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RESUMO

O zebrafish ¢ um pequeno teledsteo usado atualmente como organismo modelo em
diversas areas das ciéncias. As bases moleculares da neurobiologia € o genoma similar ao
dos humanos proporcionam o seu uso em diversos tipos de estudos, que incluem
toxicologicos, genéticos e patologicos. Estudos demonstraram que o déficit de ferro pode
gerar diversos tipos de anemias enquanto seu acimulo pode estar relacionado com diversas
patologias, como a Hemocromatose Hereditaria, no figado e Doencas Neurodegenerativas,
como Alzheimer e Parkinson, no cérebro. O sistema colinérgico tem sido amplamente
utilizado como parametro para avaliar a agdo de agentes toxicos e alteragdo de padrdes
comportamentais. A enzima Acetilcolinesterase (AChE), uma vez inibida, pode gerar um
acumulo de acetilcolina nas sinapses nervosas e jungdes musculares, resultando em um
aumento da transmissdo excitatoria. O gene da AChE foi clonado e seqiienciado no
zebrafish. O uso crescente do zebrafish em diversos estudos envolvendo exposi¢dao a
agentes toxicos e farmacos, d4 suporte a seu uso como um modelo experimental atrativo
para avaliar os efeitos do ferro em diferentes tecidos. Neste sentido, o objetivo do presente
estudo foi avaliar os efeitos da exposicdo a diferentes concentragdes de ferro sobre a
atividade da acetilcolinesterase em cérebro e figado de zebrafish adultos, assim como
investigar a possivel correlagdo destes efeitos com o contetido de ferro acumulado em cada
um dos tecidos analisados. Nos ensaios in vitro, o ferro foi capaz de promover um aumento
significativo na atividade da acetilcolinesterase em cérebro (52%) e figado (53%) quando
os tecidos foram expostos a mais alta concentragdo de ferro testada (2.6 mM). Um aumento
desta atividade enzimadtica foi observado nos ensaios in vivo, na presenca de 15mg/L de
ferro, tanto em cérebro (62%) quanto em figado (70%). A andlise de PCR semi-
quantitativo mostrou ndo haver modulagdo nos niveis de transcritos do gene que codifica a
AchE em ambos os tecidos de zebrafish. Além disto, foi demonstrado que o ferro estava
significativamente aumentado no figado quando os peixes foram expostos a 15mg/L
(226%) e 150mg/L (200%), mas ndo no cérebro. Estes resultados indicam que o ferro pode
promover alteragdes significativas na atividade da AchE, mas que o aumento da atividade
ndo parece estar diretamente relacionado com o aumento de ferro nestes tecidos de
zebrafish.

Palavras chaves: Zebrafish, Exposicdo ao ferro, Acetilcolinesterase, Cérebro,
Figado.



ABSTRACT

Zebrafish is a small teleost currently used as a model organism in several different areas of
research. Its molecular neurobiology and genome similarities to humans allow its use in
different types of studies including toxicological, genetic and pathological analysis. Studies
have shown iron deficiency can cause anemia and its overload can be related to
pathologies such as hereditary haemocromatosis in the liver and neurodegenerative
diseases in the brain like Alzheimer and Parkinson. The cholinergic system has been
widely used as a parameter to evaluate the action of toxic agents and behavior pattern
alternation. Once removed, the acetylcholineterase can cause the accumulation of
acetylcholine in the nerves synapses and muscle junctions, resulting in an excitatory
transmission increase. The AChE gene was cloned and sequenced in the zebrafish. The
increasing use of zebrafish in several studies involving exposure to toxic agents and drugs,
supports its use as an attractive experimental model to evaluate the effects of iron in
different tissues. Accordingly, the purpose of this study was to evaluate the effects of the
exposure to different concentrations of iron on the activity of acetylcholinesterase in brain
and liver of adult zebrafish, as well as, to investigate its possible correlation with the
content of iron accumulated in each tissue analyzed. In in vitro tests, the iron was able to
promote a significant increase in the activity of acetylcholinesterase in brain (52%) and
liver (53%) when the tissues were exposed to high concentration of iron tested (2.6 mM).
An increase of enzyme activity was observed in tests in vivo in the presence of 15mg / L of
iron, both in brain (62%) and in liver (70%). The analysis of semi-quantitative PCR
showed no modulation in the levels of transcripts of the gene encoding acetylcholinesterase
in both tissues of zebrafish. Furthermore, it was demonstrated that the iron in the liver was
significantly increased when the fish were exposed to 15mg/ L (226%) and 150mg/L
(200%) but not in brain. These results indicate that iron can promote significant changes in
the activity of acetylcholinesterase, but that increased activity does not appear to be
directly related to the increase of iron in tissues of zebrafish.

Key words: Zebrafish, Iron, acetylcholinetserase, brain, liver.



CAPITULO 1 - INRODUCAO



1.1 INTRODUCAO

1.1.1 Zebrafish (Danio rerio)

Haé 30 anos o pesquisador George Streisinger escolhia o zebrafish (Danio rerio), um
teledsteo da familia Cyprinidae, como modelo para seu laboratério em estudos genéticos.
Hoje este peixe, conhecido como paulistinha no Brasil, ¢ utilizado por diversos
pesquisadores em muitos locais. Os motivos sdo bastante evidentes hoje em dia: ¢ um
vertebrado dipléide com um bom equilibrio entre a complexidade e a simplicidade

(Streisinger et al. 1981).

Figura 1. Exemplar adulto de zebrafish

blogs.nature.com/nm/spoonful/zebrafish.jpg

Suas caracteristicas tornam este peixe um modelo seguro na pesquisa em nossos
tempos. Medindo aproximadamente entre trés e quatro centimetros, este teledsteo pode ser
facilmente mantido e distribuido nos aquarios, necessitando de pouco espago. Além disso,
possui baixo custo, de aproximadamente 0,60 centavos a unidade, alta taxa de fecundidade,
com um casal podendo colocar 200-300 ovos em uma manha, e se mantidos em estado
favoravel, repetir este ciclo a cada 5-7 dias, seus embrides sdo transparentes € possuem

uma rapida maturagdo sexual, entre trés e seis meses (Hill et al., 2005).



