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RESUMO

Atualmente a biodisponibilidade de doses baixas de metilmercurio (MeHg) pelo
consumo de peixe é muito generalizada. Por outro lado, a vitamina A (VitA) é um nutriente
essencial com uma alta presenca entre os consumidores globais na dieta normal, alimentos
processados e suplementos. O MeHg e um conhecido neurotoxico, mesmo em doses baixas,
com a capacidade de afetar diversos 6rgdos e produzir efeitos deletérios na salde,
especialmente em mulheres gravidas, onde pode desencadear alteracfes sistémicas e no
neurodesenvolvimento ap6s o nascimento. Adicionalmente, nosso laboratorio demostrou
com sucesso em modelos animais, os efeitos pro-oxidantes e alteracbes comportamentais
produzidos pela suplementagdo com VitA em doses consideradas seguras. No entanto,
apesar de serem conhecidos os efeitos biolégicos do MeHg e da VitA de forma individual,
nenhum estudo da literatura avaliou seus efeitos combinados. Entdo, o objetivo deste
trabalho foi investigar os efeitos de uma dose baixa e ambientalmente relevante de MeHg
coadministrada com uma dose de suplementacdo de VitA em ratas gestantes e lactantes
sobre o comportamento e tecidos das maes e seus filhotes. Trinta ratas Wistar gravidas
(entre 7 e 8 por grupo) foram suplementadas oralmente com azeite mineral (controle),
MeHg (0,5 mg/Kg/dia) e palmitato de retinol (7500 pg RAE/Kg/dia) individualmente ou
em combinacdo, desde o inicio da gestacdo (GD 0) até o desmame dos filhotes (DPN 21).
Nem as mades nem os filhotes apresentaram alteracbes morfoldgicas, sistémicas,
toxicoldgicas ou metabolicas provocadas pelo tratamento de co-exposicdo MeHg-VitA. No
entanto, foram encontradas modulagdes de atividades enzimaticas nas enzimas glutationa-
dependentes em forma tecido-especifica, assim como efeitos deletérios/benéficos em
termos da peroxidacdo lipidica. Por Gltimo, o tratamento MeHg-VitA foi capaz de alterar o
processo de aprendizado associativo na etapa neonatal, sem modular o
neurodesenvolvimento dos filhotes. Além disso, ndo produziu alteracbes comportamentais
em idades posteriores, mas afetou a resposta de aprendizado de maneira sexo-dependente.
Em concluséo, o tratamento MeHg-VitA sob nosso paradigma de exposi¢cao pode modular
reacOes nocivas/benéficas em termos da toxicidade tanto em maes como filhotes,
dependendo do tecido estudado, e produzir efeitos in vivo em combinagdo (MeHg+VitA)
completamente diferentes dos efeitos individuais dos compostos. Nossos resultados no
modelo animal mostram a importancia do cuidado na alimentacdo de gestantes e lactantes
para evitar alteracbes na salde da futura crianca pelo consumo inadvertido destes
compostos em combinacdo. As respostas pro-oxidantes podem levar a efeitos a nivel
celular. Além disso, recomendamos mais trabalhos sobre metabolitos ativos do palmitato de
retinol que podem ter efeitos benéficos durante casos de intoxicacdo com MeHg em doses
baixas, especialmente no sistema nervoso. As implicacdes epidemioldgicas de nossos
resultados ainda sdo desconhecidas, por tanto sdo requeridos mais estudos epidemiologicos
de seguimento e habitos alimentares nas popula¢des materna e infantil ao nivel mundial.
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ABSTRACT

Actually, low-dose methylmercury (MeHg) bioavailability through fish
consumption is ubiquitous. In contrast, vitamin A (VitA) is an essential nutrient with a high
presence among global consumers in the regular diet, processed foods, and supplements.
MeHg is a well-known neurotoxin, even at low doses, capable of affecting other organs and
produce deleterious effects on health, especially in pregnant women, where it can unleash
systemic and neurodevelopmental alterations after birth. Additionally, our lab successfully
demonstrated, in an animal model, pro-oxidant effects and behavioral disturbances
produced by VitA supplementation at doses considered as safe. However, although
individual biological effects of the previous compounds are well known, no study in
literature evaluated their effects in combination. Thus, the aim of the present work was to
investigate the effects of an environmentally relevant low-dose of MeHg co-administered
with a supplementation dose of VitA in pregnant and lactating rats on maternal and
offspring behavior and tissues. Thirty Wistar female pregnant rats were orally
supplemented with mineral oil (control), MeHg (0,5 mg/Kg/day) and retinyl palmitate
(7500 pg RAE/Kg/day) either individually or in combination from the beginning of
gestation (GD 0) until weaning (DPN 21). Neither dams nor their offspring presented
morphological, systemic, toxicological or metabolic disturbances caused by co-exposition
treatment MeHg-VitA. But, showed tissue-specific modulations of enzymatic activities in
glutathione-dependent enzymes, and deleterious/beneficial effects regarding lipid
peroxidation. Finally, MeHg-VitA treatment was able to alter associative learning in
neonatal stage, with no modulation of pup’s neurodevelopment. Also, it did not produce
behavioral alterations at later age, however, affected learning response in a sex-dependent
manner. In conclusion, MeHg-VitA treatment under our exposure paradigm can modulate
harmful/beneficial reactions in terms of toxicity either for dams and their offspring
depending of the studied tissue, and produce in vivo effects in combination (MeHg+VitA)
completely differents from individual effects of the compounds. Our results in animal
model shows the importance regarding the care in food consumption in pregnant and
lactating, to avoid health disturbances in the future infant due to unadverted consumption of
these compounds in combination. Pro-oxidant responses can lead to effects at cellular level.
Furthermore, we recommend more studies regarding active metabolites of retinyl palmitate
which can have beneficial effects during cases of low-dose MeHg intoxication, especially
in the nervous system. Epidemiological implications of our results are still unknown, for
that more follow-up and food habits epidemiologic studies are required among maternal
and infant populations worldwide.
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1. INTRODUCAO

1.1. Mercurio e Metilmercurio

O mercdrio (Hg) é um elemento metélico (nimero atdbmico 80 na Tabela Periddica),
que € liquido a condigdes standard de temperatura e pressdo. Possui um ponto de fusdo de
-38.83°C e ponto de ebulicdo de 356.73°C (Nabi, 2014d). Na natureza, Hg de fontes
naturais como antropogénicas pode existir quimicamente na forma elemental (Hg°),
inorganica (com estados de oxidacdo 1+ e 2+) e organometélica (Crespo-Lépez et al.,
2009). Nos compostos organometalicos, 0 Hg se encontra ligado covalentemente a um ou
dois &tomos de carbono formando compostos do tipo RHgX ¢ RHgR’ respectivamente. R ¢
R’ s@o grupos organicos, e X pode ser um grupo cloreto, brometo, nitrato ou acetato. Como
exemplo, ndés temos os sais de metilmercurio (CHzHgX), fenilmercurio (CsHsHgX),
metoxietilmercurio (CH3OC2H4sHgX) e dimetilmercario ((CHs)HgX) (Olivero-Verbel e
Johnson-Restrepo, 2002). Do grupo dos organometalicos de cadeias curtas, o metilmercurio
(MeHg) é a forma mais toxica (WHO, 1996), e € responsavel por efeitos nocivos para a
salde humana, incluindo doencas cardiovasculares, anemia, anormalidades do
desenvolvimento, distdrbios neurocomportamentais, danos aos rins e figado e cancer em

alguns casos (Sutton et al., 2002).

Hg se encontra ligado covalentemente ao residuo de carbono do MeHg (CHsHg").
Nessa forma quimica de cation ndo ligado e livre, 0 MeHg existe em uma baixa
concentracdo em sistemas biolégicos (Hughes, 1957). Na realidade, nesses sistemas 0s ions

de mercurio sdo sempre encontrados ligados a moléculas como glutationa (GSH) e cisteina
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(Cys), devido a alta afinidade do Hg pelas biomoléculas contendo grupos tidis (Bridges e
Zalups, 2005). Uma vez encontrado em nosso organismo, ao redor de 90% de todo o MeHg
é absorbido através do trato gastrointestinal. Logo ap6s sua absor¢do, uma grande parte do
composto presente no plasma é acumulado pelos glébulos vermelhos (eritrécitos) em uma

relagdo 300 a 1 (Olivero-Verbel e Johnson-Restrepo, 2002).

Na célula, a alta estabilidade da ligacdo carbono-merciurio no MeHg e a
lipossolubilidade elevada do grupo alquil, favorece a penetracdo através das membranas
celulares, produzindo um aumento das ligacGes covalentes do MeHg com o enxofre
(Olivero-Verbel e Johnson-Restrepo, 2002), especificamente com os grupos sulfidrilos (-
SH) das proteinas (Ogura et al., 1996). Atualmente é conhecido que a mesma associa¢do do
Hg com os grupos tidis favorece a rapida difusdo transmembrana do MeHg e sua
mobilizacdo em certos tecidos, sendo sua rota de transporte nas células o sistema L de
transporte de aminoacidos neutros através da formacdo de um complexo com L-cisteina
(Aschner e Aschner, 1990). Na forma de complexo, o MeHg pode cruzar as barreiras
hemato-encefalica (BH) e placentaria (BP) como um imitador molecular da metionina

(Bridges e Zalups, 2005).

Uma vez nas células ocorre um processo de modificacdo das proteinas pela
formagdo de ligagcdes covalentes com MeHg, conhecido como “S-mercuriagdo”, e ¢
possivel gue seja responsavel ao menos em parte, dos efeitos toxicos do MeHg nas células,

devido a que constitui uma perturbacdo na homeostase bioldgica (Kanda et al., 2014).
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1.2. Fendmenos de contaminac¢do ambiental com metilmercurio

A liberacdo ambiental do Hg na atmosfera pode ser por fenébmenos naturais (70%) o
pela contribuicdo antropogénica (30%). De fato, quando as emissdes antropogénicas de Hg
chegam no ambiente aquéatico contribuem com centos de toneladas na quantidade de Hg
circulante no ambiente. O MeHg é principalmente formado nesses sistemas aquaticos,
quando o Hg (elemental ou inorganico) liberado na atmosfera e armazenado nos sedimentos
e corpos de agua, sendo biotransformado por processos naturais microbianos a MeHg

(UNEP, 2013).

O MeHg é altamente persistente no ambiente devido a estabilidade da ligacdo
carbono-mercurio frente a ligagdo mercdrio-oxigénio quando o composto se encontra na
agua (Fergusson, 1990). Uma vez nos sistemas aquaticos, o MeHg € bioacumulado e
biomagnificado através da cadeia alimenticia, sendo as espécies carnivoras de peixe,
encontradas no nivel tréfico superior, aquelas que registram as maiores concentracdes
(Olivero-Verbel e Johnson-Restrepo, 2002). De fato, hoje é conhecido que 84% do
mercurio que ingressa ao nosso organismo, € ingerido mediante alimentacdo com peixes
contaminados (WHO, 1996). Entre os episddios de exposicdo ambiental ao MeHg mais
conhecidos se encontra a catastrofe ambiental da Minamata, Japdo (1950s) e Niigata
(1960s) pela liberacdo no mar de sulfato de mercurio (I1), empregado como catalizador na
obtencdo de acetaldeido e posterior ingestdo acidental do MeHg na populacdo pelo peixe

contaminado (Kondo, 1996, Eto, 2000b, Kondo, 2000).

No entanto, apesar da natureza imprevisivel dos eventos anteriores, atualmente

existem atividades antropogénicas de impacto constante na contaminacdo do MeHg. Um
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processo altamente contaminante € a mineracdo de aluvido, que usa Hg na formacdo de
améalgamas para a extracdo de ouro, e permitindo um aumento na biodisponibilidade de
MeHg nos sistemas aquaticos (Olivero-Verbel e Johnson-Restrepo, 2002). De fato, junto
com a queima de carvdo, a mineracdo de ouro artesanal e a pequena escala (ASGM)
contribui aproximadamente com 62% das emissOes anuais totais de Hg no ar, sendo
América do Sul e Africa Subsaariana responsaveis pelo incremento nas emissdes globais

(UNEP, 2013).

O fendmeno de aumento na ASGM em América do Sul mostrou evidencias de
afetacdo em populagdes a nivel ambiental. Os casos mais graves de contaminacdo por
mercurio se encontram a exposicdo pelo consumo de peixe dos povos indigenas da
Amazonia Brasileira, onde o0 MeHg € gerado pela atividade de mineracdo (Crespo-Ldpez et
al., 2009, Grotto et al., 2010, Crespo-Lopez et al., 2011). Existem outros reportes para o
caso da regido da Mojana, no noroeste da Colémbia, onde niveis de mercurio por encima
do limite estabelecido pela USEPA (U.S. Environmental Protection Agency) foram
encontrados em populacdo, vegetacdo, sedimentos e peixes; apresentando relacdo direita
com a crescente atividade minera artesanal desenvolvida nos corpos de agua nos
municipios do Caimito (Sucre) (Olivero et al., 2002, Olivero-Verbel et al., 2004), Ayapel
(Cérdoba) (Marrugo et al., 2007, Gracia et al., 2010) e sul do departamento do Bolivar
(Marrugo-Negrete et al., 2008a, Marrugo-Negrete et al., 2008b, Olivero-Verbel et al.,

2011).
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1.3. Neurotoxicidade do metilmercurio

O mercario em ambas formas quimicas (organica e inorganica) é neurotoxico. A
extensdo e diversificacdo dos estudos sobre relacdo do MeHg e patologias neuroldgicas
ocorre com a catastrofe ambiental da Minamata e Niigata, pois os individuos expostos no
MeHg mostrarem formas severas nas doencas neuroldgicas como desbalces cognitivos,

sensoriais e motores (Nabi, 2014a).

De fato, depois de sua absor¢do, o0 MeHg e distribuido de maneira ubiqua e penetra
o sistema nervoso central (SNC) tendo afinidade particular pelo tecido cerebral. E aqui
onde 0 MeHg pode se difundir em todas as regides cerebrais, cruzando a barreira hemato-
encefélica (BH) (Aschner e Clarkson, 1988, Zareba et al., 2007). Varios mecanismos tém
sido propostos para explicar os efeitos neurotoxicos do MeHg, incluindo a inducdo de
estresse oxidativo, dano mitocondrial, inibicdo da captagdo de glutamato, perturbacdo da
homeostase de Ca?', interrupcdo da funcdo neurotransmissora, inibicdo dos receptores do
acido gama-aminobutirico (GABA) e apoptose/necrose (Wakabayashi et al., 1995, Shanker
et al., 2002, Moretto et al., 2005, Aschner et al., 2007, do Nascimento et al., 2008, Belle et

al., 2009, Ferraro et al., 2009, Nabi, 2014a).

1.4. Efeito do metilmercurio durante o desenvolvimento do sistema nervoso central

O efeito do MeHg sobre o sistema nervoso durante o desenvolvimento foi
reconhecido no desastre do Minamata como uma forma congénita da doenca (Takeuchi et
al., 1979, Eto, 2000), e posteriormente estudos nas popula¢ées humanas e modelos animais

demostraram que uma exposicao a niveis toxicos do MeHg durante fases pré e pds-natal
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causa anormalidades neuroldgicas, dano cognitivo e uma mudanga nos parametros
comportamentais (Steuerwald et al., 2000, Cordier et al., 2002). Acordo Vvarios autores
como Castoldi et al. (2001) e Lepham et al. (1995) a vulnerabilidade do cérebro em
desenvolvimento ao MeHg é devida a capacidade de este composto lipofilico para cruzar a
placenta e poder concentrar-se no SNC em quanto a BH ndo esta desenvolvida a totalidade
durante o periodo pré-natal. No SNC o MeHg esta relacionado com uma grande quantidade
de efeitos toxicos relacionados ou nédo relacionados uns aos outros, como afetacéo do cortex
cerebelar, sendo as células granulares as mais afetadas. Outros efeitos sdo a demielinizacao,
inflamacdo neuronal e destruicdo astrocitaria. A complexa rede de eventos celulares inicia
uma sequéncia de novos eventos que levam ultimamente a morte celular (Nabi, 2014c).
Outros efeitos a nivel celular produzidos pelo MeHg séo perturbacdo da homeostase de
Ca2*, incrementado sua concentracio e afeitando o normal desenvolvimento neural e
funcdo sindptica (Nabi, 2014a). Por dltimo, o MeHg ataca as catecolaminas, incluindo a
dopamina, assim como os sistemas GABA, dois neurotransmissores implicados nos
processos de refor¢o por aprendizagem e afeitados durante exposicdo no desenvolvimento

(Nabi, 2014b).

Em relacdo a exposicdo pré-natal a MeHg, evidencias experimentais em modelos in
vitro e in vivo demostraram que a exposicdo in utero a MeHg tem influéncia sobre
parametros toxicolégicos (Glover et al., 2009, Liang et al., 2009, Huang et al., 2011,
Yoshida et al., 2011, Fox et al., 2012, Jayashankar et al., 2012, Ceccatelli et al., 2013). De
fato, doses subministradas do contaminante durante esta etapa do desenvolvimento
possuem alta persisténcia, provocando quadros de desordens neurodegenerativas a longo

prazo (Ceccatelli et al., 2013). Por outro lado, a relacdo da exposi¢do pré-natal a MeHg
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com parametros comportamentais foi demostrada em modelos animais de exposicéo

efetuados por Gandhi et al. (2013) e Bisen-Hersh et al. (2014).

A fase prematura de neurodesenvolvimento é particularmente susceptivel a eventos
nutricionais, toxicos e estimuladores que possam interferir com a programacéo neural do
SNC (Gale et al., 2004, Dorea et al., 2012). Apesar de a exposicdo a MeHg em criancas
durante a lactacdo ser menor do que imediatamente depois do nascimento (Bjornberg et al.,
2005, Sakamoto et al., 2012), estudos sobre populacdes amazdnicas demostraram que 0
leite materno é uma consideravel fonte de exposicdo pds-natal ao MeHg e ao Hg inorgéanico
em bebes lactantes (Vieira et al., 2013). No entanto, parece que a lactacdo tem efeitos
favoraveis ou desfavoraveis sobre a exposicdo ao MeHg. Trabalhos sobre populagdes
humanas expostas a MeHg pelo consumo conjunto de peixe demostraram uma correlacédo
entre diminuicdo no desenvolvimento neural e consumo do leite materno a logo prazo
(Jensen et al., 2005, Marques et al., 2009, Marques et al., 2013), mas evidencia recente
encontrou que a lactacdo, junto ao nivel de educacdo materno e a dieta normal na regido séo
importantes fatores atenuantes das sequelas atribuidas ao MeHg na populacdo infantil da
Amazonia Brasileira, exposta ao MeHg pelo consumo de peixe (Marques et al., 2016).
Apesar da controvérsia, estudos prévios sobre modelo animal para avaliacdo do efeito da
lactacdo, mostraram que o MeHg inibe a absor¢do do glutamato no tecido cerebelar e tem
relacdo com niveis altos do hidroperéxido (Manfroi et al., 2004), ocasionando danos na
funcdo motora nos ratos lactantes por possivel decrescimento nos niveis basais de tiois

cerebelares (Franco et al., 2006).
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1.5. Recomendagdes

Atualmente é conhecido que uma exposicdo a doses altas do MeHg durante o
desenvolvimento produz sinais de paralisia cerebral e de retardo mental, no entanto,
alteracdes na funcao cognitiva ou intelectual aparecem com exposic¢des a doses baixas deste
poluente durante episddios de exposicdo in utero. O anterior é suportado por uma grande
quantidade de evidencia epidemiologica obtida em populacbes com consumo regular de
peixe ao nivel mundial (Nabi, 2014b, Sheehan et al., 2014). O panorama atual de exposi¢édo
ao MeHg é variavel ao redor do mundo, predominando uma tendéncia informacional entre
mulheres gravidas suportada por certos autores e entidades de salde publica, sobre o
beneficio no consumo de certos tipos de peixe e mariscos ricos em selénio e
micronutrientes essenciais como 0s acidos graxos poli-insaturados (PUFA), junto com um
consumo prudente evitando sobre exposi¢cdo ao Hg (USDA, 2015, Gribble et al., 2016).
Como exemplo desta tendéncia, estudos recentes demostraram que uma grande maioria de
mulheres gestantes na Unido Europeia possuem niveis moderados de Hg abaixo dos valores
sugeridos pela USEPA para cabelo (1 pg/g) e sangue (5,8 pg/L) (Castafio et al., 2015,
Taylor et al., 2016). Apesar da filosofia conservadora, recente evidencia sugere risco no
desenvolvimento de doencgas neurocognitivas, comportamentais e cardiovasculares ainda

em valores de Hg abaixo dos mostrados anteriormente (Karagas et al., 2012).

Baseadas em evidencia cientifica e para a prote¢do no feto em desenvolvimento,
varias agéncias internacionais estabeleceram as doses consideradas seguras de consumo
materno do MeHg. A dose de referéncia do MeHg (RfD) definida pela USEPA é 0,1 ug
MeHg/kg/dia (Rice et al., 2000). No 2003, a JECFA (Joint WHO/FAO Expert Committee

on Food Additives) recomendou uma dose toleravel semanal para MeHg, o Provisional
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Tolerable Weekly Intake (pTWI), de 1,6 pg MeHg/kg/semana (equivalente a 0,23 ug

MeHg/Kg/dia) (WHO, 2003).

1.6. Vitamina A

A vitamina A (VitA) é um micronutriente essencial que pertence na familia de
vitaminas lipossoluveis. A VitA é por definicdo all-trans-retinol, mas é um termo genérico
para descrever a todos os metabolitos do retinol (Figura 1) que incluem suas formas para
armazenamento (ésteres de retinil como o palmitato de retinol) e formas biologicamente
ativas (retinal e acido retinoico) (Blaner et al., 2016). A VitA ndo pode ser sintetizada de
NnOvVo em Nnosso organismo, € por isso que deve ser obtida através da dieta onde pode ser
encontrada em duas formas: vitamina A pré-formada (retinol ou ésteres de retinil) e
carotenoides prd-vitamina A (Ross, 2010, Napoli, 2012, Oliveira, 2015). Altos contetdos
de vitamina A pré-formada podem ser encontrados em figado e peixe; enquanto vegetais
verdes, laranjas e amarelos sdo as formas dietarias mais comuns de pro-vitamina A, sendo o
[-caroteno (Figura 1) o carotenoide prd-vitamina A mais importante (Ross, 2010). Os dois
tipos de compostos podem ser convertidos a VitA pelo organismo posteriormente

(Bellovino et al., 2003, Napoli, 2012, Oliveira, 2015).
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Retinol Retinal Acido retindico I [ .

Palmitatode retinol B-caroteno

Figura 1. Estrutura molecular dos metabolitos da vitamina A.
As estruturas foram obtidas da PubChem Open Chemistry Database
(https://pubchem.ncbi.nlm.nih.gov/search/), 2017.

A vitamina A € requerida para o correto funcionamento de um conjunto de
atividades metabolicas e fisiologicas como a visdo, hematopoiese, desenvolvimento
embriogénico, diferenciacdo de células epiteliais, imunocompeténcia e transcricdo genica
(Chapman, 2012). Uma vez encontradas em nosso organismo, as diversas formas de VitA
sdo solubilizadas dentro das micelas do limen intestinal e absorbidas pelas células mucosas
do duodeno (IOM, 2001). Tanto a vitamina A pré-formada como a pro-vitamina A sao
transformadas a retinol que é posteriormente oxidado a retinal e acido retindico nas células,
mas uma grande quantidade da VitA adquirida pelo organismo é armazenada no figado na
forma de ésteres de retinil (NIH, 2016). No plasma, o transporte de virtualmente toda a
VitA presente no sangue é efetuado pela retinol-binding protein (RBP) mediante a
formagéo de um complexo 1:1 com o retinol (holo-RBP). A captagéo do retinol nas células

e nos tecidos é mediada pelo receptor transmembrana STRAG, de alta afinidade com o
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complexo holo-RBP, mas o0 mecanismo de transporte exato ainda se encontra em discussao

(Kawaguchi et al., 2015).

