalyzed the peroxide degradation in a GPx- like manner (Figure 

3) (Nogueira et al., 2004). 

 Ebselen was the first organoselenium compound presenting GPx- like activity 

described in the literature (Wendel et al., 1984). Later, other GPx mimetic compounds were 

also investigated, including diphenyl diselenide (PhSe)2 and anologues, with a higher catalytic 

activity than ebselen (Nogueira et al., 2004). 

 In the last decades, the antioxidant activity of ebselen and other organoselenium 

compounds have been reported in experimental models, and a number of studies showed that 

these compounds can efficiently scavenge and eliminate reactive oxygen species. The 

foremost antioxidant abilities of such compounds relies on the protection against lipid 

peroxidation, radical-scavenging activity (Mishra et al., 2006; Prigol et al., 2009b), 

peroxynitrite scavenging activity (Sies and Masumoto, 1997; Woznichak et al., 2000) and 

also act as substrates of mammalian thioredoxine reductase enzyme (Freitas et al., 2010). In 

addition this seleno compounds were also able to induce the TrxR synthesis, by increasing its 

expression, as observerd by Zhang and coauthors (2013). 
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 Moreover, synthetic organoselenium compound can act as detoxifying agents against 

xenobiotic compounds that exhibits toxicity through various mechanisms. For instance, 

xenobiotics that induce ROS production can be attenuated by ebselen antioxidative properties. 

This selenocompound is highly effective in reducing iron, cadmium and MeHg-induced 

cytotoxicity (Davis and Bartffay, 2004; Ardais et al., 2008; Yin et al., 2011). In the same 

context, (PhSe)2 reduces the pro-oxidant effect of cadmium and methylmerucry (MeHg) 

(Santos et al., 2005; Roos et al. 2009). 

 Therefore, synthetic organoselenium compounds could represent novel therapeutic 

strategies against oxidative stress and inflammation related diseases (Arteel and Sies 2001, 

Wang et al., 2004; Gill et al., 2010). In fact, ebselen and other organoselenium compounds 

have been shown to be efficient anti-inflammatory agents (Parnham and Kindt 1984; 

Cotgreave et al. 1989; Nogueira et al., 2003).  

 Antinociceptive activity is also among the repertoire of biological actions delivered by 

organoselenium compounds.  Diphenyl diselenide is shown as an effective antinociceptive 

compound on the tail-flick, formalin, acetic acid-induced abdominal writhing, and capsaicin 

animal models (Nogueira et al. 2003; Savegnago et al. 2008). Indeed, its activity in these 

models is more effective than ebselen. In addition, p-methoxyldiphenyl diselenide, an anolgue 

of (PhSe)2 was also able to act as antinociptive drug (Nogueira and Rocha, 2010). 

 Depression and anxiety mood disorders are shown to be linked to low Se levels and 

increasing dietary Se intake is shown to improve these factors (Sher, 2007; Rayman, 2000; 

Benton, 2002). The antidepressant-like effect of ebselen was evidenced in the forced 

swimming test, a predictive model for antidepressant drugs (Posser et al., 2009). Such an 

effect was demonstrated to involve noradrenergic and dopaminergic neurotransmitter systems 

(Posser et al., 2009). By using a similar model, Savegnago et al (2007) pointed the 

serotonergic system as a main mediator for the antidepressant-like effect of (PhSe)2. Diphenyl 

diselenide and its anologue m-trifluoromethyl- diphenyl diselenide have also been proposed to 

have anxiolytic action in different animal models (Ghisleni et al. 2008; Brünig et al., 2009). 

 Synthetic organoselenium compounds have also been investigated for its protective 

effects as antioxidants. In this regard, ebselen and (PhSe)2 act as a hepatoprotetective agent 

against toxicants as Paracetamol (Li et al., 1994; Wilhelm et al., 2009a). The compounds p-

methoxyldiphenyl diselenide and m-trifluoromethyl-diphenyl diselenide also showed 

hepatoprotective effects on acute liver injure by lipopolysaccharide/D glucosamine exposure 

and 2-nitropropane respectively (Wilhelm et al., 2009b;c). Ebselen and (PhSe)2 have 
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demonstrated yet, renoprotective activity against acute renal failure injury (Noiri et al., 2001; 

Brandão et al., 2009).  

 In addition, considering that organoselenium compounds do not induce irritability of 

the gastric mucosa, in contrast to non-sterioidal antiinflamatory drugs (NSAIDS), 

organochalcogenides are suggested as gastroprotective drug candidates, as demonstrated in 

studies with ebselen that  prevents ulceration induced by ethanol in mice (Tabuchi et al., 

1995) and diclofenac in rats (Leyck and Parnham, 1990). Diphenyl diselenide showed similar 

effects in the ethanol and endomethacin models of ulceration in rats (Savegnago et al., 2006). 

 As depicted before, extreme deficiencies of Se in the diet can lead to Keshan and 

Kashin-Beck diseases (Navarro-Alarcon and López-Martínez, 2000). Then, some synthetic 

organoselenium compounds have been studied in different models of cardiovascular damage. 

Ebselen was effective against daunorubicin-induced cardiomyopathy in rats. In fact, ebselen 

can normalize serum cardiac enzymes creatine kinase, lactate dehydrogenase, and GPx (Saad 

et al., 2006). Diphenyl diselenide inhibited lipid peroxidation and prevented the oxidation of 

protein moieties in human isolated LDL in vitro (de Bem et al. 2008) and  rabbits 

supplementation with 10 ppm of this compound  reduced total cholesterol levels (de Bem et 

al., 2009).  In addition, the hypolipidemic action of (PhSe)2 was characterized besides the 

reduction in the total cholesterol also, non-high-density lipoprotein cholesterol, and 

triglycerides levels (da Rocha et al., 2009). 

 Synthetic organoselenium compounds, have also been investigated as potential 

neuroprotective drugs. Ebselen was used in clinical trials for the treatment of 

neuropathological conditions associated with oxidative stress (Saito et al. 1998). Ebselen has 

been proved to protect against brain damage from different models of permanent and transient 

focal ischemia (Johshita et al. 1990; Dawson et al. 1995), and hypoxia/ischemia-induced 

neuronal damage (Knollema et al. 1996). This compound demonstrated significant 

neuroprotection in vitro, in ischemic model where protected the brain against oxygen and 

glucose deprivation (Porciúncula et al., 2003) and attenuated, in concentration dependent 

manner, the degradation and depletion of glutathione in astrocytes (Gabryel and Malecki, 

2006). 

 Diphenyl diselenide has been reported as a neuroprotector agent in a classical model 

of in vitro ischemia (Ghisleni et al. 2003), that can occur by the inhibition of excessive nitric 

oxide (NO) production by inducible nitric oxide synthase (iNOS) after brain ischemia in vitro. 

This compound was also able to attenuate the dyskinesia induced by haloperidol (Burger et 

al., 2005) and fluphenazine (Fachinetto et al., 2007). This compound has been demonstrated 
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yet, as an inductor of facilitation of long-term object recognition memory in rats (Rosa et al., 

2003). 

 Diphenyl diselenide anologues have also been proposed as neuroprotective agents.  

Pinton and co-workers showed that p-methoxyldiphenyl diselenide was able to reverse the 

learning and memory impairments induced by intracerebroventricular injection of 

streptozotocin, a model of sporadic dementia of Alzheimer’s type, in mice (Pinton et al., 

2010). Another analogue known as m-trifluoromethyldiphenyl diselenide attenuated 

behavioral features associated with a mouse model of psychosis (Machado et al., 2006), it also 

present an anticonvulsivant effect pentylenetetrazole-induced seizures in mice (Prigol et al., 

2009a). 

 

 3.1.4 Selenium compounds and cancer 

 

Many studies in relation to anticarcinogenic effects of Se compounds have been 

carried out by several research groups.  

For instance, Na2SeO3, due to its pro-oxidant characteristic, represents a promising 

alternative for cancer therapy (Brozmanová et al., 2010). Sodium selenite has been shown to 

be the most effective in in vitro and in vivo studies of carcinogenesis. As recently 

demonstrated, selenite possesses oxidizing properties in the presence of specific substrates. 

Selenite by virtue of oxidizing cell membrane thiols, can prevent the formation of the coat and 

consequently makes cancer cells vulnerable to the immune control and destruction. It is, 

therefore, postulated that Na2SeO3, in view of its relative low toxicity, and might become a 

drug of choice for many types of cancer including leukemia (Lipinski, 2005). 

 Accordingly, Combs demonstrated that in animal models, supplementation of 

inorganic Se in the diet protects against cancer induced by a variety of chemical carcinogens 

(Combs, 1997). In addition, in a study of Davis and coauthors, an enriched selenite salt 

supplementation in a community of 21,000 persons in China reduced liver cancer by 35% 

(Davis et al., 2012). 

 Selenium compounds like selenite and selenate have strong inhibitory effects 

particularly on mammalian tumor cell growth (Spyrou et al., 1996).  In this context, the 

selenoenzyme, TrxR can represent an important trigger to anticancer activity of inorganic Se 

compounds, since TrxR1 represents a central enzyme for cell growth tumor, differentiation, 

and the protection against oxidative stress. TrxR1, which in several studies has been shown to 

be up-regulated in various tumor cells, is also a target for many anticancer drugs. In a study of 
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Selenius and colaborators, inhibition of TrxR resulted in enhanced selenite cytotoxicity, 

clearly connecting the thioredoxin system to the toxic effects mediated by selenite, inhibiting 

the cell tumor growth (Selenius et al., 2008).  

Effects of organoselenium compounds (SeMet and MeSeCys) are also tested in several 

studies of prevention or treatment to cancer. Such as, a meta-analysis of various studies 

published on the effect of Se on gastrointestinal cancers showed that Se supplementation 

(SeMet) was associated with nearly 60% reduction in gastrointestinal cancers (Ma et al., 

2012; Jayaprakash and  Marshall, 2011; Ibiebele et al., 2013). 

 In accordance, the Nutritional Prevention of Cancer (NPC) trial carried out with 

selenised yeast supplements (200 µg per day) containing SeMet (18- 69%) but also other 

forms of Se (selenite, g-glutamyl-methylselenocysteine and Se-adenosylhomocysteine), 

showed significant reduction in total cancer mortality, total cancer incidence and the 

incidence of prostate, lung and colorectal cancers without any effect in the primary endpoint, 

nonmelanoma skin cancer (Clark et al., 1996). The chemopreventive mechanism of action of 

these compounds is not known, but as demonstrated in the literature it may be mediated 

through the Se dependent redox systems in the cells or through the T cell action (Cheng et al., 

2012). T cells are the major components on cancer removal, and the synthesis and activation 

of which are Se dependent (Clarlson et al., 2010; Shrimali et al., 2008).  

 However, a Se and Vitamin E cancer prevention trial (SELECT) that was designed to 

study the effect of SeMet (the main form of Se found in food - 200µg) alone or in 

combination with vitamin E, did not presented enthusiastic results and in contrast, an increase 

in type 2 diabetes was observed together with a significant increase on the risk of prostate 

cancer (Lippman et al., 2005). These contrasting results evidenced the importance of 

considering the speciation of Se supplement and the Se status of population. 

  Futhermore, studies have demonstrated that MeSeCys can be more effective than 

other natural organic form of Se as an anticarcinogenic compound, which can be found some 

members of the Brassica and Allium families, as well as in Se-accumulating Astragalus 

species (Whanger., 2002; Ganther, 1992). 

 Accordingly, numerous studies have demonstrated the anticarcinogenic activities of 

some organic forms of Se against certain types of cancer (Whanger., 2002; Clark et al., 1996; 

Raid et al., 2002). In a long-term double-blind study, supplemental Se (MeSeCys) was 

associated with significant reductions in lung, colorectal and prostate cancers (Ganther, 1992). 

In addition, Se-enriched broccoli is shown to be protective against intestinal cancer 
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susceptibility in multiple intestinal neoplasia (MIN) mice and in chemically induced 

mammary and colon cancer in rats (Davis et al., 2002). 

 In parallel to a number of pharmacological properties reported by synthetic 

organoselenium compounds, ebselen has been also studied as a chemopreventive compound. 

In this context, ebselen inhibits the cell growth in human breast and colon cancer cells 

(Engman et al. 1997), and induces apoptosis in the human hepatoma cell line HepG2 (Yang et 

al. 2000a). The apoptotic effect of ebselen involves its ability to deplete thiols and to alter the 

mitochondrial permeability transition (Yang et al. 2000b). This compound has showed to be 

also an effective inhibitor of TrxR, one important mechanisms to decrease the growth of 

tumor cells. (Ganther and Ip, 2001). 

 Futhermore, diphenyl diselenide presents a protective effect against the tumor 

development, even when supplemented at a relatively low concentration (1 ppm), in a N-

nitroso-N-methylurea (NMU)-induced mammary carcinogenesis model in rats (Barbosa et al. 

2008), demonstrating  potential effect as chemotherapeutic drug. 

 

 

4. Mercury 

 

 The element Hg is a metal classified in the periodic table with the atomic number (80) 

and atomic mass 200.59 Da. Mercury can exist in three oxidation states: elemental mercury 

(Hg0), mercurous ion (Hg2
2+) and the mercuric ion (Hg2+) – and can be found also in organic 

form as MeHg and dimethylmercury (Eisler, 2006). The elemental Hg is liquid at room 

temperature, but form amalgams in contact with metals such as gold and silver, and then it is 

used in the extraction process of these precious metals. At high temperatures it passes to 

gaseous phase, originating Hg vapor which is highly toxic. Both mercurous and mercuric ions 

can form chlorine salts, such as mercurous choride (Hg2Cl2) and corrosive sublimate mercuric 

chloride (HgCl2) (Eisler, 2006). 

 

 4.1 Mercury in the environment 

 

 Mercury is considered a global pollutant. In the atmosphere, the major form of Hg is 

found as Hg vapor, which can be released from the earth's crust and volcanic eruptions 

(Mason, 2009). Atmospheric Hg0 can be oxidized to Hg2+ under the action of ozone or 

halogens. Mercury (II) may be adsorbed to solid atmospheric particles and deposited on the 



45 

 

surface (dry deposition), or it can also be dissolved by atmospheric moisture and then 

deposited on the surface by rain (Ariya et al., 2009). 

 In water, Hg2+ can either be abiotically and biotically reduced again to Hg0 and re-

emitted to the atmosphere or adsorbed onto suspended particles and organic matter and then 

be deposited on the bottom sediments, or transformed by microbiological action, mainly by 

sulphate-reducing bacteria, into alkylated forms of Hg (Morel et al., 1998). The main 

alkylated forms of Hg resulting from microbial action are monomethylmercury (MeHg) and 

dimethylmercury (CH3HgCH3 or DMeHg) (Barkay and Wagner-Döbler, 2005).  

 Once methylated, MeHg becomes the main form of Hg in aquatic sediments, being 

available to be absorbed by phytoplankton and/or the phytobenthos, and subsequently, it 

becomes available to superior trophic levels, a phenomenon that results in Hg 

biomagnification along food chain (Morel et al., 1998).  Moreover, the elimination of MeHg 

by organisms (e.g. fishes) is a rather slow process and the exposure level is more or less 

constant, leading to accumulation in tissues throughout the life-span of the fish 

(bioaccumulation), increasing this accumulation until the top of food chain (Jackson, 1998). 

Since humans stand at the very top of the food pyramid, populations relying on a diet 

containing high amounts of predatory marine or freshwater fishes are, consequently, exposed 

to high levels of MeHg (Carvalho et al., 2008). 

 Mercury and its compounds have been used in anthropogenic activities since ancient 

times by different civilizations (Goldwater, 1972). The Chineses (100 a.c.) utilized Hg in the 

form of cinnabar, as the pigment in red ink and by alchemists. The Europeans used 

therapeutic applications of Hg for the treatment of syphilis, which showed also Hg’s toxic 

nature resulting in a large number of deaths (Clarkson and Magos, 2006). Moreover, although 

its use for the treatment of this disease declined during the 19th and early 20th centuries, Hg 

remained as a common treatment for a vast myriad of other pathologies (Clarke, 1912; 

Kollock, 1896). From 19th century, Hg begins to be utilizes in amalgams in dentistry, the main 

exposure route of the general population to Hg vapor (Clarkson, 2002). 