Figura 2: Embriao de zebrafish

Federal Research Centre for Fisheries

O crescimento no numero de artigos publicados usando o zebrafish esta diretamente
ligado ao crescente conhecimento sobre esta espécie. O seqiienciamento do genoma,
iniciado pelo Instituto Senger em 2001, possibilitou o uso em diversos estudos genéticos
(Stern & Zon 2003). Pesquisas relacionadas com genes humanos sdo cada vez mais
desenvolvidas utilizando este modelo uma vez que o seu genoma apresenta alto grau de
similaridade com os genomas de humanos e de camundongos (Barbazuk et al., 2000;
Lieschke & Currie, 2000). Hoje o zebrafish possui grande importidncia na pesquisa
mundial, resultando na criagdo de um site especializado neste assunto, ZFIN
(http://zfin.org), onde sdo depositadas todas as informagdes necessarias para o seu uso.

Este teledsteo possui grande sensibilidade quando exposto a produtos quimicos por
ser capaz de absorver de forma rapida os compostos que sdo diretamente adicionados na
dgua e acumuléd-los em diferentes tecidos, principalmente no Sistema Nervoso Central,
como demonstrado em estudos com o cobre (Grossel & Wood, 2002). Varios testes de
toxicidade e efeitos farmacolédgicos ja foram descritos (Goldsmith, 2004; Heideman, 2005;

Carney & Peterson, 2006; Hill et al, 2005, Parng, 2002; Parng, 2005; Stern & Zon, 2003),
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como por exemplo, quando expostos ao uranio (Labrot et al., 1999), ao Malation e
Metronidazol (Lanzky & Halling-Sorensen, 1997), a anilina (Zok et al., 1991) e a
colchicina (Hill et al., 2005, Roche et al., 1994 ).

As bases moleculares da neurobiologia tém sido extensivamente estudadas em
zebrafish resultando na caracterizagdo de muitos genes. Entre estes estdo os envolvidos na
formacdo de circuitos neuronais, em padroes de comportamento € em mecaniSmos
envolvidos na neuropatogénese (Vascotto et al., 1997; Guo, 2004).

A toxicidade sobre a neurotransmissdo purinérgica foi demonstrada para os
pesticidas Carbofuram e Malation (Senger et al., 2005), metais neurotoxicos zinco e
cadmio (Senger et al, 2006a), metanol (Rico et al., 2006), etanol (Rico et al., 2007), metais
pesados como o mercurio ¢ chumbo (Senger et al, 2006b) e cobre (Rosemberg et al.,
2007).

Outros sistemas de neurotransmissao ja foram identificados nesta espécie e incluem:
glutamatérgico (Edwards and Michel, 2002), colinérgico (Behra et al., 2002; Clemente et
al., 2004), dopaminérgico (Boehmler et al., 2004), serotoninérgico (Rink & Guo, 2004),
histaminérgico (Kaslin and Panula, 2001), gabaérgico (Kim et al., 2004) e purinérgico
(Kucenas et al., 2003; Rico et al., 2006; Senger et al, 2006*; Rosenberg et al, 2007).

Estudos demonstraram alteragdes comportamentais em zebrafish quando submetidos
ao alcool e a drogas de abuso (Guo, 2004). Quando expostos ao alcool apresentaram
alteracdo na atividade locomotora (Gerlai, 2000), hipoatividade, em doses baixas e
hiperatividade em altas doses, e alteragdes comportamentais como agressividade,
comportamento social e comportamento predatorio (Guo, 2004, Gerlai et al, 2000). Testes
de lugar de preferéncia (CPP) se mostraram eficientes para avaliar os efeitos da exposi¢ao

a drogas de abuso nesta espécie, como por exemplo, cocaina (Derland e Dowling, 2001),
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morfina (Bretaud et al, 2007; Guo, 2008), tornando-o um bom modelo animal para estudos
comportamentais.

Estudos demonstraram que o ferro presente na dgua pode ser absorvido pelo peixe
via branquias, pele ou alimentacdo (Roeder and Roeder, 1966; Andersen, 1997). Além
disso, esse teledsteo oferece um excelente sistema para a analise de genes envolvidos no
metabolismo do ferro (Fraenkel, 2005). Seus principais componentes com homologia em
humanos ja foram descritos, como o Transportador Divalente de Metal 1, (DMT1),
(Donovan, et al. 2002), o Receptor de Transferrina (TfR), (Wingert, et al. 2004),
Ferroportina (Fpnl), (Donavan et al, 2000), também conhecida como IREG1 (McKie et al,
2000) e MTP1 (Abboud & Haile, 2000). Estas caracteristicas tornam a analise da

metabolizagao do ferro possivel neste modelo animal.

1.1.2 — O Ferro

O ferro ¢ um dos metais mais abundantes na terra e essencial para todos os
organismos (Bury, 2003). Este metal ¢ vital para a sobrevivéncia, pois ¢ essencial para os
multiplos processos metabdlicos como transporte de oxigénio, sintese de DNA, transporte
de elétrons (Crichton, 2001) e co-fator para muitas proteinas (Zecca et al, 2004). Sua
importancia ¢ demonstrada em estudos das mais variadas areas.

A metabolizagdo do ferro consiste em sua absorc¢do, transporte e armazenamento. A
sua absor¢ao depende de diversos fatores, como a quantidade de ferro circulante, o ferro
ingerido na dieta, entre outros. Uma vez no organismo o ferro ¢ absorvido pelo duodeno e
sua regulacdo se da através do DMT-1. Esta proteina de membrana, também denominada
transportadora de cation divalente 1 (DCT-1, divalent cation transporter 1) ou (nramp-2,

natural resistance-associated macrophage protein 2) também ¢ responsavel pelo
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transporte de outros metais, como magnésio, cobre, zinco, cobre, cadmio, chumbo e niquel
(Frazer et al., 2003; Frazer & Anderson, 2003; Bothwell, 1995; Rolfs & Heidiger, 1999;
Latunde-Dada et al, 2002).

Esta regulacdo ¢ influenciada pelos estoques de ferro do organismo (Frazer et al.,
2003; Frazer & Anderson, 2003) onde ha um aumento em situacdes de deficiéncia e uma
diminui¢do em casos de sobrecarga, confirmando assim a importancia destes estoques
(Braga et al., 2006). Apods sua absorc¢ao o ferro pode entdo ser armazenado ou exportado
pela membrana basolateral dos enterdcitos via Fpnl para a circulagdo (Donovan et al,
2000; Fraenkel et al, 2005; Fernandez et AL, 2007). Esta proteina ¢ também conhecida
como Iregl(iron regulated gen 1) ou MTP-1(metal transporter protein 1). Sua expressao ¢
aumentada com a deficiéncia de ferro no organismo (McKie et al, 2000, Frazer et al., 2003,
Frazer & Anderson, 2003), ou seja, a sua regulacao esta diretamente ligada a quantidade do
metal (Braga, 2006). Os enterdcitos presentes no intestino possuem receptor de TfR
associados a proteina da hemocromatose hereditaria (HfE). Esta interagdo atenua a entrega

de ferro para o interior celular (Fernandez et al, 2007).
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Figura 1. O enterocito e as proteinas envolvidas na absorgcdo do
fermmo. Doytb: fermroredutase; DMT-1: transportador de metal diva-
lente-1; HCP-1: proteina transportadora do heme-1; Nu: nucleo;
HFE: proteina da hemocromatose; TR receptor da transferrina

Figura 3. Metabolismo do ferro (Grotto, 2008).

