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De como o que beneficia um prejudica outro

Démade, de Atenas, condenou um homem de sua cidade que comerciava com coisas
necessarias aos enterros, acusando-o de tirar disso lucro excessivo, somente auferivel da
morte de muitas pessoas. Ta julgamento ndo me parece muito equitativo, pois ndo ha
beneficio préprio que ndo resulte de algum prejuizo aheio e, de acordo com aguele ponto de
vista, qualquer ganho fora condenével.

O mercador 36 faz bons negdcios porque a mocidade ama o prazer; o lavrador lucra
quando o trigo é caro; o arquiteto quando a casa cal em ruinas; os oficiais de justica com os
processos e disputas dos homens; os préprios ministros da religido tiram honra e proveito de
nossa morte e das fraquezas de que nos devemos redimir; nenhum médico, como diz o cdmico
grego da antiguidade, se aegra em ver seus proprios amigos com salde; nem o soldado seu
pais em paz com os povos vizinhos. Assim tudo. E o que € pior, quem se analise a S mesmo
verd no fundo do coragdo que a maioria de seus desejos SO nascem e se aimentam em
detrimento de outrem. Em se meditando a propdsito, percebe-se que a natureza ndo foge,
nisso, a seu principio essencial, pois admitem os fisicos que toda coisa nasce, se desenvolve e
cresce em consequéncia da alteragdo e corrupgdo de outra “Logo que uma coisa qualquer
muda de maneira de ser, disso resultaimediatamente a morte do que ela era antes’.

(Michel de Montaigne, 1533-1592)
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RESUMO

Tese de Doutorado
Programa de Pos-graduacdo em Bioquimica Toxicol6gica
Universidade Federal de SantaMaria, RS, Brasil

PREVENCAO DOSEFEITOS TOXICOSDO CLORETO DE MERCURIO EM
RATOSJOVENSPELO CLORETO DE ZINCO: PAPEL DASMETALOTIONEINAS

Autor: Nilce Coelho Peixoto
Orientadora: Maria Ester Pereira
Data e local dadefesa: Santa Maria, 31 de outubro de 2006.

O zinco, o cAmio e 0 mercurio sdo metais divalentes pertencentes a0 mesmo grupo da tabela
periddica. O primeiro é um metal essencial e os demais s80 metai's toxicos. A caracteristica
comum mais notavel entre eles é a capacidade de induzir a sintese de metalotioneinas (MT),
que ocorre em dois 6rgdos vitais envolvidos na destoxificagdo, figado e rins. A principal
func@o das MT é a destoxificacdo de metais pesados e a regulagdo da homeostase de metais
essenciais, como cobre e zinco. H4 muitos estudos sobre a toxicidade do mercurio e sobre o
papel das M T em animais adultos. Entretanto, a sensibilidade de animais em desenvolvimento
a vérios compostos difere daguela observada em adultos e pode estar relacionada a diferentes
intervalos pos-natais de desenvolvimento. O objetivo desta investigagdo foi verificar os
efeitos dos pré-tratamentos com CdCl, e ZnCl, sobre os efeitos deletérios do HgCl, em ratos
jovens e investigar se as MT estdo envolvidas neste mecanismo de protegéo. Ratos de trés
dias de idade foram injetados com uma dose diéria (s.c.), nos cinco dias consecutivos, de
saling, CdCl; (3,7 mg/kg) ou ZnCl; (27,0 mg/kg). Nos cinco dias subseguientes os animais
foram injetados com uma dose diéria (s.c.) de salina ou HgCl; (5,0 mg/kg). Os animais foram
sacrificados 24 h ap0s a Ultima dose e as amostras foram coletadas (sangue, figado e rins). Os
pesos corporal e renal, a atividade da porfobilinogénio sintase (PBG-sintase) hepética e renal,
a atividade da danina aminotransferase, a creatinina, a uréia, a glicemia e aretencéo do metal
toxico pelos tecidos foram significativamente aterados pelo HgCl,. A exposicéo prévia ao
CdCl; preveniu o efeito do mercirio sobre a PBG-sintase renal, mas ndo alterou os niveis de
mercurio nos tecidos. Em geral, os efeitos do mercirio foram prevenidos ou atenuados pelo
zinco, exceto que o pré-tratamento com zinco aumentou o acimulo de metal pesado nosrins e

ndo modificou o aumento do peso rena induzidos pelo mercario. O contetido de MT foi
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aumentado pelos tratamentos com merclrio e zinco e a sua maior elevacdo foi induzida pelo
zinco. A distribuicdo de metal nas fragdes subcelulares mostrou que em ambas, fragéo
insoltvel (Fl) e frag8o citosdlica tratada a quente (CTQ), os contetidos foram modificados
pelos tratamentos. Embora a fragdo CTQ sgarica em MT, os maiores contetidos de zinco e
mercurio foram verificados na FI de todos os tecidos analisados. As relacfes entre MT e
metais na fracdo CTQ revelaram que nos tecidos hepético e renal sempre que hd um aumento
nos teores de metal, ha um aumento no conteido de MT. A reducéo dos niveis de mercurio
hepético e sanglineo e o aumento do conteido desse metal nos rins induzidos pelo zinco
sugerem que 0 metal pesado contido no figado é transportado para os rins pelo sangue. Esse
processo também pode estar carreando MT do figado para os rins. Além disso, € importante
salientar que em céulas em proliferagdo, o0 que ocorre durante o crescimento acelerado, hé
MT nos nicleos e nas mitocondrias. Desse modo, o ato contelido de mercurio encontrado na
Fl, fraco rica em nicleos e mitocOndrias, também estaria associado & MT. Considerando
que o pré-tratamento com zinco induziu a um aumento de 80% no contelido de MT rend e o
grupo tratado com zinco e merclrio apresentou um contetido 25% maior de metal toxico
nessa proteinado que aquele verificado no grupo que foi tratado somente com merclrio, esses
resultados sugerem que as MT sdo, pelo menos em parte, responsaveis pela reducdo da

toxicidade do mercurio verificada em vérios parametros andisados nesse trabalho.

Palavras-chave: zinco; merclrio; camio; metalotioneinas, toxicidade renal; ratos em

desenvolvimento.
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Zinc, cadmium, and mercury are divalent metals and constitute same group of the periodic
table. While zinc is an essential metal, the others are toxic metals. The most important
common feature among these metals is the ability to induce the synthesis of metallothioneins
(MT), which occurs in two vital organs involved in detoxification, the liver and kidney. The
main role of MT is the detoxification of heavy metals and the regulation of homeostasis of
essential trace metals, such as copper and zinc. There are severa studies about mercury
toxicity and the role of MT in adult animals. However, the sensitivity of developing animals
to various compounds differs from that observed in adults and may to related to different pos-
natal phases of the development. The aim of this investigation was to verify the effects of
CdCl; and ZnCl, pretreatments on the deleterious effects of HgCl, in young rats and to
investigate whether MT were involved in this protection mechanism. When pups were three
days old, they received five consecutive injections (s.c.) of saline, CdCl; (3.7 mg/kg/day) or
ZnCl; (27.0 mg/kg/day). On the five subsequent days, the animals were injected daily with
one dose (s.c.) of sdine or HYCl;, (5.0 mg/kg). Pups were sacrificed 24 h after the last dose
and samples were collected (blood, liver and kidneys). The body and renal weights, hepatic
and rena porphobilinogen synthase (PBG-synthase) activity, alanine aminotransferase
activity, creatinine, urea, glycemia, and the retention of heavy metal in tissues were
significantly altered by HgCl,. Prior exposure to CdCl, prevented the effect of mercury on
renal PBG-synthase, but did not alter mercury levels in the tissues. In general, the effects of
mercury were prevented or lessened by zinc, except that the zinc pre-treatment increased the
retention of mercury in the kidneys and did not modify the increase of renal weight induced

by mercury. MT contents were increased by treatments with mercury and zinc and the greatest
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increase was induced by latter. The metal distribution in subcellular fractions showed that in
both the insoluble fraction (IF) and heat treated cytosolic fraction (HTC), the contents were
modified by the treatments. Although the HTC fraction is rich in MT, higher zinc and
mercury contents were verified in the IF from all tissues analyzed. The relationships between
MT and HTC metas showed that in the hepatic and renal tissues whenever there is an
increase of metal levelsthere isincrease of MT content. The reduction of hepatic and blood
mercury levels and the increase of this metal in the kidneys induced by zinc suggests that the
heavy metal contained in the liver is carried to the kidneys through the blood. This process
also would transport MT from the liver to the kidneys. Moreover, it is important to emphasize
that in cells in proliferation, which occur during rapid growth, there are nuclear and
mitochondrial MT. Therefore, the high content of mercury found in the IF, enriched fraction
in nucleus and mitochondria, would be bound to MT, as well. Considering that the zinc pre-
treatment induced an increase of renal MT of around 80% and the group treated with zinc and
mercury presented a content of mercury in this protein that was 25% higher than for the group
treated only with mercury, these results suggest that M T are, at least in part, responsible for
the reduction of the toxicity of mercury seen in the various parameters analyzed in this work.

Keywords: zinc; mercury, cadmium; metallothioneins; renal toxicity; developing rats.
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CAPITULO 1
1 INTRODUCAO

Os efeitos provocados pela exposi¢do ou intoxicacdo de organismos vivos ao mercurio
permanecem um problema sério, aé a presente data, do ponto de vista toxicoldgico e
terapéutico. A utilizacdo desse metal pesado foi reduzida significativamente nas Ultimas
décadas (CLARKSON, 1997; FURST & RADDING, 1998). Essa medida foi tomada por
ocasd da Doenga de Minamata, um acontecimento mundialmente divulgado (HARADA,
1978; WEISS, 1996; BISINOTI & JARDIM, 2004). A catéstrofe ambiental, ocorrida na Baia
de Minamata (sul do Jap&o), foi protagonizada pela fébrica Chisso Corporation, que utilizava
0 mercurio metdico como cataisador na fabricagéo de pléstico e, na década de 30, iniciou a
deposi¢do dos seus efluentes industriais nesse local. O metal pesado foi convertido & uma de
suas formas organicas denominada metilmercurio, que € mais tdxica que a forma metdlica
original, e incorporado a cadeia alimentar (KLAASSEN, 1996; BISINOTI & JARDIM, 2004;
HARADA, 2005). Os humanos intoxicaram-se mediante o consumo de peixes contendo
metilmercario, o que causou alteragdes no sistema nervoso centra (SNC), as quais sdo
congénitas (HARADA, 1978, 1995; KONDO, 2000). Até o final do século passado haviam
sido reconhecidas oficialmente cerca de 2.500 pessoas como sendo vitimas da tragédia
ambiental (HARADA et al., 1998; WATTS, 1999; STRATTA et al., 2001; BISINOTI &
JARDIM, 2004; McCURRY, 2006), porém mais de 10.000 exigem o reconhecimento
(HARADA et al., 1998; BISINOTI & JARDIM, 2004; McCURRY/, 2006).

A restricdo global do uso do mercario, como recomendada por 6rgéos governamentais
e organizacbes ambientais, nem sempre é respeitada (JUNGHANS, 1983; CLARKSON,
1997). Nos paises subdesenvolvidos e em desenvolvimento ha uma franca utilizacdo da forma
metdlica, em particular na mineragcdo do ouro. Nesses casos, assim como ocorreu em
Minamata, ocorre contaminacdo ambiental e a exposi¢do de humanos (BOISCHIO &
HENSHEL, 1996; LEBEL et al., 1996; RENZONI et al., 1998; RISHER et al., 2003;
CASTILHOS et al., 2006).

Embora o metilmercurio segja a principal e a mais toxica forma de mercirio a qua os
animais estdo expostos (GOY ER, 1996; BISINOTI & JARDIM, 2004), é importante salientar
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a participagdo de outras duas, o mercurio metaico (ou elementar) e o mercario inorganico,
uma vez que ha interconversdes entre essas trés formas (BISINOTI & JARDIM, 2004;
COUNTER & BUCHANAN, 2004).

A terapia medicamentosa adequada a ser instituida nos casos de exposi¢cOes ou
intoxicagBes pelo mercirio ainda € um desafio para a ciéncia. E prescrita a administragio de
drogas quelantes com o fim de sequestrar e aumentar a excregdo do metal (HARTVIG, 1984,
DOMINGO, 1995). Entretanto, do tratamento com esses antagonistas advém efeitos colaterais
adversos, como alteragdes nas concentragbes de metais essenciais (CANTILENA &
KLAASSEN, 1982; THOMAS & CHISOLM, 1986; BAPU et al., 1994), dém de, muitas
vezes, provocar mais efeitos tdxicos que o proprio metal causador da intoxicacdo
(JUNGHANS, 1983; DOMINGO, 1994; ROZA et al., 2005).

Atualmente, a ciénciatem salientado e divulgado, parainimeras doencas e sindromes,
aimportancia da utilizagéo de terapias de reposi¢éo e de suplementagdo em uma variedade de
especialidades da medicina (EBERLEIN-KONIG et al., 1998; GOEL et al., 2000, 2005,
2006; GOEL & DHAWAN, 2001; ZATTA et al., 2003; DI DANIELI et al., 2004; JOSHI et
al., 2004; LADD et al., 2005; MOCCHEGIANI et al., 2005; OZTURK & CILLIER, 2006;
SOHRABRAND et al., 2006). Essas terapias tém o fator conveniente de ndo envolverem
substancias estranhas ao organismo e, desse modo, a probabilidade do aparecimento de efeitos
secundarios indesejaveis € minima. Os efeitos toxicos provocados pela exposicdo ou
intoxicagdo por metais pesados podem ser atenuados ou prevenidos pelo uso de metais
essenciais, sobretudo zinco e cobre (LI et al., 1995; BRZOSKA & MONIUSZKO-
JAKONIUK, 2001). Esses efeitos medicamentosos sdo consequéncias das interagdes entre
esses metais (GOYER, 1995; BRZOSKA & MONIUSZKO-JAKONIUK, 2001; IRATO &
ALBERGONI, 2005; DOREA & DONANGELO, 2006), uma vez que pode haver
competicOes, deslocamentos de metais ndo-essenciais com a posterior substituicdo por metais
essenciais (IRATO & ALBERGONI, 2005) e formagdo de complexos em determinados
sistemas biolégicos (CHMIELNICKA et al., 1983; GOYER, 1995).

Organismos jovens s30 especialmente vulneréveis a fatores externos (FRANKOVA &
BARNES, 1968; CHASE et al., 1969; WALSH, 1982; MOSER, 2000; SINGH & RISHI,
2005). Conseguientemente, animais em fases precoces da vida, periodo em que encontram-se
em desenvolvimento e crescimento, s80 0s sujeitos experimentai s de investigag6es visando a
avaliagdo do grau de toxicidade desses agentes e a protecdo desses organismos (TRAUTH et
al., 2000; SINGH & RISHI, 2005).

A presente tese versa sobre a capacidade do zinco e do c&dmio em atenuar ou prevenir
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os efeitos deletérios consequientes da exposi¢cao de ratos em desenvolvimento ao mercurio.

1.1 Objetivos

O presente trabalho tem como objetivo gerd investigar a capacidade do zinco e do
cadmio em prevenir ou reduzir os efeitos toxicos induzidos pelo mercario em ratos jovens.

Tomando-se por base o objetivo geral, os objetivos especificos foram definidos. As
conseguéncias da exposicdo ao mercurio sdo avaliadas por meio das seguintes variaveis:
determinacdo do peso corpord, determinagdd dos pesos Umidos dos rins e do figado,
avaliagdo da atividade da enzima porfobilinogénio sintase (PBG-sintase) de fonte rena e
hepética, quantificacdo dos niveis dos metais merclrio e zinco retidos nos tecidos renal,
hepético e sangliineo, avaliacéo das fungdes renal e hepética, quantificacdo do teor de
glicogénio hepatico, determinacdo do nivel de glicose sérica e quantificagdo do nivel de
metaotioneina (M T) renal, hepética e sangliinea. A capacidade do tratamento com zinco ou
cddmio em evitar ou atenuar os efeitos provocados pelo mercirio é avaliada mediante a

modificacdo desses par@metros alterados pelo mercurio.

1.2 Judtificativa

O mercurio figura como um dos mais perniciosos entre os metais classificados como
pesados, seus efeitos deletérios sdo investigados e conhecidos desde algumas décadas. Porém,
as consegléncias da exposicdo a0 merclrio em organismos em desenvolvimento, cuja
sensibilidade é relatada maior, sdo pouco estudadas. Além disso, o tratamento farmacol 6gico
prescrito para as intoxicaces causadas por esse agente €, até 0 momento, inadequado, uma
vez que é paliativo e téxico. O zinco e o cadmio sdo metais dotados da capacidade de induzir
a sintese de proteinas ligantes de metal. De acordo com isso, 0 zinco e 0 cadmio poderiam ser

tratamentos aternativos nesses casos de intoxicagdes por mercirio em animais jovens.
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A presente tese é apresentada conforme as seguintes partes constituintes sequenciais:.
CAPITULO 2: REVISAO BIBLIOGRAFICA;
CAPITULO 3: ARTIGO 1
Efeitos do zinco e do cadmio sobre a inibi¢do da d-ALA-D induzida pelo HgCl, e os
niveisde Hg nostecidos deratosjovens
(Effects of zinc and cadmium on HQCl,-d-ALA-D inhibition and Hg levels in tissues of
suckling rats)
CAPITULO 4: ARTIGO 2
Efetividade do ZnCl, em proteger contra a nefrotoxicidade induzida pelo HgCl, em
ratos recém-nascidos
(Effectiveness of ZnCl, in protecting against nephrotoxicity induced by HgCl, in
newborn rats)
CAPITULO 5: MANUSCRITO
Niveis de metalotioneina, zinco e merclrio nos tecidos de ratos jovens expostos ao
zinco e subsegiientemente ao mercurio

(Metallothionein, zinc and mercury levelsin tissues of young rats exposed to zinc and

subsequently to mercury)

CAPITULO 6: DISCUSSAO GERAL;
CAPITULO 7: CONCLUSAO GERAL.
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CAPITULO 2
2 REVISAO BIBLIOGRAFICA

2.1 Mercurio

O mercurio é um elemento quimico que ndo possui fungdo bioldgica e causa efeitos
deletérios e, por essas razdes, arrolado como metal toxico (GOYER, 1996; KLAASSEN,
1996). E ubiqiio no meio ambiente, deriva de fontes naturais e de atividades humanas. Por
tratar-se de um agente potencialmente toxico, é indicado que deve-se minimizar a0 méximo
seu emprego em qualquer tipo de atividade (CLARKSON, 1997; FURST & RADDING,
1998). As diversas formas, inorgéanicas e organicas, nas quais pode goresentar-se, refletem a
diversidade de efeitos que pode provocar. Dentre as principais, destacam-se as formas
inorganicas mercirica (Hg?") e o mercirio elementar [ou mercirio metédico (Hg?)] e a forma
organica metilmercario (CHsHg"). O mercirio metdlico tem predilegio por afetar o SNC e 0s
rins (FREDRIKSSON et al., 1992; RISHER et al., 2003; COUNTER & BUCHANAN, 2004,
YOSHIDA et al., 2005), enquanto que a forma mercdrica, cujo principal representante é o
cloreto de mercurio (HgCly), é um caracteristico nefrotéxico (CLARKSON, 1997; HERAK -
KRAMBERGER & SABOLIC, 2001). Na atualidade, o0 mercurio ainda € usado na extracéo
do ouro, assim a exposi¢éo ocupaciona ocorre nos garimpeiros e na populagdo alocada nas
imediacOes do garimpo (LEBEL et al., 1996; BISINOTI & JARDIM, 2004; CASTILHOS et
al., 2006). PopulacBes ribeirinhas que habitam locais ndo tdo proximos das regibes de
garimpagem, mas que cujas &guas e fauna aquética estdo contaminadas pelos reeitos
derivados da atividade de extracdo, também sdo alvos potenciais do mercirio. A exposi¢ao
dessas populagdes € magnificada em virtude da baixa renda, razéo pela qual sua principal
fonte protéica adimentar € por melo do consumo de peixes originarios do ambiente
contaminado (LEBEL et al., 1996; RENZONI et al., 1998; CHAN et al., 2003; CASTILHOS
et al., 2006).