 Nowadays, the use of Hg in medicine is mainly related to the anti-septic properties of 

Hg compounds, such as phenylmercury and ethylmercury thiosalacylate (Thimerosal), that 

make them useful in preserving medical solutions and vaccines (Magos, 1997; Clarkson and 

Magos, 2006). Mercury is also used in the industry, as electronic components, as component 

of energy-efficient compact fluorescent lamps and in thermometers production (Clarkson and 

Magos, 2006). In agriculture this metal is used in insecticides and antifungals. Its use in 

mining represent an important problem of public health, and a good example is the a Amazon 
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region in Brazil, where the use of Hg compounds to gold extraction leads the workers to 

contamination (Malm et al, 1998; Myers et al., 2007). 

 At least two catastrophic episodes of environmental contamination with Hg occurred 

around the world. For instance, the incidents in Minamata, Japan in the 1950’ decade and in 

1970’ in Iraq are the major environmental disasters reported involving Hg, leading to an 

unprecedented contamination of local populations causing severe neurological conditions 

(Harada, 1995; Johansson et al., 2007).  

 In the last decades, the human exposure still occurs, but in a less scale. Important 

avenues of human contamination are agriculture, industrial and mining activities, but the main 

source of Hg exposure to humans is suggested to be the consumption of MeHg-contaminated 

fish (Clarkson, 2002, Clarkson e Magos, 2006). 

 

 

 4.2 Human exposure to mercury 

 

 4.2.1 Elemental and Inorganic Mercury (Occupational exposition)  

 

 Elemental Hg is found as a liquid metallic that itself is not very toxic, since upon 

ingestion gastrointestinal absorption is extremely low (WHO, 2003; Rooney, 2007). Toxicity 

of Hg0 results primarily from the inhalation of Hg vapor by workers in industries where Hg 

enters the manufacturing process or by general population exposure is the release of Hg0 from 

dental amalgam surfaces (Clarkson, 2002; Rooney, 2007). 

 Inhaled air is the main route by which Hg0 in the form of vapor enters the body 

(Clarkson et al., 2007). In the lungs, approximately 70% to 85% of Hg vapor diffuses from 

the alveoli into the blood stream (Magos, 1997). Considering that Hg vapor is an uncharged 

monoatomic gas, lipid soluble and highly diffusible, it can diffuse through cell membranes by 

passive diffusion and gain access to cell interior in all organs (WHO, 2003; Clarkson and 

Magos, 2006). Mercury vapor can easily cross the blood-brain barrier (BBB), reaching the 

central nervous system (CNS) and the placental barrier (Lettmeier et al., 2010). Once inside 

cells Hg vapor may be oxidized to Hg2+ by catalase (Clarkson et al, 2007). Thus, the mercuric 

ion (Hg2+) is the direct responsible for Hg vapor toxicity (Clarkson and Magos, 2006) and 

since it cannot cross easily the BBB, it is retained in 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 of Hg vapor (Magos, 1997). The 

mercuric ion can then be conjugated with Se forming mercuric selenide (HgSe) precipitates 

which have been observed in the liver of several species and are thought to be a detoxification 

mechanism for Hg (Groth et al., 1976; Parizek et al., 1971).  

 The mercuric ion can also be conjugated with glutathione (GSH) by binding the thiol 

group (SH-) of the cysteine residue (Cys), forming a complex similar to oxidized glutathione 

(Clarkson and Magos, 2006). A fraction of this Hg-GSH adduct may be secreted into the bile 

followed by Hg2+ elimination in the feces (Ballatori and Clarkson, 1985). It can also enter 

systemic circulation and eventually reach the kidney, the major organ for Hg accumulation 

following exposure to Hg vapor similarly to what is observed for exposure to Hg2+ (Magos, 

1997). 

 Inorganic Hg compounds (Hg salts) are also significant source of Hg intoxication. It 

has been used in numerous products, including medications, germinal soaps, teething powders 

and skin creams (Goldman and Shannon, 2001).  

 In addition, mercuric mercury in form of water soluble salt (HgCl2) is considered a 

highly potent poison (Clarkson  and Magos , 2006). Ingestion of as little as 1 g may be fatal. 

This dose of mercuric chloride leads to a complete breakdown in patient’s renal function. It is 

also highly corrosive to the gastrointestinal tract. Lower doses cause selective damage to the 

kidneys, being the proximal tubules the main targets of this Hg compound. 

 Cases of occupational contamination have been reported to cause lung damage and the 

use of Hg2+ as an antiseptic in diapers for infant use was associated with Acrodynia (Warkany 

and Hubbard, 1953). In addition, there are also studies linking Hg2+ contamination and the 

development of autoimmune diseases (Pollard and Hultman, 1997). 

 

 

 4.2.2 Ethylmercury  

 

 Ethylmercury (EtHg) is an organic Hg compound mainly used in form of thimerosal as 

topical antiseptic and as a preservative in vaccines, routinely given to children. It represents 

the most widely used form of organic Hg (Ball et al., 2001).  Ethylmercury was already used 

in the treatment of siphilis and commercial applied in the agriculture as fungicidal, which 

caused severe toxicity and some accidental death, for example the episode of Iraq in 1970’ as 

related before (Jalili and Abbasi, 1961). 
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 Thimerosal, still used nowadays in vaccines, contains about 50% Hg by weight and is 

metabolized to EtHg and thiosalicylate (Ball et al., 2001). Ethylmercury radical, in thimerosal, 

is attached to the sulfur atom of the thiol group of salicylic acid. Considering that, mercuric 

ions bind tightly but reversibly to thiol ligands (Carty and Malone., 1979), after thimerosal 

injection, the released EtHg would be expected to bind to small (cysteine, glutathione) and 

large (proteins) endogenous thiol-containing molecules. However, little is know about this 

process and less about how the bound EtHg is distributed throughout the blood and body 

(Dórea et al, 2013). 

 Studies have suggested that EtHg exposure may induce neuro-developmental 

disabilities such as attention deficit-hyperactivity disorder, language delay but especially 

autism spectrum disorder (Geier and Geier, 2005). The adverse effects of high dose EtHg are 

thought to be similar to those of high-dose MeHg (Ball et al., 2001; Halsey, 1999) but the 

effects of low dose EtHg are unclear.  

 The literature in general suggests that the role of multiple doses of thimerosal - 

containing vaccines in current immunization schedules can be public health issue. Even the 

exposure to Hg in the form of EtHg being lower than that from MeHg in fish-eating 

populations, is important considered that  thimerosal is injected intramuscularly, and 

consequently, its absorption is approximately 100% at a very early age and in several doses 

(Dórea, 2007). 

 Furthermore, in the end of 20th century, a request to vaccine manufacturers about 

removing thimerosal from vaccines was performed and now, it has been removed from most 

vaccine in United States and in other European countries such as Italy but it is still used in 

some developing countries (Freed et al., 2002). 

 In terms of metabolization, the convertion of EtHg to inorganic Hg appears to be 

substantially faster than MeHg (Burbacher et al., 2005). As disclosed by a study of Matheson 

and coworkers (Matheson et al., 1980), after injection of thimerosal, 90% of the total Hg 

eliminated in urine was in the inorganic form, contrarily to MeHg, whose excretion in urine is 

considerably lower (Bakir et al., 1973).  

 The pattern of tissue disposition of EtHg was qualitatively similar to that of MeHg, 

with brain levels of the intact Hg being slightly higher for methyl than for ethyl forms. 

Moreover, passage of EtHg is hindered by its larger size and faster decomposition (Clarkson, 

2002). Regarding the kinetic of EtHg elimination, little is known, however, feces are 

suggested the main pathway of elimination. Additionally, the residence time in the body is 

shown to be shorter for ethyl than to MeHg (Clarkson, 2002). 
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 4.2.3. Methylmercury  

 

 The first evidences for contamination with MeHg came from the first half of the 20th 

century, attributed to its use in some industrial processes and in agriculture as a fungicide 

(Ahlmark, 1948). However, after the massive Hg contamination in Minamata (Japan) the 

scientific community and the general public realized that fish consumption is the major route 

by which humans are exposed to MeHg. 

 Today the main regions of contamination by MeHg are in close proximity to rivers 

where the gold mining is performed. For example in Brazil, the Tapajós region (Amazon), 

where fish consumption is the main source of daily food, levels of MeHg, measured in hair 

root of inhabitants, ranging from a few µg/g to over 150 µg de Hg/g hair (Malm, 1998; Pinheiro 

et al., 2003). That can represent 3 times higher than the level at which the first clinical signs 

and symptoms of Hg contamination occur. In addition, consuption of predatory fish (e.g. 

swordfish, shark and tuna) from oceans, are also important source of MeHg intoxication 

(Carvalho et al., 2008).  

 However, despite the toxicity in the consumption of fish contaminated with MeHg is 

important to consider that a diet rich in fish also provides many important high quality 

protein, vitamins, long-chain-3 polyunsaturated fatty acids (PUFA), and micronutrients as Se 

in fish muscle (Dorea, 2003; Ström et al., 2011). Then, the literature suggests that perhaps is 

better to advice consumers not to exclude fish and seafood from their diet but to consume 

preferably species with low MeHg levels (Mahaffey, 2004). 

 Methylmercury from fish, after ingested is hydrolyzed and the MeHg-Cys, complex 

found in fish muscle, is absorbed in the intestinal wall (Clarkson and Magos, 2006). This is a 

highly effective process, with more than 95% of MeHg being absorbed in the GI tract (Magos, 

1997). The high motility in the body happens because the MeHg-Cys complex has a similar 

structure to the amino acid methionine (Met), and then, by molecular homology, it use the 

same neutral amino acid carrier (LAT) (Roos et al., 2010; Simmons-Willis et al., 2002). 

 The systemic distribution of MeHg is fast, in about 30 hours, considering that only 5 

% of Hg is found in the blood-strem. From this compartment, MeHg is distributed virtually to 

all protein-rich tissues, such as the brain (found about 10% of Hg), kidney, liver, muscle, hair 

and nails (Clarkson et al., 2003, 2007). 

 In the liver MeHg is metabolized and it may be conjugated with reduced glutathione 

(GSH) followed by its secretion through the bile into the intestinal lumen (Mottet et al., 1997; 

Clarkson, 2002). Then, the MeHg pass by entero-hepatic reabsorption and recirculation 
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process and only 1% of the MeHg will be excreted in feces (Clarkson, 2002). Although 

inefficient, fecal excretion is still the major route of MeHg elimination, which occurs in the 

form of Hg2+ after cleavage of the Hg-C bond by intestinal microflora, known as 

demethylation (Clarkson et al., 2007). After demethylation, Hg2+ may conjugate with GSH 

and enter the systemic circulation to be delivered to the kidney to be excreted (Zalups, 2000). 

Mercury (II) can also conjugate with Se forming mercuric selenide (HgSe) (Groth et al., 1976; 

Parizek et al., 1971). 

 Methylmercury easily cross the Blood- brain barrier (BBB) by the same mimic 

mechanism described before and thus, gain access to endothelial cells of the BBB, and enter 

the CNS (Clarkson and Magos, 2006). 

Methylmercury affects a variety of cellular functions and may cause damage to many 

organs and tissues, as well as: monocytes and lymphocytes (Insug et al., 1997; Shenker et al., 

1997) kidney and liver tissues (Freitas et al., 2009), the cardiovascular system (Virtanen et 

al. 2007) and other. However, the CNS seems to be the main MeHg target (Choi, 1978; 

Atchison, 2005; Freitas et al., 2009).  

In fact, the MeHg effects occur because of damage in the brain focal regions, usually 

involving areas related to sensory functions and motor coordination, particularly the 

cerebellum, and also surrounding areas of the visual cortex. The damage is irreversible due to 

the severe neuronal death (Clarkson and Magos, 2006). 

 One of the proposed mechanisms for MeHg neurotoxicity is related with the disruption 

of glutamate transport, which represents the main excitatory neurotransmitter in mammalian 

CNS (Fonfría et al., 2005). When released into the synaptic cleft it stimulates Ca2+ influx via 

NMDA receptors in the post-synaptic terminal. In a normal physiological scenario, the 

glutamate in the synaptic cleft is taken up by astrocytes through Na+/K+ transporters, 

allowing for the signal transmission to terminate (Fonfría et al., 2005). However, MeHg 

(Aschner et al., 1993, 1994; Fonfría et al., 2005) affect glutamate mediated excitatory 

signaling by simultaneously enhancing its release from the pre-synaptic terminal and by 

impeding their uptake by astrocytes. Increased levels of glutamate in the synaptic cleft 

promote an increased calcium influx to the post synaptic terminal.  

 This excess of calcium can affect the mitochondria causing mitochondrial swelling 

and depolarization. These factors may contribute to increase ROS levels, alteration of 

mitochondrial homeostasis (Seegal et al., 2007) and consequently cause apoptosis / cell death. 

All of these events may culminate in neuronal loss and contribute to the onset of various 

diseases related to contamination with MeHg (Clarkson, 2002; Mutter et al., 2004). 
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 Furthermore other mechanisms can be involved in the MeHg toxicity such as:  

 

 Depletion of Intracellular Glutathione (GSH):  GSH is the most abundant cellular 

thiol, especially in hepatocytes and, it is involved in many cellular processes (e.g. in the 

regeneration of oxidized proteins and as a radical scavenger) and constitutes one of the most 

important antioxidant defense lines (Meister, 1988). Conjugation with GSH is an important 

step in the metabolization and systemic transport of mercurials. However, an excessive MeHg 

burden may lead to the depletion of reduced glutathione, with serious consequences in the cell 

antioxidant response (Farina et al., 2011).  

 

 Oxidative stress:  Oxidative stress is defined as an imbalance between the levels of 

pro-oxidant and antioxidant molecules (Halliwell e Gutteridge, 1999). Oxidative stress 

induced by MeHg is apparently due to its direct action on endogenous thiols (Shanker et al., 

2005) and also its effect on antioxidant enzymes (Farina et al., 2004). Once inside the cell, 

MeHg covalently binds to the -SH groups of biomolecules, including GSH as depicted before, 

thus causing oxidative stress (Franco et al., 2009). The H2O2 production, as well as other 

ROS, can be form at different ways. However, we can mention the mitochondria as a primary 

source of ROS, that can occur via eletrons escape from respiratory chain to oxygen, forming 

superoxide anion (O2-) (Halliwell e Guitteridge, 1999). Moreover, free radicals, such as some 

ROS, may cause direct oxidative damage in mitochondria, resulting in reduce enzymatic 

activity and compromising mitochondrial functionality (Radi et al., 2002; Galindo et al., 

2003). Incrases in lipid peroxidation can also be an indicator of MeHg induces oxidative 

stress (Huang et al 2011; Mahboob et al., 2001). Antioxidant enzymes, involved in the 

degradation of ROS, can have their activity changed by MeHg. Changes in the activities of 

other enzymes involved in ROS scavenging enzymatic systems such as catalase (CAT) and 

superoxide dismutase (SOD) are also frequently observed as Hg induced oxidative stress. 

However, the results in the literature are not consistent regarding the effect of mercurials over 

the activity of these enzymes and some studies have showed the opposite effect (Hussain et 

al., 1997). 

 

 Changes in the activity of selenoenzymes:  Considering that the selenol present in 

the selenocysteine molecule is more nucleophilic than thiol present in cysteine, as depicted in 

the first chapter of this review, selenoenzymes are more susceptible to MeHg toxicity, than 
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thiol enzymes. In this context, there are some studies about the interactions/inhibition of 

selenoenzymes, particularly GPx and TrxR, by MeHg, that will be better explained in the next 

section.  

 

 

5. Interaction between Mercury and Selenium  

 

 The interaction between Hg and Se has been reported since 1967, where the first study 

about the protective role of Se against Hg toxicity was carried out by Parizek and Ostadalova. 

In this work, injections of Na2SeO3 reduced the renal toxicity induced by HgCl2 in rats 

(Parizek and Ostadalova, 1967).  

 The mechanism on how and why these two compounds interact was proposed in the 

1990’s decade by Imura and Naganuma (1991). Sodium selenite forms a high molecular 

weight complex with Hg (Se-Hg at equimolar ratio) and a plasma protein. The formation of 

the complex causes a marked decrease of Hg accumulation in the kidney, the Hg target organ, 

that reduce Hg renal toxicity (Magos and Webb, 1976). The protein which Hg-Se attaches 

was identified as selenoprotein P, the major plasma selenoprotein (Yoneda and Suzuki, 1997). 

Basically, intravenously administered selenite is reduced by GSH in red-blood cells to 

selenide (Se2-) and in the plasma binds Hg2+ forming a complex (HgSe)n, that binds to SelP 

excreted from the liver (Suzuki and Ogra, 2001). Additionally, observations of insoluble 

granules of HgSe have been reported in the organs of several species (Eley, 1990; Arai et al., 

2004).  Moreover, Na2SeO3 and Hg can form an inert high molecular weight complex and 

accumulate in the red blood cells causing no harm to other tissues (Imura and Naganuma, 

1991).  