Uma vez no sistema circulatorio o ferro se liga a uma apotransferrina, formando a Tf
(Braga et al, 2006). Essa proteina ¢ capaz de ligar firmemente dois 4tomos de ferro por
molécula em dois sitios de ligacdo impedindo a presenca de ferro livre na circulacao
(Bridges, 1992). Dentre o ferro transportado pela Tf, de 70 a 80% sdo levados & medula
Ossea para formar novas hemacias, e os demais sdo destinados para a sintese de
mioglobina, citocromos, enzimas e proteinas que necessitam do ferro como co-fator, além
do transporte para os estoques hepaticos (Barrios et al, 2000). No plasma o ferro ¢
abundante nos eritrécitos, complexado a hemoglobina, responsavel pela circulagdo de
oxigénio no corpo. Quando senescentes (aproximadamente 120 dias de vida média) estes
globulos vermelhos sdo degradados pelos macréfagos, principalmente no figado e no bago,
resultando na renovagdo das hemacias. Estes macrofagos também podem receber ferro

proveniente da eritropoiese ineficaz (Hagar et al, 2002; Barrios et al, 2000). Apos os
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macrofagos realizarem a eritrofagocitose, ocorre a degradagdo enzimatica onde a
hemoglobina sofre digestdo proteolitica liberando o grupo heme. O ferro ¢ entdo
transportado para fora do macréfago por uma proteina transmembrana, que tudo indica ser
a fptl. O ferro livre novamente ¢ oxidado (transformado em Fe3+) pela ceruloplasmina e
se liga entdo a Tf circulante que o distribui aos tecidos com TfR (Fernandez et al, 2007;
Braga et al, 2006; Poss & Tonegawa, 1997). Nas células, proteinas como a Ferritina ¢ a
Hemossiderina sdo responsaveis pelo estoque de ferro quando este excede as necessidades
metabolicas (Braga et al., 2006). Sendo assim, exerce também um papel protetor contra os
efeitos do ferro livre (Remacha & Arrizabalaga, 2002). Todas as células podem expressar
ferritina, mas esta proteina ¢ produzida principalmente nos hepatocitos, medula Ossea,
figado e baco (Beard et al., 1996; Remacha & Arrizabalaga, 2002). A quantidade de ferro
armazenado ¢ variavel chegando a extingdo em casos de anemia e pode aumentar mais de
20 vezes em caso de sobrecarga (Dallman, 1992; Dallman et al., 1992; Hallberg, 1981;
Dallman et al., 1980). Em casos de acimulo excessivo a hemossiderina ¢ a responsavel
pelo armazenamento uma vez que esta proteina, encontrada nos macrofagos da medula
Ossea, do figado e do bago, contém cerca de 30% mais ferro que a ferritina (Braga et al,
2006).

A homeostase do ferro ¢ muito importante e ¢ mantida através do correto
funcionamento de seu metabolismo. O principal processo responsavel pela homeostase de
ferro no organismo ¢ a absor¢do intestinal (Braga et al., 2006) e a hepcidina esta
diretamente ligada a este processo. Produzida no figado, circula no plasma e é excretada na
urina (Fraenkel et al, 2005). Esta proteina parece atuar como sinalizador, limitando a
absorcdo intestinal do ferro e regulando a expressdo da Fpnl, em resposta ao estado de
ferro do organismo e as necessidades para eritropoiese (Frazer & Anderson, 2003, Leong

& Lonnerdal, 2004).
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A deficiéncia de ferro, devido principalmente a perda progressiva dos estoques de
ferritina ¢ hemossiderina, se da pela perda cronica de sangue. A eritropoiese estimulada,
reduzida ingestao dietética de ferro, inibicao da absorcao intestinal e inibi¢do da liberagdo
do ferro também contribuem para a deficiéncia (Horl, 2008). Esta deficiéncia resulta em
diversos tipos de anemia (Motta, 2005).

Em contrapartida, a sobrecarga de ferro predispde a uma deposi¢ao nociva. Em sua
forma aguda pode haver acidose, insuficiéncia hepatica e choque (Braga et al, 2006).
Doengas como a Hemocromatose Herditaria, caracterizada por distarbio do metabolismo
do ferro (Couto, 2007), onde ha uma mutagdo nas proteinas HfE (Hemocromatose classica
tipo I), Fpnl (Hemocromatose tipo IV, também conhecida como doenca da ferroportina),
entre outras, gera acumulo de ferro no figado e outros tecidos como coracdo, glandula
pituitaria e cérebro (Fernandez et al, 2007). Estudos demonstraram que a absor¢ao de ferro
a partir do intestino delgado desses pacientes ¢ altamente elevada (Powell et al, 1970).
Alteragao na atividade da Fpnl pode levar ao acimulo de ferro nos macréfagos do figado e
do bago (Donovan, 2002, Couto, 2007). Estudos associando pacientes com deficiéncia
naFpnl e utilizando a base molecular do zebrafish demonstraram que o ferro pode
acumular nestes tecidos sugerindo conseqiiente perda de fungao (Girelli et al, 2008).

A Hemocromatose secundaria ¢ causada por transfusdes cronicas de concentrado de
eritrocitos por doencgas hematoldgicas, tais como talassemia maior, anemia falciforme,
outras hemoglobinopatias e anemia aplésica (Harmatz et al, 2000; Hofmann et al, 1996).

O aumento da expressao da ferritina caracteriza um aumento de depdsito de ferro, e
¢ encontrado em individuos idosos, com envelhecimento normal, mas com mais
intensidade em pacientes que apresentam doencas neurodegenerativas (Zecca et al., 2004).