A forma mercurica é avo de inimeras investigagdes porque, além de sua toxicidade

intrinseca, é atribuida a e€la a toxicidade do mercurio elementar e, parcialmente, a do
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metilmercurio, uma vez que, por oxidagdo e desmetilacdo, respectivamente, ambas as formas
sfo convertidas em Hg?* (COUNTER & BUCHANAN, 2004). As alteragBes provocadas pela
exposicdo de organismos Vivos a0 merclrio sdo indmeras. Dados da literatura relatam
modificagdes no desempenho de tarefas comportamentais (ROCHA et al., 1993, 2001,
SAKAMOQOTO et al., 1993), no peso corpora (SAKAMOTO et al., 1993; ROCHA et al.,
1995), no peso, na histologia e na fisiologia de alguns 6rgéos (MAGOS et al., 1982; ROCHA
et al., 1995; EMANUELLI et al., 1996; HOMMA-TAKEDA et al., 1999; SHIGEMATSU et
al., 2000; ROZA et al., 2005). Além disso, sdo comuns ateracbes na atividade de enzimas
como PBG-sintase proveniente de vérias fontes (ROCHA et al., 1995; EMANUELLI et al.,
1996; ROZA et al., 2005), alanina aminotransferase (ALT) (GILL et al., 1990; BUCIO €t al.,
1995) e acetilcolinesterase de nervo periférico (OMATA et al., 1982) e cerebral (MORETTO
et al., 2004), na uréia (HOLT & WEB, 1986; EMANUELLI et al., 1996; EWALD &
CALABRESE, 2001), na concentracdo tecidual de metais enddgenos (BAPU et al., 1994;
FENG et al., 2004), entre outras.

Nos casos de intoxicacfes por mercurio € recomendado o afastamento do individuo da
fonte de contaminagdo e a terapia medicamentosa é por intermédio da administracdo de
agentes quelantes, que sGo antagonistas de metais por reagirem com eles e assim formarem
complexos estaveis que sdo posteriormente excretados nesta forma complexada
(JUNGHANS, 1983; HARTVIG, 1984; DOMINGO, 1995).

2.2 Cadmio

O cadmio, assim como o mercurio, é considerado um metal toxico. Quanto ao seu grau
de toxicidade, pode ser equiparado a chumbo e ao merclrio, ou sga, € potencialmente toxico
(GOYER, 1996; KLAASSEN, 1996). Suas aplicagbes obtiveram grande éxito partindo dos
achados de suas propriedades anticorrosivas. Industrialmente é utilizado na fabricacdo de
baterias de ca&dmio e niquel, de células fotovoltaicas, de |ampadas a vapor e na obtencéo de
pigmentos. Ademais, ele € um subproduto da mineracdo do zinco e do cobre e esta presente
no tabaco (WHO, 1992; GOYER, 1996; KLAASSEN, 1996). O c&mio gera prejuizos
especialmente nos sistemas rena (TANG et al.,, 1998; HERAK-KRAMBERGER &
SABOLIC, 2001) e esquelético (OGOSHI et al., 1992; BRZOSKA et al., 2001). A exposi¢io

ocupacional ocorre em trabahadores de fabricas que utilizam o cddmio e em mineiros e na
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populagdo geral dé-se pelo hébito de fumar e pelo consumo de figado, rins e frutos do mar, os
quais concentram o metal (WHO, 1992; GOY ER, 1996; KLAASSEN, 1996).

Apesar de ser classificado como um metal téxico, dependendo da dose e da idade em
gue 0s animais sd0 expostos, ndo sdo verificadas alteracbes no desenvolvimento e na
atividade da enzima PBG-sintase (PEIXOTO, 2000), efeitos comumente induzidos pela
exposi¢do a metais pesados como 0 merclrio e o chumbo (ROCHA et al., 1995; PEIXOTO,
2000). Além disso, a exposi¢do induz a sintese de proteinas ligantes de metal e MT (OTVOS
& ARMITAGE, 1980; ONOSAKA & GEORGE CHERIAN, 1981; RITA MISRA et al.,
1997). Embora essas proteinas tenham a propriedade de quelar o metal e assim tornalo
indisponivel para exercer seus efeitos toxicos (HIDALGO et al., 2001; CHAN et al., 2002;
DABRIO et al., 2002), ha relatos de nefrotoxicidade mais acentuada quando o cadmio
encontra-se nessa forma do que quando naformade sal (DORIAN et al., 1995).

2.3 Zinco

O zinco é classificado como metal essencial e tem varias fungdes bioldgicas
comprovadas. Primariamente, destacam-se suas funcbes catalitica, estrutural e regulatéria
(CHAN et al., 2002; MARET, 2005; MATHIE et al., 2006). A replicagéo e a transcrigéo do
acido desoxirribonucléico (ADN) e a sintese protéica sao processos que representam o papel
essenciad do zinco na regulagdo da proliferagéo e diferenciagdo celulares (ECKHERT &
HURLEY, 1977; GEORGE CHERIAN et al., 2003). Sua essencialidade também é evidente
considerando-se que ele é imprescindivd a uma variedade de fungBes bioquimicas e
fisiologicas, nas quais estéo envolvidas vérias enzimas e proteinas que o requerem (VALLEE,
1995; ROFE et al., 2000; ZATTA et al., 2003; TAKEDA et al., 2004a, 2004b, 2005). A
manutencdo das concentrages adequadas de zinco é de suma importancia de modo a manter
todos esses eventos sob um controle rigido. A homeostase do metal é realizada por meio de
proteinas sensoras e transportadoras de membranas, as quais regulam o influxo e o efluxo de
zinco celular e vesicular, e por outras proteinas como tioneinas e M T, que estdo envolvidas no
tréfego do metal entre organelas e na manutenc@o da concentrag@o de zinco disponivel dentro
de uma faixa de variag@o especifica (MASON et al., 1981; CUAJUNGCO & LEES, 1997,
ROFE et al., 2000; MARET, 2005).

O zinco possui a capacidade de induzir a sintese de proteinas ligantes de metd e MT
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(EATON et al., 1980; GOERING & FOWLER, 1987; PEDERSEN et al., 1998). Entre os
metais, € classificado como o melhor indutor (EATON et al., 1980; BRACKEN &
KLAASSEN, 1987).

H& um considerdvel nimero de publicacfes relatando os efeitos benéficos do zinco em
relagdo as vérias ateracOes indesgjdveis provocadas por alguns agentes como o mercdrio
(GALE, 1984; ZALUPS & CHERIAN, 1992), o cadmio (TANG €t al., 1998; BRZOSKA et
al., 2001), o cobre (BREWER et al., 1998), organofosforados (GOEL et al., 2005, 2006), e
por algumas patologias, como o diabetes (TOBIA et al., 1998; QURAISHI et al., 2005), a
aterosclerose (REN et al., 2006), a gastrite (TRAN et al., 2005) e a cirrose (BIANCHI et al.,
2000). Atualmente, o zinco é considerado um possivel antagonista do mercirio (COUNTER
& BUCHANAN, 2004).

2.4 Animais em desenvolvimento

Os roedores apresentam fases de desenvolvimento rgpido pés-natal. Essas fases estéo
compreendidas desde 0 momento do nascimento e estendem-se até o final do periodo de
desmame (3 semanas de idade, aproximadamente) (GOTTLIEB et al., 1977). Os estégios de
desenvolvimento acelerado sdo 0s seguintes:

primeira fase: situa-se desde o dia do nascimento e estende-se até o sexto dia de
vida;

segunda fase: compreendida entre o oitavo e o décimo terceiro diade idade;
terceirafase: ocorre do décimo sétimo ao vigésmo terceiro diade vida

Durante esses intervalos de desenvolvimento rgpido ha um aumento mais pronunciado
do peso da maioria dos 6rgdos quando comparado com as taxas de desenvolvimentos que
verifica-se imediatamente antes e depois desses intervalos (KOBAY ASHI, 1963; WINICK &
NOBLE, 1965; GOTTLIEB et al.,, 1977). Esse aumento mais significativo do
desenvolvimento é atribuido & maior quantidade de mielina, de proteina, de ADN e de acido
ribonucléico (ARN) presente nos 6rgdos em virtude da intensa sintese dos mesmos (WINICK
& NOBLE, 1965; GOTTLIEB et al., 1977; MORGANE et al., 2002).

Vérios trabalhos determinaram que animais ndo completamente desenvolvidos tém

uma marcada sensibilidade quando aplica-se insultos externos (BARONE et al., 2000; RICE
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& BARONE, 2000; MENDOLA et al., 2002; MORGANE et al., 2002). Esses insultos tanto
podem ser sutis, como estresse, manipulagdo, subnutricdo e privagdo do contato materno
(COWLEY & WIDDOWSON, 1965; GOLDMAN, 1965; ADLARD & DOBBING, 1971,
DOBBING & SANDS, 1971; FRANKOVA & BLATNIKOVA, 1979; ROCHA &
VENDITE, 1990), ou podem ser agressdes propriamente ditas, como exposi¢cies a metais
pesados, praguicidas ou outros agentes toxicos (RIBEIRO-DA-SILVA et al., 1994; ASTON
et al., 1996; MOSER, 2000; FERRI et al., 2003; ROZA et al., 2005; SINGH & RISHI, 2005;
DOREA & DONANGELO, 2006). As deficiéncias provocadas por esses insultos impostos
nesta idade precoce da vida podem ser irreversiveis, ainda que cessada sua aplicacdo e
recompostas as condi¢des adequadas dos animais (FREDRIKSSON et al., 1992; RICE &
GILBERT, 1995; TRAUTH et al., 2000). H& relatos da presenca de certas deficiéncias em
animais adultos expostos a insultos sutis durante a vida precoce (FRANKOVA & BARNES,
1968; VENDITE et al., 1985). A grande vulnerabilidade desses organismos quanto a agentes
quimicos esté relacionada a imaturidade dos 6rgdos e membranas e a incapacidade de
processar adequadamente os mesmos (NIES & SPIELBERG, 1996; HODGSON, 1997; TYL,
1998).

25 PBG-dntase (E.C. 4.2.1.24)

A enzima citosolica PBG-sintase, também denominada d-aminolevulinato desidratase
(d-ALA-D), é classificada, segundo a Enzyme Comission, como E.C. 4.2.1.24, sendo uma
liase que catalisa a condensagdo de duas moléculas do substrato &cido d-aminolevulinico (d-
ALA) para a sintese de uma molécula de porfobilinogénio (PBG) com a liberacdo de duas
moléculas de &gua (BERNARD & LAUWERYS, 1987; JAFFE, 1995). Estad amplamente
distribuida nos organismos vivos e € altamente conservada (JAFFE, 1995). Seu alto conteido
de grupamentos contendo enxofre (SHEMIN, 1976; TSUKAMOTO et al., 1979) determina
sua grande afinidade por metais, preponderantemente, os divalentes (BORDER et al., 1976;
SCHEUHAMMER, 1987). A ligagdo dos metais a esses grupamentos quimicos altera sua
capacidade catalitica (BORDER et al., 1976; DESPAUX et al., 1977; DAVIS & AVRAM,
1980; SCHEUHAMMER, 1987).

Dados da literatura relatam que alguns metais, como zinco, séo ativadores da PBG-
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sintase (DESPAUX et al., 1977; BERNARD & LAUWERY'S, 1987), enquanto que outros,
como mercurio e chumbo, sdo inibidores da sua atividade (TSUKAMOTO et al., 1980;
GOERING & FOWLER, 1987; NOGUEIRA et al., 2003). Além disso, aguns metais foram
classificados como ativadores da enzima em baixas concentragbes e inibidores da PBG-
sintase quando presente em altas concentragbes (DESPAUX et al., 1977; BERNARD &
LAUWERYS, 1987). As caracteristicas de ubiqlidade (GIBSON et al., 1955; BERNARD &
LAUWERYS, 1987; JAFFE, 1995) e sua natureza sulfidrilica (SHEMIN, 1976;
TSUKAMOTO et al., 1979) sdo as responsaveis pela sua utilizacdo como biomarcador da

exXposicao ametais pesados.

26 MT

As MT pertencem a uma superfamilia de proteinas ligantes de metal descritas por
Margoshes e Vallee, em 1957, por ocasido de sua descoberta em rim de cavalo (CAl et al.,
1999; NATH et al., 2000; DABRIO et al., 2002). Sdo proteinas ubiquas, j& foi descrita sua
presenca em fungos, leveduras, bactérias, mamiferos, crustaceos, vegetais, moluscos e em
outros organismos (STILLMAN, 1995; PEDERSEN et al., 1998; KLAASSEN et al., 1999;
ROMERO-ISART & VASAK, 2002). Estdo alocadas numa classe especial porque detém
caracteristicas peculiares (DUNN et al., 1987; STILLMAN, 1995; NATH et al., 2000; CHAN
et al., 2002; DABRIO et al., 2002; ROMERO-ISART & VASAK, 2002):

localizacdo preponderantemente citosolica;
peso molecular baixo (6.000-7.000 Da, em mamiferos, corresponde a uma Unica
cadeia polipeptidica com 61-68 residuos de aminoacidos);
ricas em cisteina (25-30%);
auséncia de aminoécidos arométicos e de histidina;
auséncia de pontes dissulfeto;
distribuicéo dosresiduos cisteinil altamente conservada;
ressténcia ao caor;
alto contelido de metais.
O alto contetdo de residuos de cisteina proporciona-lhes alto conteido de metais, uma

vez que a ainidade pelos metais é conferida pela presenca dos grupamentos sulfidrilicos
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(CHAN et al., 2002; ROMERO-ISART & VASAK, 2002). Os &omos de metais situam-se
em regibes especificas da cadeia polipeptidica em agrupamentos denominados clusters
(OTVOS & ARMITAGE, 1980; STILLMAN, 1995). Cada molécula protéica é capaz de ligar
7, 12 ou mesmo 18 &omos de metal dos Grupos 11 e 12 (STILLMAN, 1995; CHAN et al.,
2002). A composi¢do metdica da proteina depende do tecido e da exposi¢do prévia ao metal
(ROMERO-ISART & VASAK, 2002).

A sintese das MT pode ser induzida pela exposicdo a qualquer um dos seguintes
fatores: estresse (HIDALGO et al., 1990; KONDOH et al., 2003), ions metélicos (essenciais
ou téxicos) (EATON et al., 1980; GOERING & FOWLER, 1987), horménios (DUNN et al.,
1987; NATH et al., 2000), agentes farmacologicos (BRACKEN & KLAASSEN, 1987;
NATH et al., 2000), radiagfes (CAl et al., 1999), praguicidas (NATH et al., 2000; KONDOH
et al., 2003), compostos quimicos em gera (BRACKEN & KLAASSEN, 1987,
THEOCHARIS et al., 2001). Os tecidos que mais expressam as M T s8o o figado, osrins e 0s
intestinos, mas estdo presentes em véarios outros tecidos (CAl et al., 1999; ROMERO-ISART
& VASAK, 2002).

As funcdes bioldgicas dessas moléculas ainda ndo estdo completamente elucidadas.
Entretanto, algumas investigagdes revelaram que estéo envolvidas na homeostase de metais
essenciais, como 0 zinco e o cobre, e N0 mecanismo de destoxificagdo de metais e radicais
livres (HIDALGO et al., 2001; CHAN et al., 2002; DABRIO et al., 2002).
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ARTIGO 1.

Titulo: Efeitos do zinco e do cadmio sobre a inibi¢édo da d-ALA-D induzida pelo HgCl, e
os niveis de Hg nostecidos deratosjovens
(Effects of znc and cadmium on HgCl,-d-ALA-D inhibition and Hg levelsin tissues
of suckling rats)
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Effects of zinc and cadmium on HgClz-8-ALA-D inhibition
and Hg levels in tissues of suckling rats

Nilee C. Peixoto, Taciane Roza, Frico M.M. Flores, Maria E. Pereim®
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Campis Universiianio-Camobi, 97/05-900 Sawia Movla, K5, Brazl
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Abstract

The affects of ClCT; and ZoCl; pretraiments on the mhibinon of &ALA-D (G-aminelovuline acul dehydmiase) acivity
and He contentz in liver and kilngys of suckling rais intoxicated with HgCl: were imvestigated. Zn-pretreatment prevented the
elfects ol mercury ata higher magninde than CAdC];. Flepaio and renal B ALA-D actviies were significantly inhibited by HpCl,
il priar exposure o CAC]; partially prevented the renal affect of mercury but nat aliered the mercury Tovels in both tssues,
Pretreatment with ZnClz abolished mercury- -IFinhibinon i kidneys and hver and induced an mereass in renal
{about three imes) and adecrease i bepatic (10 ene-third) g contenis when compared o the group injected only with mercury.,
In face of znc effocts o prevent Hg-4-ALA-D mhibiion and o alier He-deposinon levels m kadney and liver, these resulis
apges that these effects may be partially due 1o ithe synthesis of memllothioneins (M), In fact, liver BT content presentad
by amimals pretrsied with zine was sigmificantly greater than contral and Hg-treated groups, but the morase showel by renal
tisue (about G006 ) was not significant. Although the MT 15 neh m cysbeine (-8H) and consequently can form a great number of
MT-Hg complex, other machanisnys should be also imeolved in zine probection on mereury tosicity.
© 2003 Elsevier Ireland Lul. All nights reserved.

duced Al A

Kepwords, Cacemium oo zine chloride; Mencuric chloride; S-aminclavulinic acid delydrimse Suckling mis Tisues metal levels
Yleial kothionzin

L. Introduction molecular and cellular fargets have been identified,

tha precisz imvolvement of such targets in the foxicity

Mircury, cadmium, and lead are potent toxic agenis
that are relensed into the awironment mainly through
anthropogenic actions. Mumaons siudies have boen
conductad to detenming the molecular mechanismis}
underlying their toxic actions.  Adthough various

* Corresponding anthor. Tel.: 4552122087,
fax: 4-55-21-12087595,
E-pl] acldrese persimme @ vahoo combe (ME. Perein).

of these metals has not bean definitely establishad yat
{Clarkson, 1983; Annau and Cuome, 1988; Bresslar
and Cioldstein, 1991 Rossi et al., 1991; Recha et al.,
1993, 19951, The majority of experiments with mer-
aury have been conducted in adult animals (Friberg,
1956; Mengel and Karlog, 1980; Nielsen and
Andersen, 1989, 19903, The sensitivity of develop-
ing animals 1o vanons compounds {fineuding metals)
may differ from that obsarved in adults (Jugo, 19765

MATEAITHE — sew fronl pmtter & 2003 Elsavier Iredand Ll &10 rights resorval.
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Kostinl et al, 1978; Walsh, 1982; Webh and
Haolt, 1982; Pereim at al., 19997, thus making impor-
tant 1o examing the effects of metals on developing
CIEATNIEMS,

In expariments conducted with young rats the ad-
ministration of mercuric chlonde (Rocha et al., 1995,
20003 and methylmercury chloride (Recha et al,
1993} inhibit the rat B-aminolevulinic acid dely-
dratase (B-AL&-IY) activity. This is a Zn-dependent,
sulfhydryl-coniaining enzyme, that catalyses the con-
densation of two S-aminolevalinic acid (5-ALA}
molecules to fonm porphobilinogen, which is a heme
precursor {Gihson et al., 19335 Considering its high
sensitivily 1o metals, the activity of this enzyme can ba
usad as uselul biomarker of heavy metals exposition
and’or intoxication.

