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O metal de transicdo manganés (Mn) possui inumeras propriedades fisiologicas, como por
exemplo a sua atuagao como cofator enzimatico. No entanto, a exposicdo ambiental em excesso
a este metal tem representado um fator pré-disponivel a ocorréncia de uma condi¢ao patolégica
designada manganismo e a altera¢cdes dopaminérgicas. Além disso, o0 Mn tem sido reportado por
modificar o metabolismo de lipidios. No nematdédeo Caenorhabditis elegans (C. elegans), a
dopamina, alvo do manganés, cumpre papel na regulacdo nas reservas lipidicas. O presente
trabalho teve como objetivo avaliar o potencial toxico do Mn sobre o acumulo de lipidios,
comportamento e as vias envolvidas nesse processo em C. elegans. Os vermes selvagens (N2)
e transgénicos foram mantidos em condigdes padrdao de crescimento até o estagio L4. A
exposicao ao MnCl; (15, 30 e 45 mM) ou NaCl (85 mM como controle) ocorreu por 4 h em meio
liquido na presenga da bactéria E. coli (OP50). Verificamos que o Mn aumentou o acumulo de
gordura nos vermes e reduziu a atividade metabdlica. A sobrevivéncia dos animais foi reduzida
(CLso= 68.36 mM £ 5.683) bem como o batimento faringeo. O Mn reduziu drasticamente os niveis
de dopamina, sem alterar a morfologia dos neurénios da via dopaminérgica. Vimos ainda que os
efeitos metabdlicos podem estar relacionados a sinalizacdo através de receptores
dopaminérgicos, fator de transcricdo SBP-1 e proteina quinase LET-363. Além disso, a
vitelogénese e a produgédo de ovos foi reversivelmente reduzida pelo Mn no C. elegans, efeito
este que pode estar associado a ativacdo do DAF-16 por este metal. Nossos resultados
evidenciaram que o Mn altera, possivelmente de forma associada, o metabolismo de lipidios e a
reproducao do C. elegans. A confirmacao da relacdo entre os fendtipos encontrados apos a
exposicdo ao Mn e outros genes ainda n&o evidenciados poderao elucidar os mecanismos para
as alteragdes metabdlicas observadas.

Palavras-chave: Manganés; Caenorhabditis elegans; dopamina; metabolismo de lipidios;
reproducao; vitelogeninas.
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The transition metal manganese (Mn) has many physiological properties such as its role
as enzyme cofactor. However, excessive environmental exposure to this metal has represented
a pre-factor to the occurrence of a pathological condition named manganism and dopaminergic
changes. Moreover, Mn has been reported to modify lipid metabolism. In the Caenorhabditis
elegans nematode (C. elegans), dopamine, a manganese target, plays a role in regulating the
lipid reserves. This study aimed to evaluate the potential toxicity of Mn on the accumulation of
lipids, behavior and pathways involved in this process in C. elegans. The wild-type worms (N2)
and transgenics were maintained in standard growth conditions until the L4 larval stage. The
exposure to MnCl; (15, 30 and 45 mM) and NaCl (85 mM as a control) occurred for 4 h in liquid
medium in the presence of E. coli (OP50). We found that Mn increased fat accumulation in worms
and reduced the metabolic activity. The survival of animals (LCs= 68.36 + 5.683 mM) and the
pharyngeal rate were decreased. The Mn drastically reduced dopamine levels without changing
the morphology of the dopaminergic neurons. We have also seen that metabolic effects could be
related to signaling through dopamine receptors, SBP-1 transcription factor and LET-363 protein
kinase. Furthermore, vitellogenesis and egg production was reversibly decreased by Mn in C.
elegans, an effect that could be associated with the activation of DAF-16 by this metal. Our results
showed that the Mn changes lipid metabolism and reproduction of C. elegans, possibly in
associated approach. The confirmation of the relationship between the phenotypes found after
exposure to Mn and other genes not shown yet may elucidate the mechanisms for the observed
metabolic changes.

Key words: Manganese; Caenorhabditis elegans; dopamine; lipid metabolism;
reproduction; vitellogenin.
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1 Introducgao

1.1 Manganés

O Mn é um micro-elemento essencial para o dinamismo fisiolégico humano,
especialmente no desenvolvimento e metabolismo. Sua ostensiva presenga na crosta
terrestre proporciona a exposi¢ao através de diversas fontes como alimentos, agua e
produtos industrializados que utilizam este metal como matéria prima para a sua
producao (Avila et al., 2016). O Mn € um metal de transigcao, apresenta coloragao branca
acinzentado e propriedades quimicas semelhantes ao ferro (Fe). Tais semelhangas
propiciam o compartilhamento de transportadores entre Fe e Mn, como a transferrina, e
a captacgao intramitocondrial de Mn (Farina et al., 2013).

O Mn nao ocorre naturalmente na forma metalica, e sim como componente de
mais inumeros minerais, incluindo 6xidos, sulfetos, carbonatos, silicatos, boratos e
fosfatos. Entre eles, os mais comuns incluem pirolusita (dioxido de manganés),
rodocrosita (carbonato de manganés), e rodonita (silicato de manganés) (OMS, 1999).

Dentre as fontes alimentares de Mn destacam-se os graos, arroz, castanhas, acai,
frutos do mar e alimentos a base de soja (Avila et al., 2016). Uma grande parte do Mn
(95 — 99 %) proveniente da dieta ndo chega a ser absorvido pelo trato gastrointestinal,
embora 0os mecanismos que regulam esta captagcdo nado estejam completamente
compreendidos e, em alguns casos, altas concentragdes sdo encontradas no figado, rins,
pancreas e glandulas adrenais (SCF/CS/NUT/UPPLEV/21, 2000).

No meio ambiente, podemos encontrar este metal em inumeras formas quimicas
incluindo onze estados de oxidagdo (Mn2*, Mn3*, Mn**, Mn®*, Mn"*, entre outros), sais
(gluconatos e sulfatos) e quelatos (aspartato, fumarato e succinato). Ja no corpo humano,
este metal apresenta-se apenas nas formas Mn?* e Mn3* (Meco et al., 1994; Avila et al.,
2016)).

No Brasil, o minério de Mn €& um importante recurso natural, seja pelas
significativas reservas existentes, seja pela sua utilizacdo na producao de ferroligas e ago
(Figura 1) (Sampaio et al., 2002). O espectro de consumo expande-se ainda para a
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producado de pilhas eletroliticas, ligas especiais, ceramicas, produtos quimicos, etc.
Dentre estes, o setor siderurgico destaca-se por representar 85% da demanda por Mn a
nivel mundial (Costa e Figueredo, 2001).

Figura 1 — Distribuicdo de Mn no Brasil.
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Fonte:Adaptado de Sampaio et. al., 2002.

Ja sua forma organica, pode ser encontrada em pesticidas e fungicidas como o
maneb e mancozeb (Meco et al., 1994; Brody et al., 2013). Dentre os organicos,
destacam-se ainda o Mn tricarbonil metilciclopentadienil (MMT) e o Mn tricarbonil
ciclopentadienil (CMT), ambos utilizados como aditivos para aumentar o nivel de
octanagem da gasolina (agente antidetonante) (Gulson et al., 2006). Ainda, uma fonte
recente tem sido reportada, a intoxicagdo por Mn em usuarios da droga injetavel
metcatinona (efedrona) devido ao uso do permanganato de potassio na sintese de tal

substancia (Stepens et al., 2008). O uso desta droga, denominada entre seus usuarios
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como “coquetel Russo”, tem gerado os sintomas caracteristicos de manganismo
(Guilarte, 2010)
Em humanos, a taxa de Mn no soro de individuos normais é 0.05-0.12 ug/dl

(Crossgrove e Zheng, 2004).

1.1.1 Importéncia fisiolégica do Mn

O Mn na fisiologia humana é considerado um metal essencial nas dinamicas
biologicas, principalmente na sua forma divalente (Mn?*). Neste estado oxidativo, o Mn é
transportado para o citoplasma celular e oxidado intracelularmente através de reagdes
com superoxidos a um estado trivalente (Mn3*), estado este que tem sido associado a
citotoxicidade do Mn, especialmente relacionada a oxidagao da DA e danos as células
do sistema dopaminérgico (Archibald e Tyree, 1987; Farina et al., 2013).

Dentre as inumeras fungées do Mn no organismo estao a sintese da protrombina
na presenga de vitamina K, enzimas glicosiltransferases, participando da sintese de
mucopolissacarideos das cartilagens e intervindo indiretamente na condrogénese e
osteogénese (Phipps, 2002).

Além disso, o Mn é fundamental para o metabolismo do colesterol, crescimento
corpoéreo e reprodugao. Sua deficiéncia acarreta alteragdes nas estruturas celulares e
deformacbes especificas do esqueleto, associado por vezes ao excesso de calcio,
fosfato, Fe e carbonato, os quais limitam a absorcao do Mn (Avila et al., 2016).

Como cofator enzimatico, o Mn é importante na biossintese de ureia pela ligagcao
a enzima arginase. Ainda destacam-se, a enzima piruvato-carboxilase, metaloproteina
que esta envolvida com a metabolizagdo da glicose e a Mn Superéxido-Dismutase
(MnSOD) mitocondrial, que participa do sistema de defesa do organismo contra os
radicais livres, ambas apresentando o componente metalico Mn na sua constituicao (Ali
et al., 1995).

A restricdo ao Mn, seja por caréncias dietéticas ou defeituosa absorg¢ao, tem sido
associada a danos no metabolismo de lipidios e carboidratos, ma formagao Ossea e
desenvolvimento fetal inadequado. Tais condicbes também estao relacionadas a reducao
na fertilidade e reproducgéo (Aschner et al., 2005).

1.1.2 Mn como indutor de toxicidade
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Por outro lado, diversos estudos ja relacionaram a exposi¢ao a altos niveis de Mn,
através da inalagdo, a alteragdes deletérias nos sistemas respiratorios e neurolégicos
(Crossgrove e Zheng, 2004; Aschner et al., 2005).

Estudos recentes mostraram também que a exposicao ao Mn pelas vias aéreas
estd associada a danos irreversiveis nas fungdes motoras e cognitivas de criancas e
adolescentes (Riojas-Rodriguez et al., 2010; Hernandez et al., 2011; Lucchini et al., 2012;
Torres-Agustin et al., 2013; Carvalho et al., 2014; Menezes et al., 2014). Bouchard e
colaboradores avaliaram 362 criangcas de Quebec, no Canada, e mostrou uma
associacao negativa entre a concentracédo de Mn na agua consumida e o quociente de
inteligéncia (Ql), além de defasagem de memoria, déficit de atengéo e funcbes motoras
prejudicas (Bouchard et al., 2011). No Brasil, ja foram reportados altos niveis de Mn no
ar proximo a um complexo industrial na Bahia e as criangas residentes neste local
apresentaram QI e memoaria de trabalho inferior, evidenciando danos no circuito fronto-
estriatal, regido relacionada a este tipo de memoaria (Carvalho et al., 2014).

O Mn esta presente em niveis elevados nas preparagdes dietéticas (nutrigdo
parenteral), utilizadas inclusive por recém-nascidos, e individuos que recebem tais dietas
estdo mais suscetiveis ao acumulo indevido desse metal, bem como, pacientes com
disfungao hepatica (Bertinet et al., 2000; Aschner e Aschner, 2005; Aschner et al., 2009)

Além disso, a exposicao a altas concentragdes de Mn esta relacionada ao
desenvolvimento de uma condigao patolégica denominada manganismo, cujos sintomas
sdo semelhantes aos encontrados na Doenca de Parkinson (DP) (Takeda, 2003). O
desenvolvimento do manganismo tipicamente emerge da superexposi¢gao ocupacional a
altos niveis de Mn nos fumos, i.e., profissionais soldadores, mineiros, trabalhadores em
fundicdes, entre outros. Em consequéncia disso, observa-se o aparecimento de sintomas
que incluem reducao do apetite, cefaleia, bradicinesia, tremores, insénia, baixos niveis
energéticos, resposta rapida reduzida, déficits intelectuais e de memdria, alucinagao e
alteragbes de humor (Mergler et al., 1999; Pal et al., 1999; Aschner et al., 2005) Quando
prolongada, esta exposigdo eventualmente ocasiona rigidez muscular, distonia e
hipocinesia (Pal et al., 1999).