A geracdo de radicais livres faz parte de um sistema de protegao eficiente do corpo

sendo usado como defesa contra microorganismos invasores, células tumorais e outras

16



células que devem ser removidas. Mas ao mesmo tempo podem ser toxicos, danificando
lipidios, proteinas, DNA e RNA celulares, levando a lesdo celular. Contra estes as células
possuem sistemas de defesa, que sdo proteinas quelantes de metais, enzimas de defesa e
antioxidantes. O estresse oxidativo ¢ gerado pelo desequilibro entre a taxa de geragdo e a
capacidade de remocgao de radicais livres, podendo estar presente ou gerar diretamente uma
patologia (Fernandez et al, 2007).

O cérebro estd suscetivel a estes radicais uma vez que possui alto consumo de
oxigénio, altos niveis de ferro, pouca concentracao de agentes protetores (Ward et al, 1994,
Fernandez, 2007). Estudos mostram que acimulo do metal em regides especificas do
cérebro, mau funcionamento do metabolismo ou homeostase do ferro podem estar
relacionadas com doengas neurodegenerativas. Esta desordem gera a formagao de corpos
de inclusdo intracelular de proteinas e ferro que podem ser vistos em pacientes post-
mortem com algumas doengas, como Alzheimer e Parkinson (Zecca et al., 2004), levando a
perda neuronal (Fernandez, 2007). Um estudo em humanos sugere que o mau
funcionamento no metabolismo do ferro, gerando estresse oxidativo e formagao de radicais
livres, seja um dos fatores patogénicos no parkinsonismo. Mas ndo ¢ sabido se este
acumulo ¢ a causa ou a conseqiiéncia desta doenca. (Jellinger, 1999). Ja foram relatadas
mutacoes em genes reguladores da homeostase do ferro sugerindo seu papel fundamental
na ocorréncia de morte neuronal (Ke e Qian, 2003; Polla et al., 2003). Outros estudos
mostram que regides associadas a fun¢do motora tendem a ter mais ferro do que regides
ndo motoras, confirmando a concentracdo seletiva (Koeppen, 1995).

A conseqiiéncia deste acumulo pode ser a perda de neur6nios ou o mau
funcionamento dos mesmos (Zecca et al., 2004). Entre estes neurdnios afetados estdo os
colinérgicos (Youdim et al., 2005), e desta forma, a atividade da AChE pode ser analisada

como um marcador de toxicidade causada pelo depdsito de ferro.
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1.1.3 - O Sistema Colinérgico

A acetilcolina (ACh) ¢ um neurotransmissor excitatério que atua nas juncdes
neuromusculares, na memoria e em areas do cérebro relacionadas com o aprendizado
(Baynes & Dominiczak, 2007). Estd diretamente envolvida com atencdo, memoria,
aprendizagem, dor, locomocdo e controle de fungdes autonomicas (Herlenius &
Lagercrantz, 2004). E sintetizada nos neurdnios colinérgicos e logo liberada para a fenda
sindptica para transmitir o sinal. Logo apos a transmissdao, a ACh ¢ degradada pelas
enzimas responsaveis, as colinesterases (Howland & Mary, 2007).

A acetilcolinesterase (AChE) e a butirilcolinesterase (BtChE), degradam da
acetilcolina gerando colina e acido acético. A degradacao pela AChE ¢ feita nas fendas
sindpticas, nas hemdacias e nos musculos estriados enquanto a BtChE estd presente no
plasma, no figado, no pancreas e no intestino (Senger et al., 2006a). Interessantemente, o
zebrafish apresenta uma situacdo Unica entre os vertebrados uma vez que apenas o gene
que codifica para a AChE esta presente em seu genoma (Bertrand et al., 2001). Sendo
assim, qualquer influéncia no sistema colinérgico deste organismo pode ser avaliado pela
atividade da AChE, tornando-o um modelo impar.

Os receptores da acetilcolina podem ser classificados farmacologicamente como
muscarinicos ou nicotinicos, devido aos efeitos sofridos por estes sob a acdo da muscarina
e da nicotina, respectivamente. Os muscarinicos sdo receptores metabotropicos e estdo
presente em maior quantidade na regido do cérebro enquanto os nicoticos sao ionotropicos
e se encontram na jun¢do neuromuscular (Baynes & Dominiczak, 2007). Os receptores de
acetilcolina estdo presentes em todo o sistema nervoso.

O sistema colinérgico tem sido amplamente utilizado como parametro para avaliar a

acdo de agentes toxicos e alteracdo de padrdes comportamentais. Uma vez inibida a AChE,
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a acetilcolina nao ¢ degradada, causando um acimulo deste neurotransmissor nas sinapses
nervosas € jungdes musculares, gerando um aumento excitatério. Este pode levar a
alteragdes comportamentais, como hiperatividade, asfixia e até a morte (Silva et al, 2008).

Estudos sobre a a¢dao de inseticidas organofosforados demonstraram a inibicao da
acetilcolinesterase causando um efeito toxico (Roex, 2003; Baynes & Dominiczak, 2007).
No figado de ratos este composto causou inibicdo da AChE (Goel et al, 2000), sugerindo
que sua avaliacdo hepatica pode ser uma ferramenta toxicologica. A AChE como
biomarcador de toxicidade em zebrafish ja foi demonstrado por alguns estudos envolvendo
o cadmio e zinco (Senger et al., 2006a), o etanol (Gerlai et al., 2006; Rico et al., 2007) e o
metanol (Rico et al., 2006).

A ACHE também pode ser utilizada como marcador de toxicidade ambiental.
Substancias presentes na natureza podem ter acdo neurotdxica em organismos aquaticos,
como demonstrados em diversos estudos sobre metais (chumbo, cddmio, cobre, manganés
e ferro), petroleo hidrocarbonetos nos tecidos dos moluscos marinhos na India (Gaitonde et
al, 2006). Varios estudos tém demonstrado que altos niveis de inibicdo da AChE sao
necessarios para provocar uma mortalidade significativa nas espécies aquaticas (Van der
Wel e Welling, 1989; Legierse, 1998). No entanto, outros estudos t€ém mostrado um
aumento da atividade apos a exposicao a concentragdes de OPS (Henry e Atchinson, 1984;
Kumar e Chapman, 1998). Barillet et al (2007) submeteu Zebrafish a diversas
concentragdes de Uranio e constatou um aumento significativo da AChE no cérebro.

A perda de marcadores colinérgicos durante a doenca de Alzheimer e durante o
envelhecimento levou a hipétese colinérgica para o déficit de memoria (Bottino et al.,
2006). Neste sentido, foi mostrado que no inicio da doenga hd perda significante de

neurdnios colinérgicos em regides seletivas do cérebro (Winkler et al., 1998).
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1.2- OBJETIVOS

1.2.1- OBJETIVO GERAL

O objetivo deste trabalho foi avaliar os efeitos da exposicdo a diferentes

concentracoes de ferro em zebrafish adultos.