Fine, cadmium, and macory are divalent metals
that constitate group [ B of the paricdic fable of ele-
mants, Although zine is an essential trace matal whila
the remaining two are toxic metals, they share Mol ogi-
cal responses such as affinity towards thiol groups, an-
lagonism 1o biological cations, participation in redox
reaction, modulation of essential elements homecsia-
sis, and preferential excretion through fiaces via bile.
Hewever, the mos imporant commoen fzature among
thase metals is the ability 1o induce synthesis of mat-
allothioneing (MT3. These proteins ame chamcteriszd
by low molecular mass (6000-7000 Day, a high con-
tent of cysteine (SH) (aboul 30% in vertebrates), a
lack of aromatic amine acid residues, and haat stabil-
ity (Dunn et al., 1987; Romero-Tsart and Vasik, 2002,
Beyond metalz, the MT are induwced by hormones,
stress, irmdiation, and othar factors {Dunn et al., 1987
Park et al, 2001; Tandon & al., 20003 Tha hiosyn-
thasis of MT happens in two vital organs imolvad in
detoxifcation of oxing, named liver and kidney {Dunn
et al., 1987; Romero-lsar and Vasak, 2002; Kondoh
at al., 2003}, In newbom rats, ontogenic changes in
the hepatic MT happen after birth until ghout 1670 day
post-parium and appear 1o be related to the increasa

m liver weight (Mason et al., 19813 The main role of

BT is detoxification of heavy meatals and in regula-
tion of the homeosiasis of essential trace metals (such
a3 coppar and zincd (Dunn et al., 1987; Romero-lsart
and Vasak, 2002,

Considering that the sensitivity of target organs and,
moat spacifically, the sensitivity of molecular largets
(B-ALA-I and MT) o meials can change consider-

ably as a function of development (Mason etal., 19817,
the present study investigated the effect of CdCl; and
AnCly pretreatmants on tha inhibition of &4 LA-1 and
marcury accumulation in tissues indoced by mercury
axposure during the early post-natal periods. The MT
contents ware assessed with the aim of varilying tha
protection capacity of this protein on memcury intoxi-
cation elfects.

2. Materials and methods
24, Chemicals

Glacial acetic acid, ortho-phosphoric acid, per-
chloric  acid, absolute  ethanol, HgCl:, CdCla,
AnClz, MaCl, KaHPOy, KHaPOy, HaS804, HRNOs,
MaOH, perhydrol® 30%, sodium tetrahydroborate,
P-memapioethanol,  sucrose, HCL  phenylmathyl-
sulphonyfiucndea (PMSF), chlorofonm, caleium dis-
odium  ethylenadiaminatetraacetale (EDTA), 55
dithio-fes 2-nitrobenzoic acid) (ITHB). L-cyslaine
hydrochloride monohydrate, and tis hydroxymeathyl)
aminomethane Tns) were obtained from Merck (Rio
de Janeiro, BJ, Brazily; S-aminolevulinic acid, hovine
albumin, and Coomassie brilliant blue G from Sigma
{51, Lowis, MO Trichloroacetic acid was oblainad
from Reagen and pare-dimethylaminobenzaldehyda
wits obtained from Riedel (Seelwe, Han., Genmany).

2.2 Artwals

Wistar rats obtained from the General Animal
House of the Federal University of Santa Maria were
transfamad to our breading colony and maintained on a

2 h light/dark cycle. The breading regimen conzistad
of grouping three virgin females (90- 1o 120-day-old)
with one male for 20 days, After this period, pregnant
rads ware salectad and housad individually in opague
plastic cages (30 an = 25 om = 18cm). Pregnant rais
waene checked once daily between 3:00 and G:00p.m.
for the presance of pups.

2.3, Theaiment with melals
When pups were 3 days old, they receivad frve

subculanecns (5.0.) injections on consecutive days of
saling (MaCl #mgkg), CdCly (3.7 meker or #ZnCl;
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(27.0mgker On five subsequent days the animals
wene injectad daily with cne dose {s.c.) of saline or
HeCly (3.0mgke). The pups were separaled from
thair dams, weighted, injected, and placed in individ-
val cages for about 10min. The metals were dissolvad
in saling solution and all the solutions were injectad
at g volume of 10mlkg hody weight.

2.4, Tiswwe preparabion

Rats were weighted, anesthetized with ether and
killad by decapitation about 24 hafta the last dose of
saling or mercury. The kidneys and liver were removad
and weighted. Samples of thesa lissues wera collected
for enzymatic activity assays, to delenming mercury,
and metallothionein levels.

For &-ALA-D activity assays, the liver and kidneys
wene quickly removed and placed on ice. Kidneys
wene homogenized in 5 and 7 volumes of 130mM
MNaCl with 10 up-and-down strokes at ~ 1200 rpm in a
Teflon-glass homogenizer. The homogenate was cen-
trifuged at 8000 5 g for 30 min using a Janetisky K-24
refrigerated centrifuge. The supematant fraction was
vsad in the enzyme pssays.

To determineg marcury levels in the tissoes, liver
and kidney were removed, placed in a vial, and fromsen
{=207C).

For metallsthiongin level assays, the liver and
kidneys ware homogenized in 4 volumes of 20 mM
Tris-HC1 buffer, pH &6, containing 0,58 PMSF as
agent antiproteolytic and 0.01% E-mercaptoethanol
a3 a reducing agat. The homogenate was then cen-
trifuged at 17000 = g for 30 min to oblain a super-
matant containing metallothioneins (Viarengo et al.,
1987}

2.5. Erzyme assay

B-ALA-D activity was assayed according to the
mathod of Sazsa (1982 by measuring the mte of
product  {porphobilinogen)  fonmation, excepl  that
76 mM sodivom phosphate buffer (pH 6. 8) and 2.2 mM
EB-ALA wene usad, The reaction product was deter-
mined uzing a modified Ehrlich’s reagent al 555 nm,
with a molar absorption coefficient of 6.1 = 104
for the Ehrlich-pomphobilinogen salt. The incubation
wits initiated by adding 100l of tissue preparation
{0.5-1.0mg of protein) (final volume, 275 pl) and

oy Levers 46 Q2003 17-25 19

wis carried out for 40 and S0min for liver and kid-
nieys, respectively, at 3990, The specific activity was
exprassad as nmol of PRG formed per hour per mg
protein. Protein concentrations were determined by
the Coomassie blug mathod (Bradford, 1976} using
bovineg serm albumin as a standard. All samplas
wenz run in triplicate.

2.0, Mercwry contenl delermination

The determination of mercury was made according
to the method describad by Emanuelli et al. {1996,
Pricr to mercury analysis, samples were allowead to
thaw and then received 10ml of MOy (653} and
1'ml of perhydrol® (3004). Samples were mainizined
at room lemperaiura for 24 hand heated at 457 ona
sand bath fior & b Samples were Altered and the vol-
ume was adjinsted to 253 ml with 05% HNO;5 (wiv)
This solution was used for the detenmination of mer-
aury by atomic absorption spectrometry (A&S) with
tha aid of the cold vapor technique using a Perkin
Elmer 3030 Specirometer anda Perkin Elmer MHS-10
Hydride Generation System. The detection limit Tor
this method is 002 g of Heg per gram of tissue, Adl
samples were run in iripicate.

2.7 Meaallothionein content delermination

Mitallothicnain content determination was assayad
according o the method of Viarmgo at al. {1997 as
misdifiad by Parovic et al. (2000, Aliquots of 1ml of
supernatant ware added with 1LO5Sml of cald (—20 "C}
ahaolute ethanol and 80l of chloroform; the samplas
wene then centrifuged at 6000 x g Tor 10min. The
collected suparnatant was comhbined with three vol-
umes of cold ethansl { —20°C)L maintained at —20°C
for 1h and cenirifuged at 6000 = g for 10 min. The
metallothioneincontaining pellas were then rinsad
with #7%, ethanol and 1% chloroform and centrifogad
at G e g for 100min. The metallothionein content in
tha pellel was evaluated using the colorimetric method
with Ellman’s rengent. The pellet was resuspended in
1500 ] 0,25 M MaC'l and subsequently 150 pl 1N HCI
containing EDTA 4mM wene addad 1o the sample.
A volume of 4.2ml 2 M NaCl containing 043 mM
DTHE buffered with 0.2 M Ma-phosphate, pH 8.0
{Ellman, 1958 was then added o the sample at room
termnparature. The sample was finally centrifuged at
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3000 < @ for 3ming the supematant absorbance was
evaluatald at 412 nmand metallothicnein concentration
was estimated utilizing cysteine as a reference stan-

dard and expressed as micrograms of SH per gram of

wit weight. All samples wera un in duplicate.
2.8 Stanstical analvsis

Body and organ waighis, &-ALA-DI activity, mer-
cury levels of tissues and relative percentage of MT
wiare analyzed by one-way ANOWVA followad by
Duncan’s multiple range test when appropriate. Each
litter contributed cnly one rat for each experimental

PAMEL A

BODY KIDHEYS

oaa

o

ight (g}

wHIg

weight (g)

croup in order o avoid a liter effect (Abbay and
Howard, 19733,

L Resalis
A0 Bedy, Iver, and Eldney welghis

The effects of the melal treatments on corporal,
renal and hepatic weights are illustrated in Fig. 1.
Cing-way ANOWA revealad that the body weight was
significantly affectzd by th administration of marcury
(Cdpretreatment, F3.24) = 2164, P = 00001;

E

os0

bl sl

wieaght fig)

D30
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SAL-Hy
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Fig. 1. Bady, kidneys, and liver weighis of 13chyold mis intoxicated with HgCl, pre-ssposed o CACL or ZoCl,. Daia shown as

-

mezan = 5 E M. Rats were weated {=c) for five conseadive days from post-mital days 3-7 with saline (S0mgkp) or CACL (3.7 mgkg)
(panel Aj: or mline ar #nCl, 127 mpkg) (panel By Subsequently the animals reeenved (sc.) fram day 8- 12 five doses of saline or Hetl,

(5.0 mg/

siline—=aling wd zinc-sline (= 005,

1. Duncan’s multiple mange test: (a) Significanly different from groups reated with saline—=aline and cadmivm-sline (P = 0.015;
ity ditferent from the others groops From the sime panel (< 0,013 (2) Significatly diffrent fram groups iretsd with
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An-pretreatment, F3,24) = 1032, P < 00dl)
HegCly treated groups presented a decrease in weight
aing of about 30% when pretreated with saline or
cadmium {F = 001, Duncan’s multiple range tast)
and 102G when pretreated with zine, Pravious ex-
posure to gine prevanted the mercury-indoced loss
of weight since there was no significant difference
betwoen zinc-mercury group and saline—=aling group.

Liver weight was not alterad, whereas renal
waight was  significantly increased by marcury

PANEL A
REMAL

L)

oiein

I

nmiol PEGHIMYG

|

FAMEL B

REMAL
Bl

rotein
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nirmal FBGmImg

[u]

B selsa In-SAL

treatment.  One-way  ANOYVA revealad a  signi-
ficant effect of HgCl; weatment on renal weighis
in both pretreatment models (CdCl,  F3200 =
1261, P = 0oool; #Fnll., M3, 12y = 632,
P DO0RY HeCly treated animals presentad an
increase in renal weights of about 50% (P«
0.05, Duncan’s multiple range test). Previous ax-
posure to wine or cadmiom has not preventad
the  increasing of  renal  weight  induced by
marcury.
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Fig. 2. Renal and hepotic &-ALA-D specific activilies of 13 day-old mis inteoicated with HaiCly pre-expossd o CdCL ar #oCl; . Daia

shown as mean £ 5 E M. Rals were ireis
Formiesd per hour per milligram of probein.

15 described in Fig, | S-ALA-D specific nctivity is expressad as nanamol of porphobilinogean
s multipls ranges best (n) sign

nily different from groups iranted wilh siling-—slin:

and cadmivm-zaling (P = 0053 {(h) significinly different fom groops ireated with saline—saline and cdmivm-saline (P = 0.01); {cj
significantly diffzrent fram the others groups from same panel | P = 005,
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3.2 Rewal and hepabic &-AL4-D

The effects of cadmium and zine pretreatments on
marcury -ALA-IV inhibition are shown in Fig, 2

One-way ANOYA revaaled significant effects of

HgCly treatment on renal &-ALA-D activity in cad-
mitm and zine pretreatments (CdClz (panal A,
FAIN = 358 P < 003 ACl: (panel B,
FA12) = 1120, P < DO0E0, Posthec comparisons
by Duncan’s multiple range test showed that HegClz
treated rats pretreated with saline presented a de-

FAREL A
REHAL
i)
a |
|
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m Wt
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Baf
a
wl
1]
B saisa Cd-SAL
PAMEL B
RERAL
140
bc
120
o
o
L]
B
g an h
n
1]
B celsa In-SAL

cranss in engyma activity of aboul 509 (P < OL05).
Previous exposition to cadmium partially preventzd
the B-ALA-D inhibition induced by mercury (24%
inhibition), whereas the previous exposition to zine
tolally prevented the inhibition of the enzyme inducad
by marcury.

One-way AMOWA Tor liver &-ALA-ID activities re-
veled signibicant effects of HeCla (Cd-pretreatment,
Fii.24y = 771, P « 00009y Zn-pretreatmant,
Fii. 24y = 436, P < 04013 Posthoo compar-
imons (Duncan’s multiple range test) showed that
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]
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&0 |
o
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= bt
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7] SAlL-Hg [] znHo

Fig, 3. Reml and hepatic meraxy content of 13-div-oll mis inccicated with HgCly pre-exposal o0 CdCl; or £0C1;. Daia shown as
men £+ 5 EM. Bals were treated as deseribal in Figo 1. The mercury bevel iz expresssd as micrograms of mercury per grom of wel
lissue. Duncan’s muliiple mnge test (< 0010 ja) significaotly different from groups ireated with saline—aling and cadmium-—=aline;
(b significantly different from groups tesbsl with saline-siloe and zinc-saling: () signibcantly different from group eealed with

siline-mercury.
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saline-mercury and cadminm—mercury groups pre-
santed significant inhibition of the & ALA-D activitias
in the range of 30% (P < 0,01}, Previous exposure to
zinc preventzd &-ALA-DD inhibition induced by mer-
cury. Tha liver enryme activities wene similar fior the
bwo groups, ginc-mercury and saline-—salina.

A3 Mevcwry quaniificallon

The mercury content of kidnays and liver is shown
in Fig. 3. The boih tissues of Heg-untreated animals

presented He levals lower than the detection limit of

tha method used in this work (0,02 pgl The one-way
AMNOVA mevealed significant effects of the HeClz
trentment on mercury lavels (Cd-pretreatment., kidnay
F(3,E) = 20001, P = 0.0004, liver F(3, B} = 4036,
P 00015 n-pretreatment, kidney FIU3, B) = 68014,
Foo DO, liver FIAR) = 10883, P < 00001}
Posthoc companisons by Duncan’s multiple range test
showed that all gromps treated with HgCls presentad
gremter lavels of this metal than saline-treated groups
in hoth tissues analyzed (P < 0.01) Whareas tha
Ci-pretreaiment did not alter the macury content
ol tissues, the Fn-pretreatment induced alterations
in mercury levels in both tissues of rats exposad
to HgCly. The animals injected with zine prior to
marcury presentad, in renal tisspes, memnury levels
about three Tolds greater than those from animals
exposad only to mercury (P < 0.05). In the liver,
the pre-exposure o #ine meduced the mercury levels
o one-third of the group exposed only o mercury
(P DOS)

i34 Metallothionein cortent

The MT assay was concuclad only in animals
preireated with zine because only this pretreat-
mant modified the &-ALA-T activity inhibition and
Heg-deposition levels induwced by HegCl: treatment.
The MT content was quantified as tissues SH contant
and the resulls were analyzed as melative parcentage

of control group. The Table 1 shows the elfects of

zine pretreatment on MT levels in orats infoxicated
with marcury.

One-way ANOVA rvenled a significant effect of

trentment on %M1 hepatic [F(3. 8) = 24.537, P «
0.002] but not renal [ F3 &) = 1018, P = 0.434].
Posthoc comparisons by Duncan’s multipls mnge

Table 1

Metallothionezin content in kidnzys and Iiver of young mis injected
for fve comseculive days with one daily injection (sc.) of sline
Empka) or 2ol (27 0mgkg) restment 1) and abesjuently
for fve comseculive days with one daily injection (sc.) of sline
Sompkg) or HpCk (5.0 mg'kg) {reaiment I3

Treatment 1 Trestment 2 MT levels (% of control group)

[ =) Renal Hepatic

Saline Salin: 0+ 0 (1K O 2]

Fine Haline 1503 & 110 3285 & 3150k
Saline Mercury 10605 £ B 1862 £ 114°
Line Blercury 1602 & W7 3EB1 & A75RE

Diata are pressnled az men & SEM of relative perceniage of
=iling-zline group {hepa AT 6.273 20043, renal MT: 0059 &
B.021, opressed as mg of SH'g esh tisae). Duncan’s multipls
range fed (al lest P D05,
4 Significanily different from grovp trestel with =line-=aline
b Significanily diffzrent from group ireated with siline mercury.

test of hepatic MT showad that both groups treabzd
with ZnCl; (F = 0.01) and the group treated with
HeCly (P <= 0.05) presented greater levels of MT
than saline-treated  group.  #n-pretreatment induecad
an increnss of 200% in the hepatic MT and of 6056
in the renal MT. The animals treated only with mer-
aury prasented an increase in hepatic MT of 80%,
The renal MT level was not altered by ireatment
with Hg.

4. Discussion

The present work was conducted with the objec-
tive of imvestigating the sensitivity of young rats o
cadmium and zine as MT synthesis inductors as well
as A preventive irepiment of Heg intoaication using
B-ALA-DI) as biomarker.

HeClz reducad body waight gain and increasad the
renal weight. The effact observed on hody weight
gain was less acceniuatad than that reported by Rocha
a al. (1995 who usad the same schadule of treal-
mints. However, the increase in renal wizight was mon
pronouneed than that obsarved by authors mentionad
above, Adult rodents also exhihit an increase of re-
nal weight after exposition to mercurials (Rocha et al.,
1995, Emanuelli et al., 19963, The present study indi-
cates that the decrease in body weight gain induced by
mercury intoxication was parially prevented by pre-
treamtment with five doses of ZnCl;, but not CdCl;.
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Inhibition of S-AL&-IY induced by organic or in-
orpanic fomms of mercury has been extensively re-
portad in the likerature (Rocha et al, 1993, 1995,
2001; Emanuelli et al., 1996), Mow wa show that renal
but not hepatic S-AL&-ID-inhibition cansed by HgCls
i partially preventad by previous administration of
AL, Cd*t pravention of renal Heg*t-induced inhi-
bition of B-ALA-DD, may baa consequence of MT syn-
thesis, since thesa proteins can be induced by exposure
o metals such as copper, cadmium and zine {Dunn
et al, 1987; Goerng and Fowla, 1987: Park et al,
2000y and functioning as a detoxifcation machanism
as well as storage of heavy metals (Dunn et al., 1987;
Cai and Cherian, 2003}, However, the Cd-pratreatmeant
was nol effisctiv at preventing the hepatic-5-ALA-D
inhibition. The lack of @ffects on this organ suggests
that the levels of MT synthesizad wera not enough to
bind =ignificant amounts of free metal (Gad and Ash,
1998}, considering the high levels of metal that accu-
mulated in the hepatic tissoe.