 There is also evidence that various forms of Se, including selenate and selenide, when 

administered to rats together with mercuric chloride, reduce the toxicity of both Se and Hg, 

probably by forming a Hg-Se complex that can be detected in nuclei of renal tubular cells by 

electron microscopy (Goyer, 1997). 

 However, the benefit of Se supplementation is also dependent on the chronology of 

exposure treatments, and is frequently reported that is only observable when both compounds 

(HgCl2 and Na2SeO3) are provided simultaneously. When Na2SeO3 is administered delayed, it 

has been reported as having no protective effect (Nagamuna et al., 1984). Agarwal and Behari 

(2007) noted that treatment of rats previously exposed to HgCl2 with Na2SeO3 resulted in 
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greater accumulation of Hg in the brain and kidney with increased lipid peroxidation and 

decreased GPx activity and did not decrease toxicity of Hg2+. 

 Considering organic forms of Hg, Ganther and coauthors (1972) were the first to show 

that Se was able to alleviate the lethal effects of MeHg in rats co-exposed. Based on the study 

of Ganther et al (1972), several authors have shown similar results in various mammal, birds 

and fish species (Cuvin-Aralar and Furness, 1988; Koeman et al., 1975; Beijer and Jernelov, 

1978; Ohi et al., 1980; Ralston et al., 2007) and also in humans (Kosta et al., 1975). 

 Initially this phenomenon had been thought to be a result of supplemental dietary Se 

binding to Hg, thereby preventing Hg from exerting its toxic effects (Suzuki, 1997; Whanger, 

1992). However, considering the role of Se in physiology, authors suggested then that Hg’s 

propensity for Se sequestration in several tissues could inhibit formation of essential Se-

dependent proteins (selenoproteins). 

 Selenium and Hg have a high affinity. Then, these elements selectively bind together 

and form insoluble Hg selenides that are retained in the brain (Moller-Madsen and Danscher, 

1991; Moller- Madsen, 1990). The affinity constant between Hg and the Se of Sec is 

estimated to be∼1022, much higher than Hg’s affinity for the sulfur of Cys; 1014. Futhermore, 

the selenides that form during each cycle of Sec synthesis have an exceptionally high affinity 

constant for Hg (1045) which is a million times higher than that of sulfide (1039), Hg’s second-

best binding partner. This fact leads to extreme difficulties in the release of complex 

components (Hg-Se), thereby reducing the concentration of free Se in the organism. 

 In this context, the supplementation with Se, suggested by several authors, could have 

a protective effect by ensuring adequate levels of Se to replace the amount of Se lost to Hg 

sequestration, thereby maintaining normal selenoprotein synthesis. 

 Furthermore, Se may also decrease Hg toxicity by counteracting the effects of free 

radicals generated by inorganic Hg (Ganther, 1978). In general, Se has a protective effect in 

that it delays the onset of Hg toxicity or reduces the severity of the effects of both inorganic 

forms of Hg and MeHg (Goyer, 1997).   

 A recent study by Li et al. in China also reported that in humans exposed to Hg, daily 

supplementation with Se-enriched yeast for three months decreased the urinary levels of 

biomarkers of oxidative stress, such as malondialdehyde and 8-hydroxy- 2-deoxyguanosine. 

In addition, in the same study the authors demonstrated another important property of Se in 

counteracting Hg toxicity, showing an increase in the excretion of Hg after supplementation 

of volunteers with selenomethionine (Li et al. 2012). 
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 Nevertheless, other works (Magos and Webb, 1977; Ralston et al., 2008) showed that 

Hg-Se interaction is not always beneficial, as it may lead to Se depletion making it 

unavailable to participate in metabolism. As observed by Khan and Wang (2009) the overall 

net effect of Se over Hg toxicity will depend on the relative concentrations of Hg and their 

bioavailability. Other variables to be taken into account are the organism species and/or the 

target organ.  

 

5.1 Interaction between MeHg and selenium  

 

 In this review, we emphasized the interaction between MeHg and Se instead of other 

forms of Hg. Considering that, perhaps it is the most significant Hg form for non-occupational 

human population and with important toxic effects to human health. 

 As depicted before, MeHg has a high affinity to Se. In this way, the Hg and Se 

interactions also occur in aquatic environment, low levels of Se in rivers or oceans may lead 

to higher accumulation of Hg in fish (MeHg) and consequently, increase the accumulation of 

MeHg in the the food chain. Ocean fish tend to be generally rich in Se relative to Hg. 

However, in freshwater fish, the health risks of MeHg exposure may vary in response to 

individual and regional differences in Se intake. Therefore, fish from low-Se lakes would not 

only have low-Se contents, they would also tend to have higher MeHg contents, a dangerous 

combination for consumption by pregnant and other vulnerable subpopulations (Ralston and 

Raymond, 2010). Thus, Hg – Se ratio interaction can consequently, decrease or increase the 

levels of MeHg in fish consumed by population. 

 Considering that Se has an important physiological role, MeHg exposures that 

approach or exceed 1:1 molar ratios with Se appear to induce toxicity as a result of 

selenoenzyme inhibition.  

 Under normal conditions, homeostatic regulation mechanisms prevent brain Se content 

declines higher than 60% of normal levels, approximately. However, consumption of diets 

with high MeHg contents (50µmol MeHg/kg; ∼10ppm Hg) cause significant decreases in 

brain Se levels up to 43% of normal in weanling rats raised on low-Se diets (Ralston et al., 

2008).  These remarkably low brain Se contents apparently occurred because MeHg impairs 

redistribution of somatic Se reserves in other tissues. Moreover, in the study of Ralston 

(2008), it was shown that dietary Se has a potent influence on toxic effects of chronic MeHg 

exposure.  Low-Se diets showed the greatest toxic effects from high-MeHg exposures.  Blood 

Hg:Se molar ratios were proportional to observed toxicity. Since increasing blood Hg:Se 
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ratios are indicative of increasing risk of harm, assessments of MeHg exposure should 

evaluate blood Hg:Se ratios rather than just Hg levels (Ralston, 2008). 

 The protective effect of supplemental Se appears to occur because additional dietary 

Se is able to offset the Se sequestered by Hg (Watanabe et al., 1999a, b; Ralston et al., 2007) 

and maintain uninterrupted selenoenzyme activities. Contrary to earlier expectations, it has 

been shown that Hg does not cause oxidative damage directly (Seppanen et al., 2004). 

Instead, high MeHg exposures cause increased oxidative damage secondary to their inhibition 

of selenoenzyme activities, that will be better explain below. 

 Ganther and coauthors (1972) were the first to report the interaction between MeHg 

and supplemented Se. They showed alleviation of Na2SeO3 treatment on MeHg induced 

mortality in a mice model treated with low Se diet. Moreover, the results showed enhance in 

neurotoxicity when the animals were exposed to MeHg with low Se when compared to Se- 

sufficient mice (Ganther et al. 1972). 

 Moreover, related to mechanisms of Hg-Se interaction, a study by Iwata et al (1981) 

demonstrated in vitro that conversion of albumin-bound MeHg to insoluble complex (HgSe) 

occur by reaction of MeHg and Se compound (possibly H2Se) reduced by GSH and /or 

protein sulphydril groups in the soluble fraction of rat liver, kidney and brain. The Se 

compounds used in this study, that demonstrated significant results, are selenite, selenate, 

GSSeSG and selenocystine, and all of them form this insoluble and inert complex only in the 

presence of a reducing thiols (GSH and sulphydril groups). Selenomethionine, was ineffective 

in this experiment. In addition, this study proposed that this conversion activity was specific 

for Se compounds. Together, these studies suggest that selenite induce redistribution of 

MeHg, which has been reported to be the mechanism of protection by Se against Hg toxicity. 

 Studies of several authors (Beyrouty and Chan, 2006; Ganther et al., 1972; Hoffman 

and Heinz, 1998; Ralston et al., 2008; Satoh et al., 1985) suggested that co-exposure to Se 

compounds has been indicated to alleviate MeHg toxicity. Dietary Se was recently shown to 

diminish the neurotoxic effects caused by MeHg in rats (Ralston et al., 2008).  

 It has been proposed that MeHg (mostly bound to thiols), due to its higher affinity to 

selenols (-SeH), could exchange ligands forming MeHg-Se-R compounds that are less 

reactive, more stable and so less bioavailable (Canty et al., 1983). Such compounds include 

MeHg–Sec and bis(methylmercuric)selenide [(MeHg)2Se]. The latter compound is thought to 

be rapidly eliminated from tissues (Watanabe, 2002). 

 Selenium has been also reported to have a role in MeHg demethylation, which is 

known to occur in vivo, especially in the liver, but also in the brain (Mottet et al., 1997). The 
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mechanism by which the C-Hg bond is cleaved remains unknown but, several hypotheses 

concerning the involvement of Se in this process have been suggested (Yang et al., 2008), 

such as a direct role in the demethylation; the generation of superoxide radicals by R-SeH 

compounds, that will promote demethylation and the diffusion of (MeHg)2Se into the 

mitochondria where demethylation occurs by radical attack.  

 However, the beneficial effects of Se co-exposure over MeHg toxicity are still 

controversial. In some studies (e.g. Magos and Webb, 1977; Masukawa et al., 1982), 

(MeHg)2Se was shown to form in the blood, modifying MeHg distribution and increasing 

concentrations in the brain, which could increase MeHg toxicity. A study by Newland and co-

workers (2006) also showed that a Se rich diet increased levels of MeHg in the brain of 

female rats and their pups. This increase of MeHg levels 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 electrophile and, consequently, it reacts 

preferentially with soft nucleophiles (Pearson and Songstad, 1967). So, in the living 

organisms MeHg can react with ―SH (sulfhydryl or thiol groups) and with ―SeH 

(selenohydryl or selenol groups). It is important to emphasize that selenol groups are softer 

nucleophiles than thiol groups; consequently, the affinity of MeHg for selenol is expected to 

be higher than that for an analog thiol (Sugiura et al., 1976; Khan et al., 2009). Unfortunately, 

these features that make it so valuable physiologically also make it very vulnerable to MeHg 

toxicity. 

 Biochemically, an irreversible inhibitor is one that forms covalent bonds with 

components of the active site of an enzyme. Since selenocysteine is the principal active site 

catalytic component of selenoenzymes, MeHg is by definition a highly specific irreversible 

selenoenzyme inhibitor since it forms covalent bonds between its Hg moiety and the Se of the 

enzyme’s selenocysteine (Seppanen et al., 2004). 

 Therefore, selenoproteins are prone to be targeted by mercurials leading to loss of 

activity (Ralston and Raymond, 2010). Since, Se exists primarily in selenoproteins many of 

which are enzymes with important roles in cellular and tissue homeostasis (Papp et al., 2007), 

impairment of their functions by mercurials is probably a determinant factor in the 

development of toxicity. Formation of MeHg–SeCys (proposed term; pseudomethionine) will 
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not only directly inhibit selenoenzyme activities, but the Se trapped in this form will become 

unavailable for reuse in future cycles of selenocysteine synthesis.  

 There are several reports in the literature concerning interaction of MeHg with 

selenoproteins. In this context, glutathione peroxidase (GPx), which is one of the main 

scavengers of H2O2 and organic hydroperoxides, has been shown to be decreased/inhibited 

following exposure to MeHg (Franco et al. 2009; Freitas et al. 2009). This can be the result of 

several factors, such as GSH depletion, Se depletion or direct interaction between mercurials 

and its active site.  In fact, Franco et al. (2009) showed, in neuroblastoma cells exposed to 

MeHg, a concentration dependent decrease (up to 40%) in GPx activity. Zemolin (2013) also 

demonstrated an inhibition on GPx activity and a decrease in GPx 4 expression by MeHg in 

cortex and cerebellum of treated mice. Several animal studies (Chang and Suber, 1982; 

Franco et al., 2009; Fredriksson et al., 1993;Nishikido et al., 1987; Watanabe et al., 1999) also 

reported decreased GPx activity in rodents after exposure to MeHg (up to 50%) followed by 

recovery when Se was provided. 

 Furthermore, TxrR is particularly sensitive to MeHg both upon in vitro and in vivo 

exposure. The active site of TrxR enzyme is more susceptible to MeHg inhibition than GPx, 

due to the presence of a selenocysteine (Sec) residue in close proximity to three Cys residues 

in the open C-terminus of mammalian TrxR when compared to the GPx active site, where the 

Sec residue is close to Gln and Trp residues. This fact associated with the ability of the TrxR 

to bind electrophilic agents such as Hg compounds, significantly increases the reactivity of 

MeHg with the active site of TrxR (Branco et al., 2012).  

 Recently several studies have demonstrated the susceptibility of TrxR to MeHg toxicity. 

For instance, Carvalho et al., (2008) showed the inhibitory effect of MeHg towards 

thioredoxin reductase (TrxR) and thioredoxin (Trx) in vitro (Carvalho et al. 2008).   In 

this study, Carvalho and coauthors showed that mammalian TrxR activity was affected by 

MeHg in HeLa and HEK cells, indicating that mercurials targeted the active site SeH 

(Carvalho et al., 2008b).  In addition, Wagner et al. (2010) showed that exposure of rats to 

MeHg reduced the activity of TrxR in the liver and kidney, however, no inhibition of TrxR 

was observed in the brain (Wagner et al., 2010) after 24 hours of exposure to this 

organometal. Moreover, Branco et al. showed in vivo exposure to MeHg profoundly affected 

TrxR activity both in brain and liver of fish (Diplodus cervinus), corroborating the 

vulnerability of TrxR to this organomercury compound (Branco et al., 2011). Dalla Corte and 

collaborators also showed a significant inhibition in liver, brain and kidney TrxR acitivity in 

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

 Since the thioredoxin system is upstream of several biochemical pathways, it can be 

anticipated that its inhibition by mercurials is a key step in the development of Hg toxicity 

(Carvalho et al., 2008), and this inhibitory effect can lead to deleterious effects, leading to 

cytotoxicity and cell death. 

 

5.1.2 Interaction between MeHg and synthetic organoselenium compounds 

 

 In addition to inorganic and naturally occurring organic Se compounds, synthetic 

organoselenium compounds can also exhibit protective effects against MeHg. Especially 

considering that some synthetic organic Se compounds (as (PhSe)2 and ebselen) form a 

“selenol intermediate” which MeHg has a high affinity, or can indirectly modulate the 

oxidative stress. 

 Freitas and coauthors demonstrated that (PhSe)2 (0.4 and 1 mg / kg, sc, for 35 days) 

was able to minimize the oxidative stress caused to adult mice by consumption of MeHg (2 

mg/ kg/ day for 35 days). The researchers also showed that the animals treated with (PhSe)2 

together with MeHg consumption presented lower tissue levels of  this toxicant. The authors 

argued that the benefits conferred by (PhSe)2 against MeHg intoxication are beyond the 

antioxidant effect, suggesting that formation of a complex between a selenol intermediate, 

which possesses high nucleophilicity and high affinity for MeHg, accounts for the ability of 

(PhSe)2 to ameliorate MeHg-induced toxicity, and that the body can more easily excrete the 

toxicant (Freitas et al. 2009). In addition, (PhSe)2 decreased the deposition of Hg in cerebrum, 

cerebellum, kidney and liver (Freitas et al., 2009). 

 To justify the protective effect of this selenocompound to counteract the toxicity of 

MeHg, and the best activity when compared to other organic Se compounds, a recent study 

demonstrated that selenomethionine, which is not expected to generate a selenol/selenolate 

intermediate, did not reduce the levels of Hg after intoxication with MeHg (Santos et al., 

2007). The same study also suggested that selenomethionine protected against MeHg-induced 

toxicity by increasing the antioxidant defense, but not by a reduction in Hg body burden. 

Accordingly, is possible suggest that (PhSe)2 could possess additional beneficial properties 

against MeHg-induced toxicity when compared to selenomethionine. 

 Glaser et al (2013)  also demonstrated important protective effect to (PhSe)2, showing 

that it is a potent neuroprotective agent for preventing MeHg-induced brain poisoning, and 
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probably other neurotoxic and neurodegenerative conditions, mainly based on its capacity to 

quench MeHg protecting cells from mitochondrial dysfunction. 

 (PhSe)2 and analogues were also able to protect against against MeHg-induced 

mitochondrial dysfunction and oxidative stress in mitochondrial-enriched fractions from adult 

Swiss mouse brain. In this study the protective effects of compounds was shown to be directly 

proportional to their GPx-like activity (Meinerz et al., 2011). 