1.2.2-OBJETIVOS ESPECIFICOS

1. Verificar os efeitos da exposi¢do a diferentes concentragdes de ferro sobre a

atividade da acetilcolinesterase em figado e cérebro de zebrafish.

2. Verificar o acimulo de ferro em diferentes tecidos (cérebro, figado, bago,

branquias e coragdo) de zebrafish adultos expostos a diferentes concentragdes de

ferro.
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Abstract

Iron is one the most abundant metals on the earth being essential for living
organisms, although it is well documented that its free form can be toxic. In humans, the
excess of this metal may be related with some brain and liver disorders, such as
Alzheimer’s and Parkinson’s diseases, and hemochromatosis. The aim of the present study
was to evaluate de effects of iron exposure on acetylcholinesterase activity in zebrafish
brain and liver, as well as investigate the possible correlation with the iron content in the
tissue. Thus, different corresponding concentrations of iron were tested in vitro (0.018,
0.268, and 2.6 mM) and in vivo (1, 15 and 150 mg/L) assays. For in vitro assays, iron was
able to promote a significant increase on brain (52%) and liver (53%) acetylcholinesterase
activity when tissue was exposed to the highest iron concentration (2.6 mM). A significant
increase in this enzyme activity was observed in in vivo assays in the presence of 15 mg/L
in both brain (62%) and liver tissues (70%). Semi-quantitative RT-PCR has not shown
significant alterations on the expression levels of acetylcholinesterase mRNA in zebrafish
brain and liver. Moreover, we observed that iron content was significantly increased only
in liver tissue when exposed to 15 (226%) and 150 mg/L (200%). These results indicate
that iron can promote significant alterations on acetylcholinesterase activity but that the

high activity seems not be related with iron content in zebrafish tissues.

Key words: Iron, toxicity, acethylcolinesterase, zebrafish
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1. Introduction

Iron is one of the most abundant metals on the earth (Bury, 2003). This metal is
vital for all living organisms being essential for multiple metabolic processes, including
oxygen transport, electron transport on the respiratory chain (Crichton, 1991), DNA
synthesis and as cofactor for many proteins involved in the normal cells function (Zecca et
al, 2004). Although iron is essential for the cell functioning, its free form can be toxic
(Donovan et al, 2002). This toxicity is largely based on Fenton chemistry where iron reacts
with reactive oxygen intermediates, including hydrogen peroxide (H,O,) and the
superoxide anion (O, ), both byproducts of aerobic metabolism, to produce highly reactive
free radical species, such as the hydroxyl radical (OH-).

Brain cells have relatively low antioxidant defenses (Ward et al, 1994) and are
especially susceptible to metal toxicity (Crichton et al, 2002). Studies have demonstrated
that iron is present in some protein aggregates observed in Alzheimer’s and Parkinson’s
patients brains in post-mortem studies (Zecca et al, 2004). A number of studies have
reported an accumulation of iron specifically in the striatum of post-mortem brain samples
of patients suffering from Huntington’s disease (Dexter et al, 1991; Dexter et al, 1992;
Chen et al, 1993; Lumsden et al, 2007). Additionally, the iron systemic overload disorder,
hemochromatosis, is one of the most common genetic disorders in individuals and is
associated in humans with mutations in various genes, responsible for different forms of
hemochromatosis (Donavan et al, 2002; Feder et al, 1996; Njajou et al, 2001).

The establishment of the relationship between behavioral changes and iron
accumulation in regions of the brain has been a challenge for many researchers
(Fredriksson et al., 1999, Fredriksson et al., 2001; Guo, 2004, Lima et al., 2005a, b, Lima
et al., 2008). Studies demonstrated that rats subjected to iron treatment in the neonatal

period presented recognition memory deficits in adulthood, and that this cognitive
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impairment was prevented with the administration of an iron chelator (Lima et al., 2007).
Moreover, studies have shown that changes on locomotor activity promoted by iron could
be related with the increase of iron content in specific brain areas (Fredriksson & Archer,
2003).

Acetylcholine (ACh) is a classical neurotransmitter involved in learning and
memory process, control of motor tonus, and autonomic functions (Herlenius &
Lagercrantz, 2004). After released, ACh is rapidly removed from the synaptic cleft by
acetylcholinesterase (AChE, EC 3.1.1.7), which belongs to the family of type B
carboxylesterases and cleaves ACh into choline and acetate. The measurement of AChE
activity in organisms is widely used as a specific biomarker of toxicity (Roex, 2003).
Several studies demonstrated the inhibitory effect of toxic agents on AChE activity in
zebrafish brain as demonstrated to cadmium and zinc (Senger et al, 2006), ethanol (Gerlai
et al, 2006; Rico et al, 2006a) and methanol (Rico et al, 2006b).

Zebrafish (Danio rerio) is a small freshwater teleost widely used as a vertebrate
model of developmental, neurobiological, toxicological and pharmacological studies
(Rubinstein, 2003; Guo, 2004; Goldsmith, 2004; Hill et al., 2005). Zebrafish presents a
unique situation among vertebrates, because AChE is the only ACh-hydrolyzing enzyme in
this organism (Behra et al., 2002). Recently, cholinergic system has been shown to be
widely distributed in the zebrafish brain, according to the results of an
immunocytochemical study on choline acetyltransferase (ChAT) and acetylcholineesterase
(AChE) (Park et al., 2008).

Considering the role of iron accumulation in human diseases described above and
the important function that cholinergic system plays in the central and peripheral nervous
systems, the aim of this work was evaluate the effect of in vitro and in vivo exposure to

iron on AChE activity in preparations of brain and liver tissue. Moreover, we evaluated the
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consequence of the in vivo treatment on the content of this metal in the water and in both

tissues.

2. Material and Methods

2.1 Animals

Adult wild-type zebrafish (Danio rerio) of both sexes were obtained from
commercial supplier (Delphis, RS, Brazil) and acclimated for at least 2 weeks in a 50-L
thermo stated aquarium. The fish were kept on a 12 h light/dark cycle (lights on at 7:00
am) at a temperature of 25+2°C and the animals were fed with commercial fish pellet twice
a day. The use and maintenance of zebrafish were according to the National Institute of
Health Guide for Care and Use of Laboratory Animals, being healthy and free of any signs
of disease. The Ethics Committee of Pontificia Universidade Catolica do Rio Grande do

Sul (PUCRS) approved the protocol under the number 08/00025— CEUA.