An-pratreaiment modified the majority of marcury
effects in every studiad parameters. For instance, Zn*+
prevenied the decrease in body weight gain (Fig. 1},
prevented renal and hepatic -4 LA-D activity inhibi-
tion (Fig. 23, and induced a decrease in liver and anin-
craase in kidnay of meroury contents (Fig, 3). Besidies,
An-pretreatment induced anincrease in hepatic and re-
nal MT of about 200 and S024G, respactively (Table 1)
The Tormation of MT-Hg complex in high quanti-
ties in liver could overflow to the plasma and then ba
taken up by renal cells and degraded by lysosomal
proteases increasing the pool of renal metal (Goering
and Klanssen, 1983}, Assuming the high cysteing con-
tent in the MT molacula, it is possible that this probzin
can sequaster a high percentage of this toxic metal in
an inert complax, making them less available to inter-
act with sensitiva organelles or enzyme systams. An-
other aspect is the high content of free zine as conse-
quence of zine releasad of Zn-MT {complex fomead
afler Zn-treatment and bafore exposure 1o mercury,
whin begin the metals change in the MT} plus zinc
administrated (Goenng and Fowler, 1985, 1t 15 very
important whan considering the ability of Zn to re-
varse the B-ALA-D inhibition induced by heavy mit-
als (Chika and Kikuchi, 1984:; Goerng and Fowler,
1985y and by oxidative agents{ Emanuelli et al., 1998},

In conelugion, considering the elfects of xinc on
prevention G-ALA-13 inhibition and medification of

ti=sues He levels, ¥nCl; can be considerad as poten-
tial preventive therapeutic agent againgt Heg toxicity.
However, basad on these resulis it is not possible to
knew whether #n®t treatments could ameliorate the
tosicity caused by Hg ™t
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Abstract

This work investigated the preventive effects of ZnCls on renal and hepatic alterations induced by HeCls in voung rais. Wistar rats of 3
davs old were treated {s.c) on consecutive davs with saline or ZnCls 27 megkg'day from the 3rd to the Tith and with saline or HeCls
A0 meke/day fom the 8th o the 1 2th day of life. Pups were sacrificed 24 h after the lastdese and samples were collected. The creatinine
and urea dosages, used as renal parameters, presented increases of 353% and 500%, respectively. The alanine aminotransferase and lactic
dehydrogenase activities, used as hepatic parameters, presented a decrease (40% ) and no alteration, respectively, by mercury exposure.
The glycemia was diminished and the hepatic glveogen was not madified by meraury. All the mercury effects were prevented by zine.
These resulis sugeest that mercury intoxication of voung rats aliers the renal function but does not modify the hepatic parameters, and

previous exposure o zine is able w avoid the renal damage.
0 2006 Elsevier Ine. All rights reserved.

Reywords: Young rats; Memcury, Zine; Renal function; Hepatic function; Glycemia; Glycogen

1. Introduction

Mercury is a divalent metal without biological function
(nonessential). In the environment, it is constantly trans-
formed and found in both organic and inorganic forms
(Clarkson, 1997:; Counter and Buchanan, 2004). Conse-
quently, its adverse effects are countless and. [requently.
very serious. Methylmercury chloride is noteworthy among
the organic forms and metallic mercury (elemental} and
mercury chloride among the inorganic forms. The last
which is the object of this investigation, may be originated
from the oxidation of elemental mercury or the demethyla-
tion of methylmercury and can originate either metallic
mercury through reduction or methylmercury through
methylation (Counter and Buchanan, 2004: Lodenius and
Malm, 1998: WHO, 1991). Mercury chloride has been
recognized as a nephrotoxic agent (Fowler, 1992; Magos
et al., 1982). Exposure to this form of metal causes many
effects on kidneys related to both biochemical and

*Comesponding author. Fax: + 55533 3220 8799,
E-rricndd aalifress: percirame@ yaloo com. br (MLE. Percira),

01476513 /% - see front matter @ 2006 Ekevier Inc. All rights reserved.
doi 101018 zcoeny, 200602012

structural Munctions ( Ewald and Calabrese, 2001; Girardi
and Elias, 1991, 1995, Homma-Takeda et al., 1999), As
consequence, porphyrdnuria and  proteinuria are very
common (Fowler, 1992). Although the hepatic organ is
not defined as a target for mercury, alterations in some
enzymatic activities (Akhilender Naidu et al., 1984; Ji etal..
in press; Oliveira et al., 2004; Peixoto et al., 2003; Roza
et al., 2005), in lipid peroxidation (Girardi and Elias, 1991;
Ji et al., in press) and in processes related Lo primary
metabolism, such as glucose and glveogen levels, have been
described in the literature (Akhilender Naidu et al., 1984;
Bleau et al., 1996; Srivastava, 1982). Furthermore, mercury
causes alteration in regulation of appetite (Counter and
Buchanan, 2004; Freundt and Ibrahim, 1990) and reduc-
ton of amino acids and sugars intestinal absorption
(Farmanfarmaian et al., 1989).

Zine also is a divalent metal and it is classified as an
essential metal. Biologically it is an important enzymatic
colactor, but among its features, the most interesting is
undoubtedly the ability to induce the synthesis of
detoxificant proteins (Dunn et al. 1987 Kondoh et al,
2003), such as metallothioneins or metal binding proteins.
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These molecules would act by sequestering the xenobiotic
and, conseguently, inhibiting or diminishing its ellect
(Klaassen et al.. 1999; Nath et al., 2000). Thus, the zinc
exposure would avoid the deleterious effects of mercury
(Peixoto et al., 2003: Zalups and Cherian, 1992).

Investigations utilizing young mals in association with
tissue damage and the possible preventive character of zinc
on this noxious effect are uncommon (Peixoto et al., 2003).
This communication was designed to investigate the
possible deleterious elfects of HgCl in developing rats.
Creatinine and urea were utilized as renal [unction
markers, and alanine aminotransferease (ALT) and lactic
dehydrogenase (LDH) activities as hepatic function mar-
kers. The blood glucose level was also monitored. More-
over, this paper aimed at investigating whether ZnCl,
prevents these alterations.

2. Materials amd methods

21 Chemicals

Mercury chloride, zine chloride, MaCl, KOH, cthanol, HCL ammo-
mivm sullate, iodine, and KI were obtained Mrrom Labsymth (Diadema) SPY
Brazil). Glycogen was purchased From Merck (Darmstadt Germany). The
kits for determination of creatinine, wrea, ALT and LIMH were acquired
from Labiest {Lagoa Sama MG Bmzil). The kit for dosage of glicose was
purchased from Bioclin (Belo Horizonte MG/ Brazil).

220 Animals

Wistar rats obtained from the Animal Howse of the Federal University
of Santa Maria were transferred 1o owr bresding colony and maintained
ona 12-h light) dark cyck and at a controlled temperature (23 £2°0). The
anineals had froc access 1o water and commercial food,

23, Breeding

The breeding regimen consited of grouping thres females (%0-120days
aldy and one male For 20 days. After this perind, pregnant rais were
szlected and housed individually in opague plastic cages (30 = 25 =« 18 cm).
Pregnant rats were checked onoe a day between 3:00 and 6200 pm. to
werily the possible presence of pups.

24 Newborn animals

The day of binth was defined asd days old. At 1 day ald, the number of
pups of cach liter was reduced 1o 9, The number of litters wsed was 17,
Males and females were wsed without distinetion.

25 Pretreatment

Threz-day-ald Wistar mts were treated with NaCl 90 mg'kgiday
{zaling) or ZnCly 27 me'kg'day (s.c) during 3 conscoutive days (from 3
to T days ald.

26, Intoxication

From the #th o the 12th day of life the rats received one daily dose of
saline or HgCly 5.0mg/ kg {s.c.). The animals were weighed daily to adjust
1o the dose. OF the 153 animals wed, #83 were injocted with mercury (43

N.C Pelvote, ME. Peveiva | Ecotoxicology and Envlvomvental Safeny 1 (100 18100

pretreated with saline and 40 pretreated with zing) and only one pretreated
with zine died after receiving 4 doses of the heavy metal.

2.7, Bamples preparation

At Mh afier the kst dose of saline or mercury the pups were
cuthanized. Blood samples and livers were eollecied. Blood sera were
abtained by total blood centrifugation at 3,000y and the sera wene frozen
until analysis (until 5 days), Liver samples were processed 1o glyeogen
analysis,

28 Biochemival determinations

281 Crastinine

The catimation of creatinine was carried ot by measuring the quantity
aof product formed, creatimine picrate, and by wilizing creatinine as
standard. The reaction was conduced in a medium containing picric acid
20 2mmol/L oand NaOH 145 4mmal/L in a thermostatized cuvetle at
AT°C with 100 pl. of sample added. The absorbance was rocorded at
S10mm.

282 Livea

The uma was determined by the quantity of the prodwct Formed,
indophenal hlue, and it was wsed as standard. The incubation, at 37°C for
Smin, was staried by adding 10upl of sample to a medivm containing
phasphate buffer 1934 mmal/'L pH 6.9, sodivm salicylate S884mmal (L,
sodium nitropruside 3.7 mmol'L, and wrease (= 1263 UK/L). The
reaction was stopped by adding oxidant sohnion {final concentrations:
NaOH 00Tmol'L and sodium hypochlorite 301 mmal/L), and the
mixture was incubated for Smin 1o achicve color development. The
absorbance was measured at &nm.,

2A A Alawine ovilnoiansferase (ALT)

The enzymatic activity was determined by the Feitman and Frankel
(1957 method in a medium containing bulfer 358 mmol/L pH 7.4, 2-
ketoglutaric acid 1.67 mmol /L, r-alanine #83.3 mmol'L, and sodium azide
128 mmol /L. After 2 min of thermoeguilibration at 37 °C, the incubation
was started by adding 25u L of sample for 30min at 37 °C. Subseguemly,
HC 043 mol L {to stopping the reaction) and 24-dinitrophe nylhydrazine
0435 mmaol /L fas color reactive) were mixed and the tubes were placed at
amhient temperature for 20min. Finally, MaOH 033 mol/ L was added to
produce intense color. The absorbance was determined at 505 nm and the
activity (in U/mL) was calculated by comparison with a calibration curve
utilizing sodivm pyruvaie as standard.

284, Lietie delydiogenese (| LDE)

The measurement of enzymatic activity was carried ot through the
reduction of absorbance due to the oxidation of NADH and calculaied
sing its malar ahsorption cocfMicient (6,30 10%. The reaction was
conduced in a medium contaning MADH 282 pmol /L, sodium azide
14. 7 mmol/L, sodium pymuvate 1 18mmal/L, and buller 49 mmaol/L pH
7.5 i a thermostatized cuvette at 37 °C with 20l of sample added. The
absorbance was meonded at 340nm.

ZEA (Hweose

The quantification of glecose was carfed om by measuring the product
formed ina maction medium comaining phosphate buller 2.9 mmol' L pH
T4, phenol 99mmol/L, gluoose oxidase = 12060UJL,  peroxidase
=L UL amd d-amino-antipyrine O.4mmaol/L. The incubation was
started by adding 10 ul of sampl and realizsd at 37°C for 10min. The
absorhances were measumed at 300nm and the sample gluoose concent m-
ticns wiere compared 1o the glucoss standard curve,

26, (lpeogen
The sample of liver, around 200 mg, was added to 20 mL of KOH 30%
and heated at 100°C wntil full dissoalution of tissue and, then coolad in cool
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walcr, Ethanal (20 mL) was added and the mixiure was heated at 70°C
for 10 min. Mext, the tubes were cooled in dee for 3 min and centrifuged at
3000 rpme For Smin. Supernatam was discanded and 0.2 mL of HCI 5N
and 3 8mL of distilled water were added 10 the pellet. The tuhes
containing extracted glycogen were frozen until quantification analyses
(until 5 days).

The glycogen comtemt was determined by the Krisman method {1962
The sample {30 L) was mixed with iodine reactive [1, 0.001% and K10.1%,
in a saturaied solution of {NH4:804] and ithe resultant absorbanee was
determined at 460 nm and compared with a glycogen standard.

29, Sratistical analvzis

All assays were carried out in triplicate. The nesults wene analyzed by
onc-way ANOVA followed by Duncan’s moultipk mnge test when
appropriate. Each litter contributed only with one experimental sampls
(%) for each one af the determinations (Abbey and Howard, 1973)

200, Ethics

The experiments af this work invalved the wilization of experimental
rats. However, aiming for the protection and welfar of animals, the
studies were conduced in accordance with the national and institutional
guidelines  {University Ethics Committes  Guidelines—Process Mo
J3081 013915 2004 06) For experiments with animalk.

3. Resulis

The effects of mercury on renal function were assessed
by creatining and urea contents and are illustrated in Figs.
1 and 2, respectively. One-way ANOVA revealed that both
parameters were significantly altered by mercury exposure:
creatinine, F(3.12)= 0981, P<0.01; wurea, F(3.12) =
3961, P<005. The group treated with mercury presented
increases in creatinine [Duncan’s multiple range test:
P =005 (Fig. 1)] and in urea levels [#=0.05 (Fig. 2j] when
compared with the control group. These results also
demonstrate that the previous exposure to zinc was able
to avoid these increases.

In regard to hepatic toxicity, two enzymes were
investigated. ALT and LDH. whose activities are shown
in Figs. 3 and 4. respectively. Both activities were
significantly altered by treatments: ALT, F(3,12) = 5.339,
P=002; LDH. F(3.12) = 4130, P=0.05. The mercury
exposure significantly decreased the ALT activity (< 0.05)
and the previous treatment with ZnCl impeded the
mercury effect. In relation to LDH, the Duncan’s multiple
range test showed that this enzyme was not significantly
altered by metals, although the Hg-intoxicated rats
presented the LDH activity around 80% of control. efTect
also prevented by ZnCl,y exposure.

The blood glucose and hepatic glycogen levels are shown
in Table 1. One-way ANOVA revealed that the blood
glucose level was altered by treatment [F(3,16) = 3,180,
P =005]. The post hoc analyses showed that the admin-
istration of mercury caused a decrease in  glycemia
(P<0.05) and that pretreatment with zinc partially
prevented this effect. The effect on glucose level seems to
be independent of glycogen content, since this hepatic
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Fig. 1. Serum creatinine level of young rats treated with ZnCl (27 mg kg
day; s.c.) for § consecutive days (3rd-Tth day old) and imeoxicated with
HgCly (Smgkg/day, sc) for 5 subsequent days (Bth-12th day oki).
Duncan’s moultiple range test: (*) significantly different from other groups
(P=00% k=4).

parameter was not modified by mercury exposure [one-way
ANOVA: F(3,20) = 1.068, P =0.385].

4. Discussion and conclusion

The purpose of this work was to investigate the renal and
hepatic toxic effects of mercury chloride in neonate rats
and the possible prevention of these by zimc chloride.
Creatinine and urea levels and ALT and LDH activities
indirectly assessed renal and hepatic alterations, respec-
tively (Devlin, 1997). Mammals present a high sensitivity to
extern insults when these are applied in early phases of life.
In rodents, this phase happens from birth to weaning
(Gottlieb et al., 1977) and s associated with intense
development, the reason that rats in this age were chosen
as experimental animals.

These findings confirm, now For voung rats, the renal
insufficiency caused by heavy metal. The Hg-intoxicated
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2. Serum wrea level of young rats treated with ZmCly (27 mekg'day;
ac) for § consecutive days (3rd-Tih day old) and intoxicatsd with HgCl,
Smgkgday; s.0) For 3 subsequent days (#th-12th day old). Duncan’s
multiple range st (") significantly different from other groups (P <0005,
n=4)

rats showed an increase of 353% in creatinine and of 500%
in urea levels. The previous exposure to zinc prevented this
toxic effect. The preventive zinc effects on mercury
intoxication have been associated with the ability of zinc
to induce the synthesis of detoxificant proteins, such as
metallothioneins (Dunn et al.. 1987 Kondoh et al., 2003;
Peixoto et al, 2003} In fact. a previous study of this
laboratory demonstrated that zine administrated in the
same dose used in this work was able to prevent the
inhibitory effect on d-ALA-D activity and the decrease in
the body weight gain caused by mercury in parallel to the
increase of metallothionein levels {Peixoto et al., 2003).
Although the precise mechanism involved in this effect is
not clear vet, these detoxificant proteins would sequester
the toxic metal turning it unavailable to cause its damage
effects (Klaassen et al., 1999; Nath et al., 2000; Romero-
Isart and Vasak, 2002). The ALT and LDH hepatic
parameters were subtly modified by mercury exposure. The

I:( sal-sal |

| sal-Hg

21 —
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14+
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Fig. 3. Serum ALT activity of young rats wreated with ZnCly (2Tmg kg
day; sc) for § consecutive days (3rd-Tth day old) and imoxicated with
HgCl, {3mg'kg'day; s.c) for 5 subsequent days (#th-12th day old).

Hg-intoxicated mts presented a reduction of 40% and 20%
(not significant) of these activities. respectively. However,
this elfect does not characterize hepatic toxicity, since it is
verified as an increase of these activities as conseguence of
cellular lesion (Devlin, 1997). Sull, the ZnCl; impeded the
Hg inhibitory effect.

The mercury effect on glycemia was interestingly
observed in the experiment. The Hg-intoxicated rats,
although not hypoglycemic. presented a decrease of 25%
in this parameter, and the zinc partially prevented this
reduction. Considering that blood glucose level is closely
related to glycogen metabolism, we evaluated the liver
content of this polymer and we verified that the glycogen
content was not modified by the treatment. Thus, the
decrement in the glucose level seems not to be associated
with an alteration in glyeogen metabolism. Literature data
relate to damage to nutrients absorption. including glucose,
caused by mercury in aguatic organisms ( Farmanlarmaian
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Fig. 4. Scrum LIDH activity of young mis treated with ZnCly (2Tmo'kg
day; 5o for § comseonive days (3rd-Tth day old) and imoxicated with
HgCly {Smg'kg'day; sc) for § subssquent days (8th=12th day old)
Dumean's multiple range test: groups that share the same letler are
statistically similar. {a) Significantly different from Zn-sal and Zn-Hg
groups (F=003 x=4) (b) Significantly different from sal-Hg group
(=035, =4

Table 1

Serum gheose and liver glycogen of young rats treated with ZnCl; (2Tmg
kg/day: 5.0 For 5 comsscutive days (3rd-Tth day old) and imoxicated with
HgCly (3 mg'kg'day; s for 5 subsequent days (#th-12th day aldy

Treatment Scrum glucose (mg/dL) Hepatic glycogen (g/100 g tissuc)

n=>35 n==6
Salinc—saline 136 £ 8.9 5.6710.38
Zn-zaling 1300+ 103 4.7210.59
Saline—Hg 101 £6 SR611.16
fn-Hg 126 4 864 4.35 £0.34

“Dumean’s multiple range test: groups that share the same letter are
ically similar.
antly  differemt from salinesaline and Ensaline  growps

et al., 1989: Sastry and Rao, 1984; Sastry et al.. 1982). This
metal seems to act on the active transport and [acilitated
diffusion components of uptake (Farmanfarmaian, 1985,
Farmanfarmaian and Socci, 1983). If this effect also is
related to subcutaneous exposure is not clear. However, it
is known that mercury anorexigenic effects on appetite
mechanism are regulated by the central nervous system
{(Counter and Buchanan, 2004; Freundt and Ibrahim,
1990). IT this is the case. in some way. the zinc would
prevent the effect of Hg on this central mechanism. More
specific investigations need to be done to confirm this
effect. However, our present results suggest an important
protective effect of zinc on several metabolic and toxic
effects of mercury, and these are important in order to
open a new perspective of prevention and/or therapy for
METEUry exposure.
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Abstract:

Several dudies have described about mercury toxicity and about role of
metallothioneins (MT) in the detoxification of heavy metals and in the regulation of
trace metals homeostasis. However, there are few data obtained from young animals,
mainly when considered the specific pos-natal developmental phase; and this is
important since young animals seem to be more sensitive to toxicant agents than adults.
The objective of this work was to investigate whether the MT participate of protector
mechanism conferred by zinc pre-trestment on toxic effects induced by mercury in
neonate rats. Pups received ZnCl, (5 doses of 27 mg/kg/day, s.c.) and subsequently
HgCl, (5 doses of 5 mg/kg/day, s.c.). MT contents were increased by treatments and the
greatest increase was induced by zinc. Although the heat treated cytosolic (HTC)
fraction isrich in MT, higher zinc and mercury contents were verified in the insoluble
fraction (IF) from al tissues analyzed. The relationships between MT and HTC metals
showed for both hepatic and renal tissues that the increase in metal levels occurs in
paralel toincreasein MT content. It isimportant to emphasize that cellsin proliferation
have nuclear and mitochondrial MT. Therefore, the high content of mercury found in
the IF would be bound to MT, as well. These results suggest that MT are, at least in
part, responsible for the reduction of the toxicity of mercury, mainly for avoid or soften

renal toxicity.