 In addition, Ebselen, another synthetic organoselenium compound, protected 

developing rats from MeHg neurotoxicity, by disruption in glutamate homeostasis (release 

and uptake), during lactation period (Farina et al., 2003a). In adult mice, Ebselen blunted the 

MeHg inhibited glutamate uptake by cortical brain slices and decreased cortical glutathione 

peroxidase activity (Farina et al., 2003b). 

 Since ebselen can form both “selenol intermediates” and an ebselen diselenide (Zhao 

et al., 2002 a, b; Sausen de Freitas et al., 2010), part of the observed neuroprotective effect of 

ebselen against MeHg could also be a consequence of the reduction in Hg deposition in the 

brain. 

 In contrast, Dalla Corte et al (2013) did not observed any protective effect of (PhSe)2 

to MeHg, except when total and no-proteic thiol levels were tested. In this study, Se 

compound increased the accumulation of Hg in the tissues, leading to an increase in the 

toxicity. 

 

6. Concluding remarks  

 

Selenium is an essential trace element and being a constituent of selenoenzymes (e.j. 

GPx and TrxR), it plays its essentiality on the maintenance of cellular redox balance 

(Brigelius-Flohe et al., 1994; Arner and Holmgren, 2000). Moreover, this element (organic 

and inorganic forms) has been used due to its important health benefits, acting on prevention 

and mitigation of many diseases (Velardos et al., 2004; Rayman et al., 2008; Nogueira et al., 

2004). On the other hand, some studies have demonstrated a toxic potential for Se 

compounds, suggesting the need for additional studies aiming to investigate the actual limits 

between toxicity and protective effects exerted by these compounds. 

In contrast to this essential element, Hg is an extremely toxic element, especially at its 

organic form, MeHg, which is consumed by the population through diet (Clarkson et al., 
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2003). This organometal has harmful effects especially to the CNS and can lead to significant 

cognitive impairment (Farina et al, 2003). The interaction of Hg compounds with intracellular 

Se pools has been shown as a major mechanism of toxicity, being selenoezymes important 

targets during Hg compounds poisoning events. 

In this context, considering the protective effects of Se compounds, they may be 

valuable allies in the treatment of MeHg poisoning, and also they can reduce the toxic effects 

caused by this compound mainly by reducing the interaction with important intracellular 

macromolecules containing Se. However, studies regarding the protective effect of these 

compounds are still controversial. While some Se compounds are shown to protect against 

MeHg toxicity (Freitas et al., 2009; Glaser et al., 2013; Meinerz et al., 2011), others can 

exacerbate MeHg deleterious effects (Dalla Corte et al., 2013). Thus, a question remains 

unsolved: what is the actual mechanism involved in this equation?  

 Furthermore, despite the high levels of MeHg presented in seafood, it offers abundant 

natural protection against MeHg. This has important implications in human health, since fish 

contains many essential nutrients that are often needlessly avoided because of misguided fears 

associated with its consumption. Then, another important question to be addressed is the 

Hg:Se ration in the ecosystems, considering that small changes can lead to a greater 

accumulation of MeHg in fish, and consequently higher intake by humans. Such analysis is 

also important considering fish as a great source of micronutrients, important to healthy 

development. 
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Table 1: The most known organisms (eukaryotes) used experimentally 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 
Caenorhabditis elegans and 

C. briggsae 
1 

Apicomplexan parasites Plasmodium sp. 4 

 Toxoplasma 5 
Kinetoplastidan 

parasites 
Leishmania and 
Trypanosoma 

3 

Crustacea Daphnia magna 7 

Heterokontophyta Thalassiosira pseudonana 16 
 

Information presented in this table was compiled from: Lobanov et al., 2007; Lobanov et al., 2009; Novoselov et 
al., 2007; Gladyshev et al., 1999; Castellano et al., 2001; Clark et al., 2007; Kryukov et al., 2003; Gregory et al., 
2004. 
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Table 2: Human selenoproteins and their functions. 

 

Selenoprotein/Selenoenzyme Fuctions 

Cytosolic GPx (GPx 1) 
Catalyzes the reduction of H2O2 and some organic 

hydroperoxides in aqueous compartment of cytosol. 
Gastrointestinal GPx 

(GPx 2) 
Protects against oxidative damage (similar to GPx1) 

Plasma GPx (GPx 3) 
Antioxidant in extracellular fluids, efficient in the plasma; 

active in plasma Se transport to other tissues. 

Phospholipid hydroperoxide 
GPx (GPx4) 

Can directly reduce phospholipid and cholesterol 
hydroperoxides; it protects biomembranes from peroxidative 

degradation 

GPx 6 Protects against oxidative damage. (n.d.) 

Thioredoxin reductase 1 
(TrxR1) 

Catalyzes NADPH-dependent reduction of oxidized 
thioredoxin which is involved in cellular redox regulation. 

Thioredoxin reductase 2 
(TrxR2) 

Similar to TrxR1 (localized in mitochondria). 

Thioredoxin glutathione 
reductase (TrxR3) 

Catalyzes the reduction of thioredoxin and glutathione; it has 
a disulfide bond isomerization activity probably involved in 

spermatogenesis. 

Type 1 deiodinase (DIO 1) 
Activates thyroid hormone - converts thyroid prohormone T4 

to active hormone T3. 

Type 2 deiodinase (DIO 2) 
Similar to DIO1; regulatory function in the brain and central 

nervous system. 

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

Methionine sulfoxide reductase 
B1 (MsrB1 or X or R) 

Redox control; it contributes to antioxidant defenses by 
reducing methionine sulfoxide in proteins back to methionine 

Selenophosphate synthetase 
(SPS2) 

Catalyzes the conversion of selenide to selenophosphate, 
which provides selenium for the biosynthesis of 

selenocysteine. 

Selenoprotein 15 kDa 
(Sep 15) 

Thiol-disulfide isomerase activity, possibly involved in 
disulfide bond formation and in protein folding and transport 

from ER. 

Selenoprotein S 
Influences inflammatory response; might protect cells from 
ER stress-induced apoptosis; linked to glucose metabolism 

and insulin sensitivity. 

Selenoprotein P 
Act as antioxidant, heavy metal chelator and selenium 
transporter and delivery in plasma (10Sec/molecule) 

Selenoprotein N 
Regulate calcium in ER mobilization required for early 

muscle development (mutations cause myopathies) 

Selenoprotein W 
Needed for muscle function; potencial antioxidant function.; 

may regulate the redox state of 14-3-3 proteins 

Selenoprotein T Involvement in the control of glucose homeostasis 

Selenoprotein H Nucleolar oxidoreductase function 

Selenoprotein K 
ER-membrane protein important for promoting effective 
Ca(2+) flux during immune cell activation; involved in the 

protection from ER stress agents-induced apoptosis 
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Selenoprotein M 
Thiol disulfide oxidoreductase that participate in the 
formation of disulfide bonds in ER; neuroprotective 

properties 

Selenoprotein O Redox-active mitochondrial selenoprotein 

Selenoprotein I n.d 

Selenoprotein V n.d 

 
Information presented in this table was compiled from: Moghadaszadeh and Beggs, 2006; Papp et al., 2007; 
Rayman et al., 2012, 2000; Gromer et al., 2005; Fomenko et al., 2009; Fergunson et al., 2005; Liu and 
Rozovsky, 2013; Yao et al., 2013; Prevost et al., 2013; Verma et al., 2011; Du et al., 2010; Reeves et al., 2010; 
Zhao et al., 2012; Han et al., 2014. 
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Figure 1. Biogeochemistry cycle of selenium 
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Figure 2. Structure of organoselenium compounds referred in this review  
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Figure 3. Comparison between the catalytic cycle of the selenoenzyme GPx (A) and the GPx-
like cycle of (PhSe)2 (B) and ebselen (C). 
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2. ARTIGOS CIENTÍFICOS 
 
  

 Os resultados que fazem parte desta tese estão apresentados sob a forma de artigo 

científico (1) e manuscritos (2). Os itens materiais e métodos, resultados, discussão e 

referências bibliográficas, encontram-se nos próprios artigos e manuscritos. O artigo está 

disposto na forma em que foi publicado na revista Brazilian Jornal of Medical and Biological 

Research. Os manuscritos estão dispostos na forma em que normalmente submete-se à 

publicação. 
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DIPHENYL DISELENIDE PROTECTS AGAINST METHYLMERCURY 
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ABSTRACT 

 Exposure to methylmercury (MeHg), an important environmental toxicant, may lead 

to serious health risks, damaging various organs and predominantly affecting the brain 

function. This effect may be related to the inhibition of important selenoenzymes, such as 

glutathione peroxidase (GPx) and thioredoxin reductase (TrxR).  Experimental studies have 

shown that selenocompounds play an important role as cellular detoxifiers and protective 

agents against the harmful effects of mercury. The present study investigated the mechanisms 

by which (PhSe)2 and ebselen interfered with the interaction of mercury (MeHg) and 

selenoenzymes (TrxR and GPx), using an experimental model of human neuroblastoma cells 

(SH-SY5Y).Our results established that (PhSe)2 and ebselen increased the activity of TrxR, 

but only (PhSe)2 caused a significant increase of TrxR expression. In contrast, MeHg 

inhibited TrxR activity and expression even at low doses. Coexposure to selenocompounds 

and MeHg showed a protective effect of (PhSe)2 on both the activity and expression of TrxR. 

However, ebselen failed to induce TrxR expression. When the selenoenzyme GPx was 

evaluated, selenocompounds did not alter its activity, but (PhSe)2, when added to cultures 

alone, increased the expression of GPx, whereas MeHg inhibited the activity of GPx. Among 

the selenocompounds only (PhSe)2 protected against MeHg’s effects on GPx activity. Taken 

together, these results indicate a potential use for ebselen and (PhSe)2 against MeHg toxicity. 

Furthermore, for the first time, we have demonstrated that (PhSe)2  caused a more pronounced 

upregulation of TrxR than ebselen in neuroblastoma cells, likely reflecting be an important 

molecular mechanism involved in the antioxidant properties of this compound. 

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

reducatese and Glatathione Peroxidase. 
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INTRODUCTION  

 Mercury (Hg) is one of the most harmful metals in the environment. Exposure to this 

element, particularly in the form of methylmercury (MeHg), which is present in variable 

amounts in fish and seafood, can cause serious health risks.1-3 MeHg readily crosses the blood 

brain barrier and disrupts normal brain function.2,4 In addition, MeHg can also lead to severe 

damage to immune and cardiovascular systems,5-7 kidney 8 and induce genetic damage.9 

 Exposure to MeHg has been associated with oxidative stress in vivo10 and in vitro11,12 

and it can alter the antioxidant defense system by inhibiting sulfhydryl (-SH) and 

selenohydryl (-SeH) containing proteins.2,13-16 In this context, studies suggest that the activity 

of selenoenzymes, such as glutathione peroxidase (GPx), might be negatively affected by 

MeHg.17,18 Furthermore, thioredoxin reductase (TxrR), a high priority selenoenzyme, is 

particularly sensitive to mercury compounds both upon in vitro15,19 and in vivo exposure.14,16  

Branco et al. showed in vivo exposure to MeHg profoundly affected TrxR activity both in 

brain and liver of fish (Diplodus cervinus), corroborating the vulnerability of TrxR to this 

organomercury compound.20 

 As an integral component of selenoproteins, selenium is an important essential trace 

element with several biological functions.21,22 Selenoenzymes, such as GPx and TrxR serve as 

potent antioxidants and inorganic selenium (Se) has been reported to antagonize the toxicity 

of several heavy metals, including mercury.23 To counteract or minimize Hg-induced toxicity, 

selenium compounds can act by improving antioxidant defenses2,24-26 and/ or by inducing 

changes in the distribution, deposition and excretion of Hg.2,24,27 Nevertheless, there is a 

dearth of information on the molecular mechanism(s) involved in the protection afforded by 

organic forms of selenium against the toxicity of MeHg .24,27  

 Diaryl diselenides and ebselen are synthetic organoselenium compounds, with 

antioxidant properties.28-30 Both compounds have been shown to possess thiol peroxidase-like 

activity and neuroprotective properties in experimental models of toxicity both in vitro and in 

vivo. 24,31-35 Notably, both diphenyl diselenide [(PhSe)2] and ebselen have been reported to 

protect against MeHg in vivo and in vitro neurotoxicity, 24,36-38 yet the mechanism(s) 

associated with their efficacy has yet to be recognized. We have postulated that ebselen and 

(PhSe)2 can be reduced to selenol intermediates (either via a direct interaction with thiols or 

indirectly via NADPH mediated TrxR reduction), which subsequently bind to the -Hg moiety 

in the MeHg molecule.2,24 However, recent reports have indicated that ebselen and (PhSe)2 
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can have antioxidant properties by stimulating the transcription of antioxidant genes, 

increasing the synthesis of selenoenzymes with antioxidant properties.39-41 Therefore, the 

objective of the present study was to determine whether the beneficial properties of (PhSe)2 

and ebselen in mitigating MeHg-induced neurotoxicity are associated with increased synthesis 

of selenoenzymes. Accordingly, the present study investigated the mechanisms by which 

(PhSe)2 and ebselen interfered with the interaction of mercury (MeHg) and selenoenzymes 

(TrxR and GPx), using an experimental model of human neuroblastoma cells (SH-SY5Y). 

 

MATERIALS AND METHODS 

Chemicals. Selenium compounds (Diphenyl diselenide and Ebselen) (Figure 1), MeHg and 

other laboratory chemicals used in the experiments were purchased from Sigma- Aldrich (St. 

Louis, MO, USA). Cell culture reagents were obtained from Gibco-Invitrogen. TrxR and GPx 

1 antibody were obtained from Santa Cruz Biotechnology (CA, USA).  

 

Maintenance and treatment of cell line. Human neuroblastoma cells (SH-SY5Y) (a kind 

gift from Profª. Dora Brites, Faculdade de Farmácia Universidade de Lisboa) were grown in 

medium consisting of a 1:1 mixture of DMEM and F-12, supplemented with 10% fetal bovine 

serum, 5% of a Pen-Strep mixture (all from Gibco- Invitrogen). Cells were grown in a 

humidified incubator at 37º C and 5% CO2. 

 

Cellular viability assay. Cells were plated in 96-well plates (4x103 cells/well) and allowed to 

attach for 24 h after which different concentrations of MeHg (0, 0.1, 0.5, 1, 5, 10 µM) or 

(PhSe)2 and ebselen (1, 5, 10 and 25 µM) were added to the plates. Cell viability was 

determined at the time of addition (0h) and after 24 hours of exposure to each compound with 

the MTT assay. MTT (3[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; Sigma) 

was added to the plates at a final concentration of 400 µg/mL per well, followed by 

incubation a 37° C for 4 h. After incubation the medium was removed and the formazan 

crystals formed during the MTT reduction by viable cells dissolved in a 4:1 DMSO/Glycine 

buffer (pH 10.5 – 0.1M). Viability was then assessed by measuring formazan absorption at 

550 nm. Results are expressed as percentage of viable cell (% of control). 
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Cell culture and treatment for the assessment of enzymatic activities. The SH-SY5Y cells 

were plated (1×106) in Petri dishes, incubated at 37°C and allowed to reach 70-80% 

confluence. Fresh medium was then added to the cells with the following concentrations of 

various compounds:  (PhSe)2 (0.1, 0.5, 1, 2.5 and 5 µM);  ebselen (0.1, 0.5, 1, 2.5 and 5 µM); 

MeHg (0.1, 0.5, 1, 2.5 and 5 µM) and co-exposure to (PhSe)2  or ebselen (0.5, 1, 2.5 and 5 

µM) and MeHg (1 µM). 

 After 24 h incubation, the cells were harvested from plates and lysed in a buffer 

containing: 25 mM Tris (pH 7.5), 0.1 M NaCl, 2.5 mM EDTA, 2.5mM EGTA, 0.5% Triton 

X-100, 20 mM β glycerolphosphate, 1 mM Na3VO4, 20mM NaF, and 10mM Na2P2O7. Cells 

were then in accordance with requisite protocols, as described below. 

 

Protein determination. The protein content was determined by the method of Bradford et 

al.42 Briefly, 1 μL supernatant was incubated with Coomassie dye (Bio-Rad; diluted 5 times) 

in 96-well plates and read at 595 nm in a microplate reader (Zenyth 3100, Anthos Labtec 

Instruments). Bovine serum albumin was used as standard. 