2.2 Chemicals

Trizma Base, ethylenedioxy—diethylene—dinitrilo—tetraacetic acid (EDTA), ethylene
glycol bis(beta amino ethylether)-N,N,N',N'-tetraacetic acid (EGTA), sodium citrate,
Coomasie Blue G, bovine serum albumin, acetylthiocholine, 5, 5'-dithiobis-2-nitrobenzoic
acid (DTNB) was purchased from Sigma (St. Louis, USA). Ferrous sulphate was from

analytical grade.

2.3 In vitro and in vivo treatments
The iron doses and time of treatment for in vitro and in vivo assays were chosen
based on acceptable iron concentrations present in drinking water (0,3 mg/L) and water

effluents as previously described (Lima et al., 2001; Iron Criteria, 2005, CONAMA, 1986).
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For in vitro assays, the brain and liver samples were directly added to the reaction medium
containing iron at final concentrations in the range of 0.018, 0.268, and 2.6 mM, pre-
incubated for 10 min with the homogenate and maintained throughout the enzyme assay.
For the control group, the enzyme assay was performed in the absence of iron. For in vivo
treatments, corresponding doses of iron used in in vitro assays, 1, 15, and 150 mg/L, were
administered by placing the fishes in tanks containing 2L water for 24h. After the time of
treatment, brain and liver from zebrafish were removed for determination of AChE

activity.

2.4 Determination of AChE activity

Brain and liver from zebrafish were homogenized on ice in 60 volumes (v/w) of
Tris-citrate buffer (50mM Tris, 2mM EDTA, 2mM EGTA, pH 7.4, with citric acid) in a
motor driven Teflon-glass homogenizer. The rate of acetylthiocholine hydrolysis (0.8 mM)
was determined in a final volume of 2 ml assays solutions with 100 mM phosphate buffer,
pH 7.5, and 1.0 mM DTNB using a method previously described (Ellman et al., 1961).
Brain samples containing 10 pg of protein and liver samples containing 5 ug of protein
were added at the reaction medium described previously and pre-incubated at 25°C for 10
min. The reaction assay began with the substrate addition and the rate of acetylthiocholine
hydrolysis was monitored by the formation of thiolate dianion of DTNB at 412nm for 2—3
min (30s intervals). Controls without the homogenate preparation were performed in order
to determine the non-enzymatic hydrolysis of acetylthiocholine. The linearity of
absorbance related to time and protein concentration was previously determined. AChE
activity was expressed as micromole of thiocholine (SCh) released per hour per milligram

of protein. Four different experiments were performed and the assays were run in triplicate.
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2.5 Iron Measure

Iron was quantified in the water of the tanks and in brain and liver of zebrafish after
24 hours of exposure to iron at different concentrations (1, 15 and 150 mg/L). Zebrafish
brain and liver were removed and homogenized in 0.5 mL deionized water and centrifuged
at 10000xg. The iron was measured on the supernatant by commercial kit Labtest (Minas
Gerais, Brasil). The water samples were sent to the LAPA (Laboratorio de Processos

Ambientais — PUCRS; Porto Alegre; Brazil) to determine the iron concentration.

2.6 Molecular analysis

Forward (5’-CCAAAAGAATAGAGATGCCATGGACG-3’) and reverse (5°-
TGTGATGTTAAGCAGACGAGGCAGG-3’) AChE primers and the optimal conditions
for RT-PCR were used according to Rico et al. (2006). The B -actin primers forward (5°-
GTCCCTGTACGCCTCTGGTCG-3’) and reverse (5°-
GCCGGACTCATCGTACTCCTG-3’) were used as described previously (Chen et al.,
2004).

Total RNA was isolated from zebrafish brain using TRIzol reagent (Invitrogen) in
accordance with manufacturer instructions. RNA was quantified by spectrophotometer and
all samples were adjusted to 160 ng/uL. cDNA species were synthesized using SuperScript
1T ™ First-Strand (Synthesis System for RT-PCR) Invitrogen Kit following the suppliers.
One microliter of RT reaction mix was used as a template for each PCR. PCR for AChE
was performed in a total volume of 25 pL using 0.08 uM of each primer, 0.2 uM dNTP, 2
mM MgCl, and 1U Taq DNA polymerase (Invitrogen). PCR for B-actin gene was
performed in a total volume of 20 pL using 0.1 uM of each primer, 0.2 uM dNTP, 2 mM
MgCl, and 0.5U Taq DNA polymerase (Invitrogen). PCR were conducted at 1 min at 94°C,

1 min at 60°C (AChE) and at 54°C (B-actin), and 1 min at 72°C for 35 cycles. A post-
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extension cycle at 72°C was performed for 10 min. For each set of PCR, a negative control
was included. PCR products were analyzed on 1% agarose gel, containing GelRed® and
visualized with ultraviolet light. The low DNA Mass Ladder (Invitrogen) as used as
molecular marker and normalization was performed employing B-actin as a constitutive
gene. The band intensities were measured by optical densitometry analysis and the
enzyme/B-actin mRNA ratios were established for each treatment using the Kodak 1D

Image Analysis Software.

2.7 Protein determination
Protein was measured using Coomassie Blue as color reagent and bovine serum

albumin as standard (Bradford, 1976).

2.8 Statistical analysis
Data were analyzed using one-way analysis of variance (ANOVA) followed by
Tukey post-hoc test, and expressed as means + S.D. Differences were considered

significance for p <0.05.

3. Results

The effect of different iron concentrations on AChE activity was demonstrated by
in vitro (0.018, 0.268, and 2.6 mM) and in vivo (1, 15, and 150 mg/L) studies in zebrafish
brain and liver. In the in vitro experiments, iron treatment only at the highest concentration
(2.6 mM) is able to promote a significant increase on brain (52%) (Fig. 1-A) and liver

(53%) AChE activity (Fig. 1-B). For the in vivo analysis, we verified that 24 hours of iron
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treatment at the dose of 15 mg/L increased the AChE activity in both brain (62%) (Fig. 2-
A) and liver (70%) (Fig. 2-B).

In order to verify if the increase of acetylthiocholine hydrolysis could be a
consequence of transcriptional control, semi-quantitative RT-PCR experiments were
conducted when kinetic alterations have been observed on zebrafish brain and liver.
Although iron treatment alters the AChE activity, our results have shown no alteration of
ACHhE transcript levels for all doses tested (Fig. 3-A and 3-B).