A VitA e os retindides (compostos naturais ou sintéticos com similaridade estrutural
ou propriedades similares a VitA) sdo importantes durante a fase de desenvolvimento fetal.
De fato, o embrido tem como fonte de VitA os retindides como retinol, ésteres de retinil e
p-caroteno, que circulam na torrente sanguinea materna (Spiegler et al., 2012). Entretanto,
0os mecanismos de transferéncia de retindides pelo embrido através da placenta se
encontram em discussdo. Atualmente, é sabido que, na maioria de vertebrados, a RBP
materna ndo consegue cruzar a placenta (Quadro et al., 2005), mas a captacdo do retinol
materno e posterior transferéncia ao embrido pode ocorrer na superficie endodérmica do
saco vitelino, que possui uma alta sintese de RBP e STRAG (Spiegler et al., 2012). Ao nivel
celular, o retinol pode ser transferido ao feto por trés possiveis mecanismos: 1)
transferéncia direta do complexo RBP-retinol envolvendo captagéo celular e liberagédo do
complexo proteina-ligando; 2) transferéncia de retinol livre; e 3) captacdo celular de retinol

por seu receptor especifico STRAG (Spiegler et al., 2012).

A rota do RBP-retinol materno é o principal contribuinte para o desenvolvimento
fetal. Entretanto, a rota dos ésteres de retinil permite o acumulo das reservas de retindides
no feto, ainda em condicdes de deplecdo da RBP materna (Quadro et al., 2005). Os ésteres
de retinil presentes em quilomicrones e remanentes, sdo 0s maiores retinoides da circulagéo
materna durante o estado alimentado (Wassef e Quadro, 2011). De acordo a estudos de
Wassef e Quadro (2011) os retindides pos-prandiais podem ser transferidos em dire¢do do

embrido, através da RBP expressa no tecido placentario.
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Considerando o anterior, 0s niveis de retindides na circulacdo materna, determinado
pelas quantidades de reserva e retindides recentemente consumidos, determinam o status
materno de VitA e, portanto, as quantidades disponiveis de VitA circulante ao feto através
da placenta. Entretanto, depois do parto, a lactacdo constitui a Unica fonte disponivel de
VitA para o neonato. De fato, a transferéncia de VitA é 60 vezes maior durante 0s

primeiros meses de lactacdo do que durante a gestacdo (Stoltzfus e Underwood, 1995).

Quando é descrita em términos de nutricdo, ha varios anos o termo unidades
internacionais (IU em inglés) foi usado para expressar o aporte nutricional de VitA.
Atualmente é usada uma unidade global, conhecida como miligramas de equivalentes de
atividade de retinol (ug RAE). Os ug RAE permitem a expresséo dos aportes de VitA, da
dieta e suplementos, em uma unidade universal. De fato, 1 ug RAE (3,33 IU) € equivalente
a 1 ug de retinol, 2 pg de p-caroteno dos suplementos, 12 pg de S-caroteno da dieta e 24 ug

de outros carotenoides como a-caroteno ou S-criptoxantina (NIH, 2016).

1.7. Neurotoxicidade da vitamina A

A VitA é um composto de importancia para o desenvolvimento do feto (Clagett-
Dame e Knutson, 2011), e para o0 SNC em desenvolvimento, contribui nos processos de
diferenciacédo celular e apoptose e regula sua homeostase durante a vida adulta (McCaffery
et al.,, 2003, Lane e Bailey, 2005, McCaffery et al., 2006). No entanto, evidencia

experimental suporta a neurotoxicidade dose-dependente da VitA.

Os casos de ingesta excessiva de VitA sdo raros e devido a isso a toxicidade de

doses altas do composto é dificil de avaliar de acordo a certos autores (Oliveira, 2015).
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Contudo, certas patologias cerebrais como pseudotumor cerebri, além de alteracdes
comportamentais como confusao, irritabilidade, ansiedade, depresséo e ideias suicidas, tém

sido documentadas em episddios de hipervitaminose A (Snodgrass, 1992).

Devido a sua importancia no neurodesenvolvimento do feto, a deficiéncia de VitA
tende a ser evitada em muitos paises. Além disso, ndo se tem reportes solidos que
demostrem neurotoxicidade com o uso de doses baixas. No entanto, evidencias em modelos
animais demostraram decréscimo na locomocdao e exploracdo no teste de campo aberto em
ratas Wistar adultas expostas a doses terapéuticas de VitA (300 — 750 ug RAE/Kg/dia) (de
Oliveira et al., 2007a). Adicionalmente, na forma de palmitato de retinil, a VitA em doses
de suplementacéo (750, 3750 e 7500 ug RAE/Kg/dia) induz ansiedade em mées expostas,

além de alteracdes nos filhotes (Schnorr et al., 2011b).

1.8. Recomendagdes

A dose diaria recomendada de VitA para homens adultos é de 900 pg RAE e para
mulheres adultas é de 700 pug RAE; sendo a dose méaxima tolerada de 3000 pg RAE
(Chapman, 2012, NIH, 2016). Durante a engravides, os requerimentos de VitA na mulher
sdo: 0 basal de 370 pug RAE/dia, a dose maxima de 3000 pg RAE/dia e a dose diaria

recomendada de 770 pug RAE/dia (McCauley et al., 2015).

Evidencias dos efeitos do excesso/deficiéncia da VitA tém sido amplamente
referenciados. O excesso da VitA produzida em casos nédo tdo raros, possui a capacidade
teratogénica. O padrdo dos defeitos (sindrome do &cido retindico) inclui malformagdes do

SNC, craniofaciais, cardiovasculares e timicas (Azais-Braesco e Pascal, 2000). Entretanto,
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a deficiéncia subclinica da VitA (VitAD) incrementa taxas de mortalidade materna, fetal e
infantil e afeta paises desenvolvidos e industrializados (Quadro et al., 2005). Para protecdo
das populagbes com alta incidéncia de VitAD, a organizagdo mundial da saude (WHO)
sugere como doses diarias provavelmente seguras as de até 3000 pg RAE (equivalentes a
10000 IU) ou 7500 pug RAE (equivalentes a 25000 IU) na semana depois do dia 60 de

gestacdo (WHO, 2009, McCauley et al., 2015).

1.9. Efeitos da exposi¢do a misturas quimicas

Em vez de enfocar-se nos efeitos tdxicos produzidos a substancias quimicas
individuais, atualmente mais estudos levam em conta que muitas doencas em humanos
estdo relacionadas a exposi¢do ambiental a misturas quimicas em uma base diaria (CDC,
2009, Kienzler et al., 2016). De acordo aos toxicélogos, os efeitos das misturas quimicas

podem ser aditivos, antagonicos, potenciais, sinérgicos e sequenciais (Zeliger, 2011).

Os efeitos aditivos sdo produzidos quando duas o mais substancias com a mesma
toxicidade sdo encontradas juntas e seu efeito global é a somatoéria dos efeitos das
substancias individuais. O antagonismo ocorre quando dois quimicos interferem com 0s
efeitos produzidos por cada um; mas no caso dos efeitos potenciais, um composto quimico
aumenta o efeito do outro quando atuam como misturas quimicas. Por outro lado, o termo
sinergismo e relacionado com o fato do que o efeito da exposi¢édo a uma mistura produze
uma resposta muito maior do efeito aditivo (o0 que é conhecido como resposta quantitativa)
ou afetando um érgdo que ndo foi previsto (resposta qualitativa). Por ultimo, os efeitos

sequenciais séo produzidos em uma base temporal, quando um primer composto absorbido
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permite a absorgdo em transcurso do tempo de um segundo, resultando em efeitos globais

diferentes dos compostos individuais da mistura quimica.

Entretanto, existem outro tipo de efeitos das misturas quimicas conhecidos como
né&o esperados pela literatura. De acordo com Zelinger (2003), nesse caso as misturas estao
formadas pelo menos por um quimico lipofilico e outro hidrofilico. O composto lipofilico
facilita a absorcdo da espécie hidrofilica através das membranas mucosas em nosso
organismo, em quantidades maiores do que seria absorvido se o lipofilico ndo estivera
presente. Esses efeitos seriam agudos ou cronicos. Atualmente, esta teoria explica os efeitos
toxicos sequenciais de misturas como contaminantes organicos persistentes (POPs), de
natureza lipofilica e absorbidos no soro, e compostos de natureza hidrofilica como ftalatos,
além de sua possivel relagdo com doencas crénicas neurocognitivas, cardiovasculares e

diabetes (Zeliger, 2013a, Zeliger, 2013b, Zeliger, 2013c).

1.10. Espécies reativas de oxigénio

As espécies reativas de oxigénio (ROS) sdo espécies quimicas formadas pela
reducdo parcial do oxigénio molecular como resultado do metabolismo celular normal, e
podem ser divididos em radicais livres e ndo radicais (Birben et al., 2012, Ray et al.,
2012). Os radicais livres sdo qualquer espécie quimica (atomo, molécula, metal de
transicdo) de existéncia independente, que contém um ou mais elétrons desaparelhados.
Quando dois radicais livres compartem seus elétrons desaparelhados sdo formados os nédo

radicais (Birben et al., 2012).
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Os radicais livres sdo descritos como a espécie quimica seguida de um ponto
sobrescrito, para indicar o elétron desaparelhado. Como exemplos, o radical livre mais
simples, o hidrogénio atdmico (H*) (Halliwell, 2006, Halliwell e Gutteridge, 2015). As
ROS de maior importancia fisioldgica sdo o radical libre anion superédxido (057), o radical

hidroxil (OH") e o peroxido de hidrogénio (H,0,) (Birben et al., 2012).

A presenca de um ou varios elétrons desaparelhados permite que o radical livre seja
altamente reativo, mas a reatividade quimica varia amplamente entre radicais (Halliwell e
Gutteridge, 2015). De fato, uma das caracteristicas bioldgicas mais interessantes dos
radicais livres é a capacidade de sustentar reacGes em cadeia com um ndo-radical (a
maioria das moléculas bioldgicas) mediante a remocdo de elétrons desse ultimo, e

produzindo novos radicais livres de maneira sucessiva (Halliwell e Gutteridge, 2015).

1.11. Defesas antioxidantes

As defesas antioxidantes das células podem ser de dois tipos: enziméticas e ndo-
enzimaticas. Entre as defesas enziméticas temos a enzimas superéxido dismutase (SOD),
catalase (CAT), glutationa peroxidase (GPx) e glutationa-S-transferase (GST). No caso das
defesas enzimaticas ndo-enzimaticas podemos incluir compostos de baixo peso molecular
como as vitaminas (vitaminas C e E), o S-caroteno, o acido Urico e a glutationa reduzida ou
GSH, um tripeptidio (L-p-glutamil-L-cisteinil-L-glicina) que possui um grupo tiol

(sulfidrila) (Birben et al., 2012).

Entre as defesas antioxidantes enzimaticas, as familia das SODs (CuznSOD,

MnSOD, FeSOD e NiSOD) catalisam a reagdo de obtencdo de peroxido de hidrogénio
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através do radical anion superoxido (05~), expressada na equagdo quimica: 05~ + 05~ +
2H* - H,0, + 0, (Halliwell e Gutteridge, 2015). O peréxido de hidrogénio produzido
pela acdo das SODs, ou as oxidases (como a xantine oxidase) € reduzido a agua pela CAT e
a GPx, processo representado pela equagdo quimica: 2H,0, — 2H,0 + 0,. No entanto, a
GPx também reduz os hidroperéxidos de lipidios a seus correspondentes alcoois. Por
ultimo, as GSTs inativam metabdlitos secundarios como os aldeidos insaturados, epdxidos

e hidroperdxidos (Birben et al., 2012).

1.12. Estresse oxidativo

O termo estresse oxidativo denota o desequilibrio entre a formacdo de espécies
oxidantes (espécies reativas) e acdo das defesas antioxidantes, em favor dos oxidantes
(Birben et al., 2012). O processo leva a um dano potencial nas células conhecido como
dano oxidativo que € definido como o dano biomolecular causado pelo ataque das espécies

reativas sobre os constituintes dos organismos vivos (Halliwell e Gutteridge, 2015).

As consequéncias do estresse oxidativo nas células afetadas pelo insulto podem
incluir qualquer dos seguintes efeitos de forma singular ou em combinacédo: proliferacéo
incrementada, adaptacdo ao dano (total, parcial ou sobre protecdo), dano celular,
senescéncia e morte celular (Halliwell e Gutteridge, 2015). O estresse oxidativo contribui a
muitas condic¢BGes patolégicas como o céncer, desordens neurolégicos, aterosclerose,
hipertensdo, isquemia/perfusdo, diabetes, desordens pulmonares e asma (Birben et al.,

2012).
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Certas patologias ou fatores podem ser grandes estressores para um individuo,
especialmente durante o desenvolvimento intrauterino. Condi¢Ges de desnutricdo/sobre
nutricdo materna, exposi¢do ao corticoides e hipdxia pré-natal sdo estressores intrauterinos
que podem iniciar o processo de programacao fetal. O estresse oxidativo pode ser o
vinculo entre o insulto intrauterino e programacdo no feto depois do parto, fenbmeno
respaldado pela evidencia epidemioldgica que relaciona marcadores de estresse oxidativo
com certas patologias desenvolvidas posteriormente por criangas nascidos sob condicdes de
crescimento intrauterino restrito. Além disso, estudos em modelo animal suportam o fato
que o estresse oxidativo induz fendtipos programados na prole adulta (Thompson e Al-

Hasan, 2012).

1.13. Estresse oxidativo gerado pelo metilmercurio e vitamina A

Existe evidencia experimental suportando o fato que o MeHg, além das espécies de
Hg sdo responsaveis de gerar estresse oxidativo a nivel celular afetando as defesas
antioxidantes. A alta afinidade do Hg pelos grupos tidis (-SH) permite sua ligacdo com
peptideos pequenos como a glutationa reduzida (GSH) decrescendo seus niveis e
incrementando a presenca de ROS a nivel celular. O Hg afeta de igual forma as atividades
de enzimas antioxidantes como a SOD e CAT, o que permite a inducéo de producgéo de 05~
ou H,0,, e promovendo o estresse oxidativo e peroxidacédo lipidica. Outro alvo molecular
da citotoxicidade induzida pelo MeHg é a GPx, a qual representa uma das principais vias de

defesa contra os efeitos pro-oxidantes do MeHg in vitro e in vivo (Nabi, 2014d)
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Em termos da neurotoxicidade conhecida do MeHg, existe uma relacéo entre o dano
sobre o tecido neuronal durante o desenvolvimento e uma diminuicdo na funcédo
mitocondrial e incremento do ROS. Estudos sobre sinaptosomas estriados dos ratos
expostos ao MeHg demostrou uma relagéo idade dependente com a produgdo dos ROS,
sendo mais frequente nas etapas pds-natais prematuras (Dreiem et al., 2005). No outro
estudo sobre células granulares isoladas dos ratos tratados com MeHg mostraram niveis
elevados do ROS e potencial de membrana diminuida respeito a controles (Bellum et al.,

2007).

Uma importante quantidade de evidencia experimental suporta o fato que a doses
que excedem as requeridas para o funcionamento normal das células, a VitA produz efeitos
deletérios no ambiente celular como o desequilibrio redox. Modelos animais demostraram
incremento no dano oxidativo a proteinas, lipideos em substantia nigra e striatum isolados
de ratas tratadas com VitA. Além disso, 0 composto produz modulagcdo das enzimas

antioxidantes SOD, CAT pero ndo GPx (Oliveira review 2015)

Recentemente, os efeitos toxicos da suplementacdo do éster de retinol no cérebro
tém sido investigados usando modelos experimentais, encontrando-se efeitos pro-oxidantes
em diversas regides do cérebro (hipocampo, estriado e cortex cerebral) (Behr et al., 2012,
Gasparotto et al., 2015, Schnorr et al., 2015). No entanto, certos estudos no modelo animal
de desenvolvimento mostraram que durante a gestacdo e lactacdo, doses debaixo do Lowest
Observed Adverse Effect Level (LOAEL), e sugeridas pelos comités mundiais para
suplementacdo materna do retinol palmitato, incrementaram a proporcdo superoxido
dismutase/catalase (SOD/CAT), dano oxidativo em estriado e hipocampo (Schnorr et al.,

2011a), e dano multi-tecidual das maes e os filhotes (Schnorr et al., 2011b).
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2. OBJETIVOS

2.1. Objetivo geral

Avaliar parametros toxicoldgicos, neurocomportamentais e bioquimicos em um
modelo animal utilizando ratas Wistar gravidas durante o desenvolvimento pré-natal
(gestacdo) e pods-natal (lactacdo) submetidas a suplementacdo da vitamina A (7500 pg

RAE/Kg/dia) e uma dose ambientalmente relevante do MeHg (0,5 mg/Kg/dia).

2.2. Objetivos especificos

1) Avaliar parametros toxicologicos classicos nos filhotes e nas mées em modelos
animais de ratos Wistar submetidos a suplementacdo da vitamina A (7500 ug RAE/Kg/dia)
e a uma dose ambientalmente relevante do MeHg (0,5 mg/Kg/dia) durante o
desenvolvimento pré-natal (gestacdo) e pos-natal (lactacéo)

2) Analisar parametros neurocomportamentais dos filhotes e das mées em modelos
animais de ratos Wistar submetidos a suplementacdo da vitamina A e uma dose
ambientalmente relevante do MeHg durante o desenvolvimento pré-natal (gestacdo) e pos-
natal (lactacéo)

3) Avaliar parametros bioquimicos de estresse oxidativo nos filhotes e nas maes em
modelos animais de ratos Wistar submetidos a suplementacdo da vitamina A (7500 pg
RAE/Kg/dia) e a uma dose ambientalmente relevante do MeHg (0,5 mg/Kg/dia) durante o

desenvolvimento pré-natal (gestacdo) e pos-natal (lactagéo)
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4) Comparar pardmetros toxicoldgicos, neurocomportamentais e bioquimicos em
ratos machos e fémeas da linhagem Wistar nascidos de maes submetidas a suplementacao
com vitamina A (7500 pg RAE/Kg/dia) e uma dose ambientalmente relevante do MeHg

(0,5 mg/Kg/dia) durante a gestacdo e lactacao.
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PARTE 2
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3. MATERIAIS, METODOS E RESULTADOS

Na presente dissertacdo, os MATERIAIS E METODOS, assim como os RESULTADOS
estdo dirigidos em forma detalhada na forma de dois artigos cientificos a ser submetidos

(Capitulo I e Capitulo I1).
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CAPITULO I - EFFECTS OF METHYLMERCURY AND RETINOL PALMITATE CO-
ADMINISTRATION IN RATS DURING PREGNANCY AND BREASTFEEDING:
METABOLIC AND REDOX PARAMETERS IN DAMS AND THEIR OFFSPRING

Artigo a ser submetido no periddico: Ecotoxicology and Environmental
Safety
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Abstract

Ubiquitous low-dose methylmercury (MeHg) exposure through an increased fish
consumption represents a global public health problem, especially among pregnant women. A
plethora of micronutrients presented in fish affects MeHg uptake/distribution, but limited data is
available. Vitamin A (VitA), another fish micronutrient is used in nutritional supplementation,
especially during pregnancy. However there is no information about the health effects arising from
their combined exposure. Therefore, the aim of the present study was to examine the effects of both
MeHg and retinyl palmitate administered on pregnant and lactating rats in metabolic and redox
paramaters from dams and their offspring. Thirty Wistar female rats were orally supplemented with
MeHg (0,5 mg/Kg/day) and retinyl palmitate (7500 pg RAE/Kg/day) via gavage, either
individually or in combination from the gestational day 0 to weaning. For dams (150 days old) and
their offspring (31 days old), glycogen accumulation (hepatic and cardiac) and retinoid contents
(plasma and liver) were analyzed. Hg deposition in liver tissue was quantified. Redox parameters
(liver, kidney and heart) were evaluated for both animals. Cytogenetic damage was analyzed with
micronucleus test. Our results showed no general toxic or metabolic alterations in dams and their
offspring by MeHg-VitA co-administration during pregnancy and lactation. However, increased
lipoperoxidation in maternal liver and a disrupted pro-oxidant response in the heart of male pups
was encountered, with apparently no particular effects in the antioxidant response in female
offspring. MeHg-VitA treatment affected GST activity in dam kidney, leading to possible redox
disruption of this tissue, with no alterations in offspring. Finally, genomic damage was exacerbated
in both male and female pups from MeHg-VitA group. In conclusion, low-dose MeHg exposure and
retinyl palmitate supplementation during gestation and lactation produced a potentiated pro-oxidant
effect, which was tissue-specific. Although this is a pre-clinical approach, we recommend
precaution for pregnant women in terms of food consumption, and we encourage more
epidemiological studies to assess possible modulations effects of MeHg-VitA co-administration at
safe or unadvertely used doses in humans, which may be related to certain pathologies in mothers

and their children.

Keywords: Methylmercury, Vitamin A, Pregnancy, Co-exposure, Oxidative stress
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1. Introduction

Methylmercury (MeHg) is a well-documented ubiquitous contaminant [1, 2]. In the
environment, MeHg bioaccumulates and biomagnifies through the food web, reaching
concentrations many times higher than the levels in the surrounding water [3] representing a
serious risk to human health. As dietary fish intake is also a major MeHg source to fish
consumers [4, 5], populations with a traditionally high dietary intake of fish are the most
exposed to MeHg bioaccumulation and may consequently experience its deleterious effects on
human health [4, 6]. Once absorbed, MeHg is rapidly transported in red blood cells due to its
increased membrane permeability, and widely distributed in the body, particularly in the central
nervous system (CNS); however, MeHg conversion to inorganic Hg and posterior storage is
mostly carried in the liver and kidney [7]. Like Hg, MeHg penetrates the placental and the
blood-brain barrier of the fetus, which is not completely developed, increasing its exposure [8,
9]. Effects observed following in utero exposure in poisoning events have included impaired
motor development, spasticity, blindness, abnormal reflexes, deafness, seizures and deficiencies
in memory, learning and psychological parameters, particularly in cases of low dose chronic
exposure [10-13]. Therefore, as a particularly susceptible group, the effect of MeHg exposure
on pregnant women remains an important issue for elucidation, especially in populations where
fish is the main source of animal proteins [14].

Maternal fish consumption during pregnancy exposes the fetus simultaneously to other
substances and nutrients present in fish such as n-3 fatty acids, minerals and vitamins, including
vitamin A (VitA), a fat-soluble retinoid also present in eggs and dairy products [15]. VitA may
be obtained from both vegetal (provitamin A) and animal (preformed) diet [16, 17]. High
contents of preformed VitA can be encountered especially in liver and fish [18]. Several
important metabolic and physiologic processes in the organisms require VitA, such as vision,
hematopoiesis, embryonic development, cell differentiation, immunocompetence and gene
transcription [19]. In fact, in pregnant women, VitA contributes to early fetal development,
especially in the CNS [20-23] and VitA supplementation is recommended as safe in doses of
3000 or 7500 pg RAE/daily, independently of previous VitA consumption [24]. Both MeHg
and VitA may have pro-oxidant characteristics. Reactive oxygen species (ROS) generation has
been linked to MeHg- induced toxicity both in vivo and in vitro systems. Evidence suggests that
MeHg exposure causes production of ROS [25, 26], depletion of glutathione (GSH) [27],
excessive accumulation of calcium (Ca?") [28], apoptosis/necrosis [29] and a decrease in

mitochondrial membrane potential in nervous [30] and immune [29] systems. On the other
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hand, despite its importance in the healthy development of the fetus and the newborn, recent
evidence supports that VitA is a redox-active molecule capable of inducing pro-oxidant effects
in an animal model at safe/therapeutical doses [31-35]. In rats, VitA supplementation at
therapeutic doses resulted in impairment of liver and kidney redox balance in mothers and their
offspring [36]. VitA also possesses teratogenic effects at higher doses (retinoic acid syndrome),
originating a pattern of birth defects including craniofacial, cardiovascular and thymic
affectations [37]. Thus, during the first weeks of embryogenesis, supplementation with VitA
must be carefully managed in order to avoid congenital malformations caused by either
deficiency or excessive intake [38, 39].

Individual effects of MeHg and VitA exposure are well documented. However, there is a
lack of information about the effects arising from their combined exposure. The particular
nutritional requirements in women increases during pregnancy, especially for fish and shellfish,
which are the primary source of long-chain polyunsaturated fatty acids [40]. Despite
recommendations from global committees in regard of MeHg exposure, only in the US, during
the last years, fish consumption has increased among pregnant women [40, 41], creating a
possible scenario of increasing MeHg and VitA bioavailability, imposing unknown risks to the
expectant mother and her fetus. The aim of the present study was to examine the effects of both
MeHg and VitA administered on pregnant and lactating rats. Thus, we assess redox state,
mercury deposition, metabolic liver function and genomic damage in adult rats and their
offspring, in order to evaluate possible additive/synergistic/antagonistic interactions between

these compounds in vivo.
2. Materials and methods

Experimental procedures were conducted in accordance with the Principles of Laboratory
Animal Care (National Research Council (US) Committee for the Update of the Guide for the
Care and Use of Laboratory Animals, revised 2011) [42], and were in compliance with
recommendations of the Brazilian Society for Science in Laboratory Animals (SBCAL-
COBEA). The Ethical Committee for Animal Experimentation (CONCEA) ascribed to Federal
University of Rio Grande do Sul (UFRGS) approved the research protocol under authorization
number 31672.