K eywor ds: metallothionein, metals, zinc, mercury, mammals, rats.
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1. Introduction

Metallothioneins (M T) are ubiquitous proteins of low molecular weight, rich in
cysteine. This high content of sulfhydrilic amino acids (around 30%) confers unique
metal binding properties to them (Chan et al., 2002; Dabrio et al., 2002). Factors such as
exposure to toxic or essential metals (Goering and Fowler, 1987; Pedersen et al., 1998;
Bebianno and Langston, 1999; Peixoto et a., 2003), stress (Kondoh et al., 2003),
radiations (Cai et al., 1999), and other agents (Rojas et al., 1996; Theocharis et al.,
2001) promote induction of the synthesis of these molecules (Dunn et al., 1987). In
relation to their biological functions, it is attributed that they have antioxidant properties
(Cai and Cherian, 2003; Kondoh et a., 2003), are involved in the homeostasis of
essential metals, such as zinc and copper (Dunn et al., 1987; Dabrio et d., 2002), and
can act as detoxifying agent (Stillman, 1995; Dabrio et a., 2002) of metal ions, due to
the affinity with sulfhydrilic groups.

As homeostatic agent, MT has properties to maintain the essentiad metal
concentrations at physiologic levels with the function to release, or even, to sequester
these metals in order to maintain their physiologica function (Dunn et al., 1987; Dabrio
et al., 2002). From these essential metals, the biological role of zinc, as an excellent
inductor of MT synthesis is widely recognized beyond its role as enzymatic cofactor
and structura in other metalloproteins (Eaton et al., 1980; Cosson, 1989). Hepatic and
brain dysfunctions in mammals may be associated with low levels of zinc due to the
specific role of this metal in normal neurological function (Zatta et al., 2003; Takeda et
al., 2005) and in regulation of carbohydrate hepatic metabolism (Rofe et al., 2000).
DNA replication and transcription and protein synthess are biological processes that
also require zinc. Thus, the regulation of zinc endogenous levels is necessary for

proliferation and differentiation of the cells (Mutch and Hurley, 1974; Eckhert and
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Hurley, 1977).

From toxic metals, mercury, a divalent metal without any biologica function, is
known to cause severa deleterious effects in adults (Emanuelli et al., 1996; Shigematsu
et al., 2000) as in developing organisms (Peixoto et al., 2003, 2004; Roza et d., 2005)
affecting mainly the central nervous (Pereira et a., 1999; Rocha et al., 2001) and renal
systems (Magos et al., 1974; Emanuelli et al., 1996; Peixoto and Pereira, in press).
Young animals, mainly during the first days after birth, seem to be more sensitive to
toxicant agents than adults (Jugo, 1976; Nielsen and Andersen, 1996). This vulnerability
can be related to organ immaturity to process these agents (Schulz et al., 1962; Winick
and Noble, 1965).

Using young rats as models, results from literature and from this laboratory have
demonstrated that exposure to mercury chloride (25 mg/kg) for 5 consecutive days
causes cerebral (Rocha et al., 1995; Roza et al., 2005) and corpora weight decrease
(Rocha et al., 1995; Peixoto et al., 2003), renal weight increase (Rocha et al., 1995;
Peixoto et a., 2003; Roza et al., 2005), mercury accumulation in tissues (Peixoto et d.,
2003; Roza et al., 2005), inhibition of porphobilinogen synthase activity (Rocha et al.,
1995; Peixoto et a., 2003; Roza et al., 2005), aterations in renal and hepatic functions
and in glycemia (Peixoto and Pereira, in press). The previous administration of zinc
avoids or softens some of these toxic effects (Peixoto et al., 2003; Peixoto and Pereira,
in press). This is an interesting aspect of zinc, since the intoxication by metals usually
are treated with chelating agents, which have a disadvantage of being not specific and
sometimes more toxic than the metal itself (Bapu et al., 1994; Roza et al., 2005). On
account of this and of the preventive therapeutic properties attributed to zinc and of its
advantage to be an endogenous meta make it a promising alternative as preventive

agent in poisoning cases by metals. In this context, the objective of this study was to
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investigate whether MT are produced as consequence of exposure to zinc and whether
this metalloprotein participates on the mechanism conferred by zinc pre-treatment of

neonate rats exposed to mercury.
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2. Materialsand M ethods

2.1. Experimental animals

The studies were conduced in accordance with the national and institutional
guidelines  (University Ethics Committee Guidelines — Process number
23081.013915/2004-06) for experiments with animals.

Wistar rats obtained from the Animal House of the Federal University of Santa
Maria were transferred to our breeding colony and maintained on a 12-h light/dark cycle
at a controlled temperature (23 + 2°C). The animals had free access to water and
commercial food. The breeding consisted of grouping three females (90-120 days old)
and one adult male for 20 days. After this period, pregnant rats were selected and
housed individually in opague plastic cages (50x25x18 cm). Pregnant rats were checked

once a day between 3:00 and 6:00 p.m. to verify the possible presence of pups.

2.2.Young rats
The day of birth was defined as 0 days old. At 1 day old, the number of pups of
each litter was reduced to 9. The number of litters used was 5. Males and females were

used without distinction.

2.3. Treatments

Three-day-old Wistar rats were treated with NaCl 90 mg/kg/day (saline) or
ZnCl, 27 mg/kg/day (s.c.) during 5 consecutive days (from 3 to 7 days old). From the
8" to the 12" day of life the rats received one daily dose of saline or HgCl, 5.0 mg/kg
(s.c.). The animals were weighed daily to adjust to the dose. Each litter contributed with

two animals to the saline-saline, Zn-saline and Zn-Hg treatments. For the saline-Hg
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treatment, each litter contributed with three animas because of the deleterious effects
caused on their development (Peixoto et a., 2003), except for one litter, where one rat

of thistreatment died. The litter was considered as experimental n, always.

2.4. Samples

At 24 h after the last dose of saline or mercury, the pups were euthanized. Blood,
liver and kidneys were excised. The blood samples were collected in tubes with heparin.
For each litter, the tissues from animals of the same treatment were pooled, weighed and

frozen at —20°C. After, they were lyophilized, weighed again and stocked until analysis.

2.5. Sample preparation

The lyophilized tissues were homogenised in 5.0 mL of Tris-HCI buffer 0.02 M
(pH 8.6) at 4°C. A subsample (2 mL) of the homogenate was used for the determination
of metal concentrations. Another aliquot (3 mL) of homogenate was centrifuged at
30,000 g for 45 min a 4°C. The supernatant, after being separated from the pellet
(insoluble fraction - IF), was denatured at 80°C for 10 min to precipitate the high
molecular weight proteins and re-centrifuged at 30,000 g for 45 min at 4°C. The heat-
treated cytosol (HTC) was used for the determination of MT concentrations as described

below.

2.6. Metal determinations

Meta quantification was performed on dried subsamples of the homogenate,
insoluble and heat-treated cytosolic fractions after wet digestion with nitric acid. Zinc
was analyzed using flame atomic absorption spectrophotometry and mercury by cold

vapour atomic spectrophotometry. Metal concentrations were expressed as pg/g dry
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weight of tissue and, for the correlations between MT and metals, as nmol/g dry weight
of tissue. Recovery of Hg and Zn from the tissues was 85.70 + 5.87% and 96.67 *
7.83%, respectively.

The mercury content in tissues of rats treated with zinc alone was not determined
since this metal was not detected in these tissues of rats submitted to same schedule o

treatment (Peixoto et a., 2003).

2.7. MT determination

Aliquots (7.5-25.0 pL) of the heat denatured cytosol were used to quantify the
MT by differential pulse polarography, using a method described by Bebianno and
Langston (1989). The standard addition method was used for calibration of MT
concentrations with rabbit liver MT standard (MT-I from Sigma) 10 mg/L in distilled
water. The MT concentrations are expressed as pg/g dry weight of tissue and, for the
correlations between MT and metals, as nmol/g dry weight of tissue.

In order to express M T on amolecular weight basis, a molecular weight of 6,494

Dawas used (Wong and Klaassen, 1979).

2.8. Statigtical analysis

All gatigtical analyses were performed using the program Statistica for
Windows (Statistical Software, Tulsa, OK, USA). The one-way analysis of variance
(ANOVA) was performed in order to determine if the treatments alter the parameters
investigated. When the analyses were significant (at level of 0.05), the Duncan’s
multiple range test (p < 0.05) was used to determine the significant differences among
the means. Comparisons between groups were performed by Student t test. Linear

regression analysis (p < 0.05) was used to analyse the possible correlation between two
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3. Resaults

3.1. Metal concentrationsin tissues

Zinc concentrations in the different tissues of groups of animals treated with zinc
are higher than those animals from the other groups (Figure 1), with the exception of the
blood, that although with the same pattern the differences between treatments were not
significant (Figure 1C). Furthermore, Zn levels in the liver of rats treated with zinc
(Figure 1A) were 3- and 5- fold higher than in the kidney (Figure 1B) and blood (Figure
1C), respectively. Interestingly, the mercury administration also induced a significant
increase of this essential metal in the liver in relation to the control group (Figure 1A).

When rats were treated with mercury, the three tissues presented significantly
higher levels of this metal when compared to rats treated only with saline solution
(Figure 2). However in this case, a similar pattern was observed for liver and blood,
while in the zinc pre-treated rats this metal seems to prevent the increase of Hg
accumulation. Interestingly, the Hg concentrations accumulated in the liver and kidney
were similar (Figure 2A-B) and around 10-fold lower in the blood (Figure 2C). But
when rats were treated with Hg this metal was more accumulated in the kidney of zinc
treated rats (3-fold and 50-fold when compared to the liver and blood respectively) and

significantly higher than that of kidney Sal-Hg treated rats (Figure 2B).

3.2. Subcellular distribution of zinc and mercury in tissues

The zinc levels in the subcellular fractions are illustrated in Table 1. The highest
percentage of Zn in the liver wasin the IF. Zinc in the zinc-pre-treated rats accumulated
significant higher levels of this metal in both hepatic subcellular fractions than the

saline-pre-treated groups. However, the percentage of Zn was not modified in the
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insoluble fraction, but presented significantly increased in the HTC fraction from Zn-sal
and Zn-Hg treated rats when compared to the Sal-sal treated rats (Table 1).

In the renal tissue also the insoluble fraction presented higher Zn levels than the
HTC fraction but the percentage of both fractions were higher than those in the liver.
Besides, in Zn treated rats, the increase of zinc content was only significant in the HTC
fraction. The same pattern exits in the blood: highest Zn percentage in the IF fraction.
Similarly to total tissue, zinc levels in the subcellular fractions in the blood did not
increase although some changes in the percentage of Zn distribution occurred in Zn and
Hg treated rats (Table 1).

The subcellular distribution of mercury in the tissues is presented in Table 2.
The percentage of Hg in the liver was similar between IF and HTC fractions and these
two subcellular fractions represent only 40% of total Hg distribution which means that
the high molecular weight protein fraction represent around 60% of total Hg in this
tissue. The Hg content in both liver fractions of intoxicated rats was higher that
untreated ones (Sal-sal) but in the IF fraction this increase was higher in Sal-Hg treated
rats than in Zn-Hg treated ones. In the HTC although Hg content were similar, the
percentage (in relation to total Hg - Figure 2) of mercury content present in Zn-Hg
treated rats was significantly higher than in the Sa-Hg group. Similarly, in the kidney
the IF fraction the mercury content was higher than in the HTC fraction and the
percentage of these two fractions represent in this tissue around 50% of the total Hg
accumulated. The Hg levelsin these two subcellular fractions were significantly higher
in zinc pre-exposure rats than in the rats treated only to Hg, although the percentage of
Hg contained in each fraction was not modified; and, both Hg groups presented higher
Hg contents in both fractions than in saline ones. In the blood, however, Hg was only

detected in the IF fraction and represent only about 20% of total Hg, and higher metal
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level were verified in Sal-Hg intoxicated rats. In the HTC fraction Hg was not detected
in the presence of the mercury, whereas in the blood pellet the higher metal levels were

in Sal-Hg rats.

3.3. MT concentrations in tissues

The MT levels in the different tissues are presented in Figure 3. In rats treated
with saline solution, M T levels in the blood were 2 to 3-fold higher than in the other
tissues. In the liver of rats exposed to Zn or to Hg presented a small increase of MT
content that were significant when these comparisons were done between two groups
(Figure 3A). In the kidney, the zinc pre-treatment induced a significant increase of MT
around 80%, and no changes occurred in MT levels after Hg exposure (Figure 3B). MT

in the blood was not modified by treatments.

3.4. Relationships between MT and metalsin the HTC

The relationships between MT and zinc levelsin the HTC are shown in Figure 4.
In liver and kidney MT concentrations increased linearly with the increase of zinc
concentrations in this subcellular fraction (Figure 4A and 4B). Nevertheless, in the
blood there was no relationship between these two parameters (data not shown).

The relationships between MT and mercury in the HTC fraction in the liver and
kidney are presented in Figure 5. MT concentrations increased significantly with the
increase of mercury concentrations in both tissues (Figure 5A and 5B). For the blood
this relationship does not exist because the presence of mercury in HTC fraction was not
detected.

In Table 3, the MT/metal molar ratios in the tissues are presented. The results

reveal that MT was undersaturated with both metals (Zn and Hg), independently of the
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treatment administered to the animals. Still, it is possble to observe that highest binding
of Znto MT wasin the liver and this binding increase with Zn treatment. Nevertheless,
the ratio does not change in the other tissues (kidney and blood) of both zinc treated
groups. In relation to Hg treated rats although the binding increase with Hg treatment
dlightly higher in the kidney the MT/Hg molar ratios were not significantly different

between both Hg treated groups.
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Table 1. Subcellular distribution of zinc in the liver, kidney and blood of young rats

treated with ZnCl, (27 mg/kg/day; s.c.) for 5 consecutive days (3-7" day old) and

exposed to HgCl, (5 mg/kg/day; s.c.) for 5 consecutive days (8"-12" day old)

Zn (ng/gd.w.)
Treatment
Fraction Sal-sal Zn-sal Sal-Hg Zn-Hg
Liver
IF 743+ 16.9° 256.2 + 89.3 133.9+26.7° 269.9 + 83.8
(34.0) (30.7) (36.3) (31.8)
HTC 11.6 + 1.8° 131.8 + 59.5° 419+251° 120.6 + 50.5°
(5.1) (15.3) (11.8) (14.9)*
Kidney
IF 96.6 + 29.3° 140.5 + 34,5 107.8 + 40.2% 145.0 + 39.2%
(62.7) (51.6) (59.7) (59.3)
HTC 57.7 + 10.7° 98.7 + 22.6° 421+71° 83.8+12.6
(37.2) (35.1) (24.9) (33.7)
Blood
IF 205+ 4.9° 26.6 + 13.1° 287 +7.4° 323+14.3°
(38.3) (53.8) (71.1) (60.0)
HTC 11.7 + 3.2% 139+ 7.8 8.6+ 1.72 14.4 + 1.9%
(21.3) (27.5) (22.1) (24.9)

IF: insoluble fraction; HTC: heat-treated cytosolic fraction

The percentage of zinc in each fraction in relation to total zinc content in each tissue

(Figure 1) is shown in parentheses.

Data represent mean + standard deviation (n = 5) and the values followed by different

letters in the same line are statistically different (p < 0.05). * Statistically different from
Sal-sal group (p < 0.02).
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Table 2. Subcellular distribution of mercury in the liver, kidney and blood of young rats

treated as described in Table 1

Hg (ng/g d.w.)
Treatment
Fraction Sal-sal Sal-Hg Zn-Hg
Liver
IF N.D.© 36.8+3.1° 17.0+ 4.5
(18.2) (15.4)
HTC N.D.° 295+ 14.6 29.8+10.7°
(14.9) (25.9)*
Kidney
IF N.D.© 416 +14.3" 159.8 + 39.1°
(30.6) (33.5)
HTC N.D.¢ 28.1+7.6" 747+ 7.9
(21.1) (16.4)
Blood
IF N.D.© 35+06° 15+0.7°
(24.3) (16.3)
HTC N.D. N.D. N.D.

IF: insoluble fraction; HTC: heat-treated cytosolic fraction

N. D.: not detected

The percentage of contained mercury in each fraction in relation to total mercury

content in tissue (Figure 2) is shown in parentheses.

Data represent mean + standard deviation (n = 5) and the values followed by different

letters in the same line are statistically different (p < 0.05). *Statistically different from

Sal-Hg group (p < 0.05).
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Table 3. MT/Zn and MT/Hg molar (umol/g d.w.) ratios from heat-treated cytosolic

fraction in the liver, kidney and blood of young rats treated as described in Table 1

Treatment
Tissue Sal-sal Zn-sal Sal-Hg Zn-Hg
MT/Zn
Liver 1/0.7 1/3 1/1 1/3
Kidney 1/2 1/2 1/2 1/2
Blood 1/0.2 1/0.2 1/0.2 1/0.2
MT/Hg
Liver 1/0 _ 1/0.3 1/0.2
Kidney 1/0 _ 1/0.4 1/0.5
Blood 1/0 1/0 1/0
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Figure 1. Zinc concentrations in the liver (A), kidney (B) and blood (C) of young rats
treated with saline (Sal-sal) and ZnCl, (27 mg/kg/day; s.c.) for 5 consecutive days (3"-
7" day old) (Zn-sal) solutions and exposed to HgCl, (5 mg/kg/day; sc.) for 5
consecutive days (8™-12" day old) (Sal-Hg and Zn-Hg).

Data represent mean * standard deviation (n = 5) and the bars followed by different
letters are statistically different (p < 0.05).
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Figure 2. Mercury concentrations in the liver (A), kidney (B) and blood (C) of young
rats treated as described in Figure 1.
NOTE: the mercury in the liver (A) and kidneys (B) of the rats of the saline-saline (Sal-

sal) group was not detected.

Data represent mean * standard deviation (n = 5) and the bars followed by different

letters are statistically different (p < 0.05).
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Figure 3. MT concentrations in the liver (A), kidney (B) and blood (C) of young rats
treated as described in Figure 1.

Data represent mean * standard deviation (n = 5) and the bars followed by different
letters are statistically different (p < 0.05).