 

Measurement of glutathione peroxidase activity. The activity of cytosolic seleno-

dependent glutathione peroxidase 1 (GPx) was measured according to the method by 

Esworthy and coauthors.43 Forty μg of protein from whole cell lysates were mixed in 96-well 

plates with sodium phosphate buffer (50 mM, pH 7.0), GSH (10 mM), NADPH (2 mM), 

sodium azide (1.125 mM), and GR (100 U/mL). A 5 mM solution of H2O2 was used as the 

substrate. The oxidized glutathione (GSSG) resulting from H2O2 degradation by GPx is 

reduced to GSH in the presence of GR and NADPH. The decrease in NADPH is monitored at 

340 nm for 5 min at 30 ºC and used to calculate GPx activity. The activity was expressed 

relative to control activity (relative GPx activity- % of control, standardized to protein levels). 

 

Determination of TrxR activity.  TrxR activity was determined with the insulin endpoint 

assay44 for complex biological samples. For TrxR activity determination, 30 μg of soluble 

protein samples were incubated in 96-well plates with 0.3 mM insulin, 720 μM NADPH, 2.5 

mM EDTA, and 3 μM fully reduced human Trx (IMCO Corp., Sweden) in 85 mM Hepes 

buffer (pH 7.6), for 20 min at room temperature. Control wells containing the same reagents, 
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but excluding Trx addition, were prepared in parallel. After the incubation period, 250 μL of a 

1 mM DTNB solution in 6 M guanidine hydrochloride (pH 8.0) were added to each well and 

absorbance was measured in a microplate reader (Zenyth 3100, Anthos Labtec Instruments) at 

412 nm. TrxR activity was quantified as the difference in absorbance between the Trx 

containing well and the control well. The activity was expressed relative to control activity 

(relative TrxR activity- % of control, standardized to protein levels). 

 

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

separation of lysates (50 µg of protein) by SDS-PAGE on a 12 % Bis-Tris gel with MES 

running buffer (Invitrogen). For TrxR1, the following antibodies were used: rabbit anti-

human TrxR (sc-20147; Santa Cruz Biotechnology), rabbit anti-human GAPDH (sc-25118; 

Santa Cruz Biotechnology) and goat anti-rabbit IgG-HRP (sc-2004; Santa Cruz 

Biotechnology). For GPx1 the antibodies utilized were: anti GPx1 goat polyclonal IgG (sc-

22145) and donkey anti-goat IgG-HRP (sc-2020) (Santa Cruz Biotechnology). Western blots 

shown are representative of two independent experiments. 

 

Statistical analysis. All values are calculated as mean ± standard error (SEM), and expressed 

as percentage of control. Differences between the groups were analyzed by one or two-way 

ANOVA, followed by Dunnett’s multiple comparison test. P values < 0.05 were considered 

statistically significant.  

 

RESULTS 

 

Cell viability.  After 24 hours of exposure, cell viability was decreased by ~50% in the 

presence of 5-10 µM of MeHg.  In contrast, 25 µM of (PhSe)2 and ebselen caused only a 

significant, yet much smaller decrease in cell viability (~15%) (Figure 2). 

 

Thioredoxin reductase activity. Thioredoxin reductase activity in human neuroblastoma 

cells was significantly decreased by MeHg exposure. The inhibitory effect was concentration-

dependent and observed from 0.5 (p<0.05) to 5 µM of MeHg. At 5 µM MeHg the inhibitory 
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effect was ~80% (p<0.0001) (Figure 3A). MeHg (1 µM) caused 50% inhibiton in TrxR 

activity. Accordingly, this concentration was chosen for the co-exposure assay with the 

selenium compounds. 

 Both (PhSe)2 and ebselen caused a significant increase in TrxR activity at high 

exposure concentrations (2.5 and 5 µM) when compared to control. Notably, TrxR activity 

was more effectively increased by (PhSe)2 than ebselen, corresponding to a 4-fold increase at 

the highest tested concentration (Figure 3B), whereas ebselen increased TrxR  activity by only 

1.5 fold (Figure 3C).  

 Co-treatment of SH-SY5Y cells with (PhSe)2  (2.5 and 5 µM) ) blunted the inhibitory 

effect of MeHg (1µM), and at 5 µM(PhSe)2 significantly increased  TxrR activity to levels 

higher than controls (Figure 4A). In contrast, ebselen did not reverse the inhibitory effect of 

MeHg on TrxR activity (Figure 4B). 

 

Glutathione peroxidase activity. As depicted in Figure 5A, MeHg at concentrations of 1 µM 

to 5 µM caused a small, yet significant (p<0.01) decrease in GPx activity in neuroblastoma 

cells, albeit it the effect was not concentration-dependent. In contrast, selenium compounds 

did not alter the activity of this selenoenzyme (Figure 5B and 5C).  

 Diphenyl diselenide (5 µM), blunted the inhibitory effect of MeHg on GPx activity 

(Figure 6 A). However, co-exposure to ebselen with MeHg failed to modify the inhibitory 

effect of MeHg on GPx activity (Figure 6 B). 

 

Western blot. As shown in Figure 7, (PhSe)2  induced an increase in TrxR protein expression 

in neuroblastoma cells. This effect was concentration-dependent. Diphenyl diselenide also 

slightly increased the expression of GPx at lower concentrations. In contrast, ebselen did not 

change the expression of TrxR, but increased GPx1 protein expression upon co-treatment with 

MeHg. 
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DISCUSSION 
  

 In the present study, we demonstrated that exposure of human neuroblastoma cells 

(SH-SY5Y) to MeHg was associated with cell mortality, corroborating analogous effects in 

human cervical carcinoma HeLa cells and human hepatoma cells (HepG2).15,26 Cell death is 

likely triggered by the ability of MeHg to induce oxidative stress.2,4 Herein, we investigated 

the mechanisms that may mediate this effect, taking advantage of antioxidant organoselenium 

compounds.  

 Considering that the toxicity of MeHg is associated with the generation of reactive 

oxygen species (ROS), mainly by inhibiting sulfhydryl  (-SH) and selenohydryl (-SeH) 

containing proteins, such as selenoezymes,2,13-15 we have used the activity and protein 

expression of the selenoenzymes TrxR and GPx as endpoints of MeHg neurotoxicity. These 

enzymes are known important molecular targets of MeHg toxicity.14,15,17,19,24   

 MeHg caused a significant inhibition of both TrxR and GPx activity, possibly related 

to a reduction in enzymes synthesis and/or a direct interaction of MeHg with the selenol 

groups of these enzymes.2 Earlier studies have indicated that MeHg can inhibit TrxR and GPx 

derived from various tissues and experimental models.14,16,20,45  Here, we observed that the 

sensitivity of TrxR to MeHg was higher than that of GPx. This likely reflects the presence of 

the selenocysteine (Sec) residue in close proximity to three Cys residues in the open C-

terminus of mammalian TrxR15,46 vs. the GPx active site, where the Sec residue is in close 

proximity to Gln and Trp residues.47 This accessibility, and the ability of the TrxR to bind 

electrophilic agents,48 such as mercury compounds, increases significantly the reactivity of 

MeHg with the active site of TrxR.45 

 As a corollary to the above, it has been previously hypothesized that antioxidants 

might be useful tools to mitigate MeHg toxicity,2,10,11,49,50 since there is no effective treatment 

to completely counteract its ill effects. Accordingly, selenium compounds with antioxidant 

properties might offer efficacious treatment against injury caused by MeHg as demonstrated 

here and in other studies.2,24,27,51 The protective effect of the selenium compounds, when 

cotreated with MeHg, might be related to the potential effects of these compounds to 

scavenge hydroxyl, superoxide and peroxyl radicals.27,52 In this context, a study by Li et al. 

reported that in humans exposed to Hg, daily supplementation with selenium-enriched yeast 

for three months decreased the urinary levels of biomarkers of oxidative stress, such as 

malondialdehyde and 8-hydroxy- 2-deoxyguanosine. In addition, in the same study the 
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authors demonstrated another important property of selenium compounds in counteracting Hg 

toxicity, showing an increase in the excretion of Hg after supplementation of volunteers with 

selenomethionine.27 

 Moreover, considering that TrxR is an important target of MeHg 14-16,19,20,26,45 (PhSe)2, 

as an antioxidant organoselenium compound, may be considered an efficacious compound in 

protecting against MeHg toxicity. Our findings showed a significant increase in TrxR activity 

and expression when neuroblastoma cells were treated with (PhSe)2 alone. Furthermore, 

(PhSe)2 when co-administered with MeHg fully reversed the inhibitory effect of MeHg on 

TrxR activity.  The molecular mechanism(s) involved in the protection afforded by (PhSe)2 

likely reflect its ability to induce the synthesis of TrxR41. Furthermore, (PhSe)2 may also be 

transformed into its selenol intermediate and bind to MeHg with high affinity.24,53 In contrast, 

ebselen, another important organoselenium compound with marked antioxidant properties, 

had only a modest protective effect against MeHg.  The weak efficcacy of ebselen in 

counteracting the toxicity of MeHg may be related to its weak effect as inducer of TrxR, 

despite its documented ability to decrease the toxicity of MeHg both in rats and mice.2,36,37,54 

 Treatment of neuroblastoma cells with ebselen and (PhSe)2  did not increase the total 

GPx activity, but (PhSe)2 treatment alone increased the expression of this selenoenzyme.  

(PhSe)2 and ebselen are mimetics of GPx activity30,39,53 and exposure of endothelial cells to 

these compounds has been shown  to increase in the expression of GPx 4 and the total GPx 

activity.39 However, as demonstrated in our study, (PhSe)2  induced a significantly higher 

increase in both cellular GPx expression when compared to ebselen.39  

 Moreover, (PhSe)2 and ebselen can be reduced to selenol intermediates both after a 

direct reaction with thiol groups55 or via a NADPH-dependent reduction catalyzed by TrxR 

reductase.56,57 Of particular significance to our results, is the observation that (PhSe)2 serves 

as a better mimetic of GPx,39,53,58 and it is also a better substrate for TrxR than ebselen.53,59 

Taken together, the protective effect of (PhSe)2 and ebselen against MeHg toxicity may be 

associated with their antioxidant properties (for instance, as a mimetics of GPx).  However, 

the up-regulation of TrxR may also be involved in direct neuroprotective effect of (PhSe)2 

observed here. 

 In conclusion, our results support the potential use of selenocompounds, such as 

(PhSe)2 against MeHg toxicity and other xenobiotic TrxR/Trx inhibitors. Furthermore, we 

have demonstrated for the first time that (PhSe)2 caused up-regulation of TrxR in 

neuroblastoma cells, reflecting an important molecular mechanism in the antioxidant 

properties of this compound.       
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LEGENDS TO FIGURES 

 

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

(b). 

 

Figure 2. Effect of MeHg, (PhSe)2 and ebselen on viability in SH-SY5Y cells.  Data are 

expressed as percentage of control and the values are mean ± S.E.M. of 4 independent 

experiments. * P < 0.05, and **** P < 0.0001 vs. control. 

 

Figure 3. Effect of MeHg (A), (PhSe)2 (B) and Ebselen (C) on TrxR activity in SH-SY5Y 

cells. Data are expressed as percentage activity relative to control and the values are mean ± 

S.E.M. of 4-5 independent experiments. * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 

0.0001 vs. control. 

 

Figure 4.  Effect of co- treatment with (PhSe)2  and MeHg (A) and co-treatment with ebselen 

and MeHg (B) on TrxR activity in SH-SY5Y cells. Data are expressed as percentage activity 

relative to control and the values are mean ± S.E.M. of 4-5 independent experiments. ** P < 

0.01, *** P < 0.001 and **** P < 0.0001 vs. control; #### P < 0.0001 vs. MeHg. 

 

Figure 5. Effect of MeHg (A), (PhSe)2 (B) and Ebselen (C) on GPx activity in SH-SY5Y 

cells. Data are expressed as percentage activity relative to control and the values are mean ± 

S.E.M. of 4-5 independent experiments. * P < 0.05, ** P < 0.01 vs. control. 

 

Figure 6.  Effect of co- treatment with (PhSe)2  and MeHg (A) and co- treatment with ebselen 

and MeHg (B) on GPx activity in SH-SY5Y cells. Data are expressed as percentage activity 

relative to control and the values are mean ±S.E.M. of 4-5 independent experiments. # P < 

0.05 vs. MeHg.  

 

Figure 7.  Effect of treatment with (PhSe)2  and  ebselen alone or in co-treatment with MeHg 

on TrxR and GPx expression by western blot analysis in SH-SY5Y cells. Equal loading of 

western blots was verified with GAPDH expression and represent one of two experiments. 

(P.S.: The values of selenium compounds are expressed in µM; MeHg was used only at a 

concentration of 1µM). 
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INTRODUCTION 

 

 Methylmercury (MeHg), the organic form of mercury, is among the most potentially 

toxic species to which human populations are exposed, both at high levels through poisonings 

and at lower levels through consumption of fish and other seafood (Clarkson and Magos, 

2006). 

 Among the mechanisms proposed to explain the toxicity of MeHg, oxidative stress 

plays a crucial role demonstrated in in vivo and in vitro studies (Ascher and Syversen 2005; 

Franco et al. 2007; Meinerz et al. 2011), in which MeHg induces the generation of reactive 

oxygen species (ROS) (Sarafian, 1999) and alters the antioxidant defense system of cells by 

inhibiting their sulphydryl groups [–SH] and selenohydryl groups [-SeH], compromising the 

expression and activity of thiol and selenoenzymes (Mori et al. 2007; Branco et al., 2011; 

2014). These ROS generated, such as hydroxyl radical (.OH), superoxide anion (O2
-.), and 

hydrogen peroxide, may also attacks the DNA molecule and frequently cause oxidative DNA 

damage and altered intracellular redox status (Stohs and Bagchi, 1995; Joshi et al. 2014). On 

the other hand, selenium (Se) acts as an antagonist to the toxic effects of many heavy metals, 

including Hg (Yoneda and Suzuki 1997; Falnoga and Tusek-Znidaric 2007).  

 Moreover, selenium is a fundamental component of the living cells of a variety of 

organisms with antioxidant properties (Bock et al. 1991; Nogueira et al. 2004; Freitas et al. 

2009), and it is necessary for the expression of selenoenzymes, such as glutathione peroxidase 

(GPx) (Flohe et al. 1973) and thioredoxin reductase (TrxR) (Holmgren, 1989). In this context, 

the interest in compounds containing selenium has increased in the past three decades, mainly 

due to their biological activities (Nogueira et al. 2004).  

 Organoselenium compounds, such as (PhSe)2 - the simplest of the synthetic diaryl 

diselenides - are known as pharmacologically active compounds, exhibiting antioxidant, anti-

inflammatory, neuroprotective, and antimutagenic properties (Nogueira et al. 2004;  Rossato 

et a. 2002; Nogueira and Rocha, 2011; Farina et al. 2003). At low concentrations, these 

compounds protect cells against the insults generated by ROS production, depleting H2O2 via 

their GPx mimic activity (Mugesh and Singh, 2000). Based on this, it appears that (PhSe)2 

could behave as a potent protective compound in models of toxicity. 

 In this regard, the purpose of the present study was evaluated whether human 

leukocytes in vitro exposed to low levels of MeHg are subject to toxicity. Moreover, we 

evaluated the possible protective effect of (PhSe)2, an potent antioxidant compound, to 
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counteract the toxicity caused by MeHg related to cell viability, DNA damage and changes in 

gene expression (TrxR, GPx and NFE2L2) in the same exposed cells.  

 

 

MATERIALS AND METHODS  

 

Chemicals  

 

 Diphenyl diselenide, methylmercury, Trypan’s Blue, dextran, tungstosilicic acid and 

Triton X-100 were obtained from Sigma- Aldrich (St. Louis, MO). All the other reagents 

were purchased from standard chemical suppliers. 

 

Sample Preparation 

 

 Leukocytes were isolated from heparinized venous blood obtained from healthy 

volunteers (4 volunteers for each methodology). The protocol of study was reviewed and 

approved by the appropriate institutional review board from Guidelines of the Committee of 

UFSM (0089.0.243.000-07). 

 Briefly, 2 mL of dextran 5% (dissolved in Phosphate Buffer Saline 1%) was added to 

8 mL of blood. The tube was gently mixed and left to stand at room temperature for 45 

minutes. Afterwards, the supernatant was centrifuged (480 ×g, 10 min) and plasma was 

discarded. The pellet was washed with erythrocyte lysis solution (NH4Cl 150 mM; NaHCO3 

10 mM; EDTA 1 mM) and centrifuged (480 ×g, 2 min). The supernatant was discarded and 

the pellet was washed twice with 1mL erythrocyte lysis solution. After the second 

centrifugation, the pellet was suspended in 2 mL Hank’s buffer solution (KCl 5.4 mM; 

Na2HPO4 0.3 mM; KH2PO4 0.4 mM; NaHCO3 4.2 mM; MgCl2 0.5 mM; NaCl 122.6 mM; D-

glicose 10 mM, Tris- HCl 10 mM; CaCl2 1.3 mM; pH 7.4). The concentration of leukocytes 

was adjusted to 2000 cells/�L. 