A fisiopatologia da DP e os efeitos do Mn, por vezes dificultam o diagndstico
diferencial entre tais condicbes, pois os pacientes apresentam sintomas semelhantes. O
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Mn especialmente acumula-se em algumas regides encefalicas como nucleo caudado e
putamen, globo palido, substancia negra e nucleo subtalamico (Aschner et al., 1999;
Dobson et al., 2004) .O fator diferencial parece ser um dano mais pronunciado no globo
palido quando ha a superexposi¢gdao ao Mn, o que néo se verifica no Parkinsonismo
(Figura 2) (Verity, 1999; Guilarte, 2010). Cinco principais fatores ocorrem especificamente
na intoxicagao por Mn incluindo (a) tremores de repouso menos frequentes, (b) distonia
mais pronunciada, (c) maior propensdao a quedas de costas, (d) resposta falha ao
tratamento com levodopa (precursor da DA normalmente recomendado ao pacientes com
DP) e (e) faléncia em reduzir a captagao de fluorodopa pela tomografia por emissao de
positrons (PET-SCAN) (Calne et al., 1994). Os individuos frente a exposi¢do ao Mn,
apesar de produzirem DA normalmente, apresentam limitagdes na liberacdo desse
neurotransmissor, motivo pelo qual a L-dopa é pouco efetiva para o tratamento. Além
disso, os comportamentos resultantes do manganismo estdo muito mais relacionados a
disfungao (problemas na liberagdo de DA) que propriamente do neurodegeneragao do
sistema dopaminérgico (Guilarte, 2010). No entanto, a severa redugdo do

neurotransmissor DA esta associada a ambas condi¢des (Guilarte, 2010).

Figura 2 — Regibes cerebrais onde ocorre acumulo de Mn (A), sendo que o globo palido (B,
evidenciacdo nos retangulos) € uma regido onde esse metal preferencialmente se localiza (C). Fator este

determinante para a diferenciacao entre o manganismo e a Doenca de Parkinson.

Caudate
Nucleus

Fonte: Adaptado de Guilarte, 2010.

A fisiopatologia da toxicidade induzida por Mn fundamenta-se em algumas

hipoteses, ainda nao totalmente compreendidas. As disfungdes nos comportamentos
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controlados por DA e o acumulo desse metal nas regides cerebrais especificas de
inervagcao dopaminérgica reforcam o seu possivel papel nhos mecanismos inerentes a
toxicidade do Mn.

Uma das hipoteses baseia-se no aumento da formacgao de espécies reativas de
oxigénio (EROs) pela via da formagao de DA-o-quinona durante a redugao de Mn3* para
Mn?* na reagdo redox (Figura 3). Esta quinona e as EROs podem culminar na indug&o
de morte dos neurdnios dopaminérgicos resultante da exposicdao ao Mn (Farina et al.,
2013). Os mecanismos referentes ao dano causado tanto pela semi-quinona quanto pelo
aminocromo no processo neurodegenerativo induzido por Mn incluem: (a) deplecéo de
NADH e NADPH, (b) inibicdo enzimatica pela oxidacado de grupos tidis ou aminoacidos
essenciais, (c) formacao de EROs e (d) peroxidacéo lipidica.

Dentro das células, o Mn acumula-se predominantemente nas mitocéndrias,
especialmente como Mn?*. Isso implica em alteragdes na respiragao oxidativa, resultando
em elevada produgcao de EROs e culminando em disfungdo mitocondrial (Gunter e
Pfeiffer, 1990; Gavin et al., 1992). O radical superéxido (O2™), exemplo de EROs, pode
ainda formar peroxido de hidrogénio (H202) pela atuagédo na matriz mitocondrial da Mn-
SOD, a qual apresenta Mn como seu cofator. Além disso, o Mn pode inibir diretamente a
cadeia transportadora de elétrons, resultando na reducdo da produgdo de ATP,

aumentando o escape de elétrons e a producao de Oz~ (Farina et al., 2013).

Figura 3 — Oxidacdo da DA induzida por Mn. O Mn catalisa a autoxidagdo da DA pelas reacdes
redox (Mn?* e Mn?®*) e gera EROs e o radical o-quinona ou catalisa a produgéo intraneuronal de H202,

consequentemente levando ao dano oxidativo nos neurdnios dopaminérgicos.
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Um outro importante efeito decorrente do desequilibrio nos niveis de Mn sdo as
alteragbes no controle do metabolismo energético, ja demonstrado em modelos animais
como ratos e camundongos (Baly et al., 1990).

O Mn tem sido ha muitos anos relacionado ao desenvolvimento de aterosclerose
€ a exposicao excessiva causou o aumento dos lipidios totais no plasma, fosfatidilcolina,
colesterol, ésteres de colesterol, esfingomielina e triglicerideos em bovinos (Jenkins e
Kramer, 1991). Tal condi¢ao ainda gerou uma atividade insulino-mimética e aumentou na
captacao de glicose em adipdcitos isolados de rato (Baquer et al., 2003; Ueda et al.,
1984).

Recentemente, a exposi¢cao pré-natal ao Mn, ainda que em baixos niveis, foi
associada a alta prevaléncia de neonatos com altos indices ponderais (Yu e Cao, 2013).

Por outro lado, a deficiéncia de Mn relaciona-se com redugéo no peso corporal,
peso de o6rgaos como o figado, proteinas plasmaticas totais, lipoproteina de alta
densidade (HDL), colesterol e apolipoproteina E em ratos (Klimis-Tavantzis et al., 1983;
Kawano et al., 1987). Além disso, Baly e colaboradores mostrou que adipécitos isolados
de ratos com deficiéncia dietética de Mn apresentavam reducdo na sintese de
triglicerideos em comparagao aos animais que receberam niveis adequados do metal
(Baly et al., 1990).
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Legleiter e col. (2005) também verificaram alteragdes no metabolismo de lipidios
em modelo bovino, sugerindo que a administragcao de altos niveis de Mn aos animais
poderia ser uma boa estratégia para que os mesmos ganhassem peso mais rapidamente
(Legleiter et al., 2005).

1.2 O modelo experimental C. elegans

A crescente limitagdo no uso de animais vertebrados para pesquisa e as
dificuldades de controlar o consumo/gasto energético de um certo modelo instigou-nos a
buscar novas possibilidades. A exemplo disso, 0 nematoide saprofita nao patogénico C.
elegans, proposto como um modelo experimental a partir de 1963 pelo pesquisador sul-
africano Sydney Brenner, ganhou énfase na comunidade cientifica em meados dos anos
2000 quando finalmente seu genoma foi sequenciado e identificou-se uma homologia de
60-80% aos genes humanos (Wood, 1988; Consortium, 1998; Kaletta e Hengartner,
2006). Este pequeno verme (aproximadamente 1 mm quando adulto) pode ser
encontrado no solo em varias regides do mundo e em laboratorio, servindo como
ferramenta para avaliagbes de aspectos genéticos, farmacoldgicos, toxicoldgicos, em
biologia molecular, entre outros (Donald, 1997).

Sua crescente aplicagdo como modelo experimental alternativo deve-se as
inumeras vantagens como a facilidade de cultivo em laboratério a baixos custos, onde os
mesmos sao armazenados em placas de petri contendo meio de crescimento para
nematoides (NGM) semeadas com a bactéria Escherichia coli (E. coli) cepa OP50 como
fonte nutricional.

Avaliagbes de influéncias na longevidade e desenvolvimento sdo comuns no C.
elegans, uma vez que atingem a maturidade com 2,5 dias a 25° C e apresentam um
tempo de vida curto, cerca de 20 dias na temperatura acima citada. O ciclo de vida do
animal compreende a um periodo de desenvolvimento embrionario (dentro do ovo),
quatro estagios larvais (L1; L2; L3 e L4) e finalmente o adulto (Figura 4)

(http://www.wormatlas.org/).

Figura 4 — Ciclo de vida de C. elegans a 22 °C. O hermafrodita expele o ovo que, apos sua ecloséo,
passa por quatro estagios larvais (L1, L2, L3 e L4) até chegar a fase adulta. Sob condi¢des adversas, L1

pode entrar em “pausa”.


http://www.wormatlas.org/
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O ciclo de vida deste organismo inicia-se como uma unica célula, que da origem,
através de divisdes celulares repetidas, ha 558 células que formam o pequeno verme
dentro do ovo. Apds eclodir, divisdes posteriores resultam no crescimento e na maturagao
sexual do verme podendo gerar duas formas sexuais: macho e hermafrodita. A forma
macho representa uma pequena por¢ao da populacido de cerca de 0,1 %. O processo
reprodutivo compreende a autofecundacado do verme hermafrodita ou pela fecundacéao
cruzada com macho, fato que influencia diretamente na proporcao de filhotes gerados
(em geral 300 para a autofecundacao e até mil decorrentes do cruzamento). Deste
cruzamento, temos uma populagao resultante de 50 % de animais também na forma
sexual macho (Hope, 1999)

Em condi¢cdes adversas, tais como: escassez de alimento, estresse oxidativo e
temperatura inadequada, a larva L1 do C. elegans pode entrar em um estagio alternativo
de “pausa” chamado larva dauer. Neste estado, os animais minimizam expressivamente
a atividade metabdlica e tornam-se altamente resistentes ao estresse, com capacidade
de sobreviver por longos periodos de varias semanas até meses (Figura 4
(http://www.wormatlas.org/).

Além disso, o C. elegans apresenta um pequeno numero de células (959 células

no hermafrodita e 1031 nos machos) e a sua transparéncia possibilita a visualizagédo da
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organizacado anatbmica interna e aquisicao de imagens frente a marcacgao fluorescente
de determinadas biomoléculas.

Os estudos relacionados a genética desse nematoide s&o 0s mais expressivos em
numeros e fomentam o desenvolvimento de inumeras cepas transgénicas, aplicadas na
verificacdo do papel de determinados genes em uma expressao de fendétipo diferenciado,
na regulacao de vias metabdlicas, de reprodugao, inclusdo de genes codificadores de
proteinas fluorescentes para visualizagdo de neurénios especificos, inclusdo de genes
de proteinas (B-amiloide) para o desenvolvimento de modelo experimental para doengas

humanas, entre outros (Wu e Luo, 2005).

1.2.1 O nematoide C. elegans nas investigagées da toxicidade do Mn

O Mn como um xenobidtico ja foi previamente avaliado no modelo experimental C.
elegans. O Mn acumula-se, em condigdes padréo de cultivo, proximo aos primeiros pares
de células intestinais, cuja concentracao foi estimada em 38 puM. O questionamento de
como o verme consegue manter uma alta concentragdo desse metal nas células, sem
gerar toxicidade ainda permanece sem uma resposta conclusiva (Figura 7) (Mccoll et al.,
2012).

Figura 7 — Localizacdo do metal Mn no verme C. elegans por tomografia elementar (Scanning x-

ray Fluorescence Tomography).

Fonte: Adaptado de McColl et al., 2012.

As proteinas envolvidas com a captagado do Mn e as vias relacionadas a toxicidade
deste metal estdo presentes no C. elegans, i.e., a familia de transportadores de metais
NRAMP/DMT (Au et al., 2009).

Dentre os efeitos toéxicos observados estdo a indugdo de formacdo de EROs no
verme e reduzir o tempo de vida do verme quando exposto no estagio larval L1
(Benedetto et al., 2010; Wollenhaupt et al., 2014). Além disso, foi capaz de aumentar os

niveis proteicos de DAF-16, superdxido dismutase e proteina quinase B (AKT) (Avila et
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al., 2016). O fungicida Mancozeb, que contém Mn na sua composi¢ao, foi associado a
reducdo da postura de ovos em C. elegans (Brody et al., 2013). Somado a isso,
exposi¢coes prolongadas ao Mn estdo associadas a déficits no desenvolvimento e
reproducgao, provavelmente gerados pelo dano oxidativo induzido por este metal (Xiao et
al., 2009).

Benedetto e col. compararam a neurotoxicidade induzida por Mn em varios tipos
neuronais do verme, dentre estes: dopaminérgicos, gabaérgicos, colinérgicos e
neurdnios quimiosensoriais. A neurodegeneragao foi apenas observada nos neurdnios
dopaminérgicos e tal efeito foi dependente do transportador de DA, DAT-1 (Benedetto et
al., 2010).

1.2.2 O metabolismo de lipidios no C. elegans

Dado o numero de fatores que convergem associadamente para armazenamento
e consumo de energia, faz-se necessario a compreensao do processo de absorgao de
nutrientes, armazenamento, sua distribuicdo e regulagdo. Tais informagdes séao
altamente relevantes uma vez que o desequilibrio em qualquer passo da via metabdlica
pode tornar-se incisivo no desencadeamento de disturbios metabdlicos, tais como
diabetes, obesidade, aterosclerose e envelhecimento acelerado. A obesidade ou ganho
excessivo de peso € uma questao de grande preocupagao, pois grande parte do aumento
desta condicdo € impulsionado por alteragdes na captacdo de nutrientes, na sua
distribuicdo e forma de acumulo (Hashmi et al., 2013).

A obesidade, segundo a Organizacdo Mundial da Saude (OMS), define-se pelo
acumulo excessivo de gordura corporal, a qual pode acarretar inumeros danos a saude
dos individuos (WHO, 2015). No Brasil, a prevaléncia de sobrepeso ja acomete cerca de
50 % da populacéo (IBGE, 2010; Malta et al., 2014). A obesidade nas capitais brasileiras,
em 2013, ja chegava a 17,5 % (Malta et al., 2014). Varias séo as hipéteses que fomentam
as explicacdes para o crescimento mundial da obesidade, desde fatores econémicos,
sociais, mudancgas de habitos e fatores bioldgicos (Walts et al., 2008; Malta et al., 2014).