2.1. Animal and housing conditions

Male and female Wistar rats (Rattus novergicus) were obtained from our breeding colony

and housed in groups of four animals under a 12 h light-dark cycle (7:00 — 19:00h) at constant
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temperature (21 + 1°C). Standard commercial food (CR1 Lab Chow, Nuvilab, Curitiba, Brazil;
3600 pg RAE/Kg) and filtered water were provided ad libitum. Female nulliparous rats (200-
250g) with 120 days were checked daily for their estrous cycle using direct vaginal smear
evaluation under light microscopy, as a previously described protocol [43]. Estrous cycle
monitoring was performed for two weeks, and through a later period of a week, in order to
obtain a maximum number of females in proestrous as possible in each reproductive cycle.
Sexually receptive females (confirmed proestrous) were caged overnight with a single mature
male (1F:1M). The next morning the presence of viable sperm in the vaginal smear was
considered as successful mating and designated as gestation day 0 (GDO). Pregnant dams were
caged individually and allowed to litter naturally. The date of delivery was defined as postnatal
day 0 (PNDQ).

Restriction stress in late pregnancy (GD17-21) affects the dam and influences somatic
growth and weight gain in offspring [44]. In order to avoid stress-related effects on offspring,
dams were minimally handled during a 4-day period (comprising GD20 and PND2) and pups
were only manipulated and registered on PND2. However, gavage continued during the
restriction period performed by the same operant, in order to avoid additional stress in the dam.
Pre-culled litter size possibly have influence on further development in pups from culled litters,
due to maternal and offspring mutual adjustment to genetically defined litter sizes. The latter
may increase variability in pup’s weight, as treatment-related mortality progresses in culled
litters [45]. For that reason, we wanted to assure a maximum number of live pups.
Consequently, pups were not culled to avoid possible interferences in our results, and full-sized
litters were maintained with the dam until weaning (PND21). Pups were separated from the
dam and immediately sexed on PND21. Separated litters were co-housed in groups of the same
sex to eliminate interferences on behavior related to sexual hormones [46]. No further treatment
was applied to male and female pups, which continued in the same room conditions as their

parents with standard food and filtered water ad libitum.
2.2. Treatment

Methylmercury (I1) chloride was obtained from Spectrum (Spectrum, New Brunswick, NJ,
United States). A stock solution of 0,39 ug/ulL of MeHg was prepared in mineral oil. Retinol
palmitate (a commercial form of vitamin A dissolved in mineral oil) was purchased from
Embrafarma, (Embrafarma, Sao Paulo, SP, Brazil) as a stock solution of 45000 pug RAE.

Thirty pregnant dams were randomly divided into four experimental groups as described:
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Group 1 (control), where rats were treated with mineral oil; Group 2 (MeHg), where rats
received methylmercury (1) chloride at a dose of 0,5 mg/Kg/day; Group 3 (VitA), where rats
received retinol palmitate at a dose of 7500 pug RAE/Kg/day; Group 4 (MeHg-VitA): where
rats received methylmercury (Il) chloride (0,5 mg/Kg/day) and retinyl palmitate (7500 pg
RAE/Kg/day) both mixed. All solutions were prepared in mineral oil.

All treatments were prepared daily and administrated orally with a metallic gastric tube (via
gavage) in a maximum volume of 0,5 mL. Pregnant rats were treated once a day from GDO
until weaning at PND21. In dams, no evidence of toxicity, motor alterations, or general health

disturbances were observed during gestation and lactation in either of the experimental groups.
2.3.Reproductive success data

During experiments, dams were monitored daily for treatment-related symptoms. Body
weight was assessed during gestation (GDO, 7, 14, 20 and 21) and lactation (PND2, 7, 14 and
21) and total gestational length from females were scored. In order to avoid stress-related
effects on weight, dams were minimally handled from GD20 to PND2 and pups from each litter
were counted and weighted starting from PND2 [44]. The weight of the offspring was assessed
during lactation (PND2, 7, 14 and 21). During nursing period, pups were examined on a daily
basis for clinical signs, mortality and/or frequency of morphological abnormalities. For dams,
implantation sites were confirmed and counted in a posterior necropsy. Gestation and lactation
weight gains, delivery index, sex ratio and viability indexes were calculated on PNDs 2, 7, 14

and 21 as previously described by Schnorr et al. [34, 47].
2.4. Tissues extraction and sample preparation

All animals were sacrificed by decapitation. Dams were scheduled for sacrifice 24h after
the last treatment at PND21, whereas male and female pups were set on PND31. Livers, hearts,
and kidneys from all animals were dissected in ice and stored in -80°C for posterior analysis.
Two fractions of fresh liver (100-200 mg of wet tissue) were isolated and employed to
determine glycogen, retinol and retinyl palmitate levels. Additionally, the second portion of
fresh heart samples (100 mg) was used to obtain cardiac glycogen, and a third portion of the
liver (130-180 mg of wet tissue) was isolated and stored in -80°C for posterior mercury
quantification. Two femurs from each animal (dams and pups) were also dissected and cut to
obtain bone marrow samples. Blood samples from all animals were collected, and the plasma

was separated immediately to obtain serum retinol concentrations.
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For biochemical analyses, tissues were homogenized in 50 mM phosphate buffer (pH 7.0)
and centrifuged (3000 x g, 5 min) to remove cellular debris. Supernatants were employed for all
biochemical analyses described forward. Results were normalized by protein content according
to Lowry technique using bovine albumin as standard [48].

2.5 Biochemical analyses

2.5.1 Glycogen determination

Glycogen determination was performed using a slight modification of the method described
by Hassid and Abraham [49]. Briefly, freshly collected liver and heart samples (100-150 mg)
were digested in boiling bath with 30% potassium hydroxide (KOH) for 20 min and posterior
heating with 70% ethanol at 70°C for extraction. Extracted glycogen was solubilized with
potassium iodide/iodine (KI/I2) and colored products were measured spectrophotometrically at
460 nm.

2.5.2 Extraction of retinol, retinyl acetate and quantification by HPLC in serum and liver

samples

Sample preparation and extraction were performed as described in previous methodology
[50, 51], with slight modifications. Briefly, plasma (100 uL) was extracted using two-cycle
vortex with 150 uL acetonitrile and centrifugated (13000 rpm, 10 min). A 200 uL aliquot was
transferred for injection to HPLC system. For liver, pre-weighted samples were homogenized in
ethyl acetate (medium speed, cycles of 10 s), vortexed for 10 min (180 rpm) and centrifugated
(4000 rpm, 10 min). Homogenate samples were evaporated to dryness using a Techal TE-0194
evaporator system with nitrogen as carrier gas. Finally, the residue was re-dissolved in

methanol and vortexed. A 200 uL aliquot was transferred for injection to HPLC system.

Analysis was carried out using an Agilent 1260 series HPLC (Agilent Technologies, Palo
Alto, CA, USA) coupled a triple quadrupole mass spectrometer SCIEX 5500 QTRAP (Foster
City, CA, USA). The separation was achieved by an Agilent (Agilent Technologies, Palo Alto,
CA, USA) Zorbax Eclipse XDB-C18 column (C18 3.5 pm, 100 mm x 2.1mm) coupled to a
C18 guard column (Phenomenex, CA, USA). Injection volume was 2 pL, and mobile phase
composition in gradient elution was water with 2 mM ammonium formate (A) and 2 mM
ammonium formate acetonitrile both containing 0.1% formic acid (B). The flow rate was 500 pl

min-1, and a three-minute equilibrate time was applied. The gradient starts with 95% of A
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decreasing to 5% at 1 minutes, kept for 8 minutes and returns to initial conditions at 9.5
minutes. A diverter valve was employed to reduce the introduction of matrix components in the

spectrometer.

Quantification was performed by relating peak area of analites obtained via determination,
versus peaks from retinol and retinyl acetate standards and expressed as pg/g wet weight for
liver samples and pg/mL for plasma samples. To avoid photodecomposition of analites, all
extraction procedures, handling of homogenates and quantifications were performed under

light-controlled areas.

2.6 Mercury determination by chemical vapor generation coupled to atomic absorption
spectrometry (CVG-AAS)

Liver samples from mothers and their offspring were weighted in an analytical balance
(XS105 Excellence XS, Mettler Toledo, Switzerland) and pretreated by using a wet ash
digestion procedure. Sample aliquots (0.1 to 0.2 g) were treated with concentrated HNO3 using
an initial microwave-assisted heating (4 cycles of 5 s duration) with a subsequent overnight (12
h) step. A final cycle of heating assisted by microwave was performed and sequentially H,O;
was added before sonication step using an ultrasonic bath (30 min). Finally, total volume was
completed to 10 mL with water and centrifugation was performed to remove solid particles
from wet ash procedure. Pretreated samples were injected via flow injection analysis (FIAS
100, Perkin-Elmer, USA) using a sampling loop of 500 pL. The solution of 1 mol L*
hydrochloric acid at flow rate of 4.8 mL min* and 0.75% (m/v) sodium tetrahydroborate at flow
rate of 1.8 mL min™ were used as carrier and reductant, respectively. Argon was used as carrier
gas at a flow rate of 50 ml min™. The arrangement of FIAS system was carried out using a
polytetrafluoroethylene (PTFE) tubes 1.0 mm i.d. and 200 mm (reaction coil) to transport the
solutions to a gas-liquid separator. Milli-Q water (18.2 MQ ¢m, Millipore, USA) and analytical-
grade reagents were used throughout the analysis. Standards solutions were prepared on the day
of use by serial dilution of 1000 mg L-1 stock solution of Hg (Fluka Analytical, Sigma-Aldrich,
USA). These standard stock solutions were also used for the analytes recoveries tests. The
calibration solutions were prepared in 10% (v/v) HNOs in the range of 2.5 - 20 ug L for Hg
determination by CVG-AAS.

Mercury measurements were carried out with an atomic absorption spectrometer (Analyst
200, Perkin Elmer, USA) equipped with a quartz T-cell (160 mm length, 7 mm i.d.) at 100 °C.

A mercury electrodeless discharge lamp (EDL) at 220 mA was used as radiation source with
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deuterium lamp as continuum source for background correction. Wavelength was set to 253.7
nm and spectral bandpass to 2.7/1.05 nm (width and height, respectively). All measurements
were made in integrated absorbance (peak area). All laboratory materials such as glasses and
polypropylene vials were cleaned by soaking in an acid bath (10% v/v HNO3) for seven days.

2.7 Redox profile

2.7.1  Cellular oxidative damage

Quantification of thiobarbituric acid reactive species (TBARS) was performed according to
the protocol described by Draper and Hadley [52]. Briefly, protein from homogenized samples
was extracted using 15% trichloroacetic acid (TCA) and supernatants were treated with 0,67%
thiobarbituric acid and heated at 100°C on a microplate dry bath for 25 min. TBARS content
was determined spectrophotometrically at 532 nm. Results were expressed as nanomoles of
TBARS per milligrams of protein.

Total reduced thiol content in samples was quantified using the protocol described by
Ellman [53]. Briefly, homogenized samples were treated with 5,5-dithiobis-2-nitrobenzoic acid
(0,01 M) in ethanol. The developed yellow color was measured spectrophotometrically at 412
nm after 60 min. Protein and non-protein fractions were obtained using 15% TCA for

separation. Results were expressed as micromoles of sulfhydryl per milligrams of protein.

2.7.2 Enzymatic antioxidant activities

Superoxide dismutase (SOD) activity was determined according to Misra and Fridovich
[54] by using the quantification of adrenaline-dependent inhibition of superoxide auto-oxidation
in a spectrophotometer at 480 nm. Results were expressed as units of SOD activity per
milligram of protein.

Catalase (CAT) activity was measured by the method of Aebi [55]. Briefly, using hydrogen
peroxide (H.O2) as substrate, the decrease in absorbance due to H;O. degradation was
monitored spectrophotometrically at 240 nm for 1 min. Results were expressed as units of CAT
per milligrams of protein.

Glutathione peroxidase (GPx) activity was estimated using the method described by
Wendel [56], by monitoring the oxidation of NADPH in a spectrophotometer at 340 nm.
Results were expressed as units of GPx per mg of protein.

Glutathione-S-transferase (GST) activity was determined using the method described by

Habig and Jakoby [57] by the increase in conjugation rate of glutathione with 1-cloro-2,4-
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2.8

dinitrobenzene measured spectrophotometrically as absorbance for 3 minutes at 340 nm.

Results were expressed as units of GST per milligrams of protein.

Micronucleus test in polychromatic erythrocytes

Micronucleus assay was carried out according to methodology previously described by
Horta et al. [58] and the OECD guidelines [59]. Bone marrow smears were prepared for dams
and their offspring. The bone marrow was extracted from the two femurs, and the smears were
prepared directly on slides, two per animal, with a drop of fetal calf serum. The slides were
stained with 10% Giemsa for 5 min, air-dried and coded for blinded analysis. To avoid false
negative results and as a measure of toxicity in bone marrow, the polychromatic erythrocytes:
normochromatic erythrocytes (PCE/NCE) ratio was scored in 1,000 cells. The incidence of
micronuclei was observed in 2,000 PCE for each animal (i.e., 1,000 from each of the two slides
prepared from the duplicate), using bright-field optical microscopy at a magnification of 200—
1000. Pup test groups were compared to the respective negative controls by sex, separately and

in combination.

2.9 Statistical analysis

Data analysis and graphics were performed using the software GraphPad Prism version 7.01
(GraphPad Software Inc., San Diego, CA, USA). Specific statistical testing was carried out
using software R version 3.3.0 (R Foundation for Statistical Computing, Vienna, Austria) and
the Statistical Package for the Social Sciences software version 18.0 (SPSS Inc., Chicago, IL,
USA — SPSS version 18.0) software. All results are expressed as mean £ SEM and differences
were considered significant when p < 0,05. D’Agostino-Pearson omnibus test was used to
confirmed the data normality. Differences among treatments were analyzed by one-way
analysis of variance (ANOVA) and post hoc analysis by Holm-Sidak test to detect differences
between experimental groups and their respective controls. Non-parametric analyses were
performed when needed (Kruskal-Wallis test with Dunn’s multiple comparisons). Two-way
ANOVA using treatment and sex as factors was used to assess differences in redox profile
parameters (o = 0,05). When needed, post hoc comparisons were performed using Bonferroni
and Sidak tests. Mercury contents between experimental groups were analyzed with unpaired t

student’s test.
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3. Results

3.1 Reproductive data

The effects of MeHg, VitA and co-administration treatments on reproductive parameters of
dams and offspring are depicted in Table 1. No treatment-related symptoms were evidenced in
the dams throughout the experiment period and no gross malformations were observed in pups
at PNDQ. Only one of the dams from the co-exposure group presented a delayed delivery and
gave birth to two pups (male and female). The female pup presented low weight and a shorter
tail. The following necropsy performed in euthanized dams and pups showed no gross lesions.
As shown in Table 1, no treatment-related changes were observed in dams for any of the
analyzed reproductive parameters. No treatment-related symptoms were neither evidenced in
pups throughout the lactation period. Additionally, no alterations in viability index or pup body

weight were observed.

3.2 Glycogen content in liver and heart
Results of glycogen quantification are summarized in Table 2. Glycogen levels on maternal
liver and heart showed no differences among experimental groups. Similar results were
obtained for both male and female pups among experimental groups when compared to its

respective controls.

3.3 Liver and serum retinoid contents
Retinoid contents in liver (retinol, retinyl acetate) and serum retinol are displayed in Table 3
for both dams and their offspring. Differences were encountered only for liver retinol contents
in dams (F3, 261 = 6,915, p = 0,001). When compared to controls, post hoc Holm Sidak test
revealed that VitA treated dams showed an increase on retinol content in liver (adjusted p value
= 0,009), followed by dams from the MeHg-VitA group (adjusted p value = 0,039). Finally, in
offspring, no significant differences were encountered in liver retinol contents among any of the

treatments when compared to its respective controls.

3.4 Total mercury concentration
Results for total Hg contents in maternal and offspring liver are represented in Table 4. No
differences between Hg content in liver were encountered for dams treated with MeHg and
MeHg-VitA co-administration. Also, Hg content in controls were below limit of detection of
the analysis (LOD).
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In offspring, no significant differences between total Hg contents in liver were evidenced
for MeHg and MeHg-VitA treated male pups when comparing both experimental groups. Also,
no significant differences were encountered for total Hg contents in liver for female pups when
comparing both MeHg and MeHg-VitA groups.

3.5 Redox parameters in mothers and offspring

3.5.1 Liver

The effects of MeHg, VitA and co-administration treatments on redox parameters
determined in the maternal liver are shown in Table 5. MeHg-VitA co-exposed dams showed
increased TBARS values compared to control group (Fis, 261 = 2,544, p = 0,005). Regarding total
thiol or non-protein thiol contents, no changes were evidenced among experimental groups.
Compared to the control group, CAT activity decreased for dams in the MeHg treated group
(Fp3, s6; = 3,109, p = 0,034). On the other hand, GST activity showed a decrease only with the
VitA treatment (Fs, se; = 3,037, p = 0,037). Finally, no changes in SOD, GPx or SOD to GPx
plus CAT ratio (SOD/(GPx + CAT)) values were found among treatments. Different results
were obtained when we analyzed the redox parameters in the male and female offspring (Table
6). In general, no changes on lipoperoxidation or total thiol and non-protein thiol contents were
evidenced among treatments compared to control. SOD, CAT and GPx activities showed no
differences between experimental groups in either male or female pups. However, GST activity
increased only for VitA treated males (Fps, s; = 3,650, p = 0,018) but not in females. The ratio of
the activities of antioxidant enzymes SOD/(GPx + CAT), was increased in male and female
pups exposed to MeHg suggesting a possible increased peroxide production in the liver.
However, as revealed by the non-parametric Kruskal-Wallis test, this effect was significant only
in female pups (K = 10,07, p = 0,018).

3.5.2 Kidney

Results from redox profile in maternal kidney were also analyzed and presented in Table 5.
An increase in GST activity was encountered for both MeHg and MeHg-VitA treated dams (Fs,
s6) = 27,39, p < 0,0001). VitA treatment decreased the total thiol content as revealed by the post
hoc Dunnett test analysis (p < 0,05). When compared to controls, an increase in total non-
protein thiol content was encountered in dams from the MeHg and MeHg-VitA groups
respectively (Fp, 260 = 15,19, p < 0,0001). No changes on lipoperoxidation were evidenced
among treatments. Additionally, no differences among CAT, SOD or GPx activities were found

in dams. Finally, SOD/(GPx + CAT) ratio showed no differences between experimental groups.
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The same parameters were analyzed in the male and female offspring and are summarized in
Table 7. Compared to controls, in MeHg male pups, CAT activity decreased significantly (Fs,
431 = 4,022, p = 0,013) while total thiol content presented an increase (Fz, s6) = 4,236, p = 0,009).
Additionally for male pups, all treatments produced a decrease in total non-protein thiol
content. (F3, 249 = 7,248, p = 0,0013). None of the others parameters analyzed showed
differences related to the experimental treatments. SOD/(GPx + CAT) showed no differences in
both male and female offspring when compared to its respective controls.

3.5.3 Heart

Most analyzed redox parameters showed no significant differences among treatments in the
maternal heart (Table 5). However, total thiol content decreased for MeHg treated dams (Fi3, ss)
= 3,516, p = 0,021). Redox profile in the heart of offspring is displayed in Table 8. In general,
no changes on lipoperoxidation were evidenced between male and female pups for any of the
experimental groups. No differences among CAT, SOD, GST or GPx activities were
encountered among offspring. Only female pups treated with VitA, showed a decrease in total
thiol content (Fs, 36 = 2,897, p = 0,048). Male pups treated with the co-exposure treatment,
showed a significant SOD/(GPx + CAT) ratio increase (K = 9,20, p = 0,027).

3.6 Micronucleus frequencies in polychromatic erythrocytes

Micronuclei frequency in polychromatic erythrocytes (MNPCE) for dams and their
offspring (2,000 PCE) are summarized in Table 9. For dams, MNPCE increased in MeHg
(adjusted p-value = 0,045), VitA (adjusted p-value = 0,0002) and MeHg-VitA (adjusted p-value
= 0,012) treated rats. An increase in total MNPCE frequency in offspring was also found (K =
22,99, p < 0,0001) in MeHg (p <0,0001) and MeHg-VitA (p < 0,05) treated groups. Two-way
ANOVA analysis showed a highly significant effect of treatments (Fs, 451 = 52,61, p < 0,0001)
and sex (Fp, 451 = 12,94, p = 0,0008) on MNPCE frequencies. However, post hoc Sidak’s test
did not reveal differences when comparing male and females from the same experimental
group. A further discrimination analysis among male and females using the Kruskal-Wallis test,
revealed that increases in MNPCE for males were caused by MeHg (p < 0,01) and MeHg-VitA
(p < 0,01) treatments. Female rats treated with MeHg-VitA also showed increased MNPCE
frequencies (p < 0,001), but a highly significant increase in MNPCE was encountered for the
MeHg treatment alone (p < 0,0001).
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4,

Discussion

Pregnant women are encouraged to eat fish because is a nutrient-rich food with low
content of saturated fat and high levels of proteins and polyunsaturated fatty acids [60].
However maternal fish consumption during pregnancy exposes the fetus simultaneously to
other substances and nutrients present in fish such as MeHg and VitA. MeHg has adverse health
effects, especially on the cognitive development of fetuses [61] and VitA also possesses
teratogenic effects at high doses, originating a pattern of birth defects including craniofacial,
cardiovascular and thymic affectations [37]. During the last years, fish consumption has
increased among pregnant women [40, 41], creating a possible scenario of increasing MeHg
and VitA bioavailability, imposing unknown risks to the expectant mother and her fetus. Hence,
we examined the effects of both MeHg and VitA administered on pregnant and lactating rats to
assess redox state, mercury deposition, metabolic liver and heart function and genomic damage
in adult rats and their offspring, and evaluate possible additive/synergistic/antagonistic
interactions between these compounds in vivo.

Under our experimental conditions, no treatment-related signs of maternal and offspring
toxicity and/or gross lesions were found. Additionally, reproductive and developmental toxicity
endpoints neither showed treatment-related effects in mothers and offspring. Similar results
have been described in several studies involving pregnant rats and pups exposed to Hg and
MeHg [47, 62, 63], demonstrating that physiological states such as pregnancy and lactation may
exert a protective effect in the mother and their offspring against MeHg during the
supplementation phase. In this regard, previous findings have suggested that some substances
like metallothionein that appear highly increased in rodents during pregnancy [64] could act as
detoxifying agents against Hg ions [65].

Further, qualitative examination of the main tissues in dams and their offspring (liver,
kidney and heart) showed no visible alterations or malformations. However, we decided to
extend our scope by analyzing any subtle alterations in tissue metabolite deposition produced
by our treatments. During in utero MeHg exposure, rapid transference and high concentrations
of this contaminant are encountered in liver [66]. Therefore, our study focalized in hepatic
function in terms of metabolic processes, possibly attributed to the hepatotoxic nature of MeHg
[67].