 

Leukocytes Exposure to compounds 

 

 Leukocytes were exposed to (PhSe)2, or MeHg at 1, 5, and 10 �M or they are co-

treated with (PhSe)2 and MeHg at the same concentrations and as control (vehicle) was used 
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an equal volume of ethanol (final concentration of 0.2%) during 3 hours at 37 °C. Positive 

control group was treated with hydrogen peroxide (H2O2) 2 mM and sodium azide 1 mM. 

 

Trypan’s Blue Exclusion Test 

 

 Trypan’s Blue exclusion test was performed according to Mischel and Shiingi (1980). 

After 3 hours of incubation, 50 �L of Trypan’s Blue 0.4% was mixed with 50 �L of 

leukocytes and left to stand at room temperature for 5 minutes. Cell viability was determined 

microscopically (400 x magnification) and expressed as number of viable cells divided by the 

total number of cells multiplied by 100. 

 

Comet Assay 

 

 Comet Assay was performed according to Collins (2004) with some modifications. 

After three hours of incubation, 15 �L of the sample was mixed with 90�L of low melting 

point agarose 0.75% and placed in a slide pre covered with agarose 1%. A coverslip was 

added and the samples were left to solidify at 4°C. The coverslips were removed and the 

slides were placed on a lysis solution (NaCl 2.5 M; EDTA 100 mM; Tris-HCl 8 mM; Triton 

X-100 1%; pH 10-10.5) during 24 hours at 4 °C. Afterwards, the slides were incubated in an 

electrophoresis solution (NaOH 300 mM; EDTA 1 mM; pH 13.5) for 20 minutes at 4°C and 

the electrophoresis was performed (25 V; 300 mA; 7 W) for 20 minutes. All the steps were 

performed in the dark until this moment. After electrophoresis, the slides were washed in a 

neutralizing solution (Tris-HCl 400 mM; pH7.5) three times, washed with distilled water, and 

left to dry. The slides were rehydrated and fixed (Trichloroacetic acid 15%; ZnSO4 5%; 

glycerol 5%), washed thrice with distilled water, and left to dry. Afterwards, the rehydrated 

slides were stained (Na2CO3 5%; NH4NO3 0.1%; AgNO3 0.1%; H4[W12SiO40] 0.25%; 

formaldehyde 0.15%). The slides were immersed in acetic acid 1%, washed, and left to dry.  

 One hundred cells randomly selected were analyzed in each sample according to tail 

size and intensity in five classes. The damage score for each cell can range between 0 (no 

damage) and 4 (maximum damage), according to Figure 1. Damage index (DI) was defined as 

follows: DI = 1�1 + 2�2 + 3�3 + 4�4, where �1 represents the number of cells with damage 

level 1, �2 represents the number of cells with damage level 2, �3 represents the number of 

cells with damage level 3, and �4 represents the number of cells with damage level 4. At least 

two different individuals analyzed the slides under blind conditions. 
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Real time RT-PCR analysis of mRNA 

 

 After incubation time, leukocytes were immediately centrifuged at 480 x g during 5 

minutes. The buffer was discarded and the leukocytes were homogenized in 1 mL of 

TriZOL®. 

            Total RNA extraction was performed according to manufacturer’s instructions 

(Invitrogen, USA). RNA samples were dissolved in 20 µL of water, and the quality/integrity 

of RNA was confirmed in agarose 1% gel stained with ethidium bromide 0.5 µg/mL and 

visualized under ultraviolet light. RNA samples were treated with DNase I according to 

manufacturer’s instructions and reverse transcripted in cDNA molecules using M-MLVRT 

reverse transcriptase enzyme according to manufacturer’s instructions (Invitrogen, USA). 

            Gene expression analysis was performed through real-time Polymerase Chain 

Reaction (PCR). The reaction mixture for PCR reaction contains: 10 µL diluted 1:100 cDNA 

or water as negative control; 0.2 µM primers; 0.2 mM deoxiribonucleotide triphosphates; 1.5-

3 mM MgCl2; 1x PCR buffer; 0.05 U/µL Taq DNA Polymerase; and 0.01x SYBR Green. The 

reaction was submitted to the following cycling conditions: Taq DNA Polymerase activation 

at 95°C for 3 min, followed by 40 cycles of 15s at 95°C (denaturation), 15s at 58-62°C 

(annealing), and 15s at 72°C (extension). Threshold levels were manually determined using 

StepOne Software v2.0 (Applied Biosystems, NY). SYBR Green fluorescence and Cq values 

generation were analyzed using StepOne Software v2.0 (Applied Biosystems, NY). 

            The analyzed genes were TRXR1, GPX4 and NFE2L2. The reference genes were 

GAPDH and RPL30. Primers were designed using Primer3 or BLAST software based on 

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

1. Results are expressed as relative expression, which will be calculated using 2-ΔΔCq formula 

(Livak and Schmittgen, 2001). 

 

Statistical Analysis 

 

Statistical analyses were performed using analysis of variance (ANOVA) followed by 

Newman- Keuls multiple test when appropriate. The results are expressed as mean ± SEM for 

three to four independent replicates. The difference was considered significant when � < 0.05. 
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RESULTS 
 
 
 
Cell viability 
 
 Diphenyl diselenide did not cause any significant toxic effects on leukocytes at 

concentrations tested (1, 5 and 10 µM) when compared to the control. However, MeHg at 

concentrations from 5µM caused a significant decrease in cell viability when compared to the 

control. Furthermore, at the highest concentration tested, the cell viability was about 35% (P 

<0.001) (Figure 2). 

 Diphenyl diselenide was able to protect against the toxic effect of MeHg at 

concentrations of 1 and 5 µM when co-exposed to 5 µM of MeHg, and at concentrations of 5 

and 10µM when co-exposed to 10µM of MeHg, avoiding significantly the cell mortality 

(Figure 3). 

 The positive control (H2O2 2 mM and sodium azide 1 mM) caused a significant 

decrease in cell viability (approximately 33%) when compared to control (Fig. 3, P < 0.001).  

 
 
 
 
DNA damage  
 
 Figure 4 shows the effects of (PhSe)2 and/ or MeHg on DNA damage in human 

leukocytes in vitro. As expected, H2O2 and azide used as a positive control caused a 

significant increase in the damage index values when compared to the control (P < 0.001). 

Incubation of human leukocytes with (PhSe)2 until 10 �M did not show significant increase in 

the damage index. However, the MeHg even at lowest concentration tested, induced a 

significant increase in the DNA damage when compared to control (P<0.01), suggesting a 

possible induction of DNA double-strand breaks. 

 Nevertheless, when the leukocytes where co-exposed to (PhSe)2 and MeHg, the 

selenium compound had an effective activity in atenuate the DNA damage caused by the 

mercury toxic compound, at two concentrations tested (Figure 4). 
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Levels of mRNA expression  
 
 

 Fig. 5 shows the expression of TrxR1, GPx 4 and NFE2L2 in human leukocytes 

treated with (PhSe)2 and and/or MeHg. Exposure of human leukocytes to (PhSe)2, alone or 

co-treated with MeHg 5µM, caused a significant increase in TrxR1 expression when 

compared to control (P < 0.05, Figure 5A). On the other hand, the treatment only with MeHg 

did not change the expression of TrxR1. 

 The GPx 4 expression did not show any significant difference among the treatments 

(Figure 5 B). In contrast, when the NFE2L2 expression was evaluated, only the exposition of 

leukocytes to MeHg was able to increase significantly its expression (P < 0.05) (Figure 5C). 

But the selenium compound tested, did not modify the expression 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 sequence (5'-3') Amplicon  

Tiorredoxina Redutase 1 TXNRD1 NM_001093771 GCATCAAGCAGCTTTGTTAGG 95pb 

NM_001093771 TCATTCTGTCCCAATCATGC 

Glutationa Peroxidase 4 GPX4  NM_001039847 AGATCCAACCCAAGGGCAAG 72 pb 

NM_001039847 GACGGTGTCCAAACTTGGTG 

Nuclear factor  NFE2L2 NM_001145412 AACCAGTGGATCTGCCAACT 134pb 

(erythroid-derived 2)-like 2 NM_001145412 ACGTAGCCGAAGAAACCTCATT 

Glyceraldehyde-3-phosphate  GAPDH NM_001256799 TTCGTCATGGGTGTGAACC 112pb 

dehydrogenase NM_001256799 AGTTGTCATGGATGACCTTGG 

Ribosomal protein L30 RPL30 NM_000989 GATGATCAGACAAGGCAAAGC 105pb 

    NM_000989 ACACCAGTTTTAGCCAACATAGC   
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LEGENDS  
 
 
Figure 1. Damage levels considered for analysis in Comet Assay. Level 5 was excluded from 

our evaluation. This figure is based on Santos et al. (2009). 

 

Figure 2. Effect of (PhSe)2 or MeHg on cell viability of human leukocytes in vitro. Data are 

expressed as means ± SEM of four independent experiments. * P <0.05 and *** P < 0.001 vs 

control. 

 

 
Figure 3. Effect of co-exposure to (PhSe)2 and MeHg on cell viability of human leukocytes in 

vitro. Data are expressed as means ± SEM of four independent experiments. * P <0.05 and 

*** P < 0.001 vs control; $ P < 0.05 vs MeHg 5µM; ### P < 0.001 vs MeHg 10µM.  (The 

dotted line represents the control (100%) and PC: positive control). 

 

Figure 4.  Damage index (DI) of human leukocytes exposed to (PhSe)2 and/ or MeHg. Data 

are expressed as means ± SEM of four independent experiments. ** P <0.01 and *** P < 

0.001 vs control; $ P < 0.05 vs MeHg 5µM; ### P < 0.001 vs MeHg 10µM. (Positive control 

had a DI of 388 ± 4.94). 

 
Figure 5. Effect of (PhSe)2 and/ or MeHg treatment on human leukocytes relative mRNA 

expression of TrxR 1 (A), GPx 4 (B) and NFE2L2 (C). Values are the means ± SEM of n = 3 

independent experiments performed in triplicates. * P < 0.05 vs control. 
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3. DISCUSSÃO 

 

 

 O MeHg, principal forma orgânica de mercúrio encontrada na natureza, é um 

conhecido poluente ambiental (CLARKSON et al., 2003). A toxicidade do MeHg em 

humanos está relacionada, principalmente, ao consumo de peixes e frutos do mar que 

acumulam este composto, o qual acarreta sérios riscos à saúde (BURGER et al., 2014).  No 

Brasil, comunidades ribeirinhas localizadas próximas a áreas de garimpo, e que se alimentam 

quase que exclusivamente de peixes, sofrem exposição crônica a níveis relativamente 

elevados de MeHg em sua dieta (PINHEIRO et al., 2003). Pela facilidade em atravessar a 

barreira hemato-encefálica, o MeHg causa alterações cerebrais modificando as suas funções 

normais (FARINA et al., 2011; ASCHNER et al., 2007). Este composto também pode ser 

responsável por danos ao sistema imune e cardiovascular (MOSZCZYNSKI et al., 2008, 

VIRTANEN et al., 2007, MOREIRA & FARINA, 2014),  aos rins e indução de danos ao 

material genético (RUTOWSKI  et al., 1998; GROTTO et al., 2009). Assim, a exposição 

humana ao MeHg é um importante problema de saúde pública, em nível mundial, tornando 

relevante estudos que buscam a elucidação dos mecanismos celulares e moleculares pelos 

quais o MeHg exerce seus efeitos tóxicos, bem como possíveis compostos que  possam ser 

utilizados no  desenvolvimento de novas abordagens terapêuticas para os casos de intoxicação 

por este organometal. 

 O presente estudo demonstrou inicialmente, que entre os principais mecanismos pelos 

quais o MeHg exerce seus efeitos tóxicos está o aumento de espécies reativas (ou estresse 

oxidativo), o que pode ser visto aqui como desencadeador de um aumento da peroxidação 

lipídica, conteúdo de hidroperóxidos e uma significativa diminuição na atividade 

mitocondrial. Além disso, também foi demonstrado neste estudo uma depleção significativa 

de tióis na mitocôndria causada pelo MeHg (artigo 1).  Deste modo, a mitocôndria é a 

organela que representa o maior alvo para a toxicidade do MeHg nas células e desempenha 

um papel central no início de cascatas bioquímicas que levam a morte celular (ASCHNER & 

SYVERSEN, 2005; ATCHISON et al., 1994). Ainda, o MeHg pode alterar o funcionamento 

mitocondrial por inibir enzimas tiólicas incluindo as dos complexos da cadeia respiratória 

(GLASER et al., 2010). A ação da toxicidade do MeHg realmente pode estar associada com o 

aumento de estresse oxidativo nessa organela. Essa produção excessiva de ERO pode 

exacerbar a toxicidade do MeHg, o qual ataca outros centros nucleofílicos na mitocôndria e 

em outros compartimentos celulares (FARINA et al., 2011). Neste estudo confirmamos a 
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participação da formação de peróxido de hidrogênio (H2O2) pelo MeHg quando as 

mitocôndrias foram incubadas com a catalase e MeHg, a qual reduziu significativamente a 

produção de TBARS induzida pelo MeHg. 

 Para verificar mecanismos de neurotoxicidade causados pelo MeHg, sendo esta uma 

importante ação deste metal,  este composto foi testado em células SH-SY5Y  (neuroblastoma 

humano). Neste modelo este composto orgânico de mercúrio foi capaz de inibir a atividade de 

importantes selenoenzimas, principalmente a TrxR, mas também a GPx em menor grau,  o  

qual ocorreu mesmo em concentrações muito baixas (manuscrito 1).  A alta afinidade do 

MeHg a grupos tióis (como os presentes na cisteína), bem como ao selenol (como o 

presente na selenocisteína), presentes nos sítios ativos de inúmeras enzimas (ex. 

selenoenzimas) provavelmente é o responsável pela inibição observada na atividade da TrxR 

e da GPx (FARINA et al., 2011). No entanto, a maior afinidade e interação com a TrxR, 

observada neste estudo deve-se provavelmente à presença do resíduo de Sec em estreita 

proximidade com três resíduos de cisteína (Cys) na porção C terminal livre da TrxR de 

mamíferos quando comparada ao sítio ativo da GPx, onde o resíduo de Sec está em 

proximidade com resíduos de glutamina (Gln) e triptofano (Trp). Essa acessibilidade, e a 

capacidade da TrxR em se ligar com agentes eletrofílicos como o Hg, aumenta 

significativamente a reatividade do MeHg com o sítio ativo da TrxR (BRANCO et al., 2014). 

 Além disso, sendo o cérebro um importante alvo do MeHg, este estudo mostra que 

este composto parece inibir com maior intensidade a TrxR e GPx de cultura de células que 

representam um modelo de função neuronal do que outros tecidos, como mostrado em estudos 

com células de hepatoma (HepG2) ou câncer cervical  (HeLa) (BRANCO et al., 2014; 

CARVALHO et al., 2008). O que demonstra uma maior sensibilidade de células cerebrais 

quando comparadas com os demais tecidos. 

 O MeHg foi posteriormente testado em células sanguíneas humanas (leucócitos 

isolados) (manuscrito 2), outro importante alvo da sua toxicidade, e causou uma significativa 

morte celular e um aumento significativo dos níveis de dano no DNA de leucócitos humanos 

quando tratados in vitro. Este dano causado ao DNA pelo MeHg  é provavelmente uma 

consequência da diminuição  de antioxidantes celulares, como GSH e selenoenzimas e do 

aumento de ERO geradas pelo MeHg, as quais interagem com as moléculas do  DNA levando 

a um dano oxidativo e quebras na molécula, ou ainda, o MeHg pode causar uma inibição no 

sistema de reparo por ligar-se a região sulfidrila das enzimas de reparo (GROTTO et al., 

2009). Não obstante, o MeHg causou um aumento significativo da expressão gênica do fator 

de transcrição Nrf2, observado através dos níveis de expressão do mRNA para este transcrito. 
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Este resultado pode estar diretamente relacionado à ativação do Nrf2 como resposta ao 

estresse oxidativo gerado pela toxicidade do MeHg (YOSHIDA et al., 2014) podendo 

aumentar, assim, também a expressão deste fator. Basicamente, o Nrf2 é um fator de 

transcrição que regula a expressão de uma bateria de genes no combate ao estresse oxidativo e 

eletrofílico, induzido por químicos exógenos e seus metabólitos. Sob condições normais o 

Nrf2 é mantido no citoplasma ligado a proteína Keap1, no entanto, sob condições de estresse 

ele é translocado para o núcleo onde se liga ao elemento de resposta antioxidante (ARE) na 

região promotora de muitos genes antioxidantes e inicia a transcrição dos mesmos (incluindo 

GPx e TrxR) (NO et al., 2014). 