Dentre as inumeras vantagens do modelo C. elegans, certamente a conservagao
das vias do metabolismo lipidico amplia demasiadamente a viabilidade de estudos
considerando substéncias que venham a alterar a dindmica dessas vias (Walts et al.,
2008).
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Faz-se necessario, no entanto, evidenciar algumas das diferengas encontradas no
verme, assim como em outros modelos experimentais. O C. elegans, nao apresenta um
tecido funcionalmente direcionado para o acumulo dos lipidios. Os mesmos s&o
depositados na forma de triglicerideos (TGA) em goticulas lipidicas localizadas nas
células intestinais (o intestino vem sendo também denominado viscera, uma vez que nao
exerce apenas a fungao intestinal), hipoderme (camada celular localizada abaixo da
cuticula) e gbnadas.

Como os mamiferos, o verme também adquire gordura para reserva através da
nutricdo e da biossintese de lipideos. Entre os lipidios sintetizados pelo verme estao
acidos graxos poli-insaturados, acidos graxos de cadeia ramificada (monometil),
ceramidas, fosfolipidios, lipoproteinas e transportadores (Zhang et al., 2013). Todavia, o
C. elegans nao realiza a sintese de colesterol, necessitando de suplementagao exégena
quando cultivado em laboratério (Kurzchalia e Ward, 2003).

O verme apresenta um percentual elevado de genes relacionados ao metabolismo
de lipidios e ortélogos aos genes humanos, aproximadamente 72 %. Substancialmente
maior que o observado em outros modelos invertebrados como Drosophila melanogaster,
cerca de 58 % (Zhang et al., 2013). Apesar dos inumeros mapeamentos genéticos
apontando genes provavelmente relacionados ao metabolismo de lipidios, apenas uma
pequena parte tem sido caracterizada bioquimicamente quanto a sua efetiva funcédo no
nematoide (Zhang et al., 2013).

Outra grande discussdao no meio cientifico gira em torno da utilizacdo de
marcadores para evidenciar e quantificar as reservas lipidicas no verme. Muitos sao as
possibilidades de marcadores ja bastante estabelecidas, como Nile red, BODIPY, Oil red
O, entre outros. Alguns ja foram descartados devido a atuacédo per se na regulagao do
acumulo lipidico, como por exemplo os marcadores Quantum dots (Wu et al., 2016).
Alguns trabalhos tém mostrado que as marcagdes fluorescentes por Nile red ndo sao
eficientes para a verificagdo da maioria das goticulas lipidicas de acumulo, ao passo que
o método de marcacao por Oil red O, pos fixacdo, € mais eficaz para evidenciar tais
acumulos (O'Rourke et al., 2009).

Em relacdo ao aproveitamento dos lipidios provenientes da dieta, o verme
apresenta células intestinais do tipo epitelial colunar polarizada, com a membrana apical

voltada para o lumen intestinal responsaveis pela secrecao de lipases e peptidases
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digestivas, além de apresentarem superficie rica em microvilosidades que contribuem
para a absorgao de nutrientes (Mullaney e Ashrafi, 2009). Em especial, o transporte de
lipidios para o interior das células do verme pode ocorrer tanto através de difusao pela
membrana celular quanto por transporte ativo (Watts, 2009).

Além disso, o C. elegans, diferentemente dos mamiferos, é capaz de sintetizar
acido linoleico (18:2n6) e linolénico (18:3n3) (Watts, 2009).

Uma das principais formas de fornecimento de energia no verme, o catabolismo
de acidos graxos, ocorre nas mitocondrias e peroxissomos (Reddy e Hashimoto, 2001).
Relacionado a este processo, o0 verme conserva genes codificadores de enzimas lipases,
algumas das quais o papel metabdlico ja foi esclarecido (K08B12.1, ATGL-1, KO4A8.5,
HOSL-1, LIPS-7, FIL-1, FIL-2, e FO1G10.7) (Elle et al., 2010).

Além da ingesta alimentar e a influéncia da atividade comportamental sobre o
gasto energético, 0 nematoide apresenta um sistema enddégeno de controle da dinamica
de acumulo lipidico.

Muitos trabalhos tém procurado demonstrar que a regulagdo do perfil lipidico no
C. elegans da-se por intermédio de alguns genes, bem como por influéncia
neuroendocrina (Elle et al., 2008). Ashrafi e col. (2003), apds screening com RNA de
interferéncia, identificaram 305 genes relacionados a reducao dos depdsitos de gordura
e 112 gerando aumento do acumulo lipidico apds redugao da expressao génica (Ashrafi
et al., 2003). Recentemente, um novo screening com RNA de interferéncia utilizando o
método de quantificacdo de lipidios sem marcacédo através de espalhamento Raman
estimulado detectou novos genes responsaveis pelo controle de acumulo lipidico (Wang
etal., 2011).

Um dos genes identificados como responsavel pelo controle lipidico no C. elegans
€ o fator de crescimento semelhante a insulina (insulin/IGF-I like). Frente a condi¢des
ambientais propicias ao crescimento e reproducao, o receptor de insulina (DAF-2) é
ativado por ligantes insulina-like; isto ativa a enzima fosfoinositol-3-quinase (AGE-1) que
gera fosfoinositol-trifosfato (PIP3) e recruta AKT-1, AKT-2, SGK-1 e PDK-1 para a
membrana plasmatica. Por fim, esta cascata de fosforilagbes ocasiona a fosforilagao e
inativacao por sequestro citoplasmatico de DAF-16, ortélogo do fator de transcrigao

“Forkhead” da familia da FoxO, impedindo a transcricdo de genes sob seu controle
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(Figura 5) (Dorman et al., 1995; Kimura et al., 1997; Ogg et al., 1997; Paradis e Ruvkun,
1998; Nemoto e Finkel, 2004; Lin et al., 2005; Gami et al., 2006).

Figura 5 — Via de sinalizagéo do fator de transcricado DAF-16 em C. elegans.
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Fonte: Adaptado de Nemoto & Toren Finkel, 2004.

Estudos demonstram que frente a uma perda genética ou nao atividade do DAF-2
(situacdo em que ha ativagado nuclear do DAF-16), ocorre um aumento no acumulo
lipidico em vermes no estagio larval L4, o que se deve ao aumento na sintese de novo e
na captacdo de acidos graxos (Kimura et al., 1997; Perez e Van Gilst, 2008). Na larva
dauer, o fator de transcricdo DAF-16, quando ativado, induz acumulo de gordura e
suprime a lipdlise; fenétipo este observado também na restrigdo alimentar ((Ashrafi et al.,
2003; Murphy et al., 2003; Narbonne e Roy, 2009).

O acumulo e utilizagdo da gordura no C. elegans é dependente também da
proteina ativada por AMP, fatores de transcricado como a proteina de ligacdo ao elemento
de resposta ao esterol (SREBP), proteinas ligantes ao amplificador CCAAT (C/EBP),
fator de transcricao Kriippel-like e proteina ligante ao elemento de resposta do AMP
(CREB) (Long et al., 2002; Mckay et al., 2003; Apfeld et al., 2004; Jia et al., 2004; Yang
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et al., 2006; Jones et al., 2009; Zhang et al., 2009). A mutag&o no gene /let-363 causou o
aumentado nas reservas lipidicas do verme (Jones et al., 2009). Aliado a isso, a familia
dos receptores nucleares de horménios (NHR) também esta relacionada ao metabolismo
de lipides, ja que a reducado da expressao ou delecdo do gene nhr-49 relaciona-se a
elevacgao da quantidade de gordura estocada no animal (Ashrafi et al., 2003; Van Gilst et
al., 2005)

O controle exercido por neurotransmissores como serotonina (5-HT) e DA também
€ apontado como fator regulador das reservas lipidicas no verme (Ashrafi et al., 2003;
Barros et al., 2014).

No C. elegans, a liberagado de 5-HT ativa receptores serotoninérgicos acoplados a
proteina G. Estudos demonstram que vermes incapazes de sintetizar este
neurotransmissor por prejuizo na fungcdo de tph-1 apresentam reduzida taxa de
alimentagao e acumulo lipidico (Sze et al., 2000; Ashrafi et al., 2003). Por outro lado,
vermes expostos exogenamente a DA apresentaram redugdo das reservas lipidicas,
principalmente devido a regulagcédo por este neurotransmissor na 3-oxidagcao (Barros et
al., 2014). Sendo assim, 5-HT e DA parecem ter efeitos antagbnicos na sinalizagao do
acumulo lipidico.

O Mn ja foi associado a destruigcdo dos neurénios dopaminérgicos em C. elegans
(Benedetto et al., 2010) e este fato nos levou a hipotetizar se tal efeito poderia gerar
alteracbes nas reservas lipidicas, uma vez que a controle do acumulo lipidico da-se

também pela via dopaminérgica no verme.

1.2.3 Vitelogeninas no transporte lipidico e na reproducgéao do C. elegans

Uma das provaveis consequéncia da inefetividade do transporte de lipidios para a
formagao do vitelo é o prejuizos dos processos reprodutivos no C. elegans. Em relagao
a utilizagao e localizagao das reservas de gordura, o transporte exerce papel fundamental
nesta relacao.

O C. elegans, assim como muitas espécies de oviparos, apresenta proteinas do
vitelo ou vitelogeninas (VITs) e seus lipidios associados, as quais sdo importantes fontes
nutricionais para o desenvolvimento dos embrides (Fagotto, 1995). Dentre elas,
destacam-se YP170, YP115 e YP88. Seis genes sao responsaveis pela codificacao das
VITs no C. elegans, sendo que vit-1, -2, -3, -4 e -5, contribuem para a formagao da YP170,
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a principal proteina do vitelo. Ja as proteinas YP115 e YP88 sao codificadas pelo gene
vit-6.

Apesar do verme nao apresentar as lipoproteinas humanas, as VITs do C. elegans
sdo homologas da ApoB-100 humana, importante componente da lipoproteina de baixa
densidade (LDL) (Baker, 1988; Spieth et al, 1991), e assim como ApoB-100, elas
medeiam o transporte de colesterol (Matyash et al., 2001).

A sintese das VITs YP170, YP115 e YP88 ocorre nas células intestinais do
hermafrodita a partir do estagio larval L4 e secretadas na cavidade corporal (Kimble e
Sharrock, 1983). Em seguida, sdo internalizada nos odcitos maduros via receptor-
mediado por endocitose do receptor RME-2/LDL que localiza-se em vesiculas (Grant e
Hirsh, 1999). As VITS sao importantes fontes de lipidios para a formac¢ado do embrido,
especialmente devido ao transporte de acidos graxos poli-insaturados (PUFAs) para o
embrido (Edmonds et al., 2010; Depina et al., 2011; Van Rompay et al., 2015).

Varios fatores tém sido associados a regulagdo da expressao das VITs em C.
elegans, como condicdes de estresse, exposi¢cao a metais pesados (cadmio), hormonios
e fatores de transcricdo como o DAF-16 (Novillo et al., 2005; Shaw et al., 2007; Fisher et
al., 2012). Sabe-se que ambos genes vit-2 e vit-5 tém a expressao reduzida nos vermes
knockdown para daf-2 e expressdao aumentada nos vermes knockdown para daf-16
(Figura 6) (Murphy et al., 2003; Edmonds et al., 2010).

Figura 6 - DAF-16 promove a biossintese intestinal de PUFAs devido ao aumento da expressao de
genes de gordura e inibicdo da formagao do complexo de lipoproteinas formadoras do vitelo, necessarias

para o transporte de tais lipidios para os odcitos.
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Existem varias evidéncias que a exposi¢cao a alguns metais pode gerar defeitos na
reprodugao do verme, cujos ovos acabam por acumular-se no interior dos nematodeos e
alguns efeitos toxicos podem ser inclusive observados na prole de vermes progenitores
previamente expostos (Wang e Yang, 2007; Wang e Wang, 2008). O cloreto de mercurio
(HgCl2) em certas concentragdes € um dos metais que estao relacionados a redugéo do
tamanho da prole e alteragdo no tempo de maturidade sexual dos vermes (Guo et al.,
2009).

1.2.4 Comportamentos e a sinalizagdo de neurotransmissores no verme

O C. elegans apresenta inumeros fenotipos comportamentais, principalmente
evidenciados frente a modificagdes genéticas (knockout e knockdown), inducado de
toxicidade, condigbes de estresse e alteragbes na sinalizagdo neuronal (Kaletta e
Hengartner, 2006). De todos os sistemas, o0 mais complexo e excepcionalmente bem
definido € o neuronal no qual 302 células (os machos possuem 89 células neurais
adicionais) estdo envolvidas em cerca de 5.000 sinapses e determinam diversos
comportamentos. O verme utiliza pequenas moléculas neurotransmissoras como
acetilcolina (ACh), acido &6-aminobutirico (GABA), 6xido nitrico (NO), glutamato e as
aminas biogénicas octopamina (OA), tiramina (TA), 5-HT e DA (Brownlee e Walker,
1999).