Analysis of glycogen deposition allows assessing the effects in metabolic programming
produced by certain chemical compounds in animal models, especially during episodes of
exposure both in vivo [68] and in utero [69]. We decide to analyze total liver glycogen content

in freshly isolated liver samples for both dams and their offspring. However, our results showed
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no differences in glycogen deposition when comparing particularly MeHg and MeHg-VitA
dams and their offspring to its respective controls. We can attribute this results to our low-dose
MeHg dosing paradigm, since other studies in murine models used high MeHg doses during
chronic exposure, which maintained a constant Hg saturation in tissues [70], and therefore
affecting glycogen deposition [71]. On the other hand, altered retinoid metabolism and
concomitant dysregulation of retinoid signaling in the liver contribute to the development of
hepatic pathologies [72]. Retinoid uptake is a well-known parameter for assessment of
metabolic processes in the liver, widely used in certain models in vitro [73] and in vivo [74].
We determined retinoid contents in both liver and plasma samples collected from dams and
their offspring in order to assess the efficiency of our treatments. As expected, dams from the
VitA and MeHg-VitA treated groups showed increased retinol and retinyl acetate accumulation
in the liver, with no differences in retinoid contents in plasma, indicating a disruption in the
VitA homeostasis due to retinyl palmitate supplementation. However, no differences in retinol
contents both in liver and plasma samples were encountered for male and female offspring.
Finally, dams and offspring confirmed Hg deposition in the liver, probably due to MeHg
demethylation in the liver of dams, followed by rapid inorganic Hg transference into offspring
liver via placenta [75, 76] and posteriorly through lactation [77]. However, MeHg and MeHg-
VitA treated animals showed no differences in Hg deposition. Conjunctively, under our
experimental conditions, our results showed no overall metabolic disturbances and no
alterations in Hg uptake/transference in liver when analyzing both dams and their offspring.

Considering that ROS generation and oxidative stress have been suggested to play a
preponderant role in the appearance of pregnancy complications, such as preeclampsia,
spontaneous abortion, pregnancy loss [78] and, congenital defects [79], we have proposed the
redox evaluation of several enzymatic and non-enzymatic parameters in dams and their
offspring. Considering their central role in MeHg and VitA biotransformation, storage and/or
elimination, redox parameters were analyzed in livers, kidneys, and hearts [80] for both dams
and their offspring.

A differential effect of MeHg exposure on the activity of CAT in liver was observed
mainly in exposed dams. In our study, CAT activity decreased significantly in the MeHg treated
groups, suggesting the direct inhibition of the enzyme [81], the excessive production of H,O»
[7, 82] and/or excess of superoxide anion (O2). However, previous studies using isolates of rat
liver mitochondria shows a high O, production with no further H,O. generation following
MeHg treatment, demonstrating that during MeHg challenge, liver has a relatively high ability
to suppress ROS generation and promote ROS elimination [83]. However, in MeHg-VitA
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treated dams, there was an increase in TBARS content, indicating increase lipoperoxidation in
the liver. Evidence suggests that supplementation with antioxidants have a protective effect in
various human diseases related to free radicals [84, 85]. Potent antioxidants like vitamin E [86,
87] and vitamin C [88] have shown to induce a protective effect against MeHg damage in
several models. VitA possesses redox properties and is also known for its powerful antioxidant
effects in several test systems [89, 90]. However, as discussed before, this behavior depends on
its concentration. Previous reports have confirmed the potential of VitA and derivatives to
induce lipid peroxidation, DNA damage, and impaired the cellular redox state [91-93]. In our
case, in the co-exposed group, 7500 ug RAE/Kg/day of VitA induced lipoperoxidation in the
liver, which is consistent with previous reports in a murine exposure model, where a high dose
p-carotene supplementation following MeHg exposure increased lipid peroxidation in the liver,
probably due to the pro-oxidant effect of p-carotene [94]. Additionally, the pro-oxidant effects
of retinyl palmitate at the same dose regimen has been previously demonstrated in our
laboratory [34]. We can therefore hypothesize that, under our experimental conditions, the
increase in lipoperoxidation evidenced in the liver of dams can be related to a combined pro-
oxidant effect of MeHg and VitA.

Glutathione (GSH) constitutes almost 90% of intracellular non-protein thiols in mammalian
cells [95, 96], and due to its high affinity to SH groups, nearly all MeHg can be found in the
body bound to glutathione [97]. Our results of kidney redox state in dams showed a significant
increase in the total non-protein thiol content in both MeHg and MeHg-VitA treated rats, and
therefore may indicate an increment in GSH. On the other hand, only male offspring showed a
significant decrease in total non-protein thiols, which was evidenced for all experimental
groups. The differences herein observed may be explained in terms of two enzymes with
profound effects in renal MeHg uptake/excretion. Renal y-glutamylcysteine synthetase (y-GTS)
is a rate-determining enzyme crucial in GSH biosynthesis and previous work from literature
demonstrated an increase in renal y-GTS activity following episodes of acute MeHg
intoxication [98]. The same GSH increase in kidney has been evidenced in rats following
chronic MeHg exposure, even at low doses [99]. In the case of MeHg and MeHg-VitA dams,
the increase in the activity of y-GTS would possibly explain the increase in renal GSH, as a
response to MeHg toxicity in this tissue. However, previous work have suggested that MeHg
can be excreted via MeHg-GSH complexes in the kidney, and taken up by renal cells to
degradation of the GSH moiety, a process catalyzed by the y-glutamyltranspeptidase (y-GTP)
[100]. The activation of the GSH-y-GTP pathway is responsible for Hg clearance in the kidney
[101]. The activity of renal y-GTP is under hormonal control, possibly by testosterone [102-
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105]. Hormonal control explains the better Hg clearance of periadolescent males when
compared to females (approximately 28 days postnatal old), a process which improves at latter
developmental stages [101]. Although no measures of Hg deposition in kidney were performed,
we evidenced a decrease in total non-protein thiol content in male offspring, suggesting MeHg
degradation. We therefore hypothesize that sex differential response herein described may also
be related to hormones, since our pups were in the periadolescent period. Remarkably, we
encountered a significant increase in GST activity when analyzing kidney samples of dams.
Recent evidence supports that GST participates in MeHg elimination through the formation of a
readily transported MeHg-GSH conjugate [106]. We may hypothesize that during the chronic
MeHg and MeHg-VitA co-exposure, MeHg elimination in kidney was dramatically increased,
which may explain the concomitant elevation in GSH concentrations and GST activity, both
evidenced in MeHg and MeHg-VitA treated rats. However, modification in GST activity may
be related to a redox disruption in the tissue, therefore inducing a signaling cascade and
dysregulation of kinase pathways [107, 108]. Summarizing our results in kidney, we can affirm
that MeHg-VitA co-administration in the kidney might affect redox balance in dams, but not in
their offspring, possibly via hormonal activation of GSH-y-GTP pathway, with no disruption in
other redox parameters.

Despite no evidence of effects in heart glycogen deposition, surprisingly, SOD/GPx + CAT
ratio increased in the heart of male pups treated during perinatal period with MeHg-VitA co-
administrated doses, hence indicating an oxidative stress response due to excess H,O,. Active
oxygen species including H.O. play a major role in ischemia-reperfusion injury in the heart
[109, 110], since excess H.0- in the heart reduces molecular contractile response and enhances
cardiomyocyte Ca?* release [111]. Extensive epidemiological evidence supports the relationship
between MeHg exposure and heart diseases among human populations [112-116] and a recent
in vitro approach demonstrated MeHg-induced cytotoxicity in human cardiomyocytes [117].
Interestingly, although our MeHg dose did not affect H,O- availability, our results suggest that
VitA co-administration induced a potentialized pro-oxidant effect in heart tissue, which may
increase susceptibility to oxidative damage injury in the heart of male pups produced by excess
H,0-.

In contrast, female pups from the MeHg perinatal exposure group showed the classical
effects related to decreased CAT activity and increased SOD/GPx + CAT ratio, resulting in
free-hydrogen peroxide in liver, but no other effects in the antioxidant defenses of kidney and
heart, different to male pups. We can attribute this sex-dependent antioxidant response to

hormonal control, which particularly protects females against cardiovascular injury [118]. In
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fact, oxidative stress response is modulated by estrogen as demonstrated in vivo [119]. Our
female pups were at postnatal day 31 until the end of our experiments, meaning the
periadolescence period (vaginal opening and sexual maturity) [120]. We cannot exclude the
possibility that their estrous cycle affected their response to our treatments, possibly in a
protective way.

MeHg is both a spindle poison and a clastogen, predominant clastogenic effect, like
previously evidenced in both in vitro [121, 122] and in vivo [123, 124] studies. Recent work
demonstrated that MeHg intoxication inhibits the activity of the poly (ADP-ribose) polymerase-
1 enzyme (PARP-1), which repairs breaks in the DNA strand [125]. On the other hand, recent
studies support that high doses of provitamin A carotenoids can induce DNA damage [126]
probably via a pro-oxidant pathway [127]. Our results for dams with MeHg-VitA co-
administration showed an increase in MNPCE frequencies when compared with control.
However, in offspring, total genomic damage was exacerbated in both males and females when
compared to its respective controls. The fact that offspring presented higher MNPCE
frequencies may be attributed to maternal transference of these pollutants. However, the exact
mechanism of the combined effect produced by MeHg and VitA in offspring, related to DNA
damage, remains to be elucidated in future studies.

In summary, our results may indicate that, although no toxic or metabolic alterations were
evidenced in dams and their offspring by the co-administration of low-dose MeHg and retinyl
palmitate supplementation during pregnancy and lactation, other subtle alterations indicate an
increased oxidative stress response in the maternal liver, which surpasses the natural defenses of
this organ. Additionally, a disrupted pro-oxidant response in the heart of male pups, with
apparently no particular effects in female offspring. Finally, genomic damage in offspring is

exacerbated in a large proportion possibly via maternal exposure.
5. Conclusions

Based on our data, we can suggest that low-dose MeHg in co-administration with retinyl
palmitate supplementation during pregnancy and lactation can induce oxidative stress in
maternal liver and promote a pro-oxidant response in the heart, especially for male offspring,
possibly increasing cardiac tissue susceptibility to oxidative damage injury. Additionally, GST
activity in dam liver was altered leading to possible redox disruption of this tissue with no
alterations in offspring. Finally, genomic damage in offspring is exacerbated in a large
proportion via maternal exposure. However, further studies are needed to confirm our findings

and elucidate the molecular mechanisms of MeHg-VitA modulation. Although this is a pre-
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clinical approach using an in vivo model, we also recommend more epidemiological studies in
order to assess the true extent of fish consumption during pregnancy and possible modulatory
effects with retinyl palmitate supplementation at safe or inadvertently used doses in humans,
which may be related to certain pathologies in mothers and their children.
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Table 1. Effects of MeHg, VitA and co-administration treatments on reproductive parameters
of dams and their offspring.

Treatments
Parameters Control MeHg VitA MeHg-VitA

N° of dams 8 7 8 7
Gestation weight gain (%) 35%+39 7,1+58 49146 3,7+38
Lactation weight gain (%0) 146+4,1 11,7+£35 10,7+6,8 144+16
Gestation length (days) 216+0,5 214+05 21,8+0,5 21,9+0,7
N° of implantations 8,737 10,9+3,3 10,3+3,5 10,1+£3,0
Delivery index (%0) 88 + 20,6 88,9+ 14,6 83,9+243 75,1+254
N° of pups delivered 98+272 10,122 9+38 8,1+3,0
Sex ratio of pups 0,500 +£0,2 0,557+0,1 0,425+0,1 0,429 £0,2
Viability index (%)

PND2 100 100 100 100

PND7 98,8+3,5 98+54 95,6 £9,0 98,7+£3/4

PND14 98,6 £3,9 100 98,2+5,0 98,6 £3,8

PND21 100 100 100 100
Pup weight ()

PND2 7,3+0,8 7,1+0,9 71+17 71+14

PND7 13,714 13,6 £2,3 135+25 12,727

PND14 251+29 24646 252+53 234+23

PND21 39,3+5,5 36,3+9,4 40,2 8,7 358+29

Data are represented as mean + SEM.

Gestation weight gain (%) = ((weight on PNDO — weight on GDO0)/weight on GDO) x 100.

Lactation weight gain (%) = ((weight on PND21 — weight on PNDO)/weight on PNDO) x 100.

Delivery index (%) = (number of pups delivered/number of implantations) x 100.

Sex ratio of pups = number of male pups/total number of pups.

Viability index on PND2 (%) = (number of live pups on PND2/total number of pups delivered) x 100.
Viability index on PND7 (%) = (number of live pups on PND7/number of live pups on PND2) x 100.
Viability index on PND14 (%) = (number of live pups on PND14/number of live pups on PND7) x 100.
Viability index on PND21 (%) = (number of live pups on PND21/number of live pups on PND14) x 100.
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Table 2. Total glycogen levels in both liver and heart from dams and their offspring.

Glycogen levels (% of control) Treatments. -
Control MeHg VitA MeHg-VitA
Liver glycogen
Dams 100 +£10,05 126,1+14,75 125,1+1557 118,5+12,02
Offspring
Males 100+8,717 1165+7,92 108+8,50 104,1+10,03
Females 100+ 13,62 956+7,73 109,6+957 950+5.271
Heart glycogen
Dams 875+1544 1119+7,96 1051+10,65 118,8 + 14,62
Offspring
Males 100+291 106,2+6,88 99,2+2,09 100,3+241
Females 100+2,81 117+124 102,7+232 1052+343

Data are represented as mean + SEM.
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Table 3. Total retinoid content in liver and plasma from dams and their offspring.

Animals Parameters Treatments. -
Control MeHg VitA MeHg-VitA
Dams Retinol
Liver (ng/g wet weight) 170,7 22,53 158,8 + 20,07 316,2 + 45,57** 285,5 +21,39*
Plasma (ug/mL) 0,63 +0,09 0,46 + 0,06 0,62 + 0,08 0,64 +0,09
Retinyl Acetate
Liver (ng/g wet weight) 1,74 +0,38 1,65 +0,30 5,22 +1,40 4,99 +1,49
Offspring
Males Retinol
Liver (ug/g wet weight) 8,86 + 4,20 6,15+2,10 7,96 +1,87 10,43 + 4,42
Plasma (ug/mL) 0,84 +0,14 1,06 £ 0,05 1,04 £ 0,04 1,08 + 0,06
Females Retinol
Liver (ug/g wet weight) 4,08 £0,65 4,23+1,10 7,10+ 1,10 6,31 +1,48
Plasma (ug/mL) 0,95 + 0,05 0,83+0,03 0,91 + 0,05 0,90 + 0,05

Data are represented as mean + SEM. Bold for statistically significant difference; *p < 0,05, **p < 0,01 compared to the
control group.
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Table 4. Total mercury content in liver samples from dams and their offspring.

) Treatments
Hg concentration (ug g) -
Control MeHg MeHg-Vit A
Dams <LOD* 10,6119 8,214+1,19
Offspring
Males <LOD* 0,21 +0,02 0,16 £ 0,01
Females <LOD* 0,19 +£0,03 0,22 + 0,06

Data are represented as mean + SEM; *Limit of detection (< 0.05 pg g-1)



Table 5. Effects of MeHg, VitA and co-administration treatments on redox parameters in

maternal liver, kidney, and heart.

Treatment
Redox parameters

Control MeHg VitA MeHg-VitA
No of dams examined 8 7 8 7
Liver
TBARS content (nmol TBARS/mg protein) 0,1241 + 0,02 0,2428 + 0,05 0,2397 £ 0,04 0,2788 + 0,06*
Total reduced thiol content (nmol SH/mg protein) 42,21 +£2,56 34,43 £1,95 33,71+24 37,75 £ 3,68
Total non-protein thiol content (nmol SH/mg protein) 19,33 £6,73 25,27 + 5,57 20,07 £ 8,73 17,27 £8,18
CAT activity (U CAT/mg protein) 133,8 +11,21 79,13 £ 7,49** 99,32 £9,61 127,6 + 13,6
SOD activity (U SOD/mg protein) 84,1 +7,56 70,87 + 8,97 78,57 +5,98 68,86 +5,1
GST activity (U GST/mg protein) 0,2474 £ 0,01 0,2219 + 0,004 0,2054 + 0,01* 0,2235+0,01
GPx activity (U GPx/mg protein) 0,8453 £ 0,05 0,8213 + 0,08 0,7775+£0,12 0,9886 + 0,14
SOD/(GPx + CAT) ratio (arbitrary units) 1,58 £ 0,13 1,91+0,17 2,49 £0,42 2,30 £0,55
Kidney
TBARS content (nmol TBARS/mg protein) 0,4311 £ 0,03 0,498 + 0,04 0,5098 + 0,03 0,4043 + 0,04
Total reduced thiol content (nmol SH/mg protein) 5,17 +0,53 4,34 + 0,46 3,57 +0,52* 4,45 + 0,22
Total non-protein thiol content (nmol SH/mg protein) 14,18 £1,95 28,48 + 1,89** 16,58 + 2,08 35,15 + 3,92%***
CAT activity (U CAT/mg protein) 55,06 + 10,95 48,81+9,84 39,92 +£7,65 52,93+ 10,44
SOD activity (U SOD/mg protein) 59,5 +2,70 55,74 + 4,84 51,47 + 3,77 51,98 + 3,96
GST activity (U GST/mg protein) 0,0141 £0,0008 0,0217 £ 0,0009**** 0,0124 + 0,0009 0,0222 + 0,0012****
GPx activity (U GPx/mg protein) 0,0984 + 0,04 0,1888 + 0,05 0,2427 £ 0,08 0,0836 + 0,03
SOD/(GPx + CAT) ratio (arbitrary units) 1,58 +0,32 1,51+0,35 1,88 +0,41 1,68 +0,42
Heart
TBARS content (nmol TBARS/mg protein) 0,2214 £ 0,02 0,2608 + 0,03 0,2355 + 0,02 0,2316 + 0,03
Total reduced thiol content (nmol SH/mg protein) 13,35+ 0,39 11,73 £0,35* 13,24 + 0,36 12,88 + 0,46
Total non-protein thiol content (nmol SH/mg protein) 16,06 + 4,34 17,72 +4,78 19,38 +4,11 22,0+5,36
CAT activity (U CAT/mg protein) 26,72 £ 6,44 11,37 £6,26 30,16 £ 6,84 34,51 £6,89
SOD activity (U SOD/mg protein) 33,51 +3,68 26,3+2,2 36,56 + 3,11 33,27 £ 3,09
GST activity (U GST/mg protein) 0,0091 + 0,0007 0,0083 + 0,0005 0,0092 + 0,0008 0,011 £ 0,0006
GPx activity (U GPx/mg protein) 0,178 £ 0,04 0,104 £ 0,03 0,086 + 0,02 0,146 £ 0,03
SOD/(GPx + CAT) ratio (arbitrary units) 1,79+0,42 1,87 £ 0,39 1,58 £ 0,35 1,13+0,16

Data are represented as mean + SEM. Bold for statistically significant difference; *p < 0,05, **p < 0,01, ****p < 0,0001

compared to the control group.
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Table 6. Effects of MeHg, VitA and co-administration treatments on redox parameters in the

liver of the offspring.

Treatment
Redox parameters

Control MeHg VitA MeHg-VitA
No of litters examined 8 7 8 7
TBARS content (nmol TBARS/mg protein)
Male 0,4138 £0,04  0,4464 £ 0,05 0,4636 £ 0,04  0,3436 +0,05
Female 0,49 + 0,05 0,6631 £ 0,10 0,6529 + 0,07 0,615 + 0,09
Total reduced thiol content (nmol SH/mg protein)
Male 19,09 £ 1,18 1791+15 19,83 £2,92 12,97 £1,92
Female 19,77 £1,76 17,47 £ 1,63 18,21 £ 1,93 18,85 + 1,03
Total non-protein thiol content (nmol SH/mg protein)
Male 21,96 £5,59 38,29 £7,69 18,32 £7,76 12,26 + 4,98
Female 36,12 £ 10,61 29,27 £ 6,13 33,87+7,19 39,34 +£9,96
CAT activity (U CAT/mg protein)
Male 85,03+10,74 66,22 +10,9 90,96 + 14,92 97,25 + 16,08
Female 117,3+16,44 74,28 +£6,78* 110,7 £ 12,15 108,3 £ 19,4
SOD activity (U SOD/mg protein)
Male 65,54 £ 3,75 63,87 £8,94 65,39 3,5 68,34 + 6,73
Female 90,44 £ 9,32 96,84 + 8,26 95,07 £4,54 99,03 £ 10,01
GST activity (U GST/mg protein)
Male 0,1043 £0,005 0,1001 £0,006 0,1238 +0,005* 0,113 + 0,007
Female 0,1035 + 0,006 0,09496 + 0,004 0,09674 + 0,005 0,09576 + 0,003
GPx activity (U GPx/mg protein)
Male 0,1212+0,04 0,09256 +0,03  0,1865+0,04  0,09598 + 0,03
Female 0,1866 £ 0,06  0,1664 + 0,05 0,147 £ 0,05 0,1152 + 0,05
SOD/(GPx + CAT) ratio (arbitrary units)
Male 2,17 £0,37 3,23+0,50 2,09 £0,41 2,03 £0,47
Female 1,84 £0,25 3,06 £ 0,57** 2,30 +£0,26 1,95+ 0,26

Data are represented as mean + SEM; Bold for statistically significant difference; *p < 0,05, **p < 0,01 compared to the

control group.

71



Table 7. Effects of MeHg, VitA and co-administration treatments on redox parameters in the

kidney of the offspring.

Treatment
Redox parameters

Control MeHg VitA MeHg-VitA
No of litters examined 8 7 8 7
TBARS content (nmol TBARS/mg protein)
Male 0,4793 £0,06  0,6055+ 0,07 0,55+ 0,06 0,4091 + 0,08
Female 0,2531+0,04 0,2679+0,03 0,3053 + 0,02 0,2757 £ 0,03
Total reduced thiol content (nmol SH/mg protein)
Male 11,24 +0,75 15,05 + 0,82* 11,24 +1,09 10,43+1,2
Female 7,9+043 7,32 +0,63 7,25+0,19 6,91 +0,36
Total non-protein thiol content (nmol SH/mg protein)
Male 36,13 £3,19 18,42 + 4,16** 18,59 + 3,20** 21,53 +2,20*
Female 31,12 +4,01 45,75 £ 7,40 36,75+ 5,36 23,56 + 5,52
CAT activity (U CAT/mg protein)
Male 67,54+ 12,87 25,79 +4,92* 42,07 +9,24 68,94 + 11,89
Female 21,67 +5,26 14,49 +7,76 10,00 £ 3,00 48,25 + 18,71
SOD activity (U SOD/mg protein)
Male 76,57 + 8,86 73,58 + 6,48 70,59 + 5,93 63,61 + 10,52
Female 59,03 £ 3,21 56,14 + 5,65 58,42 + 4,08 57,15+ 7,91
GST activity (U GST/mg protein)
Male 0,0170 £0,001 0,0188+0,001 0,0153 +0,002 0,0152 + 0,002
Female 0,0113 +£0,0009 0,0098 +0,001 0,0111 +0,0008 0,0116 + 0,0008

GPx activity (U GPx/mg protein)
Male

Female

SOD/(GPx + CAT) ratio (arbitrary units)
Male

Female

0,1229+0,05 0,1216 + 0,06
0,1426 £0,02  0,2384 +0,07
1,98 + 0,47 3,25+0,76
2,58 £0,42 3,84+0,76

0,1344 £ 0,03 0,1496 £ 0,04
0,1368 £ 0,02 0,172 +0,05
2,96 +0,99 1,36 £0,33
4,43+1,10 1,32 +£0,44

Data are represented as mean + SEM. Bold for statistically significant difference; *p < 0,05, **p < 0,01 compared to the

control group.
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Table 8. Effects of MeHg, VitA and co-administration treatments on redox parameters in the
heart of the offspring.

Redox parameters Treatment - -

Control MeHg VitA MeHg-VitA

No of litters examined 8 7 8 7

TBARS content (nmol TBARS/mg protein)

Male 2,209 £0,2 1,927+£0,37 1,931+0,31 1,507 £0,3

Female 0,79 0,15 1,239 £ 0,44 1,29 £ 0,27 0,7476 £ 0,20

Total reduced thiol content (nmol SH/mg protein)

Male 13,38+0,33 1492+0,78 15,12+0,63 14,8 £0,91

Female 1315+134 1174+265 5,82+1,69* 9,22 +1,47

Total non-protein thiol content (nmol SH/mg protein)

Male 24,1+£3,75 2471+497  26,49+348 19,47 £ 6,86

Female 22,62+516  18,71+342  21,05+*3,63 15,05 4,21

CAT activity (U CAT/mg protein)

Male 2536+6,81 23,12+11,63 25,33+4,18 11,3+0,96

Female 22,22+10,75 22,03+8,67 18,45+7,68 19,1 £1,65

SOD activity (U SOD/mg protein)

Male 41,75+4,08 4136+4,76  41,65+3,77 39,15+ 4,32

Female 4939+527 4409+6,75 51,74+86,79 447 +2,44

GST activity (U GST/mg protein)

Male 0,0013+0,0002 0,0011+0,0002 0,0016+0,0003 0,0016+0,0002

Female 0,0065+0,0005 0,0072+0,0004 0,0064+0,0004 0,0074+0,0007

GPx activity (U GPx/mg protein)

Male 0,1604 +0,03 10,1616 +0,03 0,2456 +0,04 0,2096 + 0,03

Female 0,2449+£0,03 0,3175+0,07 0,2785+0,03 0,3271+0,06

SOD/(GPx + CAT) ratio (arbitrary units)

Male 2,23+0,74 1,50 £ 0,20 1,64 £0,17 3,40 £0,37*

Female 2,95+ 0,68 2,02+£0,89 3,68 £0,81 2,32 £0,06

Data are represented as mean £ SEM. Bold for statistically significant difference; *p < 0,05, **p < 0,01 compared to the
control group.
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Table 9. Effects of MeHg, VitA and co-administration treatments on maternal and offspring MNPCE frequencies.