Sequentially, we evaluated a possible correlation of the iron amount and AChE
actions, quantifying the iron in zebrafish brain and liver tissue after 24 hours of in vivo
treatment at the same doses used to test the AChE activity. The results showed no
significant effect of iron treatment in this metal concentration in brain homogenates (Fig.
4-A). However, there was a significant increase on liver iron concentrations of fish
submitted to 15 (1.96 £ 0.9) and 150 mg/L (1.8 £ 0.9) when compared with the control
group (0.6 £ 0.13) (Fig. 4-B). The content of iron on water was evaluated during and after
the 24 hours of iron treatments. The results show that the content of iron in all

concentrations tested keep almost constant.

4. Discussion

In the present study, we evaluated the in vitro and in vivo effect of iron treatment at
several concentrations on zebrafish brain and liver AChE activity as well iron content in
these tissues. Our results demonstrated that AChE activity was significantly modulated by
the highest concentration of iron in in vitro assays in both organs evaluated. Despite we
showed an increased activity on this enzyme by iron treatment, recent studies have shown

that other metals, as zinc and cadmium, did not significantly alter the in vitro zebrafish
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brain AChE activity (Senger et al., 2006). In this context, Bolognesi et al (2007) showed
for in vitro assays that the chelation of metals, such as iron and cooper, inhibits the activity
of AChE in humans. Taking into account this data, we could suggest that effectual role of
iron can be preceding directly on the enzyme without the influence of others biological
systems, such as cell signaling pathways. Since AChE is anchored to the outer surface of
the plasma membrane by a covalently attached glycosyl-phosphatidylinositol (GPI)
structure, previous studies have suggested that modifications on lipid membrane could be
responsible by a change in the conformational state of the AChE molecule, which could
induce the activation of AChE activity observed after long-term exposure to metals (Kaizer
et al., 2005). In addition, although no study has described metal effects on liver AChE
activity, in this work we demonstrated that in vitro iron treatment was efficient to change
liver enzyme activity.

The in vivo results established that 15 mg/L of iron was able to promote a
significant increase on AChE activity from zebrafish brain and liver. Interestingly,
150mg/L of iron did not promote any modulation on AChE activity in both organs studied.
It is possible to speculate that exposure to higher iron concentrations (150mg/L) could
trigger the mechanisms involved in the iron metabolism that confer protection against iron-
induced damage. In this sense, it was already demonstrated that exposure of Aedes aegypti
cells to iron at low concentrations increases cytoplasmic iron, whereas higher iron levels
results in a decline in cytoplasmic iron levels indicating that excess iron is removed from
mosquito cells (Geiser et al., 2006).

There are several mechanisms that could regulate AChE after in vivo experiments,
which include modifications at transcriptional and/or post-translational levels. Our findings
showed that the increased activity observed after iron exposure is not consequence of

increased AChE transcript levels. In this sense, it was already demonstrated that AChE
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from other sources were clearly regulated by a post-translational event (Robitzki et al.,
1997, Keller et al., 2001).

In agreement with our data, Kaiser et al (2005) also observed an increase of brain
AChE activity in mice submitted to aluminum treatment. Moreover, several studies have
shown the influence of iron in some brain pathologies, like Alzheimer’s, Parkinson’s and
Huntington’s disease (Zecca et al, 2004, Chen et al, 1993; Dexter et al, 1991; Dexter et al,
1992; Lumsden et al, 2007). In this context, metal chelation has been suggested for the
development of novel Alzheimer's disease therapies (Cuajunqgco et al, 2000; Storr et al.,
2007). In another study, Oakley et al (2007) showed that some primary changes in
neuronal iron could lead to neurodegeneration in Parkinson’s disease, indicating the role
played by iron in this disease.

Behavioral alterations such as those observed on cognitive functioning and
locomotor activity are observed in neurodegenerative disorders in humans. Studies
performed in animals have demonstrated that adult rats exposed to postnatal iron
administration presented memory deficits related to iron loading in some brain areas
(Schroder et al., 2001). Besides, postnatal treatment with iron potentiates the effects of 1-
Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) on locomotor activity (Fredriksson et
al., 2001; Fredriksson & Archer, 2003), suggesting that iron might be implicated in the
functional and neurochemical deficits observed in the neurodegenerative process in
Parkinson’s disease.

Considering that toxicological effects of iron could be related to its accumulation in
several tissues (Schroder et al., 2001; Fredriksson & Aschner, 2003), we evaluated the
possible correlation of iron content and AChE activity in zebrafish brain and liver. In the
present work, we demonstrated that differently of the liver, there was no significant iron

accumulation in brain tissue. Accordingly, the liver is the main site of iron deposition and
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storage, and under conditions of iron overload, the liver clears the plasma of excess iron
and stores it in ferritin and hemosiderin (Chua et al., 2007). A previous study in fish
demonstrated that liver iron stores were increased among fish treated with iron, suggesting
that this metal could be accumulated in this zebrafish organ (Fraenkel et al., 2005). Our
results indicated that iron accumulated in the brain to a much lesser extension than in the
liver, not reaching the levels of statistically significant difference from the control group,
in spite of the fact that the effects of iron treatment on AchE activity in the brain were
similar to the effects found in the liver in the in vivo assays. A likely explanation for these
findings might be based on the differential sensitivity of brain versus hepatic enzyme to
iron.

Degenerative and progressive neurological disorders like Alzheimer’s and
Parkinson’s disease have been characterized by deficit in the cholinergic neurotransmission
(Orhan et al, 2009). In this context, AChE inhibitors has been used in the treatment of both
pathologies improving the cognitive and dementia-associated symptoms such as
aggressiveness and the ability to perform activities of daily life (Anghelescu & Heuser,
2007; Hasselbalch & Kampmann, 2009). Furthermore, Nelson et al (2009) showed that the
treatment with AChE inhibitors was associated with a slower rate of cognitive decline in
Alzheimer's disease (AD) and dementia with Lewy bodies (DLB). Recently, more data in
the literature have confirmed that memory impairment in mice could be attributed to
cholinergic synapse dysfunction (Watanabe et al., 2009). Based in the fact that the
cholinergic system can be involved in the development of neurodegenerative pathologies
and that metal chelation could be a effective treatment for the progression of these
disorders, we can suggest that iron-induced enhancement on AChE activity presented in
our work could be contributing to the neurochemical alterations presented in this

pathologies.
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In summary, our results have shown that iron treatment cause alterations on brain
and liver AChE activity when evaluated in vitro and in vivo assays. The measurement of
AChE activity is used worldwide as a biomarker of environmental contamination as
demonstrated previously by significant variation of AChE activities attributed to
neurotoxic substances like a high concentration of different metals (Ilead, cadmium, copper,
manganese and iron). Here, we observed that iron content seems not to be correlated with
changes in AChE activity whereas accumulation of iron in liver zebrafish seems to be

attributed to distinct susceptibility between brain and liver to the iron exposure.
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Legends

Fig. 1 - In vitro effects of varying concentrations of iron (0,018, 0,268 or 2,6 mM) on
zebrafish (A) brain AChE activity (45£15 control values) and (B) liver AChE activity
(4.4+1.4 control values). Bars represent the mean + S.D. of at least five different
experiments, each one performed in triplicate. The AChE activity was determined in pmol
of thiocholine released per hour per milligram of protein. Data were analyzed statistically
by one-way ANOVA followed by Tukey multiple range test. *» < 0.05 denotes a

significant difference from the control group.