O estimulo para a ovoposi¢cao e batimento faringeo ocorrem principalmente por
influéncia da 5-HT (Horvitz et al., 1982). A contagem das pulsacbes faringeas sao
observadas quando o nematoide C. elegans encontra-se sobre a bactéria fazendo a
ingesta da mesma, sendo que a verificagdo de tal comportamento pode ser
representativo da taxa de alimentagdo deste verme (Avery e You, 2012). Como ja
mencionado, a 5-HT também cumpre importante papel regulatério sobre o metabolismo.
Ja a OA, equivalente da noradrenalina nos vermes, quando exogenamente administrada
causa alteragdes na locomocéao e reduz o batimento faringeo, ovoposicao e defecacao
(Horvitz et al.,, 1982). A TA pode reverter, quando administrada exogenamente, o
aumento dos batimentos faringeos induzidos pela 5-HT, além de diminuir a ovoposigéo e
influenciar no movimento exploratério (Alkema et al., 2005).

A DA, por sua vez, modula a plasticidade comportamental pelo controle da area

de movimento exploratério, bem como, da frequéncia em que os vermes retornam para
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a o local onde esta a bactéria apos entrarem em uma regiao da placa desprovida de
alimento (Hills et al., 2004). A DA também inibe a locomog¢ao e a ovoposigéo, além de
reduzir o acumulo lipidico (Horvitz et al., 1982; Barros et al., 2014). O sistema
dopaminérgico do verme é composto por oito neurénios, incluindo um par de neurdnios
deiridios anteriores (ADE) e dois pares de neurénios cefalicos (CEP) ambos localizados
na cabeca, além de um par de neurdnios pos-deiridios (PDE) na cauda. Os machos ainda
apresentam neurénios dopaminérgicos adicionais na cauda. Tais neurdnios podem ser
facilmente visualizados pela expresséo de Pqat.1::GFP, que direciona especificamente a
expressao de proteina verde fluorescente (GFP) nos neurdnios dopaminérgicos.

Até o momento, foram identificados cinco receptores dopaminérgicos no C.
elegans, sendo quatro ortdlogos a receptores em mamiferos: DOP-1, DOP-2, DOP-3,
DOP-4 e LGC-53 (Chase e Koelle, 2007; Ringstad et al., 2009). Estudos mais recentes
tém apresentado o gene dop-5 como possivel codificador de receptor dopaminérgico
(www.wormbase.org). Além disso, o gene Cat-2 codifica a proteina responsavel pela
formagédo do L-DOPA a partir do aminodacido tirosina, sendo essa enzima ortéloga da
tirosina hidroxilase em mamiferos. O gene cat-1 codifica a proteina responsavel pelo
transporte de DA do citosol para vesiculas sinapticas. O sistema dopaminérgico também
€ composto por um transportador de DA, codificado pelo gene dat-1, responsavel pela
reducao da concentracado de DA na fenda sinaptica sinalizando o térmico da transmissao
dopaminérgica no verme (Nass et al., 2002).

Quando os mesmos sofrem processo de neurodegeneragao ou prejuizo no
neurodesenvimento, observam-se punctas (rarefagbes na fluorescéncia nos
prolongamentos neuronais), retragdo no corpo neuronal, perda nos dendritos e corpo
celular nos 4 CEPs e 2 ADEs no hermafrodita (Chen et al., 2015).

Uma vez que o Mn interfere no sistema dopaminérgico do C. elegans, sistema este
responsavel pelo controle da plasticidade lipidica, instigamo-nos a investigar se o referido
metal poderia também alterar o acumulo de lipidios, o comportamento reprodutivo e a

viabilidade neuronal.
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2. Objetivos

2.1 Objetivo geral
Verificar os efeitos do Mn sobre o acumulo de lipidios, comportamento e as vias

envolvidas nesse processo em C. elegans.

2.2 Objetivos especificos:
2.2.1 Determinar os efeitos do cloreto de Mn (MnCl2) sobre o acumulo de
lipidios no verme e as vias envolvidas na sua regulagao.
2.2.2 Avaliar a atuagdo do MnCl2 sobre a reproducdo do C. elegans e na
vitelogénese.
2.2.3 Verificar o papel do MnCl2na expresséo de genes envolvidos no controle

da reproducgéo no verme.
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Abstract

Manganese (Mn) is an essential trace element for physiological functions since it
acts as an enzymatic co-factor. Nevertheless, overexposure to Mn has been associated
with a pathologic condition called manganism. Furthermore, Mn has been reported to
affect lipid metabolism by mechanisms which have yet to be established. Herein, we used
the nematode Caenorhabditis elegans to examine Mn's effects on the dopaminergic
(DAergic) system and determine which transcription factors that regulate with lipid
metabolism are affected by it. Worms were exposed to Mn for four hours in the presence
of bacteria and in a liquid medium (85 mM NaCl). Mn increased fat storage as evidenced
both by Nile Red fluorescence and Qil Red O lipid assays, concomitantly increasing
triglyceride levels. In addition, metabolic activity was reduced as a reflection of decreased
oxygen consumption caused by Mn. In addition, Mn affected feeding behavior as
evidenced by decreased pharyngeal pumping rate. DAergic neurons viability were not
altered by Mn, however the dopamine levels were significantly reduced following Mn
exposure. Furthermore, the expression of sbp-1 transcription factor and /let-363 protein
kinase responsible for lipid accumulation control was increased and decreased,
respectively, by Mn. Altogether, our data suggest that Mn increases the fat storage in C.
elegans, secondary to DAergic system alterations, under the control of SBP-1 and LET-
363 proteins.
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1. Introduction

Manganese (Mn) is a crucial metal since it acts as a cofactor for many enzymes,
including glutamine synthetase, calmoduline-dependent phosphatase, and mitochondrial
superoxide dismutase !. Although Mn intake is essential for maintaining physiological
functions, exposure to high levels of this metal may lead to dopaminergic (DAergic)
neuronal loss accompanied by the development of a debilitating neurological syndrome
called manganism, resembling Parkinson's disease (PD) 2. Furthermore, Mn can also
interfere with lipid and carbohydrate metabolism in cattle and rodent models *#

Mn deficiency decreased the low density lipoprotein (LDL) cholesterol
concentration in the hypercholesterolemic RICO rats®. However, overexposure to Mn is
more frequent than deficiency cases. In humans, prenatal Mn exposure, even at a low
levels, is associated with a higher prevalence of a neonatal high ponderal index®.
Nevertheless, the molecular mechanisms associated with Mn's effects on lipid
metabolism are not fully understood. In this context, the nematode Caenorhabditis
elegans provides an interesting tool for monitoring lipid content and some behaviors
which directly interfere with energetic homeostasis. C. elegans does not contain
specialized adipocytes, however it is able to accumulate lipids as triglycerides (TG), into
the intestinal cells and hypodermis, analogous to mammalian body fat’. The energy
provided by lipid p-oxidation can be used as source for hormonal synthesis and can
transported by the vitellogenin lipoproteins (VIT) to the worm gonads for the developing
embryos. C. elegans conserves its energy balance through numerous physiological
systems that include neuroendocrine signaling, accumulating, mobilizing and using
energy stores 8.

Notably, the DAergic system is associated with the control of fat storage in the
worm by regulating the fat content?. The susceptibility of the DAergic system to Mn is also
evident in the nematode, since it causes neuronal development injury, predominantly in

animals treated at the L1 larval stage'®. In addition, Mn has been reported by our group
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to impair VIT expression levels and transport efficiency during the critical L4 larval stage,
as well as reversibly impairing the reproduction of C. elegans''. Considering this data, we
hypothesized that Mn may interfere with lipid accumulation in the worm by altering the

DAergic pathway.

2. Materials and Methods

2.1 Worms and culture

C. elegans strains were handled and maintained at 20°C on nematode growth medium
(NGM) fed with OP50 Escherichia coli'?. The following strains were used: N2 wild type,
Pdat-1::GFP (egls1), dop-1(vs100); dop-3(vs108), dop-3(vs106), dop-2(vs105); dop-
3(vs106), dop-1(vs100), dop-2(vs105); dop-1(vs100) dop-3(vs106), dop-2(vs103); dop-
1(vs100), dop-1(vs100); dop-2(vs105); dop-3(vs106); dop-4{ok1321); dop-1(vs100); dop-
4(ok1321), Igc-53(n4330), dop-4 (ok1321). All strains were provided by the
Caenorhabditis Genetic Center (CGC, University of Minnesota).

2.2 Preparation of MnCl:

In order to prevent oxidation, fresh MnClz (=99.995% purity) (Sigma-Aldrich) stock
solutions were prepared in 85 mM NaCl shortly before each experiment.

2.3 Manganese exposure

Synchronized worms (wild-type or transgenic strains) were grown to the L4 larval
stage on solid NGM. Next, worms were transferred to a liquid medium and exposed to 4
h at the larval stage L4 to NaCl (85 mM as a control) or manganese chloride (MnClz) at
various concentrations in presence of bacteria (ODson of approximately 1.0, freshly
concentrated three times by speeding at 3,000 rpm for 10 min). Then, worms were
washed for at least 4 times with NaCl (85 mM) and conducted in each of the performed

assays (see below).



2.4 Lipid Analysis

C. elegans L4 larval stage fat content was visualized/quantified by the lipid-staining
dye Nile Red as previously described'®. Fluorescence was captured with an Olympus
1X81 Inverted Microscope at 40x magnification and Imaged quantification software to
quantify the optical densitometry in the first intestinal cells (Z stacks, 2.5 um of distance).
Approximately 25 worms were visualized in each group and the experiments were
independently repeated on 5 different days. For Oil red O staining, 2.000 L4 worms per
group were fixed in 1% formaldehyde for 10 minutes and stained with 60% Qil red O
solution. Next, they were washed in 1 x PBS, and the stained worms were observed and

images were acquired.

2.5 DAergic neuron viability

After the exposure, at least thirty dat-1::GFP worms were mounted on 2% agarose
pads and anaesthetized with 50 mM sodium azide in M9 buffer. Fluorescence
observations were obtained with an Olympus FV10i Laser Scanning Confocal
Microscope. Longitudinal optical slices were acquired (2.5 um of distance, ~17 slices by
worm) for ~10 worms per group. The eight DAergic neurons were visualized, and the
presence of a cell body and dendritic morphology qualitatively observed. Experiments

were performed independently five times in distinct days.

2.6 TG quantification

Triglyceride (TG) content was determined after Mn exposure with a commercially
available kit (Sigma-Aldrich), according to the manufacturer's recommendations™.
Worms were extensively washed in 85 mM NaCl to eliminate any bacterial content.
Absorbance was measured with a Beckman spectrophotometer at 540 nm. All calculated
triglyceride concentrations were normalized to protein concentrations. Ten thousand
worms were used in each group and the experiments were independently performed on

four distinct days.

2.7 Survival
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Worms were collected after the exposure and transferred to new NGM plates (~
25 worms by plate). Survival was assessed for the next 24 h. Each one of the five

experiments was independently performed in triplicate.

2.8 Oxygen consumption

Oxygen consumption rates were measured with the Oroboros 02k Oxygraph after
Mn exposure (Oroboros Instruments, Innsbruck, Austria). Worms were extensively
washed in 85 mM NaCl and re-suspended in M9 buffer. Worms (300) suspended in M9
were introduced into the Oxygraph chamber containing 2 ml of M9 buffer, maintained at
20°C". Oxygen consumption was measured for a minimum of 15 min. The slopes of the
linear portions of the plots were used to calculate oxygen consumption rates. All
measurements were independently performed for at least four times and resulis were

expressed as pmol Oz/second/100 worms.

2.9 Behavioral tests

Following Mn exposure, worms were transferred to new NGM plates with bacteria
and allowed to settle for 30 min. Animals were tested for pharyngeal pumping for 10 s (3
x), and the time of three defecation cycles was quantified'®. Body-bend assay were
observed after 30 min as a movement representative behavior. After one min of
adaptation over a NGM plate without bacteria, worms were scored for the number of body
bends performed in a 60-s time interval. A body bend was defined as a direction change
of propagation of the posterior pharynx bulb along the y-axis, when the worm was
traveling along the x-axis'”. Ten worms were observed in three independent experiments
at 22 + 2°C.

2.10 Dopamine Levels

L4 larval stage animals treated for 4 h with MnClz were intensively washed with 85
mM NaCl. Samples were collected in M9 buffer and frozen immediately. HPLC analysis

was performed by the Neurochemistry Core facility at Vanderbilt University's Center for
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Molecular Neuroscience. Each strain was tested at least four times and the results

corrected by protein content'®.