Treatments
Control MeHg VitA MeHg-VitA
N (dams/litters) 8 7 8 7
Median Median Median Median
MNPCE/2000 cells Mean + SEM Mean + SEM Mean + SEM Mean + SEM
25th - 75th percentile 25th - 75th percentile 25th - 75th percentile 25th - 75th percentile

Dams 0,38 +0,18 0,0(0,0-1,0) 2,0 £0,22* 2,0(2,0-2,0) 2,75 + 0,25*** 3,0(2,0-3,0) 2,29 +0,36* 2,0(2,0-3,0)
Offspring

Male 0,31+0,09 0,5(0,0-0,5) 2,4 £0,26%** 2,5(2,0-35) 1,62 £0,23 2,0(1,0-2,0) 2,06 + 0,26** 2,5(2,0-3,0)

Female 0,09 + 0,04 0,0(0,0-0,3) 1,9 £0,18**** 2,0(2,0-25) 1,0+0,15 1,0 (0,5-1,5) 1,56 £ 0,21** 1,5(1,5-2,5)
Total 0,47 0,11 0,3(0,3-0,8) 2,51 0,19%*** 2,5(2,0-2,8) 1,31+0,13 1,5(0,9 - 1,5) 2,07 £ 0,22** 2,0(1,8-2,5)

Data are represented as mean + SEM. Bold for statistically significant difference; *p < 0,05, **p < 0,01, ***p < 0,001, ****p < 0,0001 compared to the control group.
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Abstract

Fish consumption and ubiquitous methylmercury (MeHg) exposure represents a public
health problem globally. Additionally, micronutrients presented in fish affects MeHg
uptake/distribution, but limited data is available. Vitamin A (VitA), another fish micronutrient is
used in nutritional supplementation, especially during pregnancy. However there is no information
about the health effects arising from their combined exposure. Therefore, the aim of the present
study was to examine the effects of both MeHg and retinyl palmitate administered on pregnant and
lactating rats on maternal and offspring hippocampus. Thirty Wistar female rats were orally
supplemented with MeHg (0,5 mg/Kg/day) and retinyl palmitate (7500 pug RAE/Kg/day) via
gavage, either individually or in combination from the gestational day O to weaning. Maternal
behavior was scored in dams at postnatal day (PND) 5. In offspring, associative learning and
neurodevelopment were evaluated through olfactory discrimination (PND 8) and eye opening
(PNDs 12-16) tests respectively. Periadolescent male and female pups were assessed in open field
(PND 28) and intersession habituation to open field tests (PND 30). Object recognition test using
episodic-like memory paradigm (PND30) was used to test spatial and temporal components of
memory in both male and female offspring. Redox parameters were evaluated at PND 31 for both.
Our results showed no effects of MeHg-VitA co-administration in pregnant and lactating rats in
terms of quality of maternal care, but showed subtle alterations in the pro-oxidant response of the
hippocampus. In offspring, MeHg-VitA co-exposure affected early associative learning in neonatal
offspring, with no further alterations in neurodevelopment, and no locomotor, exploratory or
emotional alterations were evidenced in latter developmental stages. Habituation was altered in a
sex-dependent manner, but no overall memory disturbances were encountered. Finally, MeHg-VitA
co-administration reduced lipoperoxidation in male offspring hippocampus, possible attributed to
the antioxidant properties of VitA in vivo. Further work is needed to confirm our findings and
elucidate the molecular mechanisms of MeHg-VitA modulation and assess epidemiological
implications. Pre-clinical assays are needed in order to demonstrate the potential therapeutical use

of VitA in populations directly or indirectly exposed to MeHg.

Keywords: Methylmercury, Retinyl palmitate, Pregnancy, Co-exposure, Behavior, Hippocampus,

Oxidative stress
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1. Introduction

Currently MeHg is considered a global ubiquitous contaminant [1]. Bioaccumulation,
biomagnification and high persistence of MeHg can be observed in both freshwater and seawater
ecosystems, especially in fish and shellfish, which possess 75 to 90% of organic mercury content in
the form of MeHg [2]. However, 84% of total Hg burden enters our organism through fish
consumption [3], which comprises the mayor route of chronic exposure to MeHg in humans [4, 5].
However, nutrients also present in fish like selenium and n-3 long chain polyunsaturated fatty acids
are known modulators of MeHg-induced toxicity. Complementary factors like protein intake and
other micronutrients presented in fish such as choline, iodine and iron might affect mercury
uptake/distribution in the body [6]. Despite evidence, studies regarding MeHg interaction with
micronutrients during development are scarce, and possible modulations effects during co-exposure

events remains unknown [7].

Recently, increasing number of studies supports the hypothesis that humans and animals
can be exposed to a mixture of chemicals from different sources [8-11]. Food consumption allows
human exposure to intentional/unintentional/coincidental type of mixtures, comprising multiple
chemicals from different sources and routes [12]. Studies underlying mechanisms of combined
effects of mixtures are currently limited due to lack of data [13]. However, recent experimental
evidence showed possible mixture effects with chemicals even combined at low concentrations
[14]. Considering the latter, another compound that can be associated with MeHg via food
consumption is vitamin A (VitA). This VitA may be obtained from both vegetal (provitamin A) and
animal (preformed) diet [15, 16]. High contents of preformed VitA can be encountered in liver and
fish, whereas green, orange and yellow vegetables are the most common dietary sources of
provitamin A [17]. Recent reports demonstrated that global per capita fish consumption has risen to
above 20 kg a year with estimates of further growth [18]. Concomitantly, strong evidences suggests
that over 75% of people in developed nations may routinely ingest VitA above the recommended
dietary allowance [19]. Additionally, another source of VitA are dietary supplements which
contains variable portions of both preformed and provitamin A, mainly in the forms of retinol and
[B-carotene respectively [17]. Only in United States (US) 28 to 37% of adults ingest supplements
containing VitA [20] and approximately 30 to 38% supplement consumption correspond to women
in reproductive age (15 to 49 years old), more prominent when compared to men of the same age
interval (25 to 32%) [20], suggesting that VitA may be obtained from both diet and as a

supplementation, either for clinical use or even inadvertently [16].
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Women are probably most influenced by the possible co-exposure effects of MeHg and
VitA. The nutritional requirements in women increases during pregnancy, and fish and shellfish are
the primary source of long-chain polyunsaturated fatty acids, which are essential nutrients for
optimal neurodevelopment of the fetus [21]. Additionally, in pregnant women, VitA contributes to
early fetal development, especially in the central nervous system (CNS) contributing to cellular
differentiation, apoptosis and homeostasis during adulthood [22-25]. Regarding fish consumption,
an estimated 400 million women of reproductive age in the world rely on seafood for at least 20%
of their intake of animal protein [1], and only in the US, fish consumption has increased among
pregnant women in recent years [21, 26]. Moreover, ingestion of VitA is higher among women
rather than men, mostly in the form of provitamin A [27], whereas during pregnancy, VitA
supplementation is commonly recommended as safe doses at 3000 or 7500 ug RAE/Kg/day,
independently of previous VitA consumption [28]. Nutritional demand during pregnancy may
increase the bioavailability of MeHg and VitA and therefore exposing the fetal environment to

unknown effects.

In terms of MeHg, epidemiological investigations demonstrated that pregnant women with
high fish intake are at greater risk of giving birth to children with brain affectations [29, 30].
However, increasing experimental evidence demonstrated the relation between chronic low dose
MeHg exposure and neurodevelopment disorders [31, 32]. Also, epidemiological studies shows the
possible association between prenatal exposure to low doses of MeHg and disturbances in memory,
attention and language, encountered in children and adolescents [33-35]. Supporting the latter, a
recent study demonstrated disrupted exploratory behavior, recognition memory, spatial learning,
and acquisition of aversive memories in rats with prenatal MeHg exposure at low doses [36]. On the
other hand, the detrimental effects of excessive VitA intake on behavior (i. e. confusion, irritability,
anxiety, depression) were observed after chronic vitamin A exposition [16]. Additionally, evidence
in animal models demonstrated that recommended VitA supplementation at safe doses induced
anxiety-like behavior and decreased both locomotory and exploratory activities in adult male Wistar
rats under a 28-day treatment. Furthermore, prenatal exposure to VitA supplementation induced

behavioral disturbances in dams and their offspring [37].

Despite these well documented behavioral disturbances induced by either MeHg or VitA
exposure alone, currently there is a lack of information about the health effects arising from their
combined exposure. Therefore, the aim of the present study was to examine the effects of MeHg
and VitA co-exposure on pregnant and lactating Wistar rats in order to evaluate behavioral and

biochemical changes in the brain of the dams and their offspring.
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2. Experimental procedures

Experimental procedures were conducted in accordance with the Principles of Laboratory
Animal Care (US National Research Council Committee, 2011) [38], and were in compliance with
recommendations of the Brazilian Society for Science in Laboratory Animals (SBCAL-COBEA).
The Ethical Committee for Animal Experimentation (CONCEA) ascribed to Federal University of
Rio Grande do Sul (UFRGS) approved the research protocol under authorization number 31672.

2.1. Animal and housing conditions

Male and female Wistar rats (Rattus novergicus) were obtained from our breeding colony
and housed in groups of four animals under a 12 h light-dark cycle (7:00 — 19:00h) at constant
temperature (21 + 1°C). Standard commercial food (CR1 Lab Chow, Nuvilab, Curitiba, Brazil;
3600 pg RAE/KQ) and filtered water were provided ad libitum. Female nulliparous rats (200-2509)
with 120 days were checked daily for their estrous cycle using direct vaginal smear evaluation
under light microscopy [39]. Estrous cycle monitoring was performed for two weeks. Sexually
receptive females (confirmed proestrous) were caged overnight with a single mature male (1F:1M).
The next morning the presence of viable sperm in the vaginal smear was considered as successful
mating and designated as gestation day 0 (GDO0). Pregnant dams were caged individually and
allowed to litter naturally. Animals were supplied daily with standard food and filtered water ad

libitum. The date of delivery was defined as postnatal day 0 (PNDO).

Restrain stress in late pregnancy (GD17-21) affects pup performance in pre-frontal
cognitive tasks [40]. In order to avoid stress-related effects on offspring, dams were minimally
handled during a 4-day period (comprising GD20 and PND2) and pups were only manipulated and
registered on PND2. Full sized litters were maintained with the dam until weaning (PND21). Pups
were separated from the dam and immediately sexed on PND21. Separated litters were co-housed in
groups of the same sex in order to eliminate interferences on behavior related with sexual hormones
[41]. No further treatment was applied to male and female pups, which continued in the same room

conditions as their parents with standard food and filtered water ad libitum.

2.2. Treatment

Methylmercury (I1) chloride was obtained from Spectrum (Spectrum, New Brunswick, NJ,
United States). A stock solution of 0,39 ug/uL of MeHg was prepared in mineral oil. Retinyl
palmitate (a commercial form of vitamin A dissolved in mineral oil) was purchased from

Embrafarma, (Embrafarma, Sao Paulo, SP, Brazil) as a stock solution of 45000 ug RAE.
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Thirty pregnant dams were randomly divided into four experimental groups, as described:
Group 1 (control), where rats where treated with mineral oil; Group 2 (MeHg): where rats received
methylmercury (I1) chloride at a dose of 0,5 mg/Kg/day; Group 3 (VitA): where rats received
retinyl palmitate at a dose of 7500 ug RAE/Kg/day; Group 4 (MeHg-VitA): where rats received
methylmercury (1) chloride (0,5 mg/Kg/day) and retinyl palmitate (7500 pug RAE/Kg/day) both

mixed. All solutions were prepared in mineral oil.

All treatments were prepared daily and administrated orally with a metallic gastric tube (via
gavage) in a maximum volume of 0,5 mL. Pregnant rats were treated once a day from GDO until
weaning at PND21. In dams, no evidence of motor alterations, or general health disturbances were

observed during gestation and lactation in either of the experimental groups.

2.3.Behavioral tests and procedures

Behavioral tasks were always performed during the light phase between 9:00 and 15:00h in
specifically designed rooms with bright controlled-light (overhead fluorescents lamps of 40W, light
intensity 90 Lux), with the exception of the maternal observational test which was performed in the

colony housing room. Experimental design of behavioral test is depicted in Figure 1.

Handling of dams and pups were performed accordingly in order to ensure minimal distress
in animals during testing period. Behavioral recording and analysis was performed using ANY -
maze Video Tracking System Version 5.14 (Stoelting Co., Wood Dale, IL, USA).

2.4. Maternal behavior

In animal models, maternal behavior test evaluate the latency, frequency and duration of
stereotypic behaviors during the perinatal period in dams [42]. The test can be used to assess the
effects of early stressors and contaminants which can affect the quality of maternal care and,
therefore, influence stress response, anxiety and aversion reactivity in offspring through epigenetic
regulation [42-44]. Observation of dam behavior in home cage and pup retrieval behavior were

assessed in a two-set battery of test on PND5 for each of the dams in the experiment.
2.4.1. Observation of dam behavior in home cage

The test was performed in a single session between 12:00 and 12:30h using the
methodology described by Rocha et al. [45]. Observations were registered over a 30-min limit using

10 spot checks at 3 min. Information collected in each spot check was immediately recorded,
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including whether dams were in or out from the nest. For dams located in the nest, pup retrieval,
pup licking, or breastfeeding behaviors were considered and registered as nursing. Results were

expressed as % of time spent on nursing.

2.4.2. Pup retrieval behavior

Dams were tested for pup retrieval behavior between 14:00 and 16:00h. Retrieval behavior
was assessed using a modification of the single day test protocol described in Rocha et al. [45].
Briefly, the home cage was transported from the colony room to a specifically designed soundproof
room (testing room). Pups and dams were allowed to acclimate at least 1 hour prior to testing. The
dam was then separated from the litter and maintained inside a holding cage for 3 min. The pups
were kept inside a plastic container with wood shaving. After separation period, the home cage was
placed in the marked site for testing and behavior recording. Four randomly selected pups from the
litter were scattered over the floor of the home cage opposite to the nest. The dam was returned to
the nest and the number of retrieved pups were recorded. The test continued until 7 min had
elapsed. When litters were outnumbered (the number of pups were less than four) all pups were
used for testing.

2.5. Maternal odor preference test

Maternal odor preference test measures the associative learning in neonatal pups regarding
its ability to recognize the mother’s odor and other olfactory cues in their home environment [46].
This type of rapid classic conditioning allows the pup to approach to its mother for suckling [46,
47]. Maternal odor preference test was performed on PND8 using the protocol described elsewhere
[48, 49]. Briefly, the test area consisted of a polypropylene cage (40x32x16 cm) divided in half by a
2-cm wide neutral zone. In both sides of the cage, two-odor choice areas were determined, one with
nest material and another with fresh bedding. Approximately 300 mL of fresh or nest bedding was
placed in adjacent corners. The dams were separated from the litter and transferred to another
holding cage. One male pup was selected randomly from each litter for evaluation. Each pup was
individually placed in the 2-cm neutral zone facing the cage wall and were evaluated in five trials of
1 min each and an inter-test interval of 2 min, during which the pup was placed in the home cage
with their littermates. During the 1-min trial the amount of time the pup (the head or the whole
body) spent in each of the two areas was recorded. During the inter-test interval of 2 min, location
of the beddings were switched between both sides of the cage. After testing, the bedding material
was collected, and the cage was cleaned with 70% ethanol in order to remove trace odors.

Experiments were recorded for posterior analysis. The total exploration time on each area was
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obtained by the sum of all five trials. Data analysis was performed using a modification described in
Polan and Hofer [50] and results were expressed as % of preference for maternal bedding material
for each pup, calculated as %preference = (Tm/Tc+m) X 100%, where Ty, was the total time
exploring the maternal area, and T, Was the total exploration time for both control and maternal

areas.
2.6. Eye opening

Eye opening was assessed once daily, from PND12 until 16, for all pups in each litter as
previously described [51]. The dam was briefly separated from the pups in a holding cage, and each
pup was gently examined and rated as follows: 0 — both eyes closed; 1 — one eye open and 2 — both
eyes open.

2.7.0pen field test

Open field test (OFT) is a relatively simple technique, traditional and commonly used for
the assessment of the locomotive and explorative behavior as well as the emotional state in rodents
[52, 53]. Pup testing was performed on PND28 (novel OFT) once a day using two male and two
female pups from each litter selected randomly. After selection, pups were tail-marked for posterior
identification in subsequent tests. They were transferred from the colony room to a specifically
designed soundproof room (testing room) and allowed to habituate for 30 min. The OFT apparatus
consists of a square open field (57x57x60cm) with black-painted walls. All the animals were gently
placed in the periphery of the arena from a fixed position, and were allowed to freely explore it for
10 min. When test time ended, they were returned to their home cages. Following each test, the
cage was cleaned with 70% ethanol to remove trace odors. Locomotion and exploration of animals
were assessed by measuring total distance, average speed and center entries. Vertical activity was
evaluated using total rearings and groomings as parameters [54]. However, due to technical
difficulties during image registration, only on-wall rearings were measured for both male and
female pups. Finally, anxiety was assessed as thigmotaxis index (i.e. ratio between distance covered

alongside the walls to the total distance covered, expressed as percentage) [55].
2.8.Open field habituation test

Subjects were re-tested in the same open field on PND29 (familiar OFT) in order to assess
intra and intersession habituation to the test apparatus and whether their behavior was reflective of

exploratory activity specific to the novel environment [56]. Pups entered from the same fixed
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position as the novel OFT. Animal behavior was monitored using a high-quality video camera, and
exploration was analyzed off-line with ANY-maze tracking system. The same parameters measured
in the novel OFT were analyzed in the habituation test. The total time spent in the periphery was

used as a parameter in intersession habituation, as previously described [57].
2.9. Object recognition test

Episodic memory is defined as the ability to consistently evoke previous information
obtained in a temporary basis and through spatiotemporal relations [58, 59]. Object recognition test
(ORT) using the what-when-where paradigm was used to assess episodic-like memory in both male
and female pups. Testing was performed at PND30 using two male and two female pups from each
litter. We used the protocol described by Inostroza et al., [60] and recently applied for Lopez-
Pigozzi et al., [61] with some modifications. Briefly, the test apparatus consisted of the same square
open field previously used during OFT testing and the same conditions of illumination (90 lux)
were maintained. Animal behavior was recorded and exploration was analyzed off-line via ANY-
maze tracking system. Object recognition tasks were performed in a single three-phase session in
the same testing room as OFT testing. Before the task, animals were previously habituated in two-
day OFT sessions, meaning that only tail-marked males and females from OFT testing were chosen

for object recognition testing.

Obijects were chosen in order to avoid animals for climbing or dropping during testing. The
object A consisted of a soda glass bottle (15 cm tall, 10 cm base) and the object B consisted on a
soda can (10 cm tall, 10 cm base). During the task, animals were confronted with four copies of the
same object during a first sample phase (objects A, old familiar) and were allowed to freely explore
the objects for 5 min. Object exploration was considered as the rat being close to an object and
directing its nose performing either sniffing or placing two paws as sign of interest. After a 50 min
inter-test interval, animals encountered a second sample phase consisting of four copies of another
object (objects B, recent familiar) and were permitted to explore for 5 min. Second objects were
settled in either new or the same locations as object from the first sample phase. The test phase
followed a 50 min inter-trial period after the second sample phase and consisted of exposing
animals during 5 min to two old and two recently familiar objects seen in the previous sampling
phases. Pups entered the arena from a previously fixed position, maintained during the two-day
OFT period. Along the inter-trial periods, both objects and square area were cleaned with 70%
ethanol to remove trace odors, and pups were maintained in their home cages with food and water

ad libitum.
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For assessment of episodic-like memory, a “when” discrimination index was defined in
order to quantify the exploration of the old stationary object (Figure 7A, Al black) compared to a
recent stationary object (Figure 7A, B1 light blue). Additionally, a “where” discrimination index
was calculated as the proportion of time exploring a recently displaced object (Figure 7A, B2
magenta) versus a recent object that remained stationary (B1). Calculations of the “when” and
“where” indexes are fully detailed in previous work of Inostroza et al. [60]. For these ratios a value

of zero indicated chance level performance and therefore no preference for the object.

Finally, in order to evaluate against chance exploration and assessing object preference,
discrimination indexes were also defined for all tested objects during the test phase by dividing the
total time exploring an object by the total exploratory time of all objects. For these ratios a value of

0,25 indicated chance level performance and therefore no preference for the object.
2.10. Tissues extraction and sample preparation

All animals were killed by decapitation. Dams were Killed 24h after the last treatment at
PND21, whereas male and female pups were killed on PND31. Maternal and offspring samples of
hippocampus, prefrontal cortex and olfactory bulb were immediately identified, dissected in ice and
stored in -80°C for posterior analysis. For sample preparation, tissues were homogenized in 50 mM
phosphate buffer (pH 7.0) and centrifuged (3000 x g, 5 min) to remove cellular debris and obtained
supernatants were employed for determination. Results were normalized by protein content
according to Lowry technique using bovine albumin as standard [62]. For mercury determination, a
small portion of the occipital cortex (130-180 mg of wet tissue) was isolated and stored in -80°C for
posterior analysis. For sample preparation, maternal and offspring samples of cortex were weighted
in an analytical balance (XS105 Excellence XS, Mettler Toledo, Switzerland) and pretreated using
wet ash digestion procedure. Sample aliquots (0.1 to 0.2 g) were treated with concentrated HNO3
using an initial microwave-assisted heating (4 cycles of 5 s duration) and posterior overnight (12 h)
step was applied. A final cycle of heating assisted by microwave was performed and sequentially
H.0O, was added before sonication step using ultrasonic bath (30 min). Finally, total volume was
completed to 10 mL with water and centrifugation was performed to remove solid particles from

wet ash procedure.

2.11. Mercury determination in cortex samples by chemical vapor generation coupled to

atomic absorption spectrometry (CVG-AAS)
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Mercury measurements were carried out with an atomic absorption spectrometer (AAnalyst
200, Perkin Elmer, USA) equipped with a quartz T-cell (160 mm length, 7 mm i.d.) at 100 °C. A
mercury electrodeless discharge lamp (EDL) at 220 mA was used as radiation source with
deuterium lamp as continuum source for background correction. Wavelength was set to 253.7 nm
and spectral band pass to 2.7/1.05 nm (width and height, respectively). All measurements were
made in integrated absorbance (peak area). Sample injection was performed via flow injection
analysis (FIAS 100, Perkin-Elmer, USA) using a sampling loop of 500 pL. The solution of 1 mol L
! hydrochloric acid at flow rate of 4.8 mL min* and 0.75% (m/v) sodium tetrahydroborate at flow
rate of 1.8 mL min were used as carrier and reductant, respectively. Argon was used as carrier gas
at flow rate of 50 ml min?. The arrangement of FIAS system was carried out using a
polytetrafluorethylene (PTFE) tubes 1.0 mm i.d. and 200 mm (reaction coil) to transport the
solutions to gas-liquid separator. Milli-Q water (18.2 MQ cm, Millipore, USA) and analytical-grade
reagents were used throughout the analysis. Standards solutions were prepared on the day of use by
serial dilution of 1000 mg L-1 stock solution of Hg (Fluka Analytical, Sigma-Aldrich, USA). These
stock standard solutions were also used for the analytes recoveries tests. The calibration solutions
were prepared in 10% (v/v) HNOg in the range of 2.5 - 20 pg L for Hg determination by CVG-
AAS. All laboratory materials such as glasses and polypropylene vials were cleaned before use by
soaked in 10% (v/v) HNOj3 bath for seven days.