Fig. 2 - In vivo effects of acute treatment with iron (1, 15 or 150 mg/l) during 24 hours on
zebrafish (A) brain AChE activity (41+3.6 control values) and (B) liver AChE activity
(6£2.2 control values). Bars represent the mean + S.D. of at least five different
experiments, each one performed in triplicate. The AChE activity was determined in pmol
of thiocholine released per hour per milligram of protein. Data were analyzed statistically
by one-way ANOVA followed by Tukey multiple range test. *» < (.05 denotes a

significant difference from the control group.

Fig. 3 — Effect of iron exposure (15 mg/L and 150 mg/L) during 24 hours on AChE
transcripts from zebrafish brain (white bars) and liver (black bars). The PCR products were
subjected to electrophoresis on a 1% agarose gel, using B-actin as constitutive gene. The
figure shows a representative gel and the AChE/B-actin mRNA ratio (expressed as
arbitrary units) obtained by optical densitometry analysis of three independent
experiments, with entirely consistent results. Data were analyzed statistically by one-way

ANOVA followed by Tukey multiple range test. *Significantly different from control
group.

Fig. 4 — Effect of iron exposure (15 mg/L and 150 mg/L) during 24 hours on iron content
in zebrafish (A) brain tissue and (1.2+0.4 control values) and (B) liver tissue (0.62+0.13
control values). Bars represent the mean + S.D. of at least five different experiments. Data
were analyzed statistically by one-way ANOVA followed by Tukey multiple range test. *p

< (.05 denotes a significant difference from the control group.
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3- CONSIDERACOES FINAIS

O ferro ¢ um metal amplamente distribuido na natureza (Bury, 2003). Sua presenca
em diversos organismos ¢ fundamental para a sobrevivéncia. No entanto, a sua deficiéncia
e o seu acumulo podem ser prejudiciais a satude, acarretando diversas doencas. Embora nos
ultimos anos tenham sidos descobertos diversos genes envolvidos no controle da
homeostase do ferro, o desafio continua sendo definir a atividade de cada um destes genes
e entender as relagdes entre eles (Robson & Drakesmith, 2005).

No capitulo 2, avaliamos os efeitos in vitro e in vivo de diferentes concentracdes de
ferro sobre a atividade e a expressdo do gene que codifica para acetilcolinesterase no
cérebro e no figado do zebrafish. Os resultados foram relacionados com o acimulo deste
metal nos tecidos apds o tratamento de 24 horas. Foi demonstrado que o ferro ¢ capaz de
alterar a atividade da AChE nos ensaios in vitro em ambos os Orgaos analisados,
provocando um aumento da atividade, mostrando uma agao direta sobre a enzima. Neste
sentido, foi demonstrado previamente na literatura que o emprego de quelantes de metais
foi capaz de promover uma reducao na atividade da AChE (Bolognesi et al, 2007).

Nos ensaios in vivo, foi observado um aumento da atividade da enzima no cérebro e
no figado. O aumento na atividade da AChE encontrado apds a exposi¢ao ao ferro poderia
ser conseqiiéncia de controle transcricional e/ou modulagdo pos traducional. Por esta razao,
foi analisada a expressdo do gene que codifica para a AChE por RT-PCR semi-
quantitativo. Os resultados obtidos mostram que a ativa¢do encontrada na atividade da
AChE ndo foi conseqiiéncia de controle transcricional. J4 foi demonstrado que a atividade
da AChE em Gallus gallus durante a neurogénese (Robitzki et al., 1997) e diferenciagdo
neuronal (Keller et al.,2001) ¢ claramente regulada por um evento pds-traducional. Estudos
com outros metais, como o aluminio, também demonstraram aumento na atividade da

AChE em ratos.
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Varias doencgas neurodegenerativas, como Parkinson e Alzheimer, tém sido
caracterizadas pelo déficit no sistema colinérgico (Orhan et al, 2009). Neste contexto, o
uso de inibidores colinérgicos pode ser usado como tratamento para estas patologias
(Anghelescu & Heuser, 2007; Hasselbalch & Kampmann, 2009). Estudos demonstraram a
influencia do ferro nestas doengas sugerindo o uso de quelantes de metal no
desenvolvimento de novos tratamentos (Storr et al., 2007; Cuajunqco et al, 2000).

E comum nestas doengas a ocorréncia de alteragdes comportamentais que incluem
aprendizagem, memoria e atividade locomotora. Schroder et al. (2001) demonstraram que
ratos submetidos a administragdo de ferro no peridodo pos-natal apresentaram déficit de
memoria na fase adulta. Outro estudo veio a complementar demonstrando que ratos
submetidos ao ferro e ao MPTP apresentaram significativo déficit funcional e
neuroquimico no processo neurodegenerativo do Parkinson (Fredriksson et al, 2001).

Avaliamos o acimulo de ferro no cérebro e no figado a fim de correlacionar com a
atividade enzimatica da AChE. Nos observamos que o contetido de ferro parece ndo estar
relacionado diretamente com a atividade da AChE. Por outro lado, ¢ possivel que o
acimulo de ferro no figado de zebrafish possa ser conseqiiéncia de suscetibilidade
diferente entre cérebro e figado quando expostos ao ferro.

A préoxima etapa deste projeto ¢ avaliar o efeito da exposicao as diferentes
concentragcdes de ferro sobre a expressdo de genes importantes para o metabolismo do
ferro. Neste sentido, os genes DMT1 (proteina de absor¢do), que codifica a ferritina (de
armazenamento), a ferroportina (de exportagdo) e a hepcidina (de regulagdo da homeostase

do ferro) parecem constituir-se em 6timos candidatos.
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