2.11 TagMan gene expression assay

Total RNA was isolated via the Trizol method. Briefly, after Mn exposure, 1 mL of
Trizol (Life Technologies) was added to each tube containing washed worms re-
suspended in 100 pL 85 mM NaCl, followed by three cycles of freezing in liquid nitrogen
and thawing at 37 °C. Next, 200 pL of chloroform was added to each tube, followed by
precipitation using isopropanol and washing with 75% ethanol. Following the isolation
procedure, 1 ug total RNA was used for cDNA synthesis as recommended in the High
Capacity cDNA Reverse Transcription Kit (Life Technologies). cDNA samples were kept
at 4°C. Quantitative real-time PCR (BioRad) was conducted in duplicate wells using
TagMan Gene Expression Assay probes (Life Technologies) for each gene, using the
ama-1 (RNA polymerase |l) housekeeping gene for normalization after determining the
fold difference using the comparative 2-*“! method '°. The following probes were used:
nhr-49: Ce02412669 g1, sbp-1: Ce02453001_g1; let-363: Ce02417498 g1.

2.12 Stalistics

All graphics and statistics carried out using GraphPad Prism 5. One-way analysis of
variance (ANOVA) followed by Bonferroni’s test or Student's t-test were used for group
comparisons. P < 0.05 was deemed to represent statistically significant difference
between the groups.

3. Results
3.1 Mn’s effect on lipid accumulation in C. elegans

We tested Mn's effects on lipid accumulation with the vital label Nile Red, fixative
label Qil Red O and TG levels (1C and 1D). Mn at 45 mM significantly increased Nile Red
fluorescence (p < 0.001, Figures 1A and 1B) and Oil Red O colorimetric label was strongly

present at the intestine and hypodermis of worms exposed to 45 mM Mn (Figure 1C).
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Furthermore, in worms exposed to 30 or 45 mM Mn TG levels were significantly increased
vs. controls (p < 0.05 and p < 0.01, respectively, Figure 1 D). The metabolic activity
reflected by the oxygen consumption rate was decreased in worms exposed to 30 mM or
45 mM Mn compared to the control group (p < 0.001, Figure 2). In addition, we observed
Mn toxicity at the highest dose as reflected by decreased survival rate in L4 larval staged
worms (Figure 3, Mn LCso (68.36 mM + 5.683)).

3.2 Mn effects on C. elegans behavior

We examined behaviors reflecting energetic homeostasis in the worm and
observed that Mn affected pharyngeal pumping, reducing it by 9.91% and 21.43% at 45
and 60 mM exposures, respectively (p < 0.001, Figure 4A). Nevertheless, body
movements (Figure 4B) and defecation cycles (Figure 4C) were not impaired by Mn

exposure.
3.3 Mechanisms associated with Mn's effects on fat storage

A major signaling pathway affected by Mn toxicity is the dopaminergic system?™
19, Herein, Mn exposure in L4 larval stage animals decreased the dopamine levels to
undetectable ranges (Figure 15). However, the eight DAergic neurons (CEPs, ADEs,
PDEs) in the Pdat-1::GFP strain did not appear to show altered morphology or
fluorescence (Figure 5).

We also determined whether the DAergic receptors were involved in the Mn-
induced increased fat storage (Figure 6). TG levels were increased after Mn exposure in
dop-1;dop-4 mutants and in the dop-1; dop-2; dop-3 mutants compared to wild-type N2
worms. dop-1 intrinsically expresses higher accumulation of lipids and Mn did not appear
to enhance the TG levels in this strains, with levels remaining indistinguishable from wild-
type animals and dop-1 mutants. No significant differences were found in TG levels in the
other strains in response to Mn exposure (data not shown).

In addition, the expression of the sbp-1 transcription factor, which involved in lipid
storage in C. elegans was significantly increased (Figure 7A), while let-363 mRNA (Figure
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7C) levels decreased upon Mn exposure. Upon removal of the worms from Mn for 24 h,
the transcriptional levels were indifferent vs. the untreated group (Figure 7B, sbp-1; Figure
7D, let-363). nhr-49 expression was not changed by Mn exposure (Figure 25).

4. Discussion

C. elegans provides great advantages for studying molecular pathways, including
those related to fat storage. Here, we show that Mn exposure induced an increase in fat
storage and TG levels in C. elegans (Figure 8). The effect of Mn on lipid homeostasis has
been previously reported in other experimental models, such as calf, where Mn
overexposure increased plasma total lipids, phosphatidylcholine, cholesterol, cholesterol
esters, sphingomyelin and triglycerides 21.

In humans, prenatal Mn exposure, even at low levels, is associated with a higher
prevalence of neonatal high ponderal index®. In rats, Mn deficiency has been associated
with the reduction of total body and liver weights, liver Mn levels, total plasma protein,
HDL cholesterol and HDL protein, as well as apolipoprotein E levels?® 23, Moreover, Bali
and coworkers showed that isolated adipocytes derived from Mn-deficient rats had
decreased triglyceride synthesis compared to rats fed with adequate Mn diet?*.

In the present study, C. elegans metabolic activity was reduced by Mn, which as
reflected by decreased oxygen consumption. This data suggests that Mn slowed down
the worms’ metabolic activity, likely by reducing catabolic processes. It is noteworthy that
Mn has been shown to reduce energy metabolism both in vivo and in vitro, decreasing
the activities of mitochondrial enzymes, thus altering membrane potential and reducing
ATP production. These Mn effects likely reflect the preferential accumulation of this metal
in these organelles®®, which among many other functions regulate intermediary
metabolism, including B-oxidation of lipids.

Given previous observations on Mn-induced behavioral changes, especially a
delay in reproduction’, we focused herein on putative mechanisms, which might underlie
these effects. Invertebrates facing a great availability of lipids commonly target energy to
egg production®®, which was not previously observed for our group, since we the fat
storage was increased and the egg production reduced by Mn''. We attribute the Mn-
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induced delay in egg production to impairment in lipid transport by vitellogenins™. Since
we observed increased fat storage in intestinal cells upon Mn exposure, and considering
that vitellogenins are lipoproteins responsible for lipid trafficking from the intestine to the
gonads, we posit that Mn is signaling for lipid permanence at intestinal cells instead of
being targeted to yolk synthesis at the gonads (Figure 8).

Metabolic activity in the worm is controlled by numerous mechanisms, reflecting
the intensity of several behaviors, such as pharyngeal pumping (representing the feeding
frequency), defecation cycles and movement 7. We assessed these worms' behaviors
upon Mn exposure, noting that only pharyngeal pumping was reduced in response to this
metal. This effect might be due to either the bacterial content during the exposure, which
might not be as palatable given the addition of Mn, or due to a direct effect of Mn, causing
an imbalance in systems responsible for pharyngeal function.

Contractions at the pharyngeal muscles are regulated mainly by serotonin (5-
HT)?®. DA, in turn, can indirectly affect 5-HT levels by acting on the DAergic receptor
DOP-5. dop-5 RNA interference (RNAI) animals fail to have normal brood size and
pharyngeal pumping?®. Notably, Mn is known to cause DA depletion®. Furthermore, DA
is strongly implicated as a direct signal for food recognition in C. elegans and its level is
impaired by Mn exposure in this study. This data is consistent with Mn's ability to oxidize
DA with ensuing effects on pharyngeal pumping secondary to altered 5-HT
homeostasis?!.

In C. elegans, DA is a neuromodulator that is implicated in numerous functions,
including the encounter of a food source?®?, increasing in turn frequency when worms
leave food 22, habituation to mechanical stimuli ¥, transitions between crawling and
swimming behavior, and defecation®®. Mn selectively affects the viability of worm DAergic
neurons upon L1-stage exposure'® %, Though DA levels herein were reduced, L4 worms
did not exhibit changes in DAergic neuron viability upon Mn exposure, suggesting that

younger worms may be more sensitive to this metal.

Recently, Barros and coworkers demonstrated that the exogenous exposure to DA
decreased the fat content in worms by acting on B-oxidation and DAergic receptors®.
Since the DAergic system is considered the main Mn target, this was our initial hypothesis

in accounting for its effects on fat storage accumulation. dop-1.:dop-4 double-mutants
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exposed to Mn depicted greater accumulation of TG in comparison to wild-type animals
exposed Mn. This mutant was also resistant to the decrease in lipid accumulation induced
by DA, suggesting its influence on DAergic control over fat content®. In addition, dop-1
mutants whose TG levels are normally higher than in wild-type worms did not exhibit such
increase upon Mn exposure, suggesting the involvement of DAergic signaling on fat
storage in C. elegans.

In addition to DA’s regulation of fat storage, other systems have also been
implicated in this process. We focused on several fat control transcription factors, such
as SBP-1 and NHR-49, as well as the Rictor/TORC2 (let-363) protein®’. SBP-1 is the C.
elegans conserved homolog of mammalian transcription factor SREBP-1c (sterol
response element binding protein). Worms lacking this gene exhibit delayed growth, lower
fat levels, and altered rates of expression of fat synthesis genes, specifically fas-1, Acc-
1, stearoyl-CoA desaturases (fat-6 and fat-7), and fatty acid elongases (elo-5 and elo-6)%
338,39 Mn induced the increase of sbp-1 expression and increased fat storage, thus
corroborating the findings in sbp-1 mutant animals. The sbp-1 mRNA changes were
transient, and unfortunately we were unable to correlate them with the lipid accumulation
24 h post-exposure. Nevertheless, our previous studies have shown a difference in the
number of eggs, which might adversely influence the fat evaluation. In addition, we tested
the TOR (target of rapamycin) pathway, which is a family of kinases that can form
multiprotein complexes and origin TOR complex 1 (Raptor/ TORC1) and Rictor/ TORC240.
. C.  elegansmutants for the homolog of the TORC2-specific
component, Rictor (CeRictor, let-363) show increased lipid storage*?. We found that Mn
decreased the expression of /let-363, while increasing fat storage, corroborating the profile
inherent to the let-363 knockout animals (loss of let-363 caused increased fat storage).
Furthermore, the expression of C. elegans homologous gene to the transcription factor
NHR (nuclear hormone receptors), nhr-49 was tested following Mn exposure (Figure S2).
nhr-49 has been previously associated with a high fat content, yet we failed to observe
changes in its gene expression following Mn exposure '3 43, Taken together, our data
indicate that Mn effects on lipid accumulation depend not only on DAergic signaling, but
also on diverse set of metabolic networks, including the transcription factor SBP-1 and
the Rictor/TORC2 protein complex.
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5. Conclusion

We impart novel information on mechanisms associated with Mn-induced changes
in lipid metabolism and increased fat accumulation. Using C. elegans as an experimental
tool, we verified Mn-induced increase in fat storage and reduced metabolic activity by
oxygen consumption and pharyngeal pumping. Furthermore, Mn reduced DA levels,
absent notable changes in DAergic neurons viability. In addition, DA receptors and SBP-
1 transcription factor and LET-363 protein kinase seem to be partially involved in the
increased TG levels following Mn exposure. Nevertheless, we recognize that additional
studies are needed to fully clarify the mechanisms underlying the adverse effects of Mn
in blocking lipid targeting to egg production, concomitant with lipid accumulation in fat

storage.
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Figure 1: Manganese increases fat storage in C. elegans.

(A) Representative images of Nile red fluorescence at the first intestinal cells in L4 larval stage
worms treated for 4 hours with manganese or vehicle (NaCl 85mM) in liquid medium.

(B) Nile red intensity increases upon Manganese treatment. Quantitative analysis of Nile red
intensity after food removal is depicted. Nile red mean intensity was measured for least 25 animals
from at least four biological replicates. Data are shown as mean = SEM. *** indicates statistical
significance (p < 0.001) compared to the control group with one-way ANOVA followed by a
Bonferroni’s test.

(C) Fat storage was visualized by oil red O staining after 4 h of Manganese treatment.

(D) Colorimetric analysis of triglyceride content. Error bars indicate the + SEM of four independent
experiments. * and ** indicate statistical significance (p < 0.05 and p < 0.01, respectively)

compared to the control group with one-way ANOVA followed by a Bonferroni’s test.
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Figure 2: Metabolic activity was reduced by Manganese. Mn treated worms were
washed to remove the bacteria and the oxygen consumption rates evaluated. At least 300 L4
larvae stage worms were verified per group in duplicates. The experiments were performed in
four different days. Data are presented as mean of oxygen consumption (pmol Oz/ second) of 100
worms. *** indicates statistical significance (p < 0.001) compared to the control group with one-

way ANOVA followed by a Bonferroni's test.
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Figure 3: Manganese reduced the survival in young adult animals. Four hours treated
animals were evaluated as survival 24 h later. Results are represented as mean + SEM of five
independent experiments. *** indicate statistical significance (p < 0.001) compared to the control

group with one-way ANOVA followed by a Bonferroni’s test.