2.12. Redox profile in isolated CNS structures

2.12.1. Cellular oxidative damage

Quantification of thiobarbituric acid reactive species (TBARS) was perfomed according to
the protocol described by Draper and Hadley [63]. The procedure is widely accepted for measure
oxidative damage in lipids. Briefly, protein from homogenized samples was extracted using 15%
TCA and supernatants were treated with 0,67% thiobarbituric acid and heated at 100°C on a
microplate dry bath for 25 min. TBARS content was determined spectrophotometrically at 532 nm.
Results were expressed as nmol TBARS/mg protein.

Total reduced thiol content is a measure of intracellular redox status, mainly attributed to
proteins as well as glutathione molecules. Quantification was performed using the protocol
described by Ellman [64]. Briefly, homogenized samples were treated with 5,5-dithiobis-2-
nitrobenzoic acid 0,01 M in ethanol. The developed yellow color was measured

spectrophotometrically at 412 nm after 60 min. Results were expressed as nmol SH/mg protein.
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2.12.2. Enzymatic antioxidant activities

Superoxide dismutase (SOD) activity was determined using the method described by Misra
and Fridovich [65], using the quantification of adrenaline-dependent inhibition of superoxide auto
oxidation in spectrophotometer at 480 nm. Results were expressed as units SOD/mg protein.

Catalase (CAT) activity was measured by the method of Aebi [66]. Using hydrogen
peroxide as substrate, the decrease in absorbance due to H.O. degradation was monitored

spectrophotometrically at 240 nm for 1 min. Results were expressed as units CAT/mg protein.

Glutathione-S-transferase (GST) activity was determined using the method described by
Habig and Jakoby [67] by the increase in conjugation rate of glutathione with 1-cloro-2,4-
dinitrobenzene measured spectrophotometrically as absorbance for 3 minutes at 340 nm. Results

were expressed as nmol GST/mg protein.

Glutathione peroxidase (GPx) activity was estimated using the method described by
Wendel [68], by monitoring the oxidation of NADPH in spectrophotometer at 340 nm. Results were

expressed as nmol GPx/mg protein.
2.13. Statistical analysis

Data analysis and graphics were performed using the software GraphPad Prism version 7.01
(GraphPad Software Inc., San Diego, CA, USA). Specific statistical testing was carried out using
software R version 3.3.0 (R Foundation for Statistical Computing, Vienna, Austria) and the
Statistical Package for the Social Sciences software version 18.0 (SPSS Inc., Chicago, IL, USA —
SPSS version 18.0) software. All results are expressed as mean £ SEM and differences were
considered significant when p < 0,05.

For behavioral testing, normality was confirmed by D" Agostino-Pearson omnibus test. Differences
among treatments were analyzed by one-way analysis of variance (ANOVA) and post hoc analysis
by Holm-Sidak test or Fisher’s LSD test to detect differences between experimental groups and
their respective controls. Non-parametric analyses were performed when needed (Kruskal-Wallis
test with Dunn’s multiple comparison). Two-way ANOVA using treatment and sex as factors was
used in order to assess differences in OFT testing and redox profile parameters from hippocampus,
prefrontal cortex and olfactory bulb. When needed, post hoc comparisons were performed using
Bonferroni and Sidak tests, and one-way ANOVA with Tukey's comparisons, especially to evaluate
differences among oxidative stress parameters between experimental groups and their controls, and

equally in object exploration in animals. For eye opening behavior a two-way ANOVA and post
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hoc Chi? test was used to evaluate differences among groups at different days of testing. For
preference assessment during olfactory testing and object exploration, one sample t test was used
for data inference. Comparisons of mercury contents were analyzed with unpaired t student’s test.

3. Results

3.1. Maternal behavior

Nursing and pup retrieval behavior were evaluated in both control and treated dams and
results are summarized in Figure 2. There was no differences on nursing (Figure 2A) and pup
retrieval behaviors (Figure 2B) when treated dams were compared to controls, indicating no
interference of MeHg and VitA treatments, either alone or administered in combination, with

ongoing maternal behavior.

3.2. Pup maternal odor preference

Results are depicted in the Figure 3. Pups from Control (t = 3,086, df = 7, p = 0,018) and
VitA (t = 5,306, df = 7, p = 0,001) exposed groups presented a significant preference for maternal
bedding material. Prenatal/lactation treatment with MeHg impaired maternal odor preference (t =
0,051, df = 6, p = 0,961) and MeHg-VitA co-administration also disrupted olfactory learning
response in offspring, since preference from MeHg-VitA treated pups was in the chance level (t =
0,742, df = 6, p = 0,486). No differences were encountered in any of the experimental groups
regarding total exploration times, discriminated either by trials or as a total (data not shown)

indicating that pup preference was not influenced by differential exploration between groups.

3.3. Eye opening behavior

Two-way ANOVA showed a highly significant effect of treatments (Fps, 1285 = 3,984, p =
0,0077), day of testing (F, 12851 = 734,4, p < 0,0001), and treatments x day of testing interaction
(Fra2, 1285 = 1,805, p = 0,0427). Post hoc testing revealed that eye opening was significantly affected
by the treatments, principally at PNDs 14 (y? 5, 1285 = 14,114, p = 0,028) and 15 () [5, 1285) = 16,443,
p = 0,012) showing a significant delay in eye opening in particular for MeHg treated pups (Figure
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4). Furthermore, VitA and MeHg-VitA treatments showed no differences in eye opening behavior

when compared with control group.

3.4.Open field test

Results for OFT are depicted in Figure 5. A general multivariate linear model was used for
assessment of OFT parameters. Post hoc testing indicated no differences in total distance (Figure
5A), average speed (Figure 5B) or center entries (Figure 5E) among treatments for both male and
female pups, indicating no evidence of motor or exploration dysfunctions among animals. Multiple
comparison analysis also revealed no differences in rearing or grooming behaviors, with exception
of MeHg female pups (Figure 5C), which presented a significant decrease in total rearings (non-
parametric Kruskal-Wallis test with Dunn’s multiple comparison, K = 16,14, p = 0,001). The
thigmotaxis index showed no significant differences between experimental groups, for both males
and females rats, as revealed by posterior post hoc testing (data not shown). Conjunctively, our
results may indicate no affectations in locomotor, exploratory and/or emotional activity in tested

animals.

3.5. Habituation to novelty and minute-by-minute locomotor activity analysis

A minute-by-minute analysis of locomotor activity in both OFT sessions was performed
and results are depicted for both male (Figures 6A and 6B) and female pups (Figure 7A and 7B).
During the first 3 min of OFT Session 1, male pups from control and MeHg-VitA groups presented
a significant increase in the difference in distance traveled between the 1st and the 3rd minutes of
testing when compared with MeHg and VitA treated groups (Fp s = 6,062, p = 0,0013),
demonstrating that control and MeHg-VitA pups presented a strong habituation to novelty in OFT
Session 1 (Figure 6C). However, during the first 3 min of OFT Session 2, male pups from MeHg,
VitA and MeHg-VitA showed a significant increase in the difference in distance traveled between
the 1st and the 3rd minutes of testing (Fp3, s2) = 5,642, p = 0,0020), which indicates the beginning of
habituation response during OFT Session 2. In general, a new exposure of OFT shows control male
pups begins habituation the first 3 minutes of the OFT Session 1 (t = 2,206, df = 104, p = 0,0296),
with normal habituation locomotive response at the final 4 min of further testing, differently of
experimental groups shows (Fyi, 104 = 23,76, p < 0,0001), which displayed a significant difference in
distance traveled the last 4 min of testing, indicating a new habituation response when re-exposed to
OFT Session 2 (Figure 6D).
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Female pups showed no differences in distance traveled during the first 3 min of both OFT
sessions when comparing experimental with it respective control groups (Figure 7C). However,
during the first 3 min of OFT Session 2, all female pups from control and experimental groups
showed a significant increase in the difference in distance traveled between the 1st and the 3rd
minutes of testing (Fi3, 1061 = 2,744, p = 0,0467), indicating the beginning of habituation response.
Control and VitA treated females displayed a significant decrease in distance traveled only in the
last 4 min of testing when comparing both OFT sessions (Fp1, 1061 = 19,32, p < 0,0001), however,
female rats from MeHg and MeHg-VitA groups showed no habituation response (Figure 7D).

3.6. Intersession habituation to open field

Results for intersession habituation to open field are summarized on Figure 8. Total
distance traveled was used to compare locomotion in both OFT sessions. In terms of total distance,
two-way ANOVA showed a significant effect of novelty for both males (Fp, 103 = 18,63, p <
0,0001) and females (F1, 1069 = 11,28, p = 0,0011). Post hoc Fisher’s LSD test for comparison
between OFT sessions revealed significant differences for male pups from MeHg-VitA treated
group (novel OFT vs familiar OFT, t = 2,645, df = 101, p = 0,0095) (Figure 8A). However, despite
no differences in total distance traveled were encountered for female rats from MeHg-VitA group
when comparing both OFT sessions, differential locomotion response was encountered for control
(novel OFT vs familiar OFT, t = 2,228, df = 106, p = 0,028) and VitA treated females (novel OFT
vs familiar OFT, t = 2,404, df = 106, p = 0,018) (Figure 8B).

On the other hand, intersession rearing was used to compare exploration in both OFT
sessions. Rearing was significantly affected by the novelty factor in both male (Fp1, 104 = 6,655, p =
0,011) and female offspring (Fp, 1067 = 6,105, p = 0,015). However, treatment (Fs, 106) = 3,497, p =
0,018) and novelty x treatment interaction (Fs, 1061 = 2,727, p = 0,048) influenced rearing only in
female pups. Two-session comparison using post hoc Fisher’s LSD test revealed no differences in
intersession rearing for both male (Figure 8C) and female pups (Figure 8D) from MeHg-VitA
group. Differences in intersession rearing were encountered specifically for male pups from control
(novel OFT vs familiar OFT, t = 2,272, df = 104, p = 0,025) and VitA group (novel OFT vs familiar
OFT, t = 2,094, df = 104, p = 0,039) (Figure 8C). The same behavior was encountered in females
rats from control (novel OFT vs familiar OFT, t = 2,954, df = 106, p = 0,004) and VitA groups
(novel OFT vs familiar OFT, t = 2,390, df = 106, p = 0,019) (Figure 8D).

Finally, time spent in the periphery was used as a measure of intersession thigmotaxis. This

parameter was significantly affected by the novelty factor in both males (Fp1, 104 = 27,15, p <
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0,0001) and females (Fy1, 106) = 12,58, p = 0,0006). Post hoc Fisher’s LSD test revealed differences
when comparing intersession parameters in male pups from MeHg-VitA groups (novel OFT vs
familiar OFT, t = 2,518, df = 104, p = 0,013) (Figure 8E). However, no differences in intersession
thigmotaxis were encountered for female rats from MeHg-VitA group (Figure 8F). Contrarily,
control (novel OFT vs familiar OFT, t = 2,282, df = 106, p = 0,025) and VitA treated females
(novel OFT vs familiar OFT, t = 2,572, df = 106, p = 0,012) showed differences in intersession
thigmotaxis (Figure 8F).

Together, our results show that male from MeHg-VitA group displayed a high degree of
intersession habituation when compared to female rats from the same group. Additionally, male and
female rats from control and VitA groups presented better habituation response, indicating that

changes in other tested groups were possibly treatment-related to MeHg exposure.

3.7.Object recognition test

Since object exploration is essential for testing, we compare total exploration time for both
male and female pups evaluated in ORT. One-way ANOVA showed no significant effect of
treatments either for male (Figure 9B) or female pups (Figure 10B). Additionally, we confirmed our
results using multivariate analysis. Two-way ANOVA with exploration times of each explored
object (Al, A2, B1, B2) as the within-subject factor and treatment as the between-subject factor
revealed a significant effect of exploration for both males (Fys, 1561 = 7,123, p = 0,0002) and females
(Fs, 1481 = 13,73, p < 0,0001), but no for treatment factor. Exploration patterns were analyzed for
males and females separately, for both stationary and displaced objects used during the test phase.
Male control pups (n = 13) presented differential exploration, spending more time exploring an old
stationary object (Al) than the recent stationary object (B1) (Figure 9C, Al black vs B1 light blue,
p < 0,0001, Tukey’'s multiple comparison test) and the recent displaced object (B2) (Figure 9C, Al
black vs B2 magenta, p < 0,0001, Tukey’s multiple comparison test). For VitA (n = 10) and MeHg-
VitA (n = 10) male pups, preferential exploration was focused in the old displaced object (A2)
rather than the recent stationary object (B2) (Figure 9C; VitA, A2 purple vs B1 light blue, p < 0,05,
Tukey’s multiple comparison test; MeHg-VitA, A2 purple vs BI1 light blue, p < 0,05, Tukey’s
multiple comparison test). Similar to male controls, MeHg-VitA male pups presented also
preference for the old stationary object (Al) rather than the recent stationary object (B1) (Figure
9C, Al black vs B1 light blue, p < 0,05, Tukey’s multiple comparison test).

On the other hand, female control pups (n = 8) showed increased exploration time towards

old stationary object (A1) against a recent displaced object (B2) (Figure 10C, Al black vs B2
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magenta, p < 0,05, Tukey’s multiple comparison test). The same exploration pattern was
encountered in VitA treated females (n = 10) (Figure 10C, Al black vs B2 magenta, p < 0,05,
Tukey’s multiple comparison test), and preference was significantly increased towards the old
stationary object (Al) in MeHg-VitA female rats (n = 11) (Figure 10C, Al black vs B2 magenta, p
<0,0001, Tukey's multiple comparison test).

Overall, our results indicate that male and female rats from control, VitA and MeHg-VitA
groups preferred to explore mostly the old stationary object (A1) and the old displaced object (A2)
rather than both recent objects (B1 and B2). However, MeHg treated animals showed no
discrimination either for stationary or displaced objects for both male (n = 10) and female (n = 12)
pups (Figures 9C and 10C).

Analysis of “when” discrimination index was performed for assessment of temporal
component of testing for male (Figure 9D) and female pups (Figure 10D). In terms of performance,
one sample t test revealed that all pups presented better-than-chance performance, with exception of
male and female pups from VitA and MeHg treatments respectively. In terms of “where”
discrimination index, results are displayed for male and female pups in Figures 9E and 10E
respectively. Offspring from MeHg-VitA group presented a mean ratio greater than zero, indicating
better performance in spatial component of testing among groups, for both male (t = 2,956, df =9, p
= 0,016) and female rats (t = 2,396, df = 10, p = 0,038).

In order to evaluate the effect of treatments in both components of the test, “when” and
“where” discrimination indexes from experimental groups were compared to its respective controls.
One-way ANOVA with post hoc Fisher’s LSD test showed that temporal component of testing was
significantly affected by MeHg treatment in male pups (t = 2,192, df = 39, p = 0,034), whereas
MeHg-VitA co-administration in male pups significantly improved performance in the spatial
component of testing (t = 2,088, df = 39, p = 0,043). In contrast, female pups showed no significant
differences in “when” and “where” discrimination indexes among treatments.

Next, we wanted to evaluate object preference in order to assess whether chance exploration
was presented during test phase. We used the discrimination index for both stationary (DI Al) and
displaced (DI B2) objects and analyzed with one sample t test. Exploration preferences were
accounted for control male (t = 3,854, df = 12, p = 0,002) and female rats (t = 5,010, df =7, p =
0,002) which preferred to explore mostly the old stationary object (Al), similar to VitA (t = 5,860,
df =9, p = 0,0002) and MeHg-VitA treated female rats (t = 2,669, df = 10, p = 0,024) (Figures 9F
and 10F respectively). For the recent displaced object (B2), no differential exploration was
encountered among tested animals (Figures 9G and 10G). Corroborating our previous results, the

preference accounted for stationary object Al was significantly treatment-dependent for male pups
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(Figure 9F), but not for female rats (Figure 10F), as revealed by one-way ANOVA with post hoc
Fisher’s LSD test (Fs, 391 = 5,678, p = 0,003). Additionally, the non-preferential exploration of the
recent displayed object was unrelated to treatments, as revealed when comparing DI B2 for male
and female rats, therefore confirming our previous results (Figures 9G and 10G respectively).
Finally, to discard biased exploration in tested animals due to certain object features or
treatment effects, we compare exploration times during both sample phases of testing. No
significant effects of treatments were encountered for total object exploration in either sample
phases of testing, or differences in exploration among objects A or B (data not shown). Taken
together, our results confirms that differential exploration in tested animals towards the old
stationary object (Al) rather than the recent displaced object (B2) was driven by specific temporal

component of memory.

3.8. Mercury determination in cortex samples

Total Hg contents from cortex samples isolated from both dams and their offspring were
expressed as mean + SEM. MeHg treated dams showed a mean total Hg content of 2,31 + 0,19 ug.g
of wet tissue?, whereas dams from the MeHg-VitA group presented a total of 2,55 + 0,19 ug.g of
wet tissuel. Unpaired t student’s test showed no differences between Hg contents in both MeHg
and MeHg-VitA treated dams (t = 0,703, df = 12, p = 0,496). Hg contents from control and VitA
treated dams were below limit of detection (LOD) of the analysis (< 0,05 ug.g?). For the offspring,

all cortex samples showed Hg contents below LOD.

3.9.Redox profile in isolated CNS structures

3.9.1. Maternal hippocampus

Results from redox profile of hippocampus (HC) samples isolated from treated dams are
displayed in Table 1. In general, no changes on lipoperoxidation or total thiol content were
evidenced when treatment groups were compared with control group. CAT activity decreased in
MeHg and VitA treated dams (Fps, 331 = 3,152, p = 0,038).

Additionally, there was a decrease in GPx activity in MeHg and MeHg-VitA groups (Fs, 23
= 3,564, p = 0,030). No changes in SOD or GST activity were encountered through treatments.
SOD to GPx plus CAT ratio (SOD/(GPx + CAT)) showed no differences among experimental

groups.
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3.9.2. Offspring hippocampus

Results from redox profile of HC samples isolated from treated male and female pups are

summarized in Table 2. Lipoperoxidation was decreased in male pups from MeHg-VitA group,
whereas in MeHg treated females increased (Fp3, 251 = 3,285, p = 0,037) when compared to its
respective controls. Total thiol content decreased in male pups from the MeHg-VitA group (F3, 47 =
3,816, p = 0,016).
Moreover, GPx activity decreased only in MeHg treated male pups (Fs, 47 = 3,439, p = 0,034). No
changes on CAT, SOD and GST activities were encountered in any of experimental groups when
compared to control group. Finally, a significant increase in the SOD/(GPx + CAT) ratio was
encountered for MeHg male rats (K = 8,132, p = 0,043).

3.9.3. Maternal and offspring prefrontal cortex

Results from redox profile of prefrontal cortex (PFC) for both dams and their offspring are
presented in Table 3. Total thiol content presented a significant increase in dams from the MeHg-
VitA group (Fps, se; = 4,168, p = 0,009), whereas the same tendency was encountered in male pups
from the VitA group (Fs, 541 = 4,719, p = 0,005) when compared to control groups. In MeHg-VitA
female pups, despite statistical significance was found by one way ANOVA (F3, s41 = 3,523, p =
0,021), post hoc Bonferroni test showed no differences in total thiol content among the groups when
compared to control group. Lipoperoxidation showed no differences among experimental groups
when compared to control group.

In terms of enzymatic activity, GST decreased only in MeHg-VitA male pups (Fis, s6 =
3,828, p = 0,015) and GPx activity decreased merely in MeHg treated male pups (Fys, 201 = 3,907, p
= 0,024), when compared to control groups.

3.9.4. Maternal and offspring olfactory bulb

Results from redox profile of olfactory bulb (OB) for both dams and their offspring are
presented in Table 3. MeHg-VitA female pups showed an increase in total thiol content (Fs, g =
4,556, p = 0,007), but no differences were encountered in either dams or their male offspring for
any of the experimental groups when compared to control groups. In terms of lipoperoxidation, no
differences were found between experimental and control groups. No differences in GST or GPx

activities were encountered between experimental and control groups.
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4, Discussion

In the present study, we used a gestational/lactational animal exposure model in order to
evaluate neurodevelopmental endpoints and biochemical parameters in rats following MeHg and
VitA administration, single or in combination. Since no evidence in literature has been reported
regarding MeHg-VitA interaction, we considered the hypothesis that pregnant women is a sensitive
group of population where MeHg indirect exposure through fish consumption confronts the
nutritional benefits from VitA supplementation and therefore exposing the fetus to possible
unknown additive/antagonic/synergistic effects from their combined exposure, either intentional or
inadvertently. In terms of MeHg we use 0,5 mg/Kg/day, a highly used dose which has been
previously reported in animal models and considered an environmentally relevant low MeHg dose
[69-73]. On the other hand, we used 7500 g RAE/Kg/day, a safe/therapeutically used dose in
VitA supplementation [74-77].

We first investigated the quality of the dam-offspring interaction through the evaluation of
maternal care behavior in the dams following exposure to both chemicals. An increased maternal
behavior can influence offspring behavior through epigenomic regulation and hypothalamic-
pituitary-adrenal (HPA) response modulation to stress [78]. In fact, increased nursing and pup
retrieval behaviors suggests a possible more “overprotective” mothering style, driven by a maternal
stress response [79]. Our results showed no differences between dams from experimental groups
when compared to control dams (Figure 2A and 2B). We can therefore hypothesize that any
response in the offspring was not related to increased maternal behavior or an affected stress

response.

We next decided to focus on neurodevelopmental behavioral responses in the offspring
prior to weaning. Our results showed that both MeHg and MeHg-VitA treatment impaired olfactory
preference in neonatal rats (PND8), with no affectations in their locomotor activity, indicating that
evidenced nest-seeking behavior is completely olfactory-guided and any preference response
towards olfactory cues in the test may be from the pup’s own degree of associative learning (pups
have their eyes closed on PND8). On the other hand, MeHg infant rats showed a marked delay in
eyelid opening on PNDs 14 and 15 (Figure 4). However, when comparing MeHg-VitA pups,
surprisingly we observed a normal behavior, similar to control pups (Figure 4). This result showed
that MeHg-VitA co-administration produced no additional effects in eye opening behavior.
Disruption of olfactory learning in the co-exposure group may be attributed solely to MeHg,

although there is no sufficient evidence regarding direct MeHg-induced olfactory disruption in
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neonatal rats, increasing literature supports that MeHg affects cell proliferation during embryonic
neurogenesis, affecting several areas of the CNS [80, 81]. In fact, MeHg affects transduction
mediated by tyrosine kinase receptors (trk’s) in vivo, an important process in neuronal
differentiation during early stages of development, which may be related to possible affectations in
brain areas with high trk’s immunoreactivity, like the olfactory bulb [82]. Additionally, previous
work supports that during early postnatal stages, MeHg disrupts mitochondrial-mediated apoptosis
through caspase-3 in hippocampus, which is responsible for learning and memory processes.
Impaired neurogenesis in the olfactory bulb and increased apoptosis in the hippocampal region
could explain the early onset of disrupted neurobehavioral response in MeHg-VitA neonatal pups.
In contrast, the unaffected eye opening behavior showed in MeHg-VitA infant rats possibly
indicates no affectations in brain development at later postnatal periods or compensatory
mechanisms triggered by VitA co-administration, since delayed eyelid opening was evidenced
solely in MeHg treated pups, indicating a delay or alteration in the development of the brain [83].
Eye opening is both a reflex and automatic response from pups, and involves the GABAergic and
glutamatergic neuronal circuits. Any affectation evidenced in eyelid opening may reflect an
alteration of at least one of these synaptic systems [84]. Extensive evidence supports that
GABAergic synaptic transmission is affected during low-level prenatal and postnatal exposure to
MeHg, with long-lasting effects in offspring [85-88]. However, retinoic acid (RA), an active
metabolite of retinyl palmitate, regulates gene expression through postnatal and neuronal activity-
dependent phase of olfactory sensory map formation [89] and sub ventricular zone-olfactory bulb
neurogenesis [90]. RA also regulates hippocampal neurogenesis during early stages of development
[91] and promotes GABAergic synaptic plasticity [92-94], which controls the automatic response of
eye opening [84]. Collectively, from our analysis of olfactory discrimination and eye opening
behaviors we can hypothesize that under our exposure protocol, MeHg dose administered single or
in combination with VitA was able to induce a disrupted olfactory response in early stages of
neonatal life, which were less evident in MeHg-VitA infant rats, as continuous VitA co-

administration proceeds at later stages of neurodevelopment, possibly via RA regulation.