 Ni e colaboradores (2010) observaram ainda que uma exposição de células da 

micróglia ao MeHg aumentou muito os níveis proteicos de Nrf2, mesmo em baixas 

concentrações (até 5µM) e em um curto período de tempo (10min).  Essas células respondem 

rapidamente ao MeHg super regulando o Nrf2 como mediador de uma  resposta antioxidante 

(NI et al., 2010).   

 Considerando todos esses efeitos de resposta a toxicidade induzida pelo MeHg, torna-

se importante a pesquisa de agentes  antioxidantes, com potencial em degradar/reduzir 

espécies reativas ou interagir com o MeHg com o intuito de reduzir seus efeitos tóxicos,  os 

quais podem ser considerados uma classe terapêutica promissora na toxicidade causada por 

este composto orgânico de mercúrio (FRANCO et al., 2007; FARINA et al., 2011; LIU et al., 

2014). 

 Um bom exemplo de composto antioxidante é o selênio, um elemento traço essencial, 

(COMBS & COMBS, 1984) encontrado em diferentes formas orgânicas e inorgânicas na 

natureza e que exerce funções de grande importância no organismo, principalmente como 

aminoácido selenocisteína, o qual está presente no sítio ativo de importantes selenoproteínas 

como a GPx e a TrxR (FLOHÉ et al., 1973; ARNER & HOLMGREN, 2000), as quais 

desempenham um papel fundamental como antioxidantes agindo  no equilíbrio redox celular. 

O selênio também é capaz de interagir com metais pesados (incluindo o mercúrio) atenuando 

sua toxicidade (FALNOGA & TUSEK-ZNIDARIC, 2007). 

 Compostos sintéticos de selênio têm sido utilizados em inúmeros estudos e têm 

demonstrado potencial atividade protetora. Este potencial terapêutico e antioxidante deve-se 

principalmente a atividade GPx-like destes compostos, tornando-os capazes de degradar 

peróxidos através da formação de um intermediário selenol a partir da oxidação de tióis (ex: 

GSH), e também a atividade como substrato da TrxR, o qual, pela oxidação de NADPH, será 

reduzido pela TrxR a um intermediário selenol (FREITAS et al.,  2010). No presente estudo 
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foram utilizados diferentes compostos sintéticos orgânicos de selênio e a maioria deles 

demonstrou algum efeito protetor como pode ser visto com mais detalhes adiante.  

 Inicialmente, avaliou-se o efeito protetor do (PhSe)2 a análogos (3’3-disseleneto de 

ditrifuorometildifenil; p-cloro-disseleneto de difenila; p-metoxi-disseleneto de difenila) frente 

ao estresse oxidativo induzido por MeHg em frações mitocondriais cerebrais enriquecidas 

(artigo 1). Assim, demonstrou-se que os compostos (PhSe)2 e  3’3-disseleneto de 

ditrifuorometildifenil  foram capazes de proteger da redução na atividade mitocondrial 

causada pelo MeHg e do aumento de TBARS, o qual o p-cloro-disseleneto de difenila 

também mostrou-se efetivo. Além disso, o (PhSe)2, composto com melhor atividade protetora 

neste estudo, foi capaz de detoxificar o H2O2 gerado pelo MeHg, sendo demonstrado através 

de um estudo comparativo com a catalase, enzima responsável pela degradação desta espécie, 

o que também pode ser explicado pela atividade mimética a GPx apresentada por este 

composto (reduzindo peróxidos). Na verdade, acredita-se que as atividades protetoras 

apresentadas por estes compostos de selênio neste estudo, estão diretamente relacionadas à 

ordem crescente da atividade GPx-like dos mesmos. Considerando que o composto (p-

metoxi-disseleneto de difenila) com menor atividade mimética a GPx não foi capaz de 

proteger em nenhum modelo testado da toxicidade causada pelo MeHg.  

 De fato, de acordo com Glaser e colaboradores (2013), o (PhSe)2 demonstra atividade 

de proteção à mitocôndria, especialmente em ensaios nos quais o agente tóxico é acumulado 

dentro da mesma. O (PhSe)2 parece também ser capaz de reduzir a incorporação mitocondrial 

de MeHg, consequentemente contrabalançando a toxicidade mitocondrial. Ainda, estes 

autores sugerem um efeito neuroprotetor do (PhSe)2, o qual pode estar relacionado a atividade 

de proteção à mitocôndria. 

 Percebendo o maior potencial antioxidante e protetor do (PhSe)2 demonstrado no 

primeiro estudo, utilizou-se então, em uma segunda análise, com foco para células do sistema 

nervoso, onde o (PhSe)2 foi comparado com o potencial protetor do ebselen, outro importante 

composto orgânico de selênio com propriedades antioxidantes  que já vem sendo utilizado na 

clínica. Estes compostos foram testados quanto aos mecanismos pelos quais os mesmos 

interferem na interação do MeHg e selenoenzimas (TrxR e GPx),  bem como a ação isolada 

destes compostos de selênio na atividade e expressão destas selenoenzimas (manuscrito 1). 

Foi possível observar mais uma vez em destaque, com melhor atividade protetora, o efeito do 

(PhSe)2 em comparação ao ebselen, mesmo ambos não terem causado nenhuma toxicidade em 

concentrações consideravelmente altas. O (PhSe)2 causou um aumento significativo e bastante 

alto da atividade e expressão da TrxR e foi capaz de proteger da inibição causada pelo MeHg. 



144 

 

O mecanismo molecular envolvido na proteção proporcionada pela (PhSe)2 provavelmente 

reflete a sua capacidade para induzir a síntese de TrxR (ZHANG et al., 2013). Além disso, 

(PhSe)2 também pode ser transformado no seu intermediário selenol, o qual liga-se ao 

metilmercúrio com alta afinidade. Esta atividade antioxidante também foi demonstrada pelo 

ebselen, aumento da atividade da TrxR, mas com apenas uma modesta proteção ao MeHg. 

 O (PhSe)2 também causou um aumento da expressão da GPx, o qual foi maior quando 

comparado ao efeito do ebselen, o que mais uma vez pode ser explicado pela melhor atividade 

mimética a GPx do (PhSe)2 (WILSON et al., 1989; FREITAS et al., 2010) e também por ser 

um melhor substrato para a TrxR do que o ebselen (FREITAS et al., 2010; FREITAS & 

ROCHA, 2011). Assim, este potencial protetor dos compostos pode estar diretamente 

associado às propriedades antioxidantes dos mesmos. Este estudo mostrou, a super regulação 

da TrxR causada pelo (PhSe)2, em neuroblastomas, o que reflete um importante mecanismo 

molecular na atividade antioxidante deste composto. 

  Este significativo aumento da atividade e expressão da TrxR pelo (PhSe)2 é 

importante, pois pode evitar ou diminuir uma inibição da TrxR pelo MeHg. E, ainda, mesmo 

que o MeHg consiga inibir parcial ou totalmente esta enzima, a presença do (PhSe)2, 

provavelmente fará com que esta seja sintetizada em maior proporção para agir frente a 

toxicidade induzida pelo MeHg e substituir aquelas inibidas pelo mesmo. Além disso, a 

formação de um intermediário selenol direta ou indiretamente pelo (PhSe)2 permite que este 

intermediário, por apresentar um alto potencial nucleofílico, complexe-se ao MeHg evitando 

que o mesmo interaja com importantes agentes antioxidantes celulares (inclusive 

selenoenzimas) impedindo, assim, o aumento de estresse oxidativo.  Como o MeHg diminui a 

capacidade antioxidante celular, por depletar tióis ou selenóis, é de suma importância um 

tratamento que retome estas atividades, como, por exemplo, foi demonstrado pelo (PhSe)2,o 

qual também reduz peróxidos através da mesma atividade GPx-like. 

 Tendo em vista a proteção desempenhada pelo (PhSe)2 frente a inibição de 

selenoenzimas, muito melhor que o ebselen (manuscrito 1), e considerando que este composto 

parece ser menos tóxico  que os outros compostos sintéticos de selênio (NOGUEIRA et al., 

2004; NOGUEIRA & ROCHA, 2011; MUGESH et al., 2001), no manuscrito 2 focou-se 

apenas no potencial antioxidante do (PhSe)2 com o objetivo de verificar principalmente o 

papel protetor deste composto em relação a danos genéticos causados pelo MeHg, tanto em 

relação a dano direto ao DNA ou em alteração de expressão de enzimas antioxidantes (já 

verificadas como alvo no estudo anterior), e do Nrf2, um fator responsável pela via de 

resposta antioxidante. Utilizou-se então um modelo já padronizado em nosso laboratório e que 
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também é considerado um alvo para o MeHg, células sanguíneas humanas in vitro. A 

atividade protetora do (PhSe)2 ocorreu mesmo em baixas doses. Este composto de selênio foi 

capaz de evitar a morte celular e o dano no DNA causada pelo MeHg, provavelmente i) pela 

habilidade do mesmo em formar um complexo inerte e estável com o MeHg (FREITAS et al., 

2009), impedindo que este organometal interaja negativamente com as macromoléculas 

celulares ou ainda,  ii) por levar a uma super regulação da enzima antioxidante TrxR, que 

demonstrou um aumento significativo da expressão quando exposta ao (PhSe)2 mesmo na 

presença do agente tóxico. Esta enzima é capaz de degradar espécies reativas como, H2O2 e 

peroxinitrito (ARNÉR & HOLMGREN, 2000) e reduzir consequentemente a oxidação do 

DNA pelas mesmas. 

 Como observado nos dois últimos manuscritos, o (PhSe)2 causou um aumento 

siginificativo na expressão da TrxR, o que pode ser explicado pela formação de ácido 

selenídrico a partir do (PhSe)2, forma inorgânica de selênio, que pode ser convertido a 

selenocisteína e incorporada a selenoenzimas como a TrxR (PINHEIRO et al., 2009). Sendo 

assim, este composto pode agir positivamente, também frente a outros agentes tóxicos, onde a 

inibição de selenoenzimas como a TrxR estão envolvidas. 

 Em conjunto, os resultados obtidos neste estudo reforçam o papel central do estresse 

oxidativo na toxicidade do MeHg e a selenoezima TrxR como alvo molecular principal deste 

composto. Além disso, os resultados indicam que os compostos orgânicos de selênio, em 

especial o (PhSe)2, exercem um importante papel protetor frente a toxicidade deste 

organometal. A reversão da inibição da enzima TrxR causada pelo (PhSe)2, parece ser um 

importante mecanismo envolvido na proteção contra os efeitos deletérios causados pela 

exposição ao MeHg, um agente tóxico ambiental. 
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 4. CONCLUSÕES 

 

De acordo com os resultados apresentados nesta tese podemos sugerir que:  

 

- O MeHg foi capaz de causar danos mitocondriais, a partir de geração de espécies 

reativas de oxigênio que levam ao aumento da peroxidação lipídica  e disfunção em 

mitocôndrias cerebrais;  

 

- O MeHg inibiu as selenoenzimas GPx e TrxR (expressão e atividade), sendo esta 

última o principal alvo deste composto; o qual pode estar ligado ao aumento de 

espécies reativas que levam a danos no DNA e morte celular; 

 

- Os compostos de selênio protegem contra a toxicidade in vitro do MeHg. E esta 

proteção parece estar diretamente relacionada ao grau de capacidade antioxidante 

destes compostos;  

 

- O (PhSe)2  foi o composto que apresentou melhor atividade protetora contra os danos 

causados pelo MeHg em comparação com os demais compostos testados. Este foi 

capaz de proteger contra danos mitocôndrias, inibição de atividade e expressão de 

selenoenzimas (TrxR e GPx) e danos no DNA causados pelo MeHg, o que está 

relacionado principalmente a sua alta atividade mimética a GPx ou a sua ação como 

substrato da TrxR.  

 

- O (PhSe)2 levou a uma super-regulação (aumento da expressão e atividade) da  enzima 

TrxR, um importante mecanismo  molecular  em relação a atividade antioxidante deste 

composto. Sendo assim, um importante agente que pode ser utilizado para 

detoxificação dos efeitos tóxicos do MeHg.  
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5. PERSPECTIVAS 

 

- Investigar se o (PhSe)2, composto com melhor atividade antioxidante neste estudo, é 

capaz de proteger dos efeitos do MeHg em um modelo de pós-exposição, o que seria 

significativo na reversão da toxicidade do MeHg; 

 

- Estudar com maior detalhes a interação (PhSe)2 e MeHg para melhor entender os 

efeitos deste complexo em modelos biológicos; 

 

- Investigar outros genes alvos da toxicidade do MeHg e como os compostos sintéticos 

de selênio podem modular a toxicidade deste organometal;   

 

- Invetigar o efeito direto do MeHg sobre a enzima  TrxR (isolada) e como os 

compostos sintéticos de selênio agem frente as alterações causadas nesta 

selenoenzima;  

 

- Avaliar a interação dos compostos orgânicos de selênio e do MeHg com as 

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



148 

 

DEMAIS TRABALHOS REALIZADOS DURANTE O DOUTORADO 

RELACIONADOS À TESE  

 

1. Meinerz, D.F.; Ecker, A.; Rocha, J.B.T. Effect of resveratrol on the toxicity 

induced by methylmercury in a Drosophila melanogaster model. 

(MANUSCRITO) 

2. Meinerz, D. F.; Allebrandt, J.; Mariano, D.O.C.; WACZUK, E. P.; SOARES, F. 

A.; HASSAN, W.; ROCHA, J. B. T.  Differential genotoxicity of diphenyl 

diselenide (PhSe)2 and diphenyl ditelluride (PhTe)2. PeerJ v. 2, p. e290, 2014. 

3. Meinerz, D. F ; Comparsi, B. ; Allebrandt, J. ; Mariano, D. O. ; Santos, D. B; 

Zemolin, A. P.; Farina, M. ; Dafre, A.L. ; Rocha, J.B. ; Posser, T. ; Franco, J. L. 

Sub-acute administration of (S)-dimethyl 2-(3-(phenyltellanyl) propanamido) 

succinate induces toxicity and oxidative stress in mice: unexpected effects of N-

acetylcysteine. SpringerPlus v. 2, p. 182, 2013. 

4. Caeran D. B.; Meinerz, D. F. ; Allebrandt, J. ; Waczuk, E. P.; Santos, D. B. ; 

Mariano, D. O. C.; Rocha, J. B.T. Cytotoxicity and Genotoxicity Evaluation of 

Organochalcogens in Human Leucocytes: A Comparative Study between Ebselen, 

Diphenyl Diselenide, and Diphenyl Ditelluride. BioMed Research International v. 

2013, p. 1-6, 2013. 

5. Zemolin, A.P.P.; Meinerz, D.F.; de Paula, M.T. ; Mariano, D.O.C. ; Rocha, J.B.T.; 

Pereira, A.B.; Posser, T.; Franco, J.L.  Evidences for a role of glutathione 

peroxidase 4 (GPx4) in methylmercury induced neurotoxicity in vivo. Toxicology 

(Amsterdam) v. 302, p. 60-67, 2012. 



149 

 

REFERÊNCIAS BIBLIOGRÁFICAS  

 

ALI, S. F; LEBEL, C. P; BONDY, S. C. Reactive oxygen species formation as a biomarker of 
methylmercury and trimethyltin neurotoxicity. Neurotoxicology, v. 13, p. 637-648, 1992. 
 
 
ARNÉR, E.S. AND HOLMGREN, A. Physiological functions of thioredoxin and thioredoxin 
reductase. Eur. J. Biochem., v. 267, p. 6102–6109, 2000. 
 
 
ASCHNER, M.; SYVERSEN, T. Methylmercury: recent advances in the understanding of its 
neurotoxicity. Ther. Drug Monit. , v. 27, p. 278-283, 2005. 
 
 
ASCHNER, M.; SYVERSEN, T.; SOUZA, D.O.; ROCHA, J.B.; FARINA, M. Involvement 
of glutamate and reactive oxygen species in methylmercury neurotoxicity. Braz. J. Med. 
Biol. Res., v. 40, p. 285–291, 2007. 
 