50



51

A B
£ 2501 601
E ™ . — ——
B 4 = _ EkE —
£ 200 xax -
g. = o 404
5 150+ Y
= 5
© 100+ =
o T 20-
£ 3
E 50 s
E (a]
n L 1 L] | L] D T L] 1 1 T
S e s e e S e s e
L Il L 1
< 1 r 1
mM MnCl, © mM MnCl,
C 80
60+ e
5w
c
o
0
204
0 T T T T T
S e s e @
& L 1
o ¥
mM MnCl,

Figure 4: Manganese impaired worms’ pharyngeal pumping. Pharyngeal pumping (A),

defecation cycles (B) and body bends (C) were observed in the following 30 min after the

treatment. Data are shown as mean + SEM. *** indicates statistical significance (p < 0.001)

compared to the control group with one-way ANOVA followed by a Bonferroni’'s test. At least 10

worms were verified each experiments and the assays performed at least four times.



100x

600x \LI-I' Ctrl @ 600x

600x [5mM MnCL: J 600x 15 mM MnCl:

600x 30 mM MnCl g 600x 30 mM MnCl:

600x 45 mM MnCL B 600x 45 mM MnCl:

Figure 5: Mn did not cause death in DAergic neurons of young adult treated worms.

Representative images of young adult worms from dat-1::GFP transgenic animals visualized by
bright-field light microscopy (BF, left) and epifluorescence microscopy (GFP) of whole body
(middle) or enlarged head region (right). The positions of DA neurons (2 pairs of cephalic neurons
CEPs, 1 pair of anterior deirid neurons ADEs, and 1 pair of posterior deirid neurons PDESs) are
indicated by arrows. Morphologically, the neurons of Mn exposed animals and control were not
different.
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Figure 6: Dopaminergic receptors determine Mn effects on TG levels in C. elegans.
Mutants for DAergic receptors were treat with 45 mM MnCl; and the TG levels quantified.
Statistically significant regarding the control of the same strain (*p < 0.05; **p < 0.01. SEM). Ten

thousand worms were used in each experiment and the assays repeated four times in different
days.
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Figure 7: Manganese increases sbp-1 expression while causes a reduction in let-
363 expression after treatment. qPCR analysis showed significantly increased sbp-1 (A)
and decreased /ef-363 (C) mRNA levels and after the treatment. These effects were not verified
24 h later (B, sbp-1; C, TOR). * p < 0.01; * p < 0.05 versus the control. mMRNA was isolated from
1000 worms in four independent experiments.
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Figure 8: Suggested mechanisms whereby Mn can increase the fat storage and
reduce the egg production. Mn reduced let-363 and raised sbp-1 expressions, both signaling
to the increase of fat storage. Mn also reduces DA signaling which possibly through dop-1; dop-
4 receptors can target the same effect to fat accumulation. This could also explain the reduction
of pharyngeal pumping. The vitellogenins (VIT) which should transport lipids to the yolk formation
to supply the embryos development had the expression and synthesis inhibited by Mn. This could
be occurring due the DAF-16 downregulation, since this transcription factor was activated by Mn.
As a result, Mn induced the reduction over egg production.
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Figure 1S: Mn reduces dopamine levels in C. elegans. About two hundred fifty thousand
worms were treated by group and the experiments performed four times at different days. *** p <
0.001 versus the control.
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Figure 2S: Manganese does not change nhr-49 expression in C. elegans. The nhr-49
MRNA levels did not change after Mn treatment (A) and 24 h later (B). There is no statistic

differences between Mn treated groups and control.
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1. ABSTRACT

Aims: Vitellogenesis is the yolk production process which provides the essential
nutrients for the developing embryos. Yolk is a lipoprotein particle that presents lipids
and lipid-binding proteins, referred to as vitellogenins (VIT). The Caenorhabditis elegans
nematode has six genes encoding VIT lipoproteins. Several pathways are known to
regulate vitellogenesis, including the DAF-16 transcription factor. Some reports have
shown that heavy metals, such as manganese (Mn), impair brood size in C. elegans;
however the mechanisms associated with this effect have yet to be identified. Our aim
was to evaluate Mn’s effects on C. elegans reproduction and better understand the

pathways related to these effects.

Main methods: Young adult larval stage worms were treated for 4 h with Mn in 85
mM NaCl and E. coli OP50 medium.

Key findings: Mn reduced egg-production and egg-laying during the first 24 h
after the treatment, although the total number of progenies were indistinguishable from
the control group levels. This delay may have occurred due to DAF-16 activation, which
was noted only after the treatment and was not apparent 24 h later. Moreover, the
expression, protein levels and green fluorescent protein (GFP) fluorescence associated

with VIT were decreased soon after Mn treatment and recovered after 24 h.

Significance: Combined, these data suggest that the delay in egg-production is
likely regulated by DAF-16 and followed by the inhibition of VIT transport activity.
Further studies are needed to clarify the mechanisms associated with Mn-induced DAF-
16 activation.

Keywords: Manganese; vitellogenin; Caenorhabditis elegans; DAF-16 transcription
factor; brood size.
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2. INTRODUCTION

Vitellogenesis is a process which starts with the mobilization of all energy
needed, including lipids, from storage to yolk formation ensuring the growth of embryos
in oviparous animals. Yolk is a lipoprotein particle formed by lipids and lipid-binding
proteins referred to as vitellogenins (VITs). As part of this class of animals (oviparous),
the nematode Caenorhabditis elegans (C. elegans) expresses in its genome machinery
six diverse VIT genes. C. elegans, a free-living, non-parasitic soil nematode, is one of
the best-characterized animals at the molecular, genetic, physiological and
developmental levels (Riddle, 1997), and has served as an optimal model for
bioindicator toxicity tests, given its short life cycle, ease of growth in bulk populations
and low cost (Hitchcock et al. , 1997, Mutwakil et al. , 1997, Wang and Yang, 2007).

The VIT encoding genes in C. elegans, vit-1, -2, -3, -4 and -5, contribute to the
pool of YP170, the main yolk protein. The YP115 and YP88 proteins are encoded by the
vit-6 gene. All worm VITs share sequence homology with vertebrate VITs and with
ApoB-100, the major protein component of mammalian low density lipoprotein (LDL)
(Baker, 1988, Spieth et al., 1991).

The developmental expression of VITs in C. elegans hermaphrodites
commences at the end of the last larval stage (L4) (Blumenthal et al. , 1984,
Broverman, 1990, Schedin et al. , 1991) and levels remain high throughout adulthood.
Moreover, the yolk synthesis occurs in the intestine followed by secretion into the
pseudoceolomic space (body cavity) and is ultimately taken up into vesicles within the

growing oocytes (Hall et al. , 1999, Kimble and Sharrock, 1983).

Vitellogenesis is impacted in response to stress conditions, including heavy metal
(such as cadmium) exposure, sterol hormones and transcription factors (Fisher et al. ,
2012, Novillo et al. , 2005, Shaw et al. , 2007). In wild-type worms, the activity of the
forkhead box O (FoxO) transcription factor, DAF-16 is inhibited by a conserved
phosphatidylinositol-3-OH kinase (PI(3)K)/protein kinase D (PDK)/Akt pathway as a

60



response to DAF-2 activation. Vit-2 and vit-5 are both downregulated in daf-2
knockdown and upregulated in daf-76 knockdown worms (Murphy et al. , 2003). In
astrocytes culture, Mn was able to induced FoxO expression in association with
oxidative stress induction (Exil et al. , 2014). Furthermore, the lethality caused by Mn in
C. elegans was attenuated by compounds that alter nuclear translocation FOXO/DAF-
16 (Wollenhaupt et al. , 2014). As a consequence of vitellogenesis dysregulation, the
number of progenies is reduced (DePina et al. , 2011). The heavy metal manganese

(Mn) has been previously reported to impair C. elegans brood size (Xiao et al. , 2009).

In mammals, Mn is required for the regulation of reproduction and normal brain
function. Besides, Mn activates and regulates several metabolic enzymes, such as
arginase and pyruvate carboxylase (Lin et al. , 2006). While essential, elevated
exposures to Mn are neurotoxic, leading to neurodegeneration and loss of dopaminergic
neurons (Benedetto et al. , 2010).

Notably, little is known about the mechanisms by which Mn affects reproduction
and vitellogenesis. To address this issue, we evaluated the number progenies, as well
as Mn’s effects on vitellogenin protein levels, mRNA levels, and traffic through GFP
fluorescence. Moreover, we underscored DAF-16’s role in the Mn-induced effects on

vitellogenesis.

3. MATERIALS AND METHODS

3.1 Worms and culture

C. elegans strains were handled and maintained at 20 °C on nematode growth
medium (NGM) and fed with OP50 Escherichia coli (Brenner, 1974). The following
strains were used: N2 wild type, daf-16::GFP (zls356) and vit-2p::vit-2::GFP. All strains
were provided by the Caenorhabditis Genetic Center (University of Minnesota) except
for vit-2p:vit-2::GFP, which was kindly provided by Professor Barth Grant's lab
(Rutgers, NJ).
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3.2 Preparation of MnCl,

MnCl; (>99.995% purity) (Sigma-Aldrich, US) stock solutions were prepared in
85 mM NaCl. To prevent oxidation, fresh stock solutions were prepared just before each

assay.

3.3 Manganese treatment

Worms were synchronized via hypochlorite bleaching, hatched overnight, and
subsequently cultured on NGM plates feed with E. coli OP50 until reaching the young
adult larval stage (~ 44 h). Thereafter, worms were transferred to a liquid medium and
exposed for 4h at the larval stage L4 to NaCl (85 mM as a control) or manganese
chloride (MnCl,) in the presence of bacteria. The concentrations were chosen based on
MnCl, LDs (68.36 mM+ 5.683) identified in previous experiments using an analogous
treatment (data not shown). Accordingly, concentrations below the LDs5g level (subtoxic)
were used herein (15, 30 and 45 mM MnCly).

3.4 Reproductive profile assays

For the behavioral assays, after treatments worms were washed three times with
NaCl (85 mM) and maintained on a plate in the absence Mn. Worms were then picked
up and transferred to new NGM plates (35 mm diameter) with E. coli for each respective
assay. Egg-laying and egg-production assays were evaluated 24 h after Mn treatment,
given that at the time of treatment since worms were in young adult larval stage, no
eggs were found. Egg-production refers to the number of eggs inside the uterus of each
animal and egg-laying refers to the average number of eggs laid per hour, observed
over a 2h period (Wang et al. , 2008). For brood size evaluations, the number of daily
progenies for each worm were counted. Worms were individually kept on plates and

transferred each day to new NGM plate (seeded with E. coli) until the 8" day of
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adulthood when egg production is dramatically reduced. At least 10 worms were used in

each experiments and the assays were performed at least four times.

3.4 TagMan gene expression assay

Trizol method was used to isolate the Total RNA. Briefly, following treatment, 1
ml of Trizol (Life Technologies, US) was added to each tube containing washed worms
resuspended in 100 pyl 85 mM NaCl, followed by three cycles of freezing in liquid
nitrogen and thawing at 37° C. Two hundred pl of chloroform was then added to each
tube, followed by precipitation using isopropanol and washing with 75% ethanol. After
isolating step, 1 pg total RNA was used for cDNA synthesis using the High Capacity
cDNA Reverse Transcription Kit (Life Technologies, US), as per manufacturer’s
instructions. cDNA samples were stored at 4° C. Quantitative real-time PCR (BioRad,
US) was conducted in duplicate wells using TagMan Gene Expression Assay probes
(Life Technologies, US) for each gene, using the ama-1 (RNA polymerase II)
housekeeping gene for normalization after determining the fold difference using the
comparative 2*** method (Livak and Schmittgen, 2001). The following probes were
used: vit-2: Ce02505530_gh; vit-6: Ce02456456_gl. mRNA was isolated from 1000

worms for gPCR assays in four independent experiments.

3.5 Vit-2p::vit-2::GFP evaluation

After Mn treatment, worms were washed three times with 85 mM NaCl and
transferred to new plates with OP50 E. coli. Worms were collected at 24 h, 48 h and 72
h, and microscopically (at 20x magnification; Epifluorescence Microscrope, Nikon
Eclipse 80i, Nikon, US) checked in the uterus region for the presence of green
fluorescence. Images are representatives of at least twenty worms per group in four

independent experiments.

63



3.6 DAF-16 nuclear localization assay

For quantification of DAF-16::GFP localization, worms were collected soon after
Mn treatment or 24 h after treatment cessation, and scored for the presence, absence
or partial GFP accumulation within the nuclei of whole body cells. GFP localization was
analyzed with an Olympus 1X81 Inverted Microscope (at 20x magnification, Olympus,
US). Thirty animals were observed in 3 different experiments and classified according to

the DAF-16 localization (cytosol, intermediate and nuclear).

3.7 Statistics

All graphics and statistics carried out using GraphPad Prism 5 (GraphPad Software
San Diego, CA). One-way ANOVA followed by Bonferroni’s test or Student's t-test were

used for the comparisons, with significance set at p<0.05.

4. RESULTS

4.1 Manganese effects over the reproductive profile

First, we determined whether acute Mn exposure interferes with egg-production
(Figure 1A) and egg-laying (Figure 1B) in the worm. Twenty-four hours after treatment,
the number of eggs inside the uterus (egg-production) was significantly reduced after
exposure to both 30 mM (p<0.05) and 45 mM (p<0.01) Mn. Furthermore, the number of
eggs laid by the worms (expressed as the number of progeny per 2 hour) was
significantly decreased upon acute exposure to Mn (45 mM; p<0.05). To determine
whether Mn caused lasting effects on C. elegans reproduction, we examined the brood

size. Mn exposed worm were indistinguishable from controls (Figure 1C).