Results of OFT (Figure 5) in male and female post-weanling rats revealed no detectable
locomotor deficits in offspring for any of the treatments. Our results are consistent with literature
for both MeHg [95, 96] and VitA treatments [74] using our same exposure paradigm and doses. Our
next evaluated factor in OFT was exploration, assessed as number of rearings and total center
entries performed by the animal inside the OFT area. Generally, we encountered no differences in
exploration among tested animals; however, a significant decrease in total rearings in MeHg female

rats was encountered, in concordance with literature [96-98]. Remarkably, the index of thigmotaxis
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data assessed in OFT revealed no differences for both male and female rats from the MeHg-VitA
group, indicating no anxiety-like behavior among tested animals. Previous work showed no
influence of low-dose MeHg on anxiety behavior in offspring [99]. However, regarding VitA
exposure our data conflicts with previous work from our laboratory, which encountered anxiety-like
behavior after sub-acute VitA supplementation [77] and after gestational/lactational exposure to
safe VitA doses in offspring [74]. We can assume that observed differences in behavior are possibly
related to the pharmacological formulation used, since previous work from our laboratory used
water-soluble form of retinyl palmitate, whereas the used in this study was oil-soluble. In fact, oil-
based formulations of retinyl esters possess slower absorption rate [100, 101], and lower toxicity
than water-based formulations [102], possibly affecting the toxicokinetic of retinyl esters in
evaluated offspring. In addition to thigmotaxis analysis, we focused on grooming behavior. An
increased frequency of stereotypical grooming in rats may indicate anxiety as an arousal response
due to immersion into a novel environment, and this immersion can be considerate in OFT as a
mild-stressor [103]. Confirming our results, we demonstrated using multivariate analysis that
grooming behavior showed no differences between MeHg-VitA treated offspring when compared to
controls. Conjunctively, our results may suggest that MeHg-VitA co-administration produced no

effects on the emotional response of the offspring.

In terms of intersession habituation, animals exposed to MeHg and MeHg-VitA co-
administration showed no difference in intersession OFT parameters, with the sole exception of
MeHg-VitA male pups, which showed a reduced total distance traveled (Figure 8A) and decreased
thigmotaxis (Figure 8E), between both OFT sessions, which is the classic behavioral phenotype of
habituated animals [104]. Perinatal low-dose MeHg exposure impairs habituation response and
learning/memory [105]. However, the locomotor activity in MeHg-VitA male pups was not
affected. In fact, surprisingly showed a similar decrease pattern as controls during the first 3 min of
novel OFT testing (Figure 6C) indicating a better reaction towards novelty. Locomotor activity is an
important parameter in OFT habituation, since allows differentiating animals according to their
information-processing ability, regarding how rapidly the animals adjust their behavior when
evaluated inside an open field [106]. Additionally, the complex phenotype of habituation memory
seems to be related to cholinergic stimulation of the hippocampus after sensory stimulation [107,
108]. We may assume that MeHg-VitA male pups seems more sensitive towards information
gathering rather than female pups from the same group and also MeHg treated pups. Furthermore,
VitA co-administration would affect this response. Based in our results, we can therefore
hypothesize that a possible component of hippocampal memory or synaptic circuitry was affected

during MeHg and MeHg-VitA co-administration, with the sole exception of male pups from the co-
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exposure group which showed a better overall habituation response compared with female pups
from the same group. However, analysis of the first 3 min of familiar OFT (Figure 6C) revealed a
new habituation response in MeHg-VitA male pups when compared to habituated controls, which
may indicate the existence of possible disturbances in long-term memory.

Our results of the assessment of episodic-like memory in offspring, showed that MeHg-
VitA post-weanling pups presented no alterations in both temporal and spatial components of
memory showing an overall better performance than other experimental groups (Figures 9D and
10D — “When” Index; Figures 9E and 10E — “Where” Index). Evidence supports that neuronal
inputs from cortical layers transport information to the hippocampus, allowing contextual
processing, and therefore episodic-like memory depends on hippocampal ability to bind this
information into a spatiotemporal representation [59, 109-111]. Recent evidence supports that low-
dose MeHg exposure can be associated with a decrease in neural stem cell proliferation in the
hippocampal dentate gyrus, which progresses at weaning, affecting spatial learning performance in
adolescent rats [112]. In fact, exposure during PND7, a period of hippocampal-vulnerability to
MeHg, is responsible for irreversibly affecting late onset neurogenesis in older rats [113]. We can
therefore hypothesize that, VitA co-administration until weaning, under our exposure protocol, can
counteract the deleterious effects evidenced in both male and female rats exposed to MeHg, which
showed low performance in spatial and temporal components of testing. Our results seems to
corroborate previous findings during eye opening assessment, corroborating the protective effect of

VitA co-administration at posterior developmental stages.

Neurochemical basis of behavioral alterations can be related to disruption in
neurotransmitter systems, which in turn may be mediated by several molecular mechanisms, such as
oxidative stress. Evidence in literature supports that MeHg behavioral disturbances and
neurotoxicity can be attributed to a disruption in glutathione/oxidized glutathione ratio
(GSH/GSSG) in neural cells, alongside with GPx activity inhibition [114-116]. Regarding VitA,
disruption in locomotor activity and pro-oxidant effects in HC isolated from dams and their
offspring following perinatal supplementation of retinyl palmitate were demonstrated in our
laboratory [74].

In order to further understand our results on memory acquisition, we analyzed HC redox
status for both dams and their offspring. In MeHg-VitA exposed dams a decrease in the
hippocampal GPx activity was evidenced, which is particular during MeHg exposure [115, 117].
Curiously, despite MeHg and VitA administration alone impaired CAT activity as evidenced in

literature [118, 119], no effects were encountered in hippocampal CAT activity for MeHg-VitA
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dams. We can hypothesize that GPx inhibition in the co-exposure group may lead to free peroxide
hydrogen (H20;) increase, indicating a potential hippocampal pro-oxidative state, affecting
signaling processes in neural cells due to oxidative stress. This deleterious process inhibits neuron
formation, and alters the functionality of dendritic network in the HC [120, 121].

In terms of the hippocampal redox status in offspring, a decrease in TBARS content was
found in MeHg-VitA male pups, suggesting that the presence of VitA co-administration potentizes
the decrease in lipid peroxidation in HC, a type of oxidative damage extensively related with MeHg
[122-125]. Although the decrease in total thiol content in the HC of MeHg-VitA male pups was
significant, possibly indicating small-scale free radical generation in the tissue, our results showed
no other alterations in enzyme plasticity. Curiously, these pups showed an improved learning
response than other groups when we evaluated their performance in ORT. In addition, these pups
displayed a better habituation learning response in terms of locomotion inside the OFT area. These
results conjunctively may suggest a protective role of VitA co-administration in the HC, possibly
sex-dependent. We may hypothesize that the antioxidant properties of VitA could possibly
counteract in vivo the oxidative stress induced by MeHg. Extensive evidence in the past shows the
protective effect of antioxidants like vitamin E against MeHg toxicity [126, 127]. However, a recent
work demonstrated the protective effect of the carotenoid-rich extract of the Amazonian fruit
Mauritia flexuosa L. against cognitive deficits and increased lipid peroxidation in the HC produced
by MeHg [128]. Finally, despite OB showed no alterations in redox balance for both dams and their
offspring, we can only highlight the sole exception of MeHg-VitA male pups, which showed a
decrease in GST activity in the PFC. Modification in GST activity may be related to a redox
disruption in the tissue, therefore inducing a signaling cascade and dysregulation of kinase
pathways [129, 130]. We may hypothesize that PFC impairment in male pups possibly affected
working memory, since PFC is involved in long-term storage memory [131] and impaired signaling
process in PFC is related to dysfunction in working memory [132, 133]. Curiously, MeHg-VitA
male pups presented a new habituation response during OFT re-exposure 24 hours later which, as
described earlier, may indicate possible disturbances in long-term memory (Figure 6C). Further

studies are needed in order to corroborate our hypothesis.

In summary, our results showed that MeHg-VitA co-administration in pregnant and
lactating rats have no effects in terms of emotional response, but showed subtle alterations in the
pro-oxidant response of the hippocampus. Additionally, MeHg-VitA co-exposure affected early
associative learning in neonatal offspring, with no alterations in neurodevelopment in later infant

stages of development. Periadolescent male and female rats showed no locomotor, exploratory or
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emotional alterations. However, despite the habituation was altered in a sex-dependent manner, no
overall memory disturbances were encountered. Finally, MeHg-VitA co-administration reduced
lipoperoxidation in male offspring HC, possible attributed to the antioxidant properties of VitA in
vivo, and decrease GST activity in PFC. Our hypothesis considers that VitA co-administration,
under our exposure protocol, can counteract the deleterious neurodevelopmental effects solely
attributed to low-dose MeHg in a tissue-specific mechanism, possibly via promoting active RA

signaling. However, the exact protection mechanism remains to be elucidated in future studies.

5. Conclusions

Based on our data, we can suggest that low-dose MeHg in co-administration with a supplementation
dose of VitA can induce a subtle, yet pro-oxidant state in maternal hippocampus. In offspring the
antioxidant properties of this retinoid prevented oxidative stress and neurodevelopmental
affectations produced by MeHg, preventing late-onset memory disruptions. However, co-exposure
affects learning in a sex-dependent manner. Further work is needed to confirm our findings and
elucidate the molecular mechanisms of MeHg-VitA modulation. Epidemiological implications of
our results remains to be determined in future studies. To our knowledge, our results represents the
first insights of the possible protective effects of VitA against MeHg toxicity, and further pre-
clinical assays are needed in order to demonstrate the potential therapeutical use of VitA in

populations directly or indirectly exposed to MeHg.
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Figure 2. Maternal behavior analysis.

The quality of dam-offspring interaction was evaluated by nursing behavior frequency (A) and total
distance traveled until 1% pup retrieval (B). All tests were performed at PND 5. Data are represented
as mean + SEM.
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Pup maternal odor preference was evaluated at PND8 and is represented as % of time on maternal
bedding material in randomly selected male pups from litters of the four experimental groups. Data
are represented as mean + SEM. (a) p < 0,01; (b) p < 0,001 statistically significant from reference
value (50% preference to maternal area) with one sample t test.
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Figure 4. Eye opening day.

Observation of eyelid opening behavior was performed for all pups from the litter during PND 12,
13, 14 15 and 16. Data are represented as mean £ SEM. *p < 0,05 when different from control
group; **p < 0,01 when different from control group; *p < 0,05 when different from MeHg-VitA

group.
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Figure 5. Open Field Test.

The total distance traveled (A), the average speed (B), the number of rearings (C), the number of
groomings (D), the number of center entries (E), and the total time spent in center area (F) were
analyzed in control and exposed pups for both male and female offspring. Open field testing was
performed at PND 28 for a total 10 min exploration. Data are represented as mean £ SEM. *p <
0,05 when different from control group
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Figure 6. Effects of treatments on habituation to novelty and locomotor activity in the OFT for male pups.

Minute-by-minute analysis of locomotor activity of male pups during Session 1 OFT (A) and Session 2 OFT (B). Each point represent the mean = SEM of each group.
The change in the distance traveled between the 1st and 3rd minute of testing for both OFT sessions (C) and the distance traveled during the first 3 min and last 4 min
of testing for both OFT sessions (D). Each column represents the mean + SEM. Data were analyzed using a two-way ANOVA followed by Dunnett’s post-hoc tests.
Session 1 OFT (Novel OFT — PND28); Session 2 OFT (Familiar OFT — PND29). Each OFT session was assessed for a total 10 min exploration. Figure 6C (* p <
0,05, *** p < 0,001 compared to the respective control at Novel OFT (first exposure); # p < 0,05, ### p < 0,001 compared to the respective control at Familiar OFT
(second exposure); +++ p < 0,001, ++++ p < 0,0001 when comparing both OFT sessions); Figure 6D (* p < 0,05, ** p < 0,01, *** p < 0,001 when comparing both
OFT sessions).
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Figure 7. Effects of treatments on habituation to novelty and locomotor activity in the OFT for female pups.

Minute-by-minute analysis of locomotor activity of female pups during Session 1 OFT (A) and Session 2 OFT (B). Each point represent the mean + SEM of each
group. The change in the distance traveled between the 1st and 3rd minute of testing for both OFT sessions (C) and the distance traveled during the first 3 min and last
4 min of testing for both OFT sessions (D). Each column represents the mean + SEM. Data were analyzed using a two-way ANOVA followed by Dunnett’s post-hoc
tests. Session 1 OFT (Novel OFT — PND28); Session 2 OFT (Familiar OFT — PND29). Each OFT session was assessed for a total 10 min exploration. Figure 7C (++
p<0,01, +++ p < 0,001, ++++ p < 0,0001 when comparing both OFT sessions); Figure 7D (** p < 0,01 when comparing both OFT sessions).
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Figure 9. Episodic-like memory assessment for male pups performed at PND 30.

(A) Testing consisted in exposing animals to two set of object samples and the final test phase, each of 5
min duration, with an inter-test interval of 50 min; (B) total exploration times by treatment; (C)
exploration times for each of the objects tested; (D) “when” discrimination index; (E) “where”
discrimination index; (F) discrimination index for the old stationary object (Al, black) in the test phase;
and (G) discrimination index for the recent displaced object (B2, magenta) in the test phase. Data are
represented as mean = SEM. *p < 0,05, **p < 0,01, ***p < 0,001, ****p < 0,0001; (a) p < 0,05; (b) p <
0,01; (c) p<0,001; (d) p <0,0001 statistically significant from reference value with one sample t test (0
for “when” or “where” discrimination indexes; 0,25 or 25% preference for single object discrimination
indexes).
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Figure 10. Episodic-like memory assessment for female pups performed at PND 30.

(A) Objects location during final test phase (5 min) duration, posterior to sample phase (as described on
Figure 7); (B) exploration times for each of the objects tested; (C) total exploration times by treatment;
(D) “when” discrimination index; (E) “where” discrimination index; (F) discrimination index for the old
stationary object (A1, black) in the test phase; and (G) discrimination index for the recent displaced object
(B2, magenta) in the test phase. Data are represented as mean + SEM. *p < 0,05, **p < 0,01, ****p <
0,0001; (a) p < 0,05; (b) p £ 0,01; (¢) p < 0,001; (d) p <0,0001 statistically significant from reference
value with one sample t test (0 for “when” or “where” discrimination indexes; 0,25 or 25% preference for
single object discrimination indexes).
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Table 10. Redox profile in maternal hippocampus (HC).
Effects of treatments administered during gestation and lactation upon maternal HC redox parameters.
Data are represented as mean + SEM. *p < 0,05 when different from control group.

Treatment

Control MeHg VitA MeHg-VitA
No of dams examined 8 7 8 7
TBARS content (nmol TBARS/mg protein) 0,40 £ 0,04 0,48 + 0,05 0,47 +0,04 0,45+0,05
Total thiol content (nmol SH/mg protein) 14,55 + 0,89 14,94 £ 0,76 13,34 £ 0,79 13,88 + 0,45
CAT activity (U CAT/mg protein) 1,273+0,34  0,3625+0,13*  0,4221 +0,06* 0,8392 +0,35
SOD activity (U SOD/mg protein) 43,32 £ 5,00 38,77 +2,72 37,47 £ 3,62 37,15+5,85
GST activity (nmol/min/mg protein) 62,08 £ 3,13 54,57 + 3,00 54,57 + 4,31 62,07 £ 2,06
GPx activity (nmol/min/mg protein) 42,63+ 2,82 31,11 +1,10* 39,41 + 3,89 31,9+2,19*
SOD/(GPx + CAT) ratio (arbitrary units) 0,99 + 0,07 1,24 £ 0,07 1,04 £0,17 1,15+0,17

118



Table 11. Redox profile in offspring hippocampus (HC).

Effects of treatments administered during gestation and lactation upon HC redox parameters for both male
and female offspring. Data are represented as mean = SEM. *p < 0,05, **p < 0,01 when different from
control group; # p < 0,05 when different from MeHg group; * p < 0,05 when different from VitA group.

Treatment

Control MeHg VitA MeHg-VitA
No of litters examined 8 7 8 7
TBARS content (nmol TBARS/mg protein)
Male 0,25+ 0,02 0,21+0,01 0,25+ 0,03 0,18 £ 0,01* #*
Female 0,23+ 0,02 0,46 +0,15* 0,24 0,03 0,2+0,03
Total thiol content (nmol SH/mg protein)
Male 11,19+ 0,83 9,03+0,34 9,88+0,76 8,25 + 0,52**
Female 12,37 £ 0,47 12,01 £ 0,60 13,74 £ 0,56 11,48 £1,10
CAT activity (U CAT/mg protein)
Male 0,87+0,21 0,86+ 0,41 0,65+ 0,20 0,7 +£0,26
Female 0,70+ 0,17 0,81+0,34 0,42 +0,23 1,27 £ 0,62
SOD activity (U SOD/mg protein)
Male 45,76 + 4,69 40,48 + 2,30 44,36 + 4,03 43,41 + 4,60
Female 32,78+3,96  33,11+445  3619+312  40,15+4,67
GST activity (U GST/mg protein)
Male 27,5+2,00 22,38 +1,10 26,57 +1,84 26,85+ 1,90
Female 23,88+1,32 22,8+0,64 26,61+1,61 22,93+2,13
GPx activity (U GPx/mg protein)
Male 36,13+0,98 22,28 + 2,48* 31,87 + 3,56 30,35+ 3,23
Female 29,42 + 1,67 26,79 +1,87 31,37+ 2,70 25,88+ 2,44
SOD/(GPx + CAT) ratio (arbitrary units)
Male 1,24 £ 0,09 1,83 £0,16* 1,43+0,12 1,5+0,22
Female 1,1+£0,10 1,21+0,11 1,22+0,16 1,51+0,15
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Table 12. Redox profile in prefrontal cortex (PFC) and olfactory bulb (OB) isolated from dams and their offspring.
Effects of treatments administered during gestation and lactation upon maternal and offspring redox parameters in dissected PFC and OB. Data are

represented as mean £ SEM (n = dams/litters). *p < 0,05, **p < 0,01 when different from control group.

Prefrontal Cortex (PFC) Olfactory Bulb (OB)
Treatment/parameter Control MeHg VitA MeHg-VitA Control MeHg VitA MeHg-VitA
(n=8) (n=7) (n=8) (n=18) (n=8) (n=7) (n=8) (n=18)
TBARS content (nmol TBARS/mg protein)
Dams 0,42+0,04 041+£0,04 0,39+0,04 0,35+ 0,02 0,37 £ 0,06 0,41 +0,03 0,51+0,08 0,46 0,06
Offspring
Male 092+005 092+0,10 0,89%0,10 0,84 +0,05 0,80+0,13 0,93+0,11 0,87+0,10 0,69 +0,07
Female 0,36+0,03 042+0,04 0,36+0,04 0,4 0,02 0,62+0,11 0,90 + 0,06 085+011 0,62+0,09
Total thiol content (nmol SH/mg protein)
Dams 152+032 153+0,33 255+0,31 2,87+0,40* 3,85+0,40 3,40+ 0,24 368+042  350+0,57
Offspring
Male 1,71+0,24 114+0,40 236+0,23* 221+0,32 1,85+ 0,26 2,06 +0,38 223+0,39 155+%0,33
Female 1,80+024 140022 1,82+0,38 2,83+£0,36 2,13+£0,49 1,52 + 0,55 232+0,31 4,45+0,86*
GST activity (U GST/mg protein)
Dams 65,99+1,70 66,94+229 6695+1,76 68,85+2,60 | 56,17+4,68 63,16+3,05 6162+216 63,84+4,06
Offspring
Male 4351+165 4195+159 41,13+1,89 33,92+3,19** | 43,93+£3,87 52,03+4,14 4823+4,04 447+3,49
Female 33,23+1,66 32,72+2,06 368+191 32,03+210 | 3505+4,09 36,07+267 3895+3,86 33,93+334
GPx activity (U GPx/mg protein)
Dams 44,18+395 36,7+3,16 41,77+6,78 33,76+501 | 54,15+5:80 58 £ 5,19 62,64 +6,04 53,88+5,19
Offspring
Male 2589+4,09 912+255* 2124+295 2655+2,66 |53,12+10,04 57,42+8,14 6541+10,1 59,23+8,29
Female 19,08 +2,46 13,74+1,92 26,17+575 17,61+3,95 |58,21+11,07 64,12+11,38 68,14+ 10,21 55,43 +8,30
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4. DISCUSSAO

Atualmente, existe um fendbmeno de contaminacdo ubiqua pelo mercdrio a nivel
global (Oken et al., 2012, Sheehan et al., 2014). Estudos recentes demostram uma alta
biodisponibilidade de mercdrio na populacdo geral. Nos Estados Unidos e Coréia, 0
consumo de peixe e mariscos aporta entre 60 a 80% respectivamente da carga de mercurio
disponivel na populacdo (Dong et al., 2015, Kim et al., 2016). Além disso, cerca de 47% do
MeHg consumido pelos norte-americanos vem de duas fontes comuns: atum enlatado e o
camarao (Sunderland et al., 2018). O aumento no consumo de peixe pela populacdo global,
de maneira geral, € um problema preocupante, pois se consome em média 20 Kg a mais de
peixe a cada ano (FAO, 2016). Em paises sub-desenvolvidos, o aumento do consumo de
peixe é de até 15 vezes maior em relacdo a populacdes de paises desenvolvidos. (Cisneros-
Montemayor et al., 2016). Apesar do alto consumo de peixes, mariscos e derivados, a
exposicdo ao MeHg ocorre ainda em doses baixas. Estudos epidemioldgicos reforcam o
risco da exposicao cronica materna ao MeHg em doses baixas, sobre o desenvolvimento de
alteracdes em funcBes motoras, linguagem, atencdo e memdria de criancgas e adolescentes

(Debes et al., 2006, Al-Saleh et al., 2016, Hsi et al., 2016).

Por outro lado, através de modelos animais, nosso laboratério ja& demonstrou os
efeitos deletérios da suplementacdo em doses recomendadas e terapéuticas de VitA (de
Oliveira et al., 2007a, de Oliveira et al., 2007b, de Oliveira et al., 2008, Oliveira, 2015,
Schnorr et al., 2015), e a teratogenicidade induzida por doses de suplementacdo de VitA,
aparentemente sem risco como 3000 e 7500 pug RAE/Kg/dia, usadas dentro do periodo
gestacional e lactacional (Schnorr et al., 2011a, Schnorr et al., 2011b). Estudos transversais

mostram que o consumo de suplementos de VitA tem aumentado (del Balzo et al., 2014) ou
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mantendo-se constante nos ultimos anos na populagdo mundial (Beltran-de-Miguel et al.,
2015, Kantor et al., 2016). E importante ressaltar, que além do crescimento do consumo de
peixes, ha também aumento do consumo de alimentos enriquecidos com VitA em alimentos
fortalecidos, medicamentos e suplementos (NIH, 2016). Concomitantemente, 0 panorama
de consumo de peixe no mundo entre mulheres gravidas é variavel. Na Unido Europeia,
devido ao consumo de mariscos, apenas 5% das gestantes possui niveis de Hg no cabelo
acima da concentracdo de 1 pg/g preconizado pela USEPA (Castafio et al., 2015). J& nos
EUA (Razzaghi e Tinker, 2014, Cusack et al., 2017) e alguns paises da Asia (Kim et al.,
2006, Tsuchiya et al., 2008, Jo et al., 2010) a biodisponibilidade de Hg aumentou entre
mulheres gravidas nos ultimos anos. Na literatura ndo h& evidéncias sobre os possiveis
efeitos moduladores do MeHg em combinacdo com a VitA, e devido a sua particular
demanda nutricional, as mulheres gravidas podem apresentar uma incrementada
susceptibilidade aos efeitos deletérios dos dois compostos. O objetivo deste trabalho foi
avaliar os efeitos de uma dose baixa ambientalmente relevante de MeHg e uma dose de
suplementacdo de palmitato de retinol (na forma de provitamina A) e seus efeitos toxicos

em modelo animal de exposi¢do gestacional e lactacional nas méaes e seus filhotes

No caso do MeHg, a dose usada neste trabalho € considerada ambientalmente
relevante, o seja, que constitui uma dose aproximada a casos de exposi¢cdo humana
(Obiorah et al., 2015). A dose escolhida foi 0,5 mg/Kg/dia, referenciada em trabalhos
prévios e usada em varios paradigmas de exposi¢do usando modelos animais (Reed et al.,
2008, Vitalone et al., 2008, Gandhi et al., 2013, Newland et al., 2013, Gandhi et al., 2014,
Gandhi e K Rajput, 2016). Sabe-se que o tratamento com MeHg na agua de consumo

(exposicdo cronica) ou através de dose Unica (exposicdo aguda) por injecdo sob cuténea,
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ambas produzem efeitos inibitorios sobre a neurogénese hipocampal (Fujimura et al., 2012,
Sokolowski et al., 2013). A dose de 0,5 mg/Kg/dia em modelos animais durante a gestagéo
produz efeito sutil, porém irreversivel nos filhotes ap6s a idade adulta (Newland et al.,
2015). Portanto, nossa dose de MeHg comeco a ser administrada durante o primer dia
gestacional (GDO) e foi continua até o desmame dos filhotes (DPN21), sendo um modelo
de exposicdo cronica. Segundo a literatura, modelos animais com exposi¢do nesse periodo
pos-natal levam a um pico da atividade de neurogénese (DPN7), o qual é equivalente em
humanos ao terceiro més de gestagéo, onde ocorre o desenvolvimento hipocampal (Obiorah

etal., 2015).