The Zn-sal and Sal-Hg groups are statistically different from Sal-sal group (p < 0.005).
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Figure 4. Relationship between MT concentrations (nmol/g d.w.) and zinc
concentrations (nmol/g d. w.) in the heat-treated cytosolic fraction in the liver (A) and

kidney (B) of young rats treated as described in Figure 1.
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Figure 5. Relationship between MT concentrations (nmol/g d.w.) and mercury
concentrations (nmol/g d.w.) in the heat-treated cytosolic fraction in the liver (A) and
kidney (B) of young rats treated as described in Figure 1.
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4. Discussion

The purpose of this study was to assess the involvement of MT in the protector
mechanism of zinc in animals submitted to intoxication by mercury in a precocious age
such as related in our previous studies (Peixoto et a., 2003; Peixoto and Pereira, in
press).

In general, the MT contents were increased by metal treatments and the higher
increase was induced by zinc exposure. These results demonstrated that although the
increase of zinc contents after zinc pre-treatment were around 3 times to liver and 50%
to kidneys, this metal was more effective in induce MT synthesi s than mercury, whose
increase of metal accumulation after mercury intoxication was much bigger in all
tissues. These results agree with those of other authors that verified the effectiveness of
zinc on MT synthesis (Cosson, 1989; Pedersen et al., 1998; Kondoh et al., 2003; Irato
and Albergoni, 2005). However, the metal distribution in subcellular fraction can better
explain these metal effects since the both IF and HTC fractions metal contents were
modified by treatments. This is interesting once the HTC fraction is rich in MT,;
although higher content of zinc and mercury (except liver HTC mercury from Zn-Hg
group) were verified in pellet fraction (IF) to al tissues analyzed.

Zinc contents in HTC and IF fractions presented similar behaviour than those
verified for total tissues levels. Mainly to liver, similarly is remarkable, since both
fractions of zinc-groups presented high zinc content. In the animals exposed only to
mercury this additional quantity was distributed in both liver fraction, though the
increase was smaller than those verified in zinc pre-treated groups. However, the higher
HTC zinc percentages verified in zinc groups in relation to saline group are in accord
with the light increase of MT inliver of these animals.

In kidneys, the treatment with zinc induced to arisein level of this metal mainly
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in the HTC fraction and the posterior exposure to mercury did not modify this
parameter. Thisincrease in the HTC zinc level agrees with theincrease inthe MT levels
found in this tissue, since the high levels of zinc and MT were detected in the HTC. In
blood the treatments did not alter the zinc and M T contents.

Except to liver HTC fraction, the effects of treatments on Hg content in
subcellular fractions seem to those on total tissue Hg levels, once that the zinc pre-
treatment decreased the Hg level in the liver IF and increased in both fractions from
kidney, in relation to group exposed only to Hg. In relation to liver HTC mercury level,
zinc did not impede the mercury retention, and still it induced an increase in percentage
of Hg retained in this fraction in relation to tissue total Hg. Considering the small total
percentage (IF plus HTC) of mercury in these fractions and the reduction of total tissue
mercury content induced by zinc pre-treatment (Figure 2), these results suggested that
the principal alteration of mercury content in liver may be consequence of change of Hg
level contained in other fractions not richin MT.

In regard to renal mercury content, the rise induced by zinc pre-treatment in the
IF fraction was more prominent (3.8 times) than in the HTC fraction (2.7 times),
although these alterations did not modify the percentage of Hg retained in each fraction
inrelation to total tissue level.

Similarly to liver, the effects of zinc in to reduce Hg content in IF fraction
occurred in parallel to decline in total blood, suggesting that this reduction was
consequence of the reduction displayed in the IF fraction and in rest of the cellular
material not evaluated (fraction not resistant to heat), once that HTC fraction did not
present Hg. The absence of meta in the HTC fraction is in agreement with similar
levels of blood MT presented by all groups.

The relationships between MT and HTC metal showed that in the hepatic and
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renal tissues whenever there is increase of metal level there is increase of MT content.
Nevertheless, the molar ratios between MT and metal did not demonstrate the saturation
of these proteins by metals, but it is possible to observe higher zinc concentration bound
to MT than Hg. This was waited, once zinc is an essential metal just bound in MT of
control groups. Moreover, the high zinc level in liver of rats treated only with mercury
may be related to light increase of MT in this organ, once mercury also induces MT
synthesis (Clarkson, 1997; Chapman and Chan, 1999; Tandon et al., 2001; Counter and
Buchanan, 2004). If thisistrue, this protein could be bound to zinc.

The hepatic and blood mercury levels reductions and the increase of the content
of this metal in the kidneys induced by zinc suggest that the heavy metal contained in
the liver was carried to renal tissue through blood. This process aso would be
transporting the MT from liver to kidney, since hepatic tissue is the main organ in
synthesis of MT. Moreover, it is important to emphasize that in cells in proliferation, as
occur during the rapid growth, have been observed the presence of nuclear and
mitochondria MT (Nartey et al., 1987; Cherian and Apostolova, 2000; Ye et al., 2001).
Therefore, the high content of mercury found in the IF of the tissues, enriched fraction
in nucleus and mitochondria, would be bound to MT, too.

Considering that the zinc pre-treatment induces an increase of rena MT of
around 80% and the group treated with zinc and mercury presents a content of mercury
of 25% bigger in this protein than group treated only with mercury, these results suggest
that the MT are, at least in part, responsible by reduction of toxicity of mercury as

verified previoudly (Peixoto et al., 2003; Peixoto and Pereira, in press).
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CAPITULO 6
DISCUSSAO GERAL

O proposito deste trabalho foi avaliar a efetividade do tratamento prévio com cloreto
de zinco e cloreto de ca&dmio em evitar ou amenizar os efeitos deletérios provocados pela
exposi¢ao de ratos neonatos ao cloreto de mercurio.

A exposi¢do & umadose (s.c.) didria de 5,0 mg/kg de HgCl, (equivalente a 3,7 mg/kg
de Hg?") durante cinco dias em ratos jovens (PEIXOTO, 2000) causou Vérias alteracdes
verificadas ap0Os 24 h da Ultima dose administrada. Os pesos corporal e renal apresentaram-se
diminuido e aumentado, respectivamente. Entretanto, o metal toxico ndo causou ateracdo no
peso hepético. Houve inibicdo na atividade da enzima PBG-sintase proveniente de fonte renal
e hepatica. O nivel de merclrio retido no tecido renal, hepético e sangiliineo apresentou-se
elevado e as quantidades desse metal acumuladas nas fragdes insoluvel (FI) e citosdlica
tratada a quente (CTQ) refletem os niveis demonstrados pelos tecidos, excecdo a fracdo CTQ
sanguinea, na qual ndo foi detectada a presenca do metal pesado. As concentragdes de zinco
encontradas no tecido rena e sangliineo ndo foram alteradas, porém, no figado houve
aumento do nivel do metal essencia (70% em relagéo ao grupo controle). Essa adteragdo no
teor de zinco hepético, causada pelo tratamento com mercdrio, mostra que ha uma
redistribuicdo do metal essencial nesse caso. Os resultados relativos aos teores de zinco
contido nas fragbes subcelulares demonstraram uma concordancia com aqueles verificados
nos tecidos, salvo para o tecido hepatico, no qua as frages ndo apresentaram altos niveis do
meta endogeno. A fungdo rend, avaliada pelo aumento da creatinina e da uréa séricas,
mostrou-se prejudicada, 0 que demonstra que 0s animais expostos ao merclrio desenvolveram
nefrotoxicidade, mais especificamente tém um prejuizo na filtragdo glomerular (HOLT &
WEBB, 1986; GIRARDI & ELIAS, 1991; CLARKSON, 1997). Quanto a funcéo hepética,
verificada pela dosagem da atividade das enzimas séricas ALT e lactato desidrogenase
(LDH), foi demonstrado que houve diminuicdo na atividade da primeira e nenhuma
modificacdo na atividade da segunda. Entretanto, a limitacdo de 40% na atividade da ALT
ndo tem expressdo clinica, desde que a hepatoxicidade é caracterizada pela devacdo da
atividade da proteina e ndo pela sua diminui¢cdo (LEHNINGER et al., 1995; CHAMPE &
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HARVEY, 1996). A quantidade de glicogénio contida no tecido hepético ndo foi aterada, a
passo que o nivel de glicose sérica apresentou-se diminuido como consegiiéncia da exposi¢éo.
As concentragdes de MT renal e sangliinea ndo foram alteradas pelo metal. Por outro lado,
houve um aumento no nivel hepatico dessa proteina. As correlages entre MT e metais (zinco
e mercurio) mostraram que essas foram significativamente positivas entre essas duas variaveis
para os tecidos hepético e renal, mas ndo para o sangue. As quantidades de zinco ligadas as
MT em qualquer uma das fontes pesquisadas ndo foram dteradas quando os animais
receberam o tratamento com mercirio, entretanto, a exposicao provocou aumento nas razdes
molares M T/Hg dos tecidos hepético e renal.

A administragdo de cinco doses (s.c.) de 3,7 mg/kg/dia de CdCl; (correspondente a 2,1
mg/kg de Cd*") (GOERING & FOWLER, 1987) do terceiro ao sétimo dia de vida pés-natal
dos ratos ndo alterou nenhuma das variaveis estudadas. Entretanto, a exposicdo dos ratos
neonatos sob esse mesmo protocolo ao ZnCl,, com doses diarias de 27 mg/kg (equivalente a
13 mg/kg de Zn?*) (GOERING & FOWLER, 1987) causou elevacdo nos niveis desse metal
nos tecidos hepatico e renal e o aumento no teor renad foi causado por um aumento desse
metd apenas na fracdo CTQ. Os contelidos de MT hepética e renal e arazdo molar MT/Zn
hepética também foram aumentados pela exposicéo a esse metal essencial.

O tratamento com uma dose (s.c.) diaria de 3,7 mg/kg de CdCl, durante os cinco dias
que antecederam a exposi¢ao ao mercurio foi capaz de evitar apenas ainibicdo daatividade da
enzima PBG-sintase de fonte renal, enquanto que os efeitos do mercirio sobre o peso
corporal, 0 peso renal, a atividade da enzima PBG-sintase hepética e as concentractes de
mercurio renal e hepética permaneceram inalterados.

A exposi¢do ao zinco, anteriormente a0 mercurio, por cinco dias, com uma dose (s.C.)
diaria de 27 mg/kg de ZnCl; preveniu diversos efeitos causados pelo metal toxico. O zinco
impediu a diminuicdo de peso corporal, ainibi¢do da atividade enzimética da PBG-sintase de
ambas as fontes estudadas, 0 acimulo t&o acentuado de mercdrio no tecido hepético e
sanguineo, 0s aumentos na cregtinina e uréia sericas e a diminuicdo da atividade da ALT
sérica. Além disso, evitou parciamente a alteracdo na concentragdo de glicose sérica. Por
outro lado, quanto ao teor de merclrio encontrado nos rins, 0 zinco provocou uma elevacdo
do nivel desse metal e também ndo impediu 0 aumento do peso desse 6rgao. Os niveis de
zinco presentes nos tecidos renal e hepatico mostraram-se aumentados quando houve a pré-
exposi¢do e 0 acréscimo para o figado foi superior aquele verificado nesse mesmo tecido dos
animais que receberam apenas 0 metal pesado. Os niveis de mercirio encontrados nas fragdes

subcelulares dos trés tecidos acompanharam os perfis demonstrados pelos tecidos, salvo para
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a fracdo CTQ hepética, em que o nivel foi similar aguele apresentado pelos animais que
receberam somente mercurio. O tratamento com zinco ndo aterou as quantidades desse metal
contidas nas duas fragbes subcelulares sangiiineas. O incremento de zinco nos rins dos
animais representou o0 que ocorreu na fracd CTQ. Considerando-se o figado, ambas as
fracOes apresentaram elevados nivels de zinco, acompanhando o aumento j& citado no tecido.
As quantificagdes das MT mostraram que a exposi¢do prévia ao zinco aumentou ainda mais o
seu contetido hepatico em relagcdo ao encontrado nesse 6rgéo dos ratos que receberam apenas
mercurio. No tecido renal, o tratamento s multéneo provocou aumento no nivel das proteinas,
enguanto que no sangue essa consequéncia ndo foi visa As correlagbes entre MT e os dois
metais nos tecidos renal e hepético foram positivas, 0 que ndo ocorreu para 0 sangue. As
razbes molares entre a proteina e os dois metais estudados néo foram alteradas, excegéo feita
arazdo molar hepéticaentre MT e zinco, aqual foi aumentada

Alteragbes marcantes, como no peso corporal e de 6rgdos, sdo achados comuns nos
casos de exposicdo de animais em fase de desenvolvimento ou adultos a0 mercirio (ROCHA
et al., 1995; EMANUELLI et al., 1996; PEIXOTO, 2000; ROZA et al., 2005). O retardo no
ganho de peso corporal e, consequentemente, no crescimento dos animais neonatos
submetidos a esse tipo de insulto podem ser atribuidos ao fato de que o merclrio é
anorexigénico (FREUNDT & IBRAHIM, 1990; COUNTER & BUCHANAN, 2004) e o
zinco, de dgumaforma, impede esses efeitos.

A medida da atividade da enzima sulfidrilica serve como um marcador da exposi¢éo a
metais pesados, uma vez que metais divalentes possuem afinidade pelos grupamentos
contendo enxofre e essa ligag&o causa um prejuizo na atividade enzimética (DESPAUX et al.,
1977; DAVIS & AVRAM, 1980). A pré-exposicdo dos animais ao zinco preveniu
completamente a inibi¢cdo da atividade da enzima proveniente de ambas as fontes analisadas,
isso pode ser explicado tendo-se como referéncia que o zinco tem um pagpel critico nessa
enzima, ele é requerido para a manuten¢do dos grupamentos SH no estado reduzido
(TSUKAMOTO et al., 1979; BEBER et al., 1998, EMANUELLI et al., 1998). Em relacéo ao
efeito protetor do c&dmio sobre a enzima, pode ser postulado que o metal, nessa dose
utilizada, ligaria & proteina produzindo efeito aogtérico positivo (DESPAUX et al., 1977,
DAVIS & AVRAM, 1980; BERNARD & LAUWERYS, 1987).

As altas concentragtes de mercario detectadas no figado e nos rins estdo de acordo
com dados que apontam esses tecidos como o0s que mais retém o meta (MENGEL &
KARLOG, 1980; NIELSEN & ANDERSEN, 1989; SAKAMOTO et al., 1993; CLARKSON,
1997; COUNTER & BUCHANAN, 2004). Num rato intoxicado, a quantidade de mercurio
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presente no rim, por g de tecido fresco, € a metade daguela presente no figado (33 e 65 ny,
respectivamente), porém quando calculado quanto de mercurio o 6rgdo todo é capaz de reter,
essa propor¢do diminui paraum terco (18 e 55 ny, respectivamente). Para um rato pré-tratado
com zinco, o teor de mercurio retido no rim, por g de tecido fresco, € cinco vezes maior que
aquele apresentado pelo figado (110 e 22 ny, respectivamente), entretanto, o calculo feito para
0 0rgdo todo mostra que o rim contém o triplo da quantidade de metal retida pelo figado (54 e
20 g, respectivamente). Esses célculos demonstram que ha umainversio das proporgoes.

O sangue, embora tenha apresentado um teor elevado de metal pesado, suas
concentragdes correspondem a 10% daquelas encontradas no tecido hepético, porém o perfil
de retencdo entre os grupos de tratamento € semelhante, o tratamento com zinco provocou um
decréscimo de, aproximadamente, 50% no contelido do metal contido nesses dois tecidos.
Essas observagGes evidenciam que, nos animais em que houve exposi¢éo ao zinco, 0 sangue
transporta 0 metal pesado do figado para os rins (CHAN et al., 1993), desde que a soma da
quantidade de merclrio retido por ambos tecidos € muito similar (cerca de 74 ng),
independente do tratamento aplicado.

Quanto &s quantificagdes dos glicidios, pode-se inferir que, embora haja uma estreita
relagdo entre o nivel de glicose sanglliinea e o metabolismo do glicogénio (LEHNINGER et
al., 1995; HARRIS, 1997), o decréscimo na glicemia [ainda que 0s niveis ndo possam ser
considerados hipoglicemia (BATTELINO et al., 1999; GAVETE et al., 2005; THYSSEN et
al., 2006)], provocado pelo mercdrio, parece ndo estar relacionado a um desequilibrio no teor
do polimero hepético, uma vez que ese ndo apresentou-se aterado. O zinco preveniu
parcialmente o decréscimo da glicemia. Assim, parece que, de aguma maneira, 0 metal
essencid interfere nesse mecanismo, embora esse ndo esteja esclarecido com os presentes
experimentos. Porém, sugere-se que pode haver alguma relagdo com o fato do mercirio
alterar 0 mecanismo do apetite dos animais (FREUNDT & IBRAHIM, 1990; COUNTER &
BUCHANAN, 2004).

O contelido de MT presente nos tecidos mostrou que o tecido rena apresenta
quantidades sgnificativamente aumentadas sempre que os animais foram pré-expostos ao
zinco (EATON et al., 1980; ZALUPS & CHERIAN, 1992). Para os demais tecidos
analisados, figado e sangue, ndo houve diferenca entre os grupos de tratamento. Entretanto,
para o tecido hepatico, quando foram feitas comparagdes entre dois grupos, foram verificadas
diferencas entre o grupo tratado somente com salina e 0s grupos tratados somente com zinco e

somente com mercurio.
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Os dados pertinentes as relagdes entre metais na fragdo CTQ e MT demonstraram que
h& corrdacdo positiva para os tecidos hepatico e renal, tanto para zinco quanto para mercurio.
Por outro lado, para o tecido sanguiineo ndo h& correlagdo entre o conteido de zinco nafracéo
CTQ e MT, e arelagdo, consderando o mercurio, ndo foi calculada, porque a fracdo CTQ
proveniente desse tecido apresentou quantidades ndo-detectavels do metal pesado.

As concentragBes de mercurio contidas nas fragdes subcelulares refletem os teores do
metal contidos no tecido, uma vez que sempre que houve alteracdo na quantidade de metal,
paralelamente, a alteragdo também ocorreu nas fragdes. Excegéo feita a fragdo CTQ de figado,
na qua a quantidade absoluta ndo foi modificada pelo pré-tratamento com zinco e, ademais, a
quantidade relativa apresentou-se aumentada quando comparada com o grupo tratado somente
com o0 metal toxico. Além disso, considerando-se os percentuas, é possivel concluir que a
maior percentagem desse metal esté presente na fragdo ndo-analisada (precipitado proveniente
da segunda centrifugacdo do materia tecidual).

De uma maneira geral, a exposicéo aos metais causa uma elevacdo nas quantidades de
MT presentes nos tecidos (ONOSAKA & GEORGE CHERIAN, 1981; BEBIANNO &
LANGSTON, 1992, 1995). Deste modo, o conteitdo de MT aumenta quando aumenta o
contelido de metal presente no tecido (BEBIANNO & LANGSTON, 1992, 1995; CHAN et
al., 1993). Essa evidéncia € mais notavel para o zinco, ja que as alteracdes no contelido desse
metal nos tecidos s80 menores proporcionamente as alteraces causadas pelo metal pesado.
Isso demonstra a propriedade peculiar do zinco como um dos melhores indutores da sintese de
MT (EATON et al., 1980; BRACKEN & KLAASSEN, 1987). O acréscimo de cerca de 75%
na concentracao de zinco nos rins foi capaz de induzir aumentos significativos no contetido da
proteina ligante de metal, a0 passo que aumentos bem mais pronunciados na concentracéo de
mercUrio presente nesse tecido ndo provocaram esse efeito. Os aumentos no teor de zinco
hepético, provocados pelos tratamentos com 0s metais, embora tenham sido percentualmente
maiores que agueles observados nos rins, inferem que, assim como o0 mercurio contido no
figado € transportado por intermédio do sangue para os rins, isso também poderia estar
ocorrendo em relagdo as MT (CHAN et al., 1993), ja que os aumentos na quantidade dessas
proteinas nem sempre foram significativos nesse tecido.