4.2 Manganese interference on DAF-16 transcription factor localization
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Next, we addressed the mechanisms associated with the Mn-induced delay in
offspring production. We evaluated the levels of DAF-16, a transcription factor which is
responsible for controlling fat transport through the lipoprotein VIT and is required for
daf-2's effects on reproduction (Edmonds et al. , 2010, Shaw et al., 2007). Immediately
upon Mn treatment, DAF-16 was predominantly localized in the nucleus, corresponding
to its activated form at the highest concentration tested (Figure 2B, p<0.01 at 45 mM
Mn). Nucleus DAF-16 translocation was not significant at 15 and 30 mM Mn compared
to control group, however the intermediate activation was significant at 30 mM Mn
(Figure 2B, p<0.05) . In contrast to the translocation observed soon after the treatment,
24 h later, DAF-16 was predominantly localized to the cytoplasm, i.e. in its inactivated
form (Figure 2C).

4.3 Vitellogenin dynamic over Manganese treatment at young aduit larval stage

Next, we determined whether VITs' expression and protein levels were altered
upon Mn exposure. Both VIT-2 (Figure 3A) and VIT-6’s (Figure 3B) mRNA levels were
decreased following acute Mn treatment. Notably, 24 h after the removal of Mn, VIT-2
and VIT-6 mRNA levels were indistinguishable from control worms (Figure 3C, vit-2;
Figure 3D, vit-6).

Further, we addressed VIT-2’s localization at different time points after Mn
exposure, using a transgenic strain guided by a promoter, vit-2p::vit-2::GFP. Twenty-
four hours after acute Mn exposure (30 and 45 mM MnCl,), the VIT-2 lipoprotein was
predominantly localized in the intestine, where it is initially produced, as well as in the
pseudocelom (Figure 4). In contrast, in control and 15 mM Mn exposed worms, VIT-2
was predominantly localized in the eggs (Figure 4). Levels of VIT-2 48 h (Figure 4) and
72 h (Data not shown) after Mn exposure followed a profile analogous to the control

worms.

5. DISCUSSION
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Lipids and proteins derived from yolk provide crucial nutrients necessary to
support the fast development of the embryo. C. elegans VITs YP170, YP115, and YP88
are homologous to vertebrate VIT and ApoB-100, the main component of mammalian
LDL particles (Baker, 1988; Spieth et al., 1991). Endocytosis of yolk particles into
membrane-bound vesicles of the oocyte is mediated by receptors of the LDL receptor
superfamily in C. elegans (Grant and Hirsh, 1999), insects, and vertebrates. Yolk and
yolk receptor endocytic trafficking is thought to proceed through pathways very similar
to those used by LDL in somatic cells (Goldstein et al. , 1985, Schneider, 1996). Earlier
studies have related Mn causing changes on rat lipoprotein (Klimis-Tavantzis et al. ,
1983). To highlight the possible mechanisms regarding Mn effects over lipoproteins, we
used C. elegans as a powerful tool to observe its reproduction as culminant profile of

VIT changes.

The exposure to high levels of Mn has been associated with manganism, a
condition resembling Parkinson’s disease (Guilarte, 2010). Studies on Mn toxicity have
largely focused on dopaminergic neurodegeneration, including in C. elegans (Benedetto
et al., 2010). To our knowledge, this is the first study to address the effects of Mn on
reproduction in the same animal species. We observed a Mn-induced delay in egg-
production, especially during the first day of adulthood. Interestingly, worms treated with
Mn fully recovered, and the number of offspring at the end of the hermaphrodite fertile
life was indistinguishable from untreated worms. Previous studies have established the
ability of Mn to reduce brood size in worms (Guilarte, 2010); however, these
experiments were performed over a more protracted exposure period and at lower Mn
concentrations. Lin and coworkers (Lin et al., 2006) found no changes in the brood size
upon Mn exposure. Our results are consistent with an effect on brood size, yet the
reproductive profile appears to recover to levels indistinguishable from controls 24 h
after Mn exposure.

DAF-16 signaling and lipid transport are closely related to VITs' activity. C.
elegans vitellogenesis is the most energetically expensive process for worms,
demanding nutrients from the intestine for yolk formation. C. elegans express a class of
VIT lipoproteins encoded by six different genes (Spieth et al. , 1985). Taking advantage
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of the transgenic vit-2p::vit-2::gfp strain, we visualized VIT-2 at various developmental
stages and the effect of Mn on its expression. Given the expression of VIT proteins
starts at the last larval stage L4, no GFP fluorescence was noted 4 h after Mn exposure
in young adult worms yet. Accordingly, we chose 24, 48 and 72 h after Mn exposure to
assess the expression of VIT-2. gPCR assays showed VIT-2 and VIT-6 mRNA levels
were significantly reduced after Mn exposure and fully recovered 24 h later. This finding
corroborates fluorescence results of VIT expression. Given the analogous sequence of

the six VIT genes, qPCR analysis is not amenable for determination of all VIT isoforms.

VITs are repressed by the transcription factor, DAF-16 (Fischer et al. , 2013). Mn
not only decreased VIT levels, but also induced the translocation of DAF-16 to the
nucleus, which corresponds to its activated form (Henderson and Johnson, 2001). DAF-
16, the ortholog of mammalian Forkhead box O (FoxQO) transcription factor is
downstream of the DAF-2 kinase cascade, which when activated, leads to DAF-16
phosphorylation and cytoplasmic retention. The decrease in DAF-2 signaling invokes
the dephosphorylation of DAF-16 and its translocation to the cell nucleus and
transcriptional activation (Henderson and Johnson, 2001, Lin et al. , 2001). DAF-16
activation leads to changes in a wide-range of genes and physiological processes, such
as metabolism, longevity and immune response, thus representing one of the most

robust and best studied pathways in C. elegans (Tullet et al. , 2014).

Our results corroborate that DAF-16 activity suppresses vitellogenesis at the
transcriptional levels (DePina et al., 2011). However, this effect is transient, and is fully
reversed 24 h post Mn exposure (in adult 1-day-old worms). Combined, this data
suggests a profound, yet temporary effect of Mn on the reproductive profile. Future
studies will address whether the progeny display residual Mn effects subsequent to the

initial non-effective source of energy during egg formation.

6. CONCLUSION

In summary, we showed, for the first time, that Mn affects both egg-production

and egg-laying behaviors. Moreover, DAF-16 and VITs’ signaling are associated with
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this Mn-induced delay. These results suggest that exposure of C. elegans to Mn impairs
the reproductive profile of hermaphrodites, yet this effect is fully overturned at the end of
the reproductive phase. Future studies should be profitably directed to examine
mechanisms associated with Mn-induced DAF-16 activation.
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10.LEGENDS

Figure 1: Manganese delayed the reproduction of C. elegans in a reversible way.
Both egg-production (A) and egg-laying (B) were decreased 24 h after worms left the
Mn treatment. Young adult animals were exposed for 4 h, washed and returned to NGM
plates seeded with E. coli OP50. Brood size (C) was not affected by Mn. Data are
shown as mean + SEM. * and *** indicate statistical significance (p < 0.05 and p <
0.001, respectively) compared to the control group with one-way ANOVA followed by a
Bonferroni's test. At least 10 worms were verified each experiments and the assays

performed at least four times.

Figure 2: Manganese induces the nuclear localization of the transcription factor
DAF-16 in C. elegans. DAF-16 nuclear localization (cytosol, intermediate and nuclear,
A) was observed directly following Mn treatment (B) and 24 h post-treatment recovering
could be detected (C). The nuclear presence of DAF-16 was almost inexistent in all
groups after the rest period. 30 animals were observed in 3 different experiments and
classified regarding the DAF-16 localization. SEM, ** p < 0.01 comparing nuclear
localization to the control group; * p < 0.05 comparing intermediate localization to the

control group.

Figure 3: Manganese momentarily decreases the expression of two vitellogenins,
VIT-2 and VIT-6, and VIT-6 protein production. gPCR analysis showed a significantly
decrease of vit-2 (A) and vit-6 (B) mRNA levels after the treatment. Twenty-four hours
post-treatment, the mRNA levels of both vit-2 (C) and vit-6 (D) are similar to the control
group. mRNA was isolated from 1000 worms for qPCR assays and ten thousands
worms used for western blotting assays in 4 independent experiments. SEM, * p < 0.05;

**p < 0.01; compared to the control group.
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Figure 4: vit-2::gfp incorporation into yolk is impaired by Mn exposure and
recovered after 48 h out-of-treatment. VIT-2:GFP localization driven by the
integrated vit-2p::vit-2::gfp transgene. Animals were observed at 24 h, 48 h and 72 h
(data not shown) after the liquid exposure. The images are representative of at least 20

animals observed for each group. Arrows represent vulval region.
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5. Discussao

A indiscutivel importancia fisiolégica do metal Mn, faz indispensavel sua presencga
como componente nutricional diario. Por outro lado, a exposicado excessiva ao Mn
apresenta-se como um fator eminente na atualidade quando observamos o foco dos
estudos relacionados a esse metal. Quando consideramos as questdes metabdlicas a
respeito do excesso de Mn, muitas ainda permanecem inconclusivas, principalmente
quanto as vias de atuacao deste metal que ocasionam tais efeitos sobre a dinamica de
acumulo lipidico (Jenkins e Kramer, 1991; Legleiter et al., 2005; Zalevsky et al., 2009).

As avaliagdes metabdlicas sdo sempre desafiadoras, pois o controle entre ingesta
alimentar e demanda energética perfaz-se, por vezes, um fator limitante quando tais
estudos sdo realizados nos modelos experimentais tradicionais. Nesse aspecto, o C.
elegans € uma ferramenta valiosa para tais estudos, ja que conserva inumeras vias
metabdlicas, € facilmente cultivavel e € um bom indicador em estudos de toxicidade.

Este trabalho avaliou o Mn quanto ao seu potencial em aumentar o acumulo de
gordura e niveis de TGA no verme acima citado. Efeito semelhante pode ser previamente
observado em outros modelos experimentais como bovinos, nos quais o Mn aumentou o
nivel de lipidios totais no plasma, fosfatidilcolina, colesterol e TGA (Jenkins e Kramer,
1991). Em humanos expostos no periodo pré-natal, ha uma predisposicdo a ocorréncia
de neonatos com alto indice ponderal (Yu e Cao, 2013). Ja a deficiéncia de Mn, tem
acarretado efeitos contrarios no metabolismo de lipidios, como a redugdo no peso
corporal e de orgaos, redugédo de colesterol HDL e apolipoproteina E em ratos (Klimis-
Tavantzis et al., 1983; Kawano et al., 1987). Além disso, Baly e col. (1990) mostraram
que adipdcitos isolados de ratos, cuja dieta era deficiente em Mn, apresentaram sintese
reduzidas de TGA em comparacéao aos ratos que recebiam niveis adequados de Mn (Baly
et al., 1990).

Nossos resultados apontam uma redugao da atividade metabdlica induzida por Mn
como reflexo da diminuicdo no consumo de oxigénio, talvez por tornar lento os processos
catabolicos no verme. Neste aspecto, outros estudos tém mostrado que o Mn reduz o

metabolismo energético in vivo e in vitro, incluindo diminuigdo na atividade das enzimas
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mitocondriais, no potencial de membrana, na producao de ATP, principalmente por este
metal acumular-se intracelularmente na mitocéndria (Gunter et al., 2009).

O envolvimento da mitocéndria em muitos aspectos do metabolismo intermediario,
incluindo na B-oxidagao de lipidios torna a sua atividade muito importante para manter a
homeostase energética, a qual pode estar sendo alterada por Mn no C. elegans.

Inimeros mecanismos controlam a atividade metabdlica no verme e refletem a
intensidade de alguns comportamentos executados pelo C. elegans como o batimento
faringeo, que representa a frequéncia de alimentagao; os ciclos entre as defecagdes e o
movimento corporal em relagdo aos principais gastos de energia (Avery e You, 2012).
Dentre estes, nossos dados apontam que o Mn reduziu apenas o batimento faringeo, fato
que poderia ter duas consideracdes relevantes: a primeira € que o meio contendo bactéria
e o Mn n&o seriam palataveis ao verme e a segunda seria devido a altera¢gées nos
sistemas responsaveis pelo controle funcional da faringe. As contragcdes dos musculos
da faringe sao principalmente regulados por sinalizacdo serotoninérgica no verme
(Horvitz et al., 1982). Estudos mostram que a DA, cujos niveis foram fortemente reduzidos
frente ao tratamento com Mn em nosso trabalho, altera os niveis de 5-HT por atuar nos
receptores dopaminérgicos DOP-5. Vermes com redugédo na expressao de dop-5 por
RNA de interferéncia apresentaram redugdo no batimento faringeo e prole
(www.wormbase.org). Isto reforga que o Mn, como um depletor de DA, poderia estar
alterando este comportamento via sistema dopaminérgico. Além disso, a DA no C.
elegans € um neurotransmissor bastante relacionado ao direcionamento do verme para
o alimento (Sawin et al., 2000). Tais redu¢des nos niveis de DA podem ter ocorrido devido
a sua oxidacgao pelo Mn, o que ja foi reportado em outros trabalhos e inclusive associado
como um dos principais fatores responsaveis pela toxicidade desse metal (Donaldson et
al., 1982).