 
ATCHISON, W. D.; HARE, M. F. Mechanisms of methylmercury induced neurotoxicity. 
FASEB J., v. 8, p. 622-629, 1994. 
 
 
BAKIR, F.; DAMLUJI, S.F.; AMIN-ZAKI, L.; MURTADHA, M.; KHALIDI, A.; AL-
RAWI, N.Y.; TIKRITI, S.; DAHAHIR, H.I.; CLARKSON, T.W.; SMITH, J.C.; DOHERTY, 
R.A. Methylmercury poisoning in Iraq. Science, v.181, p. 230–241, 1973. 
 
 
BRANCO, V.; SANTOS, A.G.; GONÇALVES, J.; LU, J.; HOLMGREN, A.;   CARVALHO, 
C. Mitochondrial thioredoxin reductase inhibition,selenium status, and Nrf-2 activation are 
determinant factors modulating the toxicity of mercury compounds. Free Radic. Biol. Med., 
v. 73, p. 95-105, 2014. 
 
 
BRANCO,V.; CANÁRIO, J.; LU, J.; HOLMGREN, A.; CARVALHO C. Mercury and 
selenium interaction in vivo: Effects on thioredoxin reductase and glutathione peroxidase. 
Free Radic. Biol.  Med., v. 52, p. 781–793, 2012. 
 
 
BURGER, J.; GOCHFELD, M.; JEITNER, C.; DONIO, M.; PITTFIELD, T. Sushi 
consumption rates and mercury levels in sushi: Ethnic and demographic differences in 
exposure. J. of Risk Res., v. 17, n. 8, p. 981-997, 2014. 
 
 
CARVALHO, C. M. L.; CHEW, E.; HASHEMY, S. I.; LU, J.; HOLMGREN, A. Inhibition 
of human thioredoxin system: a molecular mechanism of mercury toxicity. J. Biol. Chem., v. 
283, p. 11913-11923, 2008. 



150 

 

 
 
CARVALHO, C. M. L.; LU, J.; ZHANG, X.; ARNÉR, E. S. J.; HOLMGREN, A. Effects of 
selenite and chelating agents on mammalian thioredoxin reductase inhibited by mercury: 
implications for treatment of mercury poisoning, FASEB J., v. 25, p. 370-381, 2011. 
 
 
CECCATELLI, S.; DARÉ, E., MOORS, M. Methylmercury-induced neurotoxicity and 
apoptosis. Chem. Biol. Interact., v. 188, p. 301-308, 2010. 
 
  
CLARKSON, T. W.; MAGOS, L.; MYERS, G. J. The toxicology of mercury-current 
exposures and clinical manifestations. N. Engl. J. Med. v.349, p.1731–1737, 2003. 
 
 
COMBS, G. F. JR; COMBS, S. B. The nutritional biochemistry of selenium. Annu. rev. nut., 
v. 4, p. 257-280, 1984. 
 
 
DE BEM, A. F.; PORTELLA, R. L.; COLPO, E.; DUARTE, M. M.; FREDIANE, A.; 
TAUBE, P. S.; NOGUEIRA, C. W.; FARINA, M.; DA SILVA, E. L.; TEIXEIRA ROCHA, 
J. B. Diphenyl diselenide decreases serum levels of total cholesterol and tissue oxidative 
stress in cholesterol-fed rabbits. Basic Clin. Pharmacol. Toxicol., v. 105, p. 17-23, 2009. 
 
 
DE LORGERIL, M; SALEN P. Selenium and antioxidant defenses as major mediators in the 
development of chronic heart failure. Heart Fail Review, v. 11, p. 13-17, 2006. 
 
 
DIAZ, D.; KREJSA, C.M.; WHITE, C.C.; KEENER, C.L.; FARIN, F.M.; KAVANAGH, T,J. 
Tissue specific changes in the expression of glutamate–cysteine ligase mRNAs in mice 
exposed to methylmercury. Toxicol. Lett., v. 122 p. 119–129, 2001. 
 
 
FALNOGA, I.; TUSEK-ZNIDARIC, M. Selenium-mercury interactions in man and animals. 
Biol. Trace Elem. Res., v.119, p. 212-220, 2007. 
 
 
FARINA, M.; ASCHNER M., ROCHA, J.B.T. Oxidative stress in MeHg-induced 
neurotoxicity. Toxicol. Appl. Pharmacol., v. 256, p. 405-417, 2011. 
 
 
FARINA, M.; ROCHA J. B. T.; ASCHNER, M. Mechanisms of methylmercury-induced 
neurotoxicity: Evidence from experimental studies. Life Sciences, v. 89, p. 555-563, 2011. 
 
 
FARINA, M; FRIZZO, M.E; SOARES, F.A; SCHWALM, F.D; DIETRICH, M.O;  ZENI,  
G;ROCHA J.B; SOUZA, D.O. Ebselen protects against methylmercury‐induced inhibition of 
glutamate uptake by cortical slices from adult mice. Toxicol. Lett., v. 144, p. 351‐357, 2003.  
 



151 

 

 
FLOHÉ, L.; GUNZLER, W. A.; SCHOCK, H. H. Glutathione peroxidase: a selenoenzyme, 
FEBS Lett., v. 32, n. 1, p. 132–134,1973. 
 
 
FRANCO, J. L.; BRAGA, H. C.; STRINGARI, J.; MISSAU, F. C.; POSSER, T.; MENDES, 
B. G. Mercurial-induced  hydrogen  peroxide  generation  in mouse brain mitochondria: 
protective effects  of quercetin. Chem. Res. Toxicol., v. 20, p. 1919-1926, 2007. 
 
 
FRANCO, J. L.; POSSER, T.; DUNKLEY, P. R.; DICKSON, P. W.; MATTOS, J. J.; 
MARTINS, R.; BAINY, A. C. D.; MARQUES, M. R.; DAFRE A.L.; FARINA, M. 
Methylmercury neurotoxicity is associated with inhibition of the antioxidant enzyme 
glutathione peroxidase. Free Radic. Biol. Med., v. 47, p.449-457, 2009. 
 
 
FREITAS, A. S.; FUNCK, V. R.; ROTTA, M. S.; BOHRER, D.; MÖRSCHBÄCHER, V.; 
PUNTEL, R.; NOGUEIRA, C. W.; FARINA, M.; ASCHNER, M.; ROCHA, J. B. T. 
Diphenyl diselenide, a simple organoselenium compound, decreases methylmercury-induced 
cerebral, hepatic and renal oxidative stress and mercury deposition in adult mice. Brain Res. 
Bull., v. 79, p. 77-84, 2009. 
 
 
FREITAS, A. S.; PRESTES, A. S.; WAGNER, C.; SUDATI, J. H.; ALVES, D.; 
PORCIÚNCULA, L. O.; KADE, I. J.; ROCHA, J. B. T. Reduction of Diphenyl Diselenide 
and Analogs by Mammalian Thioredoxin Reductase Is Independent of Their Gluthathione 
Peroxidase-Like Activity: A Possible Novel Pathway for Their Antioxidant Activity. 
Molecules, v. 15, n. 11, p. 7699-7714, 2010. 
 
 
FREITAS, A. S.; ROCHA, J. B. Diphenyl diselenide and analogs are substrates of cerebral rat 
thioredoxin reductase: a pathway for their neuroprotective effects. Neurosci Lett., v. 503, n. 
1, p. 1-5, 2011. 
 
 
FRESHNEY, I. Application of cell cultures to toxicology. Cell. Biol. Toxicol., v. 17 p. 213-
230, 2001. 
 
 
GERHARDSSON, L.; SKERFVING, S. Concepts on biological markers and biomonitoring 
for metal toxicity. In: Chang WL, Magos L, Suzuki T, editors. Toxicology of metals, Florida: 
CRC Lewis; p. 95–96, 1996. 
 
 
GLASER, V.; LEIPNITZ, G.; STRALIOTTO, M. R.; OLIVEIRA, J.; DOS SANTOS, V. V.; 
WANNMACHER, C. M. ET AL. Oxidative stress-mediated inhibition of brain creatine 
kinase activity by methylmercury. Neurotoxicology, v. 31, n. 5, p.454-60, 2010. 
 
 



152 

 

GLASER, V.; NAZARI, E. M.; MÜLLER, Y. M. R.; FEKSA, L.; WANNMACHER, C. M. 
D.; ROCHA, J. B. T.; BEM, A. F.; FARINA, M.; LATINI, A. Effects of inorganic selenium 
administration in methylmercury-induced neurotoxicity in mouse cerebral cortex. Int.  J. Dev. 
Neurosci., v. 28, p. 631–637, 2010. 
 
 
GLASER, V.;  MORITZ, B.; SCHMITZ, A.; DAFRÉ, A. L.;  NAZARI, E. M.;  RAUH 
MÜLLER, Y. M.; FEKSA, L.; STRALIOTTOA, M. R.; DE BEM, A. F.;  FARINA, M.; 
ROCHA, J. B. T.; LATINI, A. Protective effects of diphenyl diselenide in a mouse. Chem. 
Biol. Interact., v. 206, p. 18-26, 2013.  
 
 
GROTTO, D.; BARCELOS, G. R. M.; VALENTINI, J.; ANTUNES, J. M. G.; ANGELI, 
J.P.F.; GARCIA, S.C.; BARBOSA, F. JR. Low levels of methylmercury induce DNA damage 
in rats: protective effects of selenium. Arch. Toxicol., v. 83, p. 249-254, 2009. 
 
 
HORT, M. A.; STRALIOTTO, M. R.; NETTO, P. M.; DA ROCHA, J. B.; DE BEM, A. F.; 
RIBEIRO-DO-VALLE, R. M. Diphenyl diselenide effectively reduces atherosclerotic lesions 
in LDLr -/- mice by attenuation of oxidative stress and inflammation. J Cardiovasc. 
Pharmacol., v. 58, p. 91-101, 2011. 
 
 
LIU, W.; XU, Z.; YANG, T.; DENG, Y.; XU, B.; FENG, S.; LI, Y. The protective role of tea 
polyphenols against methylmercury-induced neurotoxic effects in rat cerebral cortex via 
inhibition of oxidative stress. Free Radic. Res.,  v. 48, n. 8, p. 849-63, 2014. 
 
 
MOREIRA, E. L. G.; FARINA, M. An unsolved puzzle: The complex interplay between 
methylmercury and fish oil-derived fatty acids within the cardiovascular system. Toxicol. 
Res., v. 3, n. 5, p. 300-310, 2014. 
 
 
MOSZCZYNSKI, P.; RUTOWSKI, J.; SŁOWINSKI, S.; BEM S. Immunological effects of 
occupational exposure to metallic mercury in the population of T-cells and NK-cells. Analyst, 
v. 123, p.99-103, 2008. 
 
 
MUGESH, G.; DU MONT, W. W.; SIES, H. Chemistry of biologically important synthetic 
organoselenium compounds. Chem. Rev., v. 101, n. 7, p. 2125-2179, 2001. 
 
 
NI, M.; LI, X.; YIN, Z.; JIANG, H.; SIDORYK-WEGRZYNOWICZ, M.; MILATOVIC, 
D.; CAI, J.; ASCHNER, M. Methylmercury induces acute oxidative stress, altering Nrf2 
protein level in primary microglial cells. Toxicol. Sci., v. 116, n. 2, p. 590-603, 2010. 
 

NO, J.H.; KIM, Y.B.; SONG, Y.S. Targeting nrf2 signaling to combat chemoresistance. J. 

Cancer Prev., v. 19, n. 2, p. 111 – 117, 2014 . 



153 

 

 
 

 
 
 
NOGUEIRA, C. W.; ROCHA, J. B. T. Toxicology and pharmacology of selenium: emphasis 
on synthetic organoselenium compounds. Arch. Toxicol., v. 85, p. 1313-1359, 2011. 
 
 
NOGUEIRA, C.W.; ZENI, G.; ROCHA, J.B.T. Organoselenium and organotellurium 
compounds: toxicology and pharmacology. Chem. Ver., v. 104, p. 6255–6285, 2004. 
 
 
PINHEIRO, M. C. N.; HARANDA, M.; YASODA, E.; NAKANISHI, J.; OIKAWA, T.; 
VIEIRA, J. L. F. Toxicological and epidemiological data on human exposure to mercury in 
the Tapajós River basin: 1994-1998. Environ. Science, v.10, p. 99-105, 2003. 
 
 
PINHEIRO, M.C.N; DO NASCIMENTO, J.L.M.; SILVEIRA, L.C.L.; DA ROCHA, J.B.T.; 
ASCHNER M. Mercury and Selenium – A Review on Aspects Related to the Health of 
Human Populations in the Amazon. Environ. Bioind., v. 4, p. 222-245, 2009. 

 
 
RUTOWSKI, J.; MOSZCZYNSKI, P.; BEM, S.; SZEWCZYK, A. Efficacy of urine 
determination of early renal damage markers for nephrotoxicity monitoring during 
occupational exposure to mercury vapours. Med. Pracy., v. 49, p. 129-135, 1998. 
 
 
STEINBRENNER, H.; SIES, H. Protection against reactive oxygen species by selenoproteins. 
Biochim.  Biophys. Acta, v. 1790, p. 1478-1485, 2009. 
 
 
SUGIURA, Y.; HOJO, Y.; TAMAI, Y.; TANAKA, H. Selenium protection against mercury 
toxicity. Binding of Methylmercury by the selenohydryl- containing ligand. J. Am. Chem. 
Soc., v 98, p.8 , 1976. 
 
 
SUZUKI, K.T.; SASAKURA, C.; YONEDA, S. Binding sites for the (Hg–Se) complex on 
selenoprotein P. Biochim. Biophys. Acta., v. 1429, p. 102–112, 1998. 
 
 
TAKEUCHI, T.; MORIKAWA, N.; MATSUMOTO, H.; SHIRAISHI, Y. A pathological 
study of Minamata disease in Japan. Acta Neuropathol., v.2, p.40–57, 1962. 
 
 



154 

 

USUKI, F.; YAMASHITA, A.; FUJIMURA, M. Post-transcriptional Defects of Antioxidant 
Selenoenzymes Cause Oxidative Stress under Methylmercury Exposure. J. Biol. Chem., v. 
286, p. 6641–6649, 2011. 
 
 
VIRTANEN, K. J.; RISSANEN, T. H.; VOUTILAINEN, S.; TUOMAINEN, T. P. Mercury 
as a risk factor for cardiovascular diseases. J. Nutr. Biochem., v. 18, p. 75-85; 2007. 
 
WENDEL, A.; FAUSEL, M.; SAFAYHI, H.; TIEGS, G.; OTTER, R. A novel biologically 
active seleno-organic compound-II. Activity of PZ 51 in relation to glutathione peroxidase. 
Biochem. Pharmacol., v. 33, p. 3241–3246, 1984. 
 
 
WILSON, S. R.; ZUCKER, P. A.; HUANG, R. R. C.; SPECTOR, A. Development of 
synthetic compounds with glutathione peroxidase activity. J. Am. Chem. Soc., v. 111, p. 
5936-5939, 1989. 
 
 
XIONG, S.; MARKESBERY, W.R.; SHAO, C.; LOVELL, M.A. Seleno-L-methionine 
protects against beta-amyloid and iron/hydrogen peroxide-mediated neuron death. Antioxid. 
Redox Signal., v.9, p.457–467, 2007. 
 
 
YOSHIDA, E.; ABIKO, Y.; KUMAGAI, Y. Glutathione Adduct of Methylmercury Activates 
the Keap1-Nrf2 Pathway in SH-SY5Y Cells. Chem. Res. Toxicol.,  2014.  
 
 
ZEMOLIN, A. P. P.; MEINERZ, D. F.; DE PAULA, M. T.;  MARIANO, D. O. C.; ROCHA, 
J. B. T.; PEREIRA, A. B.; POSSER, T.; FRANCO, J. L. Evidences for a role of glutathione 
peroxidase 4 (GPx4) in methylmercury induced neurotoxicity in vivo. Toxicology, v.320, n.1, 
p. 60-67, 2012. 
 
 
ZHANG, G.; NITTERANON, V.; GUO, S.; QIU, P.; WU, X.; LI, F.; XIAO, H.; HU, Q.; 
PARKIN, K. L. Organoselenium Compounds Modulate Extracellular Redox by Induction of 
Extracellular Cysteine and Cell Surface Thioredoxin Reductase. Chem. Res. Toxicol., v. 26, 
p. 456-464, 2013. 
 
 

 

 

 

 

 