A avaliagdo dos cdculos das razdes molares entre MT e metal na fracdo CTQ
demonstrou que ha sempre mais zinco associado a proteina do que mercurio. Entretanto,
houve aumento apenas no contelido de MT/zinco quando houve exposicio a esse metal e
apenas no tecido hepético desses animais. O aumento no conteido de MT hepética dos

animais que receberam apenas mercurio pode ser explicado pelo fato de que o metd tdxico
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quando nesta forma inorgénica (cloreto de merclrio) também induz a sintese de MT
(CLARKSON, 1997; CHAPMAN & CHAN, 1999; TANDON et al., 2001; COUNTER &
BUCHANAN, 2004), mas ainda assim ha mais zinco ligado a essas proteinas do que
mercurio, o que pode ser justificado pelo aumento no contelido do metal endégeno provocado
pelo metal toxico nesse tecido especificamente.

Considerando-se que nesse trabalho as MT foram quantificadas por meio de dois
métodos diferentes, colorimétrico, com a utilizagdo do &cido 5,5 -ditio-bis-2-nitrobenzéico
(VIARENGO et al., 1997, PETROVIC et al., 2001), e polarogréfico (BEBIANNO &
LANGSTON, 1989), cabem aqui algumas ponderacdes. O método colorimétrico baseia-se na
quantificacdo dos grupamentos SH (ELLMAN, 1958,1959), pelos quais os metais divalentes
tém afinidade (ELLMAN, 1958). Sabe-se que o mercurio € o metal que tem amaior afinidade
por esses grupos, portanto, trata-se de uma ligacdo muito estavel (ELLMAN, 1958;
CLARKSON, 1997; DABRIO &t al., 2002; ROMERO-ISART & VASAK, 2002). No modelo
experimental utilizado, onde os animais sG0 expostos a0 mercurio, provavelmente esses
grupamentos ligados ao mercudrio ndo sdo quantificados, o que levaria a resultados falsamente
diminuidos. Entretanto, comparando-se os resultados obtidos pelos dois métodos usados,
observa-se que, para esse modelo experimental, ambos se prestam. No tecido renal quando
houve exposi¢cdo prévia ao zinco houve aumentos de mais de 50% quando utilizou-se o
método colorimétrico e de cerca de 80% quando o método utilizado foi o de polarografia,
embora a andlise estatistica ndo tenha revelado diferencas para 0 primeiro método,
provavelmente em virtude da grande dispersdo dos resultados. Para o figado dos animais
tratados somente com mercurio os aumentos foram de 86% e 120%, respectivamente para 0s
métodos colorimétrico e polarogréfico. Enquanto que os acréscimos relativos na quantidade
de MT presente no figado dos animais que receberam somente zinco ou os dois metais
simultaneamente foram superiores a 230% e cerca de 200%, respectivamente para a
colorimetria e a polarografia. Sugere-se que os resultados obtidos por ambas as metodologias
tenham sido similares também porque a quantidade de mercuirio contida na fragdo CTQ é
relativamente pequena, 0 que ndo causaria uma interferéncia significativa na determinagdo
das MT contidas nessa fracdo subcelular pelo méodo colorimétrico. Assm, embora as
quantidades de MT possam estar subestimadas pelo método, o erro inserido nesses resultados
€ pegueno.

Em relag@o s quantidades elevadas de metais detectadas na Fl celular é possivel que
esses também estejam associados & MT. Embora essas proteinas sejam consideradas
tipicamente de localizaco citosolica (CHERIAN et al., 1987; DUNN et al., 1987; NARTEY
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et al., 1987; CHERIAN & APOSTOLOVA, 2000; GEORGE CHERIAN et al., 2003), dguns
autores identificaram a presenca dessas nas mitocondrias e no nicleo celular em determinadas
situacbes (CHERIAN et al., 1987; NARTEY et al., 1987; CHERIAN & APOSTOLOVA,
2000; YE et al., 2001). As MT de localizacdo atipica foram detectadas quando h& alta
proliferacdo celular, mais especificamente, durante a fase de desenvolvimento e em células
tumorais (CHERIAN et al., 1987; NARTEY et al., 1987; CHERIAN & APOSTOLOVA,
2000). Estudos mostraram que a localizagdo nuclear das M T é transitoria, ocorre do vigésimo
dia de idade pré-natal até, aproximadamente, duas semanas de vida pos-natal de ratos
(CHERIAN et al., 1987). Deste modo, sabendo-se que a idade dos animais empregados no
presente trabalho, no momento da coleta do material bioldgico, era de 13 dias, que a Fl &
enriguecida em mitocondrias e nicleos e que as MT néo foram quantificadas nesse material,
sugere-se que pode haver atas concentragdes das proteinas nessa frago.

Tomando-se os presentes resultados em conjunto, considera-se 0 zinco cOmMoO uma
alternativa mais adequada do que o cadmio quanto as suas propriedades preventivas aos
efeitos toxicos causados pelo merclrio em ratos jovens, porque esse metal foi mais eficiente
em evitar o aparecimento desses efeitos e de amenizé-los quando surgiram.

Quanto ao mecanismo envolvido neste processo € possivel sugerir que as MT tém um
papel fundamental. A nefrotoxicidade, principa consequéncia da exposicdo ao mercario
detectada nos ratos neonatos, foi completamente prevenida pelo metal essencial e a presenca
dessas proteinas foi marcante nos rins, embora a quantidade de mercirio nesse tecido tenha
aumentado quando houve pré-exposicéo. Entretanto, a quantidade de metal toxico presente na
MT renal dos animais neonatos pré-tratados com zinco e posteriormente tratados com
mercurio foi cerca de 25% maior que aguela presente no tecido renal dos animais tratados
apenas com mercurio. Assim, propde-se que, embora o contelido de mercurio renal esteja
mais elevado no grupo exposto aos dois metais, esse estaria quelado as MT e, desta forma,

indisponivel para causar toxicidade.
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CAPITULO 7
CONCLUSAO GERAL

Mediante a andlise dos resultados obtidos através do presente trabalho € possivel
concluir que:

1) aexposicdo s.c. de ratos Wistar jovens (do oitavo ao décimo segundo dia de vida pés-
natal) ao cloreto de mercdrio na dose total de 25,0 mg/kg (5,0 mg/kg/dia):

a) afeta o desenvolvimento e crescimento norma dos animais, como verificado
pelo prejuizo no ganho de peso corporal e aumento no peso renal;

b) reduz a atividade da enzima PBG-sintase proveniente das fontes renal e
hepética, cuja quantificagdo serve para o biomonitoramento da exposi¢&o;

€) causauma elevagdo nos teores de mercurio presente nos tecidos rend, hepético
e sanglineo;

d) preudica a fungdo renal, uma vez que o nivel sérico de creatinina e de uréia
encontra-se elevado;

€) diminui aconcentracdo de glicose sangliinea;

f) provocauma redistribuicdo do metal enddgeno zinco parao figado;

g) induz aum aumento nos niveisde MT no figado;

2) o tratamento s.c. (do terceiro ao sétimo dia de vida), aplicado aos animais durante os
cinco dias que antecedem a exposicdo a0 mercurio, com cloreto de c&dmio na dose
total de 18,5 mg/kg (3,7 mg/kg/dia) previne apenas a alteracdo na atividade da enzima
PBG-sintase renal;

3) o tratamento s.c. (do terceiro a sétimo dia de vida), administrado aos ratos durante os
cinco dias que precedem a exposicdo ao mercurio, com cloreto de zinco na dose total
de 135,0 mg/kg (27,0 mg/kg/dia):

a) previne a alteracdo de peso corpora, mas ndo de peso rena, dos animais
jovens,

b) evita a inibicdo na atividade da enzima PBG-sintase de ambas as fontes
utilizadas, figado erim;

c) previne adiminuicéo da concentragdo de glicose no sangue;
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d) diminui a retengdo do meta téxico no figado e no sangue, porém aumenta a
guantidade desse no tecido renal;

€) de uma maneira geral, as concentraces do metal essencial e do meta tdxico
contidas nas fragdes subcelulares, correspondem com as alteracdes causadas no
tecido;

f) provoca aumento nos niveis de MT rena e hepatico, mas ndo nos niveis
sanguineos;

4) o cloreto de zinco é mais eficiente como agente preventivo aos efeitos deletérios do
cloreto de mercurio do que o cloreto de cadmio nas doses empregadas,

5) existe uma correlacdo positiva entre as quantidades de metal, zinco e mercirio, e MT
contidas na fragdo CTQ dos tecidos rena e hepatico, porém isso ndo ocorre com 0
tecido sanguiineo;

6) aquantidade de zinco associada as MT é maior que a de mercdrio em todos os trés
tecidos analisados;

7) arazdo molar ente mercurio e MT no tecido renal é mais pronunciada quando h& pré-
exposi¢éo ao cloreto de zinco;

8) as proteinas ligantes de metal MT estdo envolvidas no mecanismo de prevencdo dos

efeitos toxicos renais do mercirio exercido pelo cloreto de zinco.

PDF created with pdfFactory trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

89

REFERENCIASBIBLIOGRAFICAS:

ADLARD, B.P.F.; DOBBING, J. Vulnerability of developing brain. I11. Development of four
enzymes in the brains of normal and undernourished rats. Brain Research v. 28, p. 97-107,
1971

ASTON, N.; MORRIS, P.; TANNER, S. Retrorsine in breast milk influences copper handling
in suckling rat pups. Jour nal of Hepatology v. 25, p. 748-755, 1996.

BARONE, S.J.; DAS, K.P; LASSITER, T.L., WHITE, L.D. Vulnerable processes of
nervous system development: a review of markers and methods. Neurotoxicology v. 21, p.
15-36, 2000.

BATTELINO, T.; GOTO, M.; KRZISNIK, C.; ZELLER, W.P. Tumor necrosis factor-a alters
glucose metabolism in suckling rats. Journal of Laboratory and Clinical Medicine v. 133,
p. 583-589, 1999.

BEBER, F.A.; WOLLMEISTER, J; BRIGO, M.JK.; SILVA, M.CJ,; PEREIRA, C.N,;
ROCHA, J.B.T. d-Aminolevulinate dehydratase inhibition by ascorbic acid is mediated by an
oxidation system existing in the hepatic supernatant. Inter national Journal for Vitamin and
Nutrition Research v. 68, p. 181-188, 1998.

BEBIANNO, M.J.; LANGSTON, W.J. Cadmium induction of metallothionein synthesis in
Mytilus galloprovincialis. Comparative Biochemistry and Physiology v. 103C, p. 79-85,
1992.

BEBIANNO, M.J.; LANGSTON, W.J. Induction of metallothionein synthesis in the gill and
kidney of Littorina littorea exposed to cadmium. Journal of the Marine Biological
Association of the United Kingdom v. 75, p. 173-186, 1995.

BERNARD, A.; LAUWERYS, R. Meta-induced dterations of d-aminolevulinic acid
dehydratase. Annalsof the New York Academy of Sciencev. 514, p. 41-47, 1987.

BIANCHI, G.P,; MARCHESINI, G.; BRIZI, M.; ROSSI, B.; FORLANI, G.; BONI, P,
MELCHIONDA, N.; THOMASETH, K.; PACINI, G. Nutritional effects of ora zinc
supplementation in cirrhosis. Nutrition Research v. 20, p. 1079-1089, 2000.

PDF created with pdfFactory trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

90

BISINOTI, M.C.; JARDIM, W.F. O comportamento do metilmercirio (metilHg) no
ambiente. Quimica Nova v. 27, p. 593-600, 2004.

BOISCHIO, A.A.P.; HENSHEL, D.S. Risk assessment of mercury exposure through fish
consumption by riverside people in the Madeira Basin, Amazon, 1991. Neurotoxicology V.
17, p. 169-176, 1996.

BORDER, E.A.; CANTRELL, A.C.; KILROE-SMITH, T.A. The in vitro effect of zinc and
other metal ions on the activity of human erythrocyte aminolaevulinic acid dehydratase.
Environmental Research v. 11, p. 319-325, 1976.

BRACKEN, W.M.; KLAASSEN, C.D. Induction of metallothionein in rat primary hepatocyte
cultures: evidence for direct and indirect induction. Journal of Toxicology and
Environmental Health v. 22, p. 163-174, 1987.

BREWER, G.J.; DICK, R.D.; JOHNSON, V.D.; BRUNBERG, JA.; KLUIN, K.J; FINK,
J.K. Treatment of Wilson's disease with zinc: XV Long-term follow-up studies. Journal of
Laboratory and Clinical Medicinev. 132, p. 264-278, 1998.

BRZOSKA, M.M.; MONIUSZKO-JAKONIUK, J. Interactions between cadmium and zinc in
the organism. Food and Chemical Toxicology v. 39, p. 967-980, 2001.

BRZOSKA, M.M.; MONIUSZKO-JAKONIUK, J:; JURCZUK, M.. GALAZYN-
-SIDORCZUK, M.; ROGALSKA, J. The effect of zinc supply on cadmium-induced changes
in the tibia of rats. Food and Chemical Toxicology v. 39, p. 729-737, 2001.

BUCIO, L.; SOUZA, V.; ALBORES, A.; SIERRA, A CHAVEZ, E.; CARABEZ, A.;
GUTIERREZ-RUIZ, M.C. Cadmium and mercury toxicity in a human fetal hepatic cell line
(WRL-68 cells). Toxicology v. 102, p. 285-299, 1995

CANTILENA Jr, L.R.; KLAASSEN, C.D. The effect of chelating agents on the excretion of
endogenous metas. Toxicology and Applied Pharmacology v. 63, p. 344-350, 1982.

CASTILHOS, Z.C.; RODRIGUES-FILHO, S.; RODRIGUES, A.P.C.; VILLAS-BOAS, R.C.;
SIEGEL, S.; VEIGA, M.M., BEINHOFF, C. Mercury contamination in fish from gold mining
areas in Indonesa and human health risk assessment. Science of the Total Environment v.
368, p. 320-325, 2006.

CHAMPE, P.C.; HARVEY, R.A. Enzimas. In: . Bioguimica llustrada. 2* ed. Porto
Alegre: Artes Gréficas, 1996. Cap. 4, p. 53-66.

PDF created with pdfFactory trial version www.pdffactory.com


http://www.pdffactory.com
http://www.pdffactory.com

91

CHAN, H.M.; SCHEUHAMMER, A.M.; FERRAN, A.; LOUPELLE, C.; HOLLOWAY, J;
WEECH, S. Impacts of mercury on freshwater fish-eating wildlife and humans. Human and
Ecological Risk Assessment v. 9, p. 867-883, 2003.

CHAN, H.M.; ZHU, L.; ZHONG, R.; GRANT, D.; GOYER, R.A.; GEORGE CHERIAN, M.
Nephrotoxicity in rats following liver transplantation from cadmium-exposed rats.
Toxicology and Applied Pharmacology v. 123, p. 89-96, 1993.

CHASE, H.P.; LINDSLEY, W.F.B.; OBRIEN, D. Undernutrition and cerebellar
development. Naturev. 221, p. 554-555, 1969.

CHERIAN, M.G.; TEMPLETON, D.M.; GALLANT, K.R.; BANERJEE, D. Biosynthesis
and metabolism of metallothionein in rat during perinatal development. Experientia
Supplementum v. 52, p. 499-505, 1987.

CHMIELNICKA, J.; KOMSTA-SZUMSKA, E.; ZAREBA, G. Effect of interaction between
®Zn, mercury and selenium in rats (retention, metallothionein, endogenous copper). Ar chives
of Toxicology v. 53, p. 165-175, 1983.

COWLEY, JJ; WIDDOWSON, E.M. The effect of handling rats on their growth and
behaviour. British Journal of Nutrition v. 19, p. 397-406, 1965.

CUAJUNGCO, M.P.; LEES, G.J. Zinc metabolism in the brain: relevance to human
neurodegenerative disorders. Neurobiology of Diseasev. 4, p. 137-169, 1997.

DAVIS, JR.; AVRAM, M.J. Correlation of the physicochemical properties of metal ionswith

their activation and inhibition of human erythrocytic d-aminolevulinic acid dehydratase
(ALAD) in vitro. Toxicology and Applied Pharmacology v. 55, p. 281-290, 1980.

DESPAUX, N.; BOHUON, Cl.; COMQY, E.; BOUDENE, Cl. Postulated mode of action of
metals on purified human ALA-dehydratase (EC 4-2-1-24). Biomedicine v. 27, p. 358-361,
1977.

DI DANIELI, N.; CARBONELLI, M.G.; CANDELORO, N.; IACOPINO, L.; DE
LORENZO, A.; ANDREOLI, A. Effect of supplementation of calcium and vitamin D on bone
mineral density and bone mineral content in peri- and post-menopause women — A double-
-blind, randomized, controlled trial. Pharmacological Research v. 50, p. 637-641, 2004.

PDF created with pdfFactory trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

92

DOBBING, J.; SANDS, J. Vulnerability of developing brain. IX. The effect of nutritional
growth retardation on the timing of the brain growth-spurt. Biology of the Neonate v. 19, p.
363-378, 1971.

DOMINGO, JL. Metal-induced developmental toxicity in mammals: a review. Journal of
Toxicology and Environmental Health v. 42, p. 123-141, 1994.

DOMINGO, J.L. Prevention by chelating agents of meta-induced developmental toxicity.
Reproductive Toxicology v. 9, p. 105-113, 1995.

DOREA, J.G.; DONANGELO, C.M. Early (in uterus and infant) exposure to mercury and
lead. Clinical Nutrition v. 25, p. 369-376, 2006.

DORIAN, C.; GATTONE 11, V.H.; KLAASSEN, C.D. Discrepancy between the nephrotoxic
potencies of cadmium-metalothionein and cadmium chloride and the renal concentration of
cadmium in the proximal convoluted tubules. Toxicology and Applied Pharmacology v.
130, p. 161-168, 1995.

EBERLEIN-KONIG, B.; PLACZEK, M.; PRZYBILLA, B. Protective effect againgt sunburn
of combined systemic ascorbic acid (vitamin C) and d-a-tocopherol (vitamin E). Journal of
the American Academy of Dermatology v. 38, p. 45-48, 1998.

ELLMAN, G.L. Tissue sulfhydryl groups. Archives of Biochemistry and Biophysics v. 82,
p. 70-77, 1959.

FENG, W.; WANG, M.; LI, B.; LIU, J.;; CHAI, Z.; ZHAO, J.; DENG, G. Mercury and trace
elements distribution in organic tissues and regional brain of fetal rat after in utero and
weaning exposure to low dose of inorganic mercury. Toxicology Lettersv. 152, p. 223-234,
2004.

FERRI, A.; DUFFARD, R.; STURTZ, N.; DUFFARD, A.M.E. Iron, zinc and copper levelsin
brain, serum and liver of neonates exposed to 2,2-dichlorophenoxyacetic acid.
Neur otoxicology and Teratology v. 25, p. 607-613, 2003.

FRANKOVA, S.; BARNES, R.H. Influence of malnutrition in early life on exploratory
behavior of rats. The Journal of Nutrition v. 96, p. 477-484, 1968.

FRANKOVA, S.; BLATNIKOVA, M. Effect of early psychological stress and protein-calorie
deprivation on long-term behaviora patterns in rats. Activitas Nervosa Superior v. 21, p.
192-202, 1979.