A DA esta implicada a outras fungdes como neuromoduladora no C. elegans, como
habituagdo a estimulos mecanicos (Sanyal et al., 2004) e transicdes entre os
comportamentos de rastejamento e nado (Vidal-Gadea et al., 2011). No C. elegans, Mn
seletivamente afeta os neurénios dopaminérgicos quando exposto no primeiro estagio
larval (L1) (Benedetto et al., 2010). Esta via tem sido amplamente atribuida aos sintomas
do manganismo em humanos (Mena et al., 1967; Cook et al., 1974; Barbeau, 1984). No

entanto, no presente estudo nao verificamos alteragbes na viabilidade dos neurdnios
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dopaminérgicos frente ao tratamento com Mn. Somado a isso, avaliagdes mais recentes
sobre o Mn trazem novas discussodes a respeito da morte neuronal e a superexposi¢cao
ao Mn, considerando que ha na realidade uma disfungdo do sistema dopaminérgico e
nao propriamente a morte de tais neurdnios (Guilarte, 2010).

Recentemente, Barros e col. (2014) demonstraram que DA também atua na
regulacdo do metabolismo de lipidios através da 3-oxidagao e receptores dopaminérgico
no C. elegans. A exposi¢cao exdgena dos vermes a DA induziu uma redugao no conteudo
lipidico (Barros et al., 2014).

Frente a este resultado, nossa primeira hipétese para a atuagado do Mn foi a via
dopaminérgica. Os vermes mutantes dop-71.:dop-4 quando expostos ao Mn,
apresentaram niveis ainda mais pronunciados de TGA neste estudo. Este mesmo
mutante foi resistente a reducéo lipidica induzida pela DA exdégena sugerindo sua
influéncia no controle dopaminérgico sobre o acumulo de gordura (Barros et al., 2014).
Entretanto, os mutantes dop-1, cujos niveis de TGA sdo normalmente mais altos que nos
vermes selvagens, ndo apresentaram alteragdes em tais niveis apds a exposigdao ao Mn.
Estes resultados sugerem um envolvimento da via dopaminérgica no acumulo lipidico no
nematoide C. elegans.

Outros sistemas como os fatores de transcricdo SBP-1 e NHR-49 e a proteina
Rictor/TORC2 (let-363) também participam da regulagdo do acumulo lipidico (Watson e
Walhout, 2014). SBP-1 € um homodlogo conservado no C. elegans do fator de transcrigao
SREBP-1c (proteinas ligantes de elemento regulatorio de esterol) presente nos
mamiferos. Na auséncia do gene sbp-1, os vermes exibem retardo no crescimento,
reducdo nos niveis lipidicos, expressao de genes relacionados a sintese de lipidios
alterada (Ashrafi et al., 2003; Kniazeva et al., 2003; Mckay et al., 2003; Ashrafi, 2007).
Verificamos que o Mn induziu um aumento na expressao de sbp-1, bem como aumentou
os niveis lipidicos corroborando com os resultados encontrados nos mutantes para o
mesmo gene. Os efeitos do Mn sobre a expresséo desse gene foi transitoria e nédo
verificada 24 h apds a retirada do tratamento.

Além disso, testamos a via do TOR (proteina alvo da rapamicina) que apresenta
um representante homologo no C. elegans, o Rictor (CeRictor, let-363) (Sarbassov et al.,
2005; Bhaskar e Hay, 2007; Jones et al., 2009). O vermes mutantes para o let-363

apresentam niveis aumentados no acumulo de lipidios (Jones et al., 2009). N6s
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verificamos que o Mn reduziu a expressao de let-363 enquanto aumentou os niveis de
TGA, niveis estes que estavam equivalentes aos do grupo controle controle apds 24 h da
retirada da exposicdo. Quanto a expressdo do fator de transcrigdo nhr-49, nao
observamos quaisquer alteragdes significativas geradas pelo Mn. Infelizmente, n&o foi
possivel fazer quantificagdes lipidicas nas 24 h posteriores ao tratamento, pois as a
diferengca no numero de ovos entre os grupos poderiam interferir nos resultados ja que
existe elevado conteudo lipidico compondo o vitelo (Gubert et al., 2016).

De maneira conjunta, estes resultados indicam que os efeitos do Mn em alterar o
acumulo lipidico ndo dependem apenas da via dopaminérgica, mas de outras vias
incluindo o fator de transcricdo SBP-1 e o complexo proteico Rictor/TORC2.

Outro importante resultado neste trabalho refere-se ao atraso na produc¢ao de ovos
e ovoposicao do C. elegans causada pela exposi¢cao ao Mn. Os invertebrados, quando
apresentam grande disponibilidade energética, comumente destinam parte do excesso
de energia para a producao de ovos. Ao verificar o excesso de acumulo de lipidios,
esperavamos que houvesse um consequente aumento na producao de ovos. Isso nao foi
observado nos vermes tratados com Mn. Verificamos ainda que houve um prejuizo no
transporte de lipidios executado no C. elegans pelas VITs, as quais levam os lipidios do
intestino para as gbnadas onde farao parte da composigao do vitelo.

Lipidios e proteinas presentes no vitelo sao fontes nutricionais importantes para o
desenvolvimento embrionario no C. elegans. Este verme apresenta as vitelogeninas
YP170, YP115 e YP88 que sdo homodlogas das VIT de vertebrados e ApoB-100, a
principal componente da LDL em mamiferos (Baker, 1988; Spieth et al., 1991). Acredita-
se que o transporte e endocitose do vitelo ocorra por vias semelhantes as utilizadas pela
LDL nas células somaticas (Goldstein et al., 1985; Schneider, 1996) . Neste ambito,
estudos previos relatam que o Mn causa alteragdes nas lipoproteinas de ratos, cujos os
mecanismos ainda ndo estdo bem estabelecidos (Klimis-Tavantzis et al., 1983). Na
tentativa de esclarecer alguns mecanismos, principalmente relacionados aos efeitos do
Mn, utilizamos o C. elegans para observar o perfil de modificacbes nas VITs e as
consequéncias no comportamento reprodutivo.

Apesar do atraso na producao de ovos, especialmente durante o primeiro dia de
adulto, os vermes tratados com o Mn conseguiram recuperar-se e produzir uma progénie

em numero equivalente ao grupo controle. Embora Lin e col. (2006) tenham mostrado
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resultados semelhantes aos nossos, alguns trabalhos apresentam resultados contrarios,
mostrando que o Mn causaria redugao na prole total (Lin et al., 2006). Vale ressaltar que
estes estudos usaram periodos de exposi¢cdo mais prolongados ou repetidos.

A vitelogénese no C. elegans € um dos processos mais dispendiosos
energeticamente, demandando nutrientes do intestino para a formacgéao do vitelo. As VITs
sdo formadas no verme a partir da expressdo de seis genes (Spieth et al., 1985).
Tomando isso como ferramenta, observamos uma redugao na expressao do vit-2 através
da cepa transgénica vit-2p::vit-2::gfp apds a exposicdo ao Mn. Além disso, os niveis de
MRNA apresentaram-se reduzidos tanto para VIT-2 quanto para VIT-6 logo apos o
tratamento. Essa diminui¢cao da fluorescéncia dos niveis de mRNA nao foram diferentes
do controle para as préximas 24 h de remocao do tratamento com o Mn. Dessa forma,
verificamos que mesmo os vermes tratados com o Mn apés um tempo fora da exposigao,
foram capazes de recuperar os niveis de mMRNA dos genes codificadores das VITs e a
producao de progénie equivalentes aos dos vermes nao tratados.

A sinalizacao pelo fator de transcricdo DAF-16 e o transporte de lipidios estao
proximamente relacionadas a atividade das VITs. O transporte realizado por tais
lipoproteinas € reprimido apos o translocamento do DAF-16 do citoplasma para o nucleo
(Fischer et al., 2013). Nossos resultados mostram que o Mn n&o sé reduziu a transcricéo
de VIT, mas também induziu o translocamento nuclear do DAF-16, o qual corresponde a
sua forma ativada (Henderson e Johnson, 2001). O daf-16, ortélogo ao fator de
transcricdo mamifero Forkhead box O (FoxO) sofre regulacdo da cascata do DAF-2
quinase. A ativagao dessa cascata leva a fosforilagdo e ancoramento do DAF-16 no
citoplasma. Por outro lado, a reducéo nessa sinalizacido causa a desfosforilacado do DAF-
16 e o0 seu translocamento para o nucleo da célula onde regulara a transcri¢ao de varios
genes (Henderson e Johnson, 2001; Lin et al., 2001). Muitos desses genes controlados
pela ativagdo do DAF-16 estdo os relacionados a processos fisiolégicos como:
metabolismo, longevidade e resposta imune; sendo a via do DAF-16 uma das mais
estudadas no verme C. elegans (Tullet et al., 2014).

A ativacado do DAF-16 tém sido apontado como um fator supressor da vitelogénese
em niveis transcripcionais (Depina et al., 2011). Em nosso estudo, verificamos a transigéao

desse fator de transcricdo para o nucleo frente a exposicdo ao Mn. Além disso,
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verificamos que o efeito gerado pelo Mn na reprodugéao foi transitério e completamente
revertido apds 24 h (vermes com 1 dia de adulto).

Considerando os efeitos observados dos Mn sobre o acumulo lipidico e a inibicdo
na vitelogénese, sugerimos que o Mn exerceu uma sinalizagdo que direcionou o verme
para um maior acumulo de gorduras e impediu que as mesmas fossem transportadas
para as gbnadas através das VITs. Tais efeitos podem estar relacionados a agao
regulatoria de genes como o let-363, sbp-1, daf-16, vit-2, vit-6; bem como decorrente da
sinalizagdo dopaminérgica através da agao conjunta dos receptores dop-1;dop-4 (Figura

8, Manuscrito 1).

Figura 8 — Mecanismo sugerido pelo qual o Mn pode aumentar o acumulo lipidico e reduzir a
produgéo de ovos. Mn reduziu a expressao de let-363 e aumentou a de sbp-1, ambos efeitos sinalizam
para o aumento do acumulo de gordura. Além disso, Mn reduziu a sinalizagao por DA e possivelmente
houve o envolvimento dos receptores dop-1; dop-4. Isto também poderia explicar a redugéo no batimento
faringeo. As VITs, lipoproteinas que transportam os lipidios que formardo o vitelo para suprir o
desenvolvimento dos embrides, tiveram sua expressao e sintese inibidas por Mn. Este efeito pode ter
ocorrido em consequéncia a regulagao por DAF-16, fator de transcrigdo que foi ativado pela exposigdo ao

Mn. Como resultado, Mn induziu a redugéo na produgéo de ovos.
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6. Concluséo

O Mn tem sido amplamente estudado quanto aos efeitos observados no
manganismo e sua, ainda indefinida, relacdo com a doenga de Parkinson. Neste estudo
trouxemos uma nova abordagem considerando as associagbes do Mn com o
metabolismo de lipidios. Utilizando o C. elegans como ferramenta experimental,
verificamos um aumento no acumulo de lipidios, redugdo na atividade metabdlica e
reducdo nos comportamentos reprodutivos e batimento faringeo. Além disso, o Mn
reduziu os niveis de DA sem alterar a viabilidade os neurdnios dopaminérgicos. Tais
efeitos metabdlicos, podem estar relacionados com a sinalizagdo de receptores
dopaminérgicos e outros genes relacionados ao controle do acumulo lipidico. Somado
aos efeitos metabdlicos, observamos uma redugao na vitelogénese que foi recuperada
aos niveis do controle apds a remocao da exposicdo. Este efeito pode ser atribuido a

ativagédo temporaria do fator de transcricdo DAF-16 pelo Mn no C. elegans.

7. Perspectivas
A continuidade deste trabalho sera fundamental para que alguns questionamentos
possam ser respondidos. Propomos como experimentos complementares:

e Avaliar o papel da DA enddégena na toxicidade do Mn utilizando cepas
mutantes para a via de sintese da dopamina e para o transportador de DA.
¢ Quantificar DA frente a exposicdo ao Mn em concentragdes de 15 mM e 30

mM e reavaliar esses valores 24 h apdés a remocéao do tratamento;
e Confirmar o papel do fator de transcricdo DAF-16 no controle da
vitelogénese pela exposicdo ao Mn do verme resultante do cruzamento

entre a cepa do mutante daf-16 e o transgénico vit-2::GFP.
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