PDF created with pdfFactory trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

93

FREDRIKSSON, A.; DAHLGREN, L.; DANIELSSON, B.; ERIKSSON, P.; DENCKER, L.;
ARCHER, T. Behavioural effects of neonatal metallic mercury exposure in rats. Toxicology
V. 74, p. 151-160, 1992.

FURST, A.; RADDING, SB. Mercury (Hg). In: WEXLER, P. (Ed.). Encyclopedia of
Toxicology. San Diego: Academic Press, 1998. Vol. 2, p. 288-289.

GALE, T.F. The amelioration of mercury-induced embryotoxic effects by simultaneous
treatment with zinc. Environmental Resear ch v. 35, p. 405-412, 1984.

GAVETE, M.L.: MARTIN, M.A., ALVAREZ, C.; ESCRIVA, F. Maternal food restriction
enhances insulin-induced GLUT-4 trandocation and insulin signaling pathway in skeletal
muscle from suckling rats. Endocrinology v. 146, p. 3368-3378, 2005.

GEORGE CHERIAN, M.; JAYASURYA, A.; BOON-HUAT BAY Metadlothioneins in
human tumors and potential roles in carcinogenesis. M utation Research v. 533, p. 201-209,
2003.

GILL, T.S; TEWARI, H.; PANDE, J. Use of the fish enzyme system in monitoring water
quality: effects of mercury on tissue enzymes. Compar ative Biochemistry and Physiology
Part C: Comparative Phar macology v. 97, p. 287-292, 1990.

GOEL, A.; CHAUHAN, D.P.; DHAWAN, D.K. Protective effects of zinc in chlorpyrifos
induced hepatotoxicity: a biochemical and trace demental study. Biological Trace Element
Research 74: 171-183, 2000.

GOEL, A.; DANI, V.; DHAWAN, D.K. Protective effects of zinc on lipid peroxidation,
antioxidant enzymes and hepatic histoarchitecture in chlorpyrifos-induced tocicity. Chemico-
-Biological Interactionsv. 156, p. 131-140, 2005.

GOEL, A.; DANI, V.; DHAWAN, D.K. Chlorpyrifos-induced dterations in the activities of
carbohydrate metabolizing enzymes in rat liver: the role of zinc. Toxicology Letters v. 163,
p. 235-241, 2006.

GOEL, A.; DHAWAN, D.K. Zinc supplementation prevents liver injury in chlorpyrifos-
-treated rats. Biological Trace Element Research v. 82, p. 185-200, 2001.

GOLDMAN, P.S. Conditioned emotionality in the rat as a function of stress in infancy.

PDF created with pdfFactory trial version www.pdffactory.com


http://www.pdffactory.com
http://www.pdffactory.com

Animal Behaviour v. 13, p. 434-442, 1965.

GOYER, R.A. Nutrition and metal toxicity. The American Journal of Clinical Nutrition v.
61, p. 646S-650-S, 1995.

GOYER, RA. Toxic effects of metals. In: KLAASSEN, C.D. (Ed.) Casareit & Doull’s
toxicology: the basic science of poisons. 5 ed. New York: McGraw-Hill, 1996. Chapter 23,
p. 691-736.

HARADA, M. Congenital Minamata disease: intrauterine methylmercury poisoning.
Teratology v. 18, p. 285-288, 1978.

HARADA, M. Minamata disease: methylmercury poisoning in Japan caused by
environmental pollution. Critical Reviewsin Toxicology v. 25, p. 1-24, 1995.

HARADA, M. The globa lessons of Minamata disease: an introduction to Minamata studies.
Advancesin Bioethicsv. 8, p. 299-335, 2005.

HARADA, M.; NAKANISHI, J; KONUMA, S.; OHNO, K.; KIMURA, T.; YAMAGUCHI,
H.; TSURUTA, K.; KIZAKI, T.; OOKAWARA, T.; OHNO, H. The present mercury contents
of scalp hair and clinica symptoms in inhabitants of the Minamata area. Environmental
Research Section A v. 77, p. 160-164, 1998.

HARRIS, R.A. Metabolismo de carboidratos I: principais vias metabdlicas e seu controle. In:
DEVLIN, T.M. (Coord.). Manual de bioquimica com correacdes clinicas. 4* ed. Séo
Paulo: Edgard Blicher, 1997. Cap. 7, p. 221-277.

HARTVIG, P. Chemical principles of chelate therapy in neurotoxicology. Acta Neurologica
Scandinavica v. 70, p. 199-202, 1984.

HERAK-KRAMBERGER, C.M.; SABOLIC, |I. The integrity of renal cortical brush-border
and basolateral membrane vesicles is damaged in vitro by nephrotoxic heavy metals.
Toxicology v. 156, p. 139-147, 2001.

HIDALGO, J.; ASCHNER, M.; ZATTA, P.; VASAK, M. Roles of the metallothionein family
of proteins in the central nervous system. Brain Research Bulletin v. 55, p. 133-145, 2001.

HIDALGO, J.; BORRAS, M.; GARVEY, JS.; ARMARIO, A. Liver, brain, and heart
metallothionein induction by stress. Journal of Neurochemistry v. 55, p. 651-654, 1990.

PDF created with pdfFactory trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

95

HODGSON, E. Moadification of xenobiotic metabolism. In: HODGSON, E.; LEVI, P.E.
(Eds.) Textbook of modern toxicology. 2™ ed. London: Prentice Hall, 1997. Chapter 6, p.
119-159.

HOLT, D.; WEBB, M. The toxicity and teratogenicity of mercuric mercury in the pregnant
rat. Archives of Toxicology v. 58, p. 243-248, 1986.

JAFFE, E.K. Porphobilinogen synthase, the first source of heme’s asymmetry. Journal of
Bioenergeticsand Biomembranesv. 27, p. 169-179, 1995.

JOSHI, S;; RAO, S.; GIRIGOSAVI, S.; DAWARE, M.; KALE, A.; HEGDE, M. Differential
effect of fish oil and folic acid supplementation during pregnancy in rats on cognitive
performance and serum glucose in their offspring. Nutrition v. 20, p. 465-472, 2004.

JUNGHANS, R.P. A review of the toxicity of methylmercury compounds with application to
occupational exposures associated with laboratory uses. Environmental Research v. 31, p. 1-
31, 1983.

KLAASSEN, C.D. Heavy metals and heavy-metals antagonists. In: HARDMAN,
J.G.;GILMAN, A.G.; LIMBIRD, L.E. (Eds). Goodman & Gilman’s The Pharmacological
Basis of Therapeutics. 9" ed. New York: McGraw-Hill, 1996. Chapter 66, p. 1649-1671.

KOBAYASHI, T. Brain-to-body ratios and time of maturation of the mouse brain. American
Journal of Physiology v. 204, p. 343-346, 1963.

KONDO, K. Congenital Minamata disease: warnings from Jgpan’'s experience. Journal of
Child Neurology v. 15, p. 458-464, 2000.

LADD, A.P.; GROSFELD, JL.; PESCOVITZ, O.H.; JOHNSON, N.B. The effect of growth
hormone supplementation on late nutritional independence in pediatric patients with short
bowel syndrome. Jour nal of Pediatric Surgery v. 40, p. 442-445, 2005.

LEBEL, J.; MERGLER, D.; LUCOTTE, M. AMORIM, M.; DOLBEC, J.; MIRANDA, D;
ARANTES, G.; RHEAULT, |.; PICHET, P. Evidence of early nervous system dysfunction in
Amozonian populations exposed to low-levels of methylmercury. Neur otoxicology v. 17, p.
157-168, 1996.

LEHNINGER, A.L.; NELSON, D.L.; COX, M.M. Principios de Bioquimica. 2* ed. Séo

PDF created with pdfFactory trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

96

Paulo: Sarvier, 1995. 839p.

LI, D.; KATAKURA, M.; SUGAWARA, N. Improvement of acute cadmium toxicity by
pretreatment with copper salt. Bulletin of Environmental Contamination and Toxicology
v. 54, p. 878-883, 1995.

MARET, W. Zinc coordination environments in proteins determine zinc functions. Jour nal
of Trace Elementsin Medicineand Biology v. 19, p. 7-12, 2005.

MATHIE, A.; SUTTON, G.L.; CLARKE, C.E.; VEALE, E.L. Zinc and copper:
pharmacological probes and endogenous modulators of neurona excitability. Phar macology
& Therapeuticsv. 111, p. 567-583, 2006.

McCURRY, J. Jgpan remembers Minamata. The Lancet v. 367, p. 99-100, 2006.

MENDOLA, P.; SELEVAN, S.G.; GUTTER, S.; RICE, D. Environmental factors associated
with a spectrum of neurodevelopmental deficits. Mental Retardation and Developmental
Disabilities Research Reviews v. 8, p. 188-197, 2002.

MOCCHEGIANI, E.; BERTONI-FREDDARI, C.; MARCELLINI, F.; MALAVOLTA, M.
Brain, aging and neurodegeneration: role of zinc ion availability. Progress in Neur obiology
V. 75, p. 367-390, 2005.

MORETTO, M.B.; LERMEN, C.L.; MORSCH, V.M.; BOHRER, D.; INEU, R.P,; SILVA,
A.C.; BALZ, D.; SCHETINGER, M.R.C. Effect of subchronic treatment with mercury
chloride on NTPDase, 5 -nucleotidase and acetylcholinesterase from cerebral cortex of rats.
Journal of Trace Elementsin Medicineand Biology v. 17, p. 255-260, 2004.

MORGANE, P.J; MOKLER, D.J.; GALLER, J.R. Effects of prenatal protein malnutrition on
the hippocampal formation. Neuroscience and Biobehavioral Reviews v. 26, p. 471-483,
2002.

MOSER, V.C. Dose-response and time-course of neurobehavioral changes following oral
chlorpyrifos in rats of different ages. Neurotoxicology and Teratology v. 22, p. 713-723,
2000.

NIES, A.S.; SPIELBERG, S.P. Principles of therapeutics. In: HARDMAN, J.G.;GILMAN,
A.G.; LIMBIRD, L.E. (Eds). Goodman & Gilman’s The Pharmacological Basis of
Therapeutics. 9" ed. New York: McGraw-Hill, 1996. Chapter 3, p. 43-62.

PDF created with pdfFactory trial version www.pdffactory.com


http://www.pdffactory.com
http://www.pdffactory.com

97

NOGUEIRA, C.W.; SOARES, F.A.; NASCIMENTO, P.C.; MULLER, D.; ROCHA, JB.T.
2,3-Dimercaptopropane-1-sulfonic acid and meso-2,3-dimercaptosuccinic acid increase
mercury- and cadmium-induced inhibition of d-aminolevulinate dehydratase. Toxicology V.
184, p. 85-95, 2003.

OGOSHI, K.; NANZAI, Y.; MORIYAMA, T. Decrease in bone strength of cadmium-treated
young and old rats. Archives of Toxicology v. 66, p. 315-320, 1992.

OMATA, S; HIRAKAWA, E.; DAIMON, Y.; UCHIYAMA, M.; NAKASHITA, H,;
HORIGOME, T.; SUGANO, I.; SUGANO, H. Methylmercury-induced changes in the
activities of neurotransmitter enzymesin nervous tissues of the rat. Archives of Toxicology v.
51, p. 285-294, 1982.

ONOSAKA, S.; GEORGE CHERIAN, M. The induced synthesis of metallothionein in
various tissues of rat in response to metals. |. Effect of repeated injection of cadmium salts.
Toxicology v. 22, p. 91-101, 1981.

OTVOS, JD.; ARMITAGE, I.M. Structure of the metal clusters in rabbit liver
metal lothionein. Proceedings of the National Academy of Sciences of the United States of
Americav. 77, p. 7094-7098, 1980.

OZTURK, S,; CILLIER, A.E. Magnesium supplementation in the treatment of dementia
patients. M edical Hypothesesv. 67, p. 1223-1225, 2006.

PEIXOTO, N.C. Atividade da enzima delta-aminolevulinato desidratase (d-ALA-D)
(E.C.: 4.2.1.24) como indicador da intoxicagéo de ratos jovens com metais pesados nas
trésprincipais fases de crescimento cerebral rapido pos-natal. 161f. Dissertacdo (Curso de
Pés-graduacdo em Ciéncias Biologicas — Bioguimica) — Universidade Federal do Rio Grande
do Sul, Porto Alegre, 2000.

QURAISHI, I.; COLLINS, S.; PESTANER, J.P.; HARRIS, T.; BAGASRA, O. Role of zinc
and zinc transporters in the molecular pathogenesis of diabetes mellitus. M edical Hypotheses
v. 65, p. 887-892, 2005.

REN, M.; RAJENDRAN, R.; NING, P.; HUAT, B.T.K.; NAM, O.C.; WATT, F.; JENNER,
A.; HALLIWELL, B. Zinc supplementation decreases the development of atherosclerosis in
rabbits. Free Radical Biology & Medicinev. 41, p. 222-225, 2006.

RENZONI, A.; ZINO, F.; FRANCHI, E. Mercury levels along the food chain and risk for
exposed populations. Environmental Research v. 77, p. 68-72, 1998.

PDF created with pdfFactory trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

98

RIBEIRO-DA-SILVA, N.F.; MENEZES, A.C.C.; MALHEIROS, L.R.; DA-SILVA, V.A.
Effects of ethanol and manutrition on rat neuromotor development. Brazilian Journal of
Medical and Biological Research v. 27, p. 1377-1383, 1994.

RICE, D.; BARONE, S.Jr. Critical periods of vulnerability for the developing nervous
system: evidence from humans and animal models. Environmental Health Perspectives v.
108, p. 511-533, 2000.

RICE, D.C.; GILBERT, S.G. Effects of developmental methylmercury exposure or lifetime
lead exposure on vibration sensitivity functions in monkeys. Toxicology and Applied
Phar macology v. 134, p. 161-169, 1995.

RISHER, J.F.; NICKLE, RA.; AMLER, SN. Elemental mercury poisoning in occupational
and residential settings. International Journal of Hygiene and Environmental Health v.
206, p. 371-379, 2003.

RITA MISRA, R.; CRANCE, K.A.; BARE, RM.; WAALKES, M.P. Lack of correlation
between the inducibility of metallothionein mMRNA and metallothionein proteinin cadmium-
-exposed rodents. Toxicology v. 117, p. 99-109, 1997.

ROCHA, J.B.T.; VENDITE, D. Effects of undernutrition and handling during suckling on
shuttle avoidance and footshock escape behavior and on plasma glucose levels of young rats.
Developmental Psychobiology v. 23, p. 157-168, 1990.

SAKAMOTO, M.; NAKANO, A.; KAJWARA, Y.; NARUSE, Y.; FUJISAKI, T. Effects of
methyl mercury in postnatal developing rats. Environmental Research v. 61, p. 43-50, 1993.

SCHEUHAMMER, A.M. Erythrocyte d-aminolevulinic acid dehydratase in birds. |. The
effects of lead and other metalsin vitro. Toxicology v. 45, p. 155-163, 1987.

SHEMIN, D. 5-Aminolaevulinic acid dehydratase: structure, function, and mechanism.
Philosophical Transactions of the Royal Society of London B v. 273, p. 109-115, 1976.

SINGH, M.; RISHI, S. Plasma acetyl cholinesterase as a biomarker of triazophos neurotoxicity
in young and adult rats. Environmental Toxicology and Pharmacology v. 19, p. 417-476,
2005.

SOHRABRAND, F.; SHARIAT, M.; HAGHOLLAHI, F. Vitamin B supplementation for leg

PDF created with pdfFactory trial version www.pdffactory.com


http://www.pdffactory.com
http://www.pdffactory.com

99

cramps during pregnancy. International Journal of Gynecology and Obstretics v. 95, p.
48-49, 2006.

STRATTA, P.; MESSUEROTTI, A.; CANAVESE, C. The full circle: from the Minamata
disaster to the sick building syndrome. Environmental Health Per spectives v. 109, p. A361,
2001.

TAKEDA, A.; MINAMI, A.; SEKI, Y.; NAKAJMA, S.; OKU, N. Release of amino acids by
zinc in the hippocampus. Brain Resear ch Bulletin v. 63, p. 253-257, 2004a.

TAKEDA, A.; MINAMI, A.; YAMAIDE, R.; OKU, N. Involvement of amygdalar
extracellular zinc in rat behavior for passive avoidance. Neuroscience Lettersv. 358, p. 119-
122, 2004b.

TANG, W.; SADOVIC, S.; SHAIKH, Z.A. Nephrotoxicity of cadmium-metallothionein:
protection by zinc and role of glutathione. Toxicology and Applied Phar macology v. 151, p.
276-282, 1998.

THOMAS, D.J.; CHISOLM JR, J.J. Lead, zinc and copper decorporation during calcium
disodium ethylenediamine tetraacetate trestment of lead-poisoned children. The Journal of
Phar macology and Experimental Therapeuticsv. 239, p. 829-835, 1986.

THYSSEN, S.; ARANY, E.; HILL, D.J. Ontogeny of regeneration of b-cells in the neonatal
rat after treatment with streptozotocin. Endocrinology v. 147, p. 2346-2356, 2006.

TOBIA, M.H.; ZDANOWICZ, M.M.; WINGERTZAHN, M.A.; McHEFFEY-
-ATKINSON, B.; SLONIM, A.E.; WAPNIR, R.A. The role of dietary zinc in modifying the
onset and severity of spontaneous diabetes in the BB Wistar rat. Molecular Genetics and
Metabolism v. 63, p. 205-213, 1998.

TRAN, C.D.; CAMPBELL, M.A.F.; KOLEV, Y.; CHAMBERLAIN, S.; HUYNH, H.Q,
BUTLER, R.N. Short-term zinc supplementation attenuates Helicobacter felis-induced
gastritis in the mouse. Jour nal of Infection v. 50, p. 417-424, 2005.

TRAUTH, JA.; SEIDLER, F.J,; SLOTKIN, T.A. Persistent and delayed behavioral changes
after nicotine treatment in adolescent rats. Brain Research v. 880, p. 167-172, 2000.

TSUKAMOTO, I.; YOSHINAGA, T.; SANO, S. The role of zinc with special reference to
the essential thiol groups in d-aminolevulinic acid dehydratase. Biochimica et Biophysica
Actav. 570, p. 167-178, 1979.

PDF created with pdfFactory trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

100

TSUKAMOTO, I.; YOSHINAGA, T.; SANO, S. Zinc and cysteine residues in the active site
of bovine liver d-aminolevulinic acid dehydratase. The International Journal of
Biochemistry v. 12, p. 751-756, 1980.

TYL, RW. Toxicity Testing, Developmental. In: WEXLER, P. (Ed.). Encyclopedia of
Toxicology. San Diego: Academic Press, 1998. Vol. 3, p. 305-319.

VALLEE, B.L. The function of metalothionein. Neurochemistry International v. 27, p. 23-
33, 1995.

VENDITE, D.; WOFCHUK, S.; SOUZA, D.O. Effects of undernutrition during suckling on
footshock escape behavior and on related neurochemical parameters in rats. The Journal of
Nutrition v. 115, p. 1418-1424, 1985.

WATTS, J. Minamata man's abandoned claim is investigated. The Lancet v. 353, p. 387,
1999.

WEISS, B. Long ago and far away: a retrospective on the implications of Minamata
Neurotoxicology v. 17, p. 257-264, 1996.

WHO (World Health Organization). Environmental Health Criteria 134 — Cadmium.
Geneva, 1992.

YOSHIDA, M.; WATANABE, C.; HORIE, K.; SATOH, M.; SAWADA, M.; SHIMADA, A.
Neurobehavioral changes in metllothionein-null mice prenatally exposed to mercury vapor.
Toxicology Lettersv. 155, p. 361-368, 2005.

PDF created with pdfFactory trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