Em relacdo a dose de VitA, utilizamos a concentracdo de 7500 pg RAE/Kg/dia
(25000 Ul/Kg/dia). Essa dose ja foi utilizada em trabalhos do nosso grupo de pesquisa,
sendo melhor descrita por Schnorr e colaboradores (Schnorr et al., 2011a, Schnorr et al.,
2011b). A dose é baseada em um fator de incerteza de 10 vezes para diferentes espécies e
10 vezes entre as espécies, e é considerada uma dose segura para suplementacdo de VitA
em mulheres gravidas sem pré consumo deste micronutriente (Schnorr et al., 2011b). Além
disso, a dose utilizada se encontra abaixo da menor dose teratogénica (LOAEL) de
palmitato de retinil em ratas (48900 pg RAE/Kg/dia), garantindo uma aquisicao estavel de

VitA do feto ao longo da suplementagéo (Schnorr et al., 2011b).

4.1. Avaliacao de alteracdes fisiologicas, metabdlicas e deposi¢cdo de mercario em

tecidos das maes e seus filhotes

Nossas primeiras observacdes durante o periodo gestacional das mées, e ao longo do
periodo pos-natal nos filhotes, ndo mostraram alteragdes nas condi¢es de salde nos

animais. Como era esperado, as doses utilizadas de MeHg e VitA nédo apresentaram, de
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maneira geral, sintomas de intoxicacdo como sinais de dano neuroldgico (tremores e ataxia)
perda de peso, reducdo da capacidade reprodutiva ou alterag@es fenotipicas (anormalidades
em estruturas do corpo). Além disso, ndo foram encontradas alteracfes fisiologicas nas
mdes ou filhotes durante as fases experimentais, como vomito ou diarreia. Por ultimo,
durante o sacrificio dos animais ndo observamos altera¢cbes morfoldgicas evidentes nos

tecidos de drgdos internos.

Apesar que o MeHg ser um e inibidor da enzima glicose-6-fosfatase, responsavel
pelo processo de gliconeogénese (Snell et al., 1977), ndo foram encontradas alteragdes
metabdlicas gerais sobre a deposic¢do de glicogénio no tecido hepatico ou cardiaco entre 0s
grupos experimentais, incluindo maes e filhotes do grupo MeHg-VitA, como vimos no
Capitulo I. Além disso, a quantificacdo de retindides no figado das mdes mostra um
aumento do contetdo de retinol, indicando disfungdo na homeostase de VitA. Apesar de ser
uma dose baixa de acordo com a LOAEL, o tratamento cronico com VitA incrementa a
frequéncia de microndcleos em eritrdcitos policroméaticos (MNPCE) nas mées, indicando a
presenca de dano mutagénico pela acdo pro-oxidante da VitA, que induz quebras no DNA e
posterior ruptura cromossémica (Yeum et al., 2009, Veloso et al., 2013). No entanto, ao
contréario do tratamento com apenas VitA, o tratamento MeHg-VitA consegue aumentar a
frequéncia de MNPCE nos filhotes, provavelmente pelo dano clastogénico in vivo
produzido pelo MeHg (Crespo-Lopez et al., 2016). Sendo um pardmetro de avaliacdo do
estado regulatério do figado (Shirakami et al., 2012), e dado que ndo encontramos diferenca
no acimulo de retindides no figado e plasma, nds podemos concluir que a co-exposi¢do
MeHg-VitA ndo gerou nos filhotes alteragdes metabdlicas no tecido hepatico, mas mostram

um dano elevado ao DNA.
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Apesar da baixa dose de MeHg, o acimulo de Hg nos tecidos das médes e dos
filhotes foi considerdvel. Nos Capitulos | e Il desta dissertacdo o conteido de Hg total em
figado e cortex occipital foi quantificado para todos 0s grupos experimentais. SO nos grupos
MeHg e MeHg-VitA foi encontrado um padréo de desmetilacdo de MeHg, o qual ocorre no
figado da mée para logo ser transferido como Hg inorgéanico ao feto. No entanto, nés néo
conseguimos demostrar acumulo de Hg nas amostras de cortex dos filhotes machos e
fémeas. Vérios autores reforcam que a exposicdo pre-natal/lactacional ao MeHg, mesmo
considerando sua toxicocinética, se encontra relacionada com sua eliminacgéo no organismo,
a qual persiste mesmo apds a primeira exposi¢cdo (Sakamoto et al., 2002, Hu et al., 2010).
Trabalhos prévios no modelo de exposicdo pré-natal demostraram que a concentracdo de
Hg alcanca um pico duas semanas depois da ultima exposicdo ao MeHg, diminuindo na
semana posterior, e finalmente permanecendo indetectavel 40 dias depois da exposi¢do (Hu
et al., 2010). Sendo esse um modelo que inclui tratamento durante a lactacéo, a exposicao
pos-natal ao Hg nos filhotes e completamente através do leite materno até o desmame, o
que promove transporte limitado de Hg (Sakamoto et al., 2002, Albores-Garcia et al.,
2016). Adicionalmente, depois do desmame, os filhotes permaneceram sem tratamento e
possivelmente aumentando a eliminacdo do Hg. Sherin e Sumathi (Sherin e Sumathi,
2016), usando a mesma dose de MeHg (0,5 mg/Kg/dia), obtiveram contetidos baixos de Hg

no cérebro dos filhotes, os quais foram menores do limite de deteccdo de nossa analise.

4.2. Avaliacdo de parametros de estresse oxidativo em figado, rim e coracéo

isolado das maes e seus filhotes

Sendo o figado, rins e 0 coragdo, 6rgdos metabolicamente ativos durante o estresse

oxidativo, além de desempenhar um papel importante nos mecanismos de certas patologias,
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nos decidimos avaliar também o perfil redox nesses Orgdos, das mdes e seus filhotes
(Romero et al., 1998, Korge et al., 2008). Os resultados obtidos dentro deste trabalho foram

descritos no Capitulo I desta dissertacéo e sao resumidos na Figura 2.

Figado Rim Coracio
TBARS 1 SH ndo prot. 1 _
GST 1
Filhotes Figado Rim Coracio
machos - SH nfio prot. | SOD/

(GPx + CAT) 1

Filhotes Figado Rim Coracio

fémeas

Figura 2. Resultados do perfil redox em figado, rim e coragdo isolados de mées e filhotes
Wistar expostos a metilmercurio coadministrado com palmitato de retinol (MeHg-VitA)
durante o periodo de gestacédo e lactacéo.

Um dos principais pardmetros de dano oxidativo € TBARS, sendo uma das
principais espécies quimicas deste tipo o malondialdeido (MDA), que € o principal produto
da peroxidagdo de &cidos graxos poli-insaturados (PUFA), principais componentes da
membrana celular, sendo a elevagdo nos niveis de TBARS relacionada ao incremento na
peroxidagdo lipidica e um indicativo de dano sobre as membranas celulares (Freeman e
Crapo, 1981). Autores como Uchendu e colaboradores (Uchendu et al., 2014) estudando
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pesticidas, atribuem o incremento de TBARS durante episédios de co-exposicdo a
capacidade de compostos de natureza lipofilica de afetar a integridade da membrana celular
de maneira potenciada. O palmitato de retinol possui natureza lipofilica, além alta
concentracdo no figado. Além disso, 0 MeHg possui um grupo metil (CHs) que confere sua
lipofilicidade (Halbach, 1990). Evidéncias em modelos animais demostram o aumento da
peroxidacao lipidica no tecido hepético induzidas tanto pelo MeHg (Andersen e Andersen,
1993), quanto pela VitA (Murata e Kawanishi, 2000). No6s acreditamos que o incremento na
peroxidacao lipidica encontrado no grupo MeHg-VitA pode ser devido ao efeito combinado
pro-oxidante ou de potenciagdo a nivel celular, devido ao aumento no estresse oxidativo
produzido pela acdo combinada do MeHg e a VitA, interagindo com a membrana celular

dos hepatdcitos.

Né&o foram evidenciadas alteragdes visiveis no rim, provavelmente atribuida a pouca
acdo fisioldgica deste tecido (Smith et al., 1983). No entanto, existe uma resposta de
detoxificacdo visto através do aumento de tidis ndo proteicos, que constituem 90% da
glutationa livre (GSH) no rim materno, impulsada pela administracdo cronica de MeHg
(Woods et al., 1992). O mecanismo de geracdo de GSH tem a funcdo de complexar as
formas mercuricas circulantes no organismo materno. De fato, os conjugados de GSH com
Hg e MeHg tém sido encontrados na bile e na urina de animais expostos, além de sua
absorcdo e processamento pelo rim (Zalups, 2000, Rubino, 2015). Por outro lado, o
incremento na atividade da GST nas ratas tratadas com MeHg-VitA pode ser devido ao
desbalango do equilibrio pro-oxidante/antioxidante em razdo das reagGes oxidativas,
também encontradas em certas patologias renais (Stepniewska et al., 2014, Sureshbabu et

al., 2015). Apesar de seu carater antioxidante, a VitA subministrada ndo atua de maneira
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compensatdria no rim durante a co-exposi¢do com MeHg. Em consequéncia, nossa hipdtese
planteia que durante a ativacdo oxidativa da GST (Aniya et al., 1993) e a eliminagéo
ulterior do complexo GSH-mercurio, se produz uma condicdo de estresse oxidativo leve
ndo compensada pela VitA co-administrada, o que pode desencadear uma resposta
ativadora de cascada de sinalizagdo e respostas de autofagia como resposta adaptativa ao

nivel celular (Townsend et al., 2003, Sureshbabu et al., 2015).

O tratamento MeHg-VitA no figado ndo alterou os parametros redox enzimaticos e
ndo enzimaticos nos filhotes, o que pode ser explicado pelo mecanismo protetor da
gestacdo e a lactacdo ('Yoshida et al., 2002). Por outro lado, a analise do perfil redox do rim
nos filhotes mostrou resultados interessantes. Apesar de ndo terem sido feitas
quantificacbes da deposicdo de Hg no rim, nds conseguimos evidenciar pequeno aumento
nos contetdos de Hg no figado, e niveis indetectaveis de Hg no cortex occipital, que é
esperado em modelos murinos, onde animais machos na pré-adolescéncia recentemente
expostos a0 MeHg comegam a resposta hormonal de ativagdo da via GSH/y-
glutamiltranspeptidase (y-GTP) e eliminagdo de Hg circulante, o que diminui as
quantidades de GSH (Nielsen e Andersen, 1996). Os resultados obtidos para as fémeas do
grupo MeHg-VitA ndo sé no rim, mas em figado e coracdo, de maneira geral, ndo mostram
alteracdes nos parametros redox (Figura 2). Isso pode ser explicado pela acdo protetora do
estrégeno nas fémeas. Estudos em modelos de deficiéncia dietética de cobre em ratas
fémeas ovariectomizadas (OVX) demostram o carater protetor do estrogeno sobre o
estresse oxidativo (Bureau et al., 2003). Nas fémeas a producdo de estrogeno comeca na

infancia (14 dias apos nascimento) (Weniger et al., 1993).
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Por outro lado, neste trabalho ndo encontramos alteracdes no balango redox do
tecido cardiaco das maes submetidas ao tratamento de co-exposicao (Figura 2). No entanto,
0 andlise do tecido cardiaco dos filhotes machos mostrou um incremento na relacéo
SOD/(GPx + CAT). O aumento desta razdo esta relacionado com a maior formacdo de
peroxido de hidrogénio (H20>) livre dentro do tecido, isso porque a SOD catalisa a reacdo
de dismutacéo do radical 05~ a H20> e oxigénio, entretanto a CAT e a GPx catalisam a
conversdo de H>O> em taxas menores (Schnorr et al., 2011b). Tanto a CAT como a GPx
reduzem peroxido de hidrogénio (H202) a 4gua, com a Unica diferenca que a GPx também
reduz uma grande quantidade de peroxidos organicos utilizando GSH (Arthur, 2000). O
perdxido livre no tecido é convertido via reagdo de Fenton em o radical hidroxil (OH*),
uma poderosa molécula pré-oxidante, capaz de interagir com biomoléculas e produzir dano

oxidativo (Halliwell, 2006, Veal et al., 2007, Halliwell e Gutteridge, 2015).

4.3. AlteracGes comportamentais nas maes e seus filhotes

No Capitulo Il da presente dissertacdo, demostramos que 0s tratamentos, em
particular a co-exposicdo MeHg-VitA nas doses utilizadas durante uma exposi¢do crénica
sobre as mdes durante a gestacdo e lactacdo, foram capazes de induzir alteracbes
comportamentais nos filhotes. No caso do MeHg, inimeras evidéncias demonstram 0s
déficits motores e sensoriais produzidos por este poluente em modelos animais (Bisen-
Hersh et al.,, 2014), além da sua capacidade de induzir comportamento depressivo
(Onishchenko et al., 2007) e alteracBes na memoria e aprendizado (Bisen-Hersh et al.,
2014). Por outro lado, trabalhos prévios do nosso laboratério tém demostrado os efeitos da

suplementacdo com VitA na indugdo de ansiedade e diminuigdo da atividade exploratdria
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em modelos animais (de Oliveira et al., 2007b). Os resultados obtidos dentro deste trabalho

foram descritos no Capitulo 11 desta dissertacdo e sao resumidos na Figura 3.
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Figura 3. Resultados dos analises de comportamento de maes e filhotes Wistar expostos a metilmercirio
coadministrado com palmitato de retinol (MeHg-VitA) durante o periodo de gestagcdo e lactacdo. v Sem
diferenca com o controle; X Diferente do controle; DPN (dia p6s-natal).

A avaliagdo dos pardmetros de comportamento materno ndo mostrou diferencgas
entre as maes tratadas com MeHg-VitA, sendo um indicativo da auséncia de alteragdes
comportamentais nos filhotes que podam ser induzidas por excessiva prote¢do materna. No
entanto, nossos resultados de avaliagdo comportamental nos filhotes neonatos (DPN 8) e

posteriormente infantes (DPN 12 — 16) mostraram resultados interessantes.
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Entre os neonatos machos (DPN 8) do grupo MeHg-VitA ndo foi encontrada
preferéncia pelo odor materno através do teste de aprendizado olfatorio. A resposta
deletéria dentro do grupo co-exposto pode ser atribuida diretamente ao MeHg, devido a que
este composto foi relacionado com afetacGes de aprendizado em modelo animal (Lucena et
al., 2013). O mecanismo mais provavel para explicar essa diminuicdo do aprendizado
gerado pelo MeHg seja devido a sua capacidade para promover a perturbacdo na
capacidade de progressao normal das células-tronco neurais (NSCs), além de induzir sua
morte celular por apoptose pela ativacdo de ambas caspases e calpaina proteases (Tamm et
al., 2006, Ceccatelli et al., 2013). A resposta deletéria do MeHg na dose de co-exposicao
ndo alterou a exploracdo dos filhotes (Anexo Il desta dissertacdo), portanto ndo foram
vistas alteracbes nas primeiras respostas locomotoras dos filhotes. Porém, afetou
diretamente o mecanismo de aprendizado, provavelmente via inibi¢cdo na proliferacdo das
NSCs. No entanto, em etapas posteriores de desenvolvimento dos filhotes (DPN 12 — 16),
machos e fémeas mostraram atraso na apari¢cdo do reflexo de abertura de olhos quando
expostos ao MeHg, mas ndo apresentaram alteragdes no grupo co-exposto. A abertura de
olhos constitui uma resposta reflexa automatica do sistema nervoso periférico (SNP)
comum em todos os mamiferos. O desempenho desta resposta, junto com outros reflexos
do neurodesenvolvimento (reflexos primitivos) é um indicativo usado na pratica clinica
para avaliar a maturacdo do sistema nervoso (Schneider e Przewlocki, 2005, Nguyen et al.,
2017). Neste trabalho, utilizamos o procedimento descrito por Schneider e Przewlocki
(Schneider e Przewlocki, 2005) que consiste em fazer o registro da aparicdo do reflexo de
apertura de olhos do dia pos-natal 12 até o 16 (dia aproximado da apari¢do dos reflexos em
todos os filhotes). Este modelo é usado para avaliar neurodesenvolvimento em ratas com

exposicdo pré-natal ao acido valproico (VPA), um modelo animal de indugéo de autismo.
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No caso do MeHg, estudos com modelos de exposic¢ao perinatal ndo mostram alteragdes na
abertura de olhos (Paletz et al., 2006, Gandhi et al., 2014, Gandhi e K Rajput, 2016), mas
para 0 nosso conhecimento, nenhum estudo até agora utilizou nosso procedimento. Nossa
hipo6tese sobre os resultados de aprendizado olfatério e apertura de olhos, é que durante o
periodo gestacional e ao longo do periodo infantil, a co-administracdo de VitA surgiu como
um mecanismo compensatorio progressivo ante os efeitos deletérios produzidos pelo
MeHg, o qual foi intensificado nos filhotes. Existe evidéncia sobre o papel do &cido
retindico (RA), o metabolito ativo do palmitato de retinol, no desenvolvimento no sistema
olfatério e de sua reparacdo depois de lesbes, além da capacidade deste retinoide em
aumentar a memoria olfatéria e de combate aos efeitos do envelhecimento em

camundongos (Sell, 2014).

E interessante reconhecer que, os efeitos hereditarios do MeHg em modelo
experimental de NSC especificadas anteriormente respondem a modificacdes epigenéticas.
Existem evidéncias crescentes na literatura sobre o MeHg e seu envolvimento na
hipometilacdo do DNA (Anway et al., 2005, Baccarelli e Bollati, 2009, Pilsner et al., 2010).
Além disso, NSC expostas a MeHg apresentam um diminuicdo da 5-metilcitosina,
indicando uma baixa metilacio do DNA (Bose et al., 2012), acompanhada de uma
expressao diminuida no mRNA da DNA (citosina-5-)-metiltransferase (DNMT) 3b
(Ceccatelli et al., 2013). A mesma inibicdo da DNMT esta envolvida em um decrescimento
na proliferacdo celular, inducdo da senescéncia e perda da diferenciacdo neural, o qual foi
evidenciado usando um modelo experimental de células tronco multipotentes derivadas de
sangue de corddo umbilical humano (So et al., 2011, Ceccatelli et al., 2013).

Adicionalmente ao descrito, as modificagcdes epigenéticas poderiam explicar os efeitos a
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longo prazo evidenciados depois da exposicdo pré-natal ao MeHg, especialmente no
comportamento. Onishchenko e colaboradores (Onishchenko et al., 2008) demostraram,
usando camundongos, que 0 comportamento do tipo depressivo produzido por uma dose
baixa de MeHg teve relagdo com baixa expressdo génica do Fator Neurotréfico Derivado
do Cérebro (BDNF) no hipocampo. Além disso, na regido promotora do BDNF o
tratamento com MeHg induz hipermetilacio do DNA, incremento na trimetilacdo da
histona H3-K27 (H3-K27me3) e um decrescimento na acetilagdo H3 no promotor IV do
BDNF. Curiosamente, trabalhos recentes mostram que o RA, atuando sobre os receptores
de &cido retindico (RARs), promove o decrescimento da marca repressiva epigenética
provocada pela H3-K27me3, permitindo a ativacdo transcricional das celulas tronco
(Urvalek e Gudas, 2014). O anterior poderia explicar como a coadministracdo de VitA
poderia modular progressivamente os efeitos do MeHg durante a infancia dos filhotes. No

entanto, mais estudos sdo requeridos para confirmar nossa hipétese.

Apds o desmame e ap6s o desenvolvimento dos filhotes pré-adolescentes (PND 28
— 30), o tratamento MeHg-VitA ndo induziu alteracdes locomotoras, exploratérias ou de
comportamento emocional (ansiedade) no teste de campo aberto (OFT). Em relacdo a este
ultimo parametro, n6s ndo encontramos diferencas nos indices de tigmotaxia para nenhum
dos tratamentos durante o OFT (Anexo |1l desta dissertacdo). Por outro lado, a avaliacdo
dos parametros intersessdo no OFT sobre os filhotes expostos a MeHg, a suplementacéo de
VitA e ao tratamento de co-exposicdo apresentados neste trabalho, mostrou diferencas
sexo-dependentes. Os animais machos do grupo co-exposi¢ao, mostraram maior resposta de
habituacdo em comparagdo com as fémeas, significando uma diminui¢do na locomogéo e

na tigmotaxia entre as duas sessdes de OFT efetuadas (dias pds-natais 28 e 29). Os
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parametros da locomocao e do rearing (exploragdo vertical) sdo usados convencionalmente
como uma medida do aprendizado de habituacdo no OFT (Platel e Porsolt, 1982, Dai et al.,
1995, Thiel et al., 1999). No entanto, o comportamento de varredura tigmotaxica, isso &, o
tempo de locomocgdo (provavelmente exploratorio) que o animal mante ao longo das
paredes do campo aberto, também decresce com exposicdo repetida ao teste, sendo uma

alternativa ou ainda melhor parametro para a medic¢éo da habituacéo (Thiel et al., 1999).

No caso dos filhotes das maes suplementadas com VitA incluindo o grupo co-
exposicdo, a resposta de habituacdo pode ter sido favorecida pelo RA, que nos
estabelecemos previamente durante nossa discussdo do comportamento de abertura de
olhos. O RA é um promotor da neurogénese, pois contribui para o desenvolvimento e a
plasticidade hipocampal durante o neurodesenvolvimento (Bonnet et al., 2008). A
neurogénese hipocampal, um processo que ocorre em roedores (Cameron et al., 1993) e
humanos (Knoth et al., 2010) leva ao aumento do nimero de células neuronais do giro
denteado (DG), apds tarefas de aprendizado mediadas pelo hipocampo, ou seja, tarefas que
incluam navegacdo espacial (ex: Em ratos, Morris Water Maze) (Leussis e Bolivar, 2006,
Yau et al., 2015). Por tanto, o DG ¢€ crucial em func¢des de aprendizado e memdria (curto e
longo prazo, além da memdria espacial) podendo estar envolvida na resposta de habituacao
(Leussis e Bolivar, 2006, Lieberwirth et al., 2016). Trabalhos prévios tém demostrado a
vulnerabilidade hipocampal ao MeHg, e o fato que a exposicdo a doses baixas de este
contaminante afeta a neurogénese hipocampal (Sokolowski et al., 2013). Por outro lado,
varias linhas de evidencia mostram que a VitA previne déficits na memdria, devido a que o
RA pode contrapor-se aos efeitos do déficit na memoria espacial produzidos pelo dano na

neurogénese hipocampal (Bonnet et al., 2008, Touyarot et al., 2013).
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AlteragOes provocadas durante a neurogénese hipocampal sdo acompanhadas de
modificacOes epigeneticas. Recentemente, indmeras evidéncias nos apontam que oS
processos de memdria e os efeitos deletérios dos processos cognitivos pelo processo de
envelhecimento, estdo relacionados com a metilagdo do DNA (Liu et al., 2009, Yu et al.,
2011, Heyward e Sweatt, 2015, Oliveira, 2016). Além disso, o impacto de estressores sobre
a neurogénese desenvolvida em grandes taxas no DG hipocampal, e a metilacdo do DNA,
estéo relacionadas com afetagcOes cognitivas (Chen et al., 2013, Penner et al., 2016). Nossa
hipotese sobre a disfuncdo da neurogénesis hipocampal poderia explicar as diferengas
especificadas previamente na resposta diferenciada de habituagéo dos filhotes machos e das
fémeas. Estudos recentes demostraram em modelo de rato Wistar que, sob condicdes de
estresse cronico a proliferacdo e supervivéncia de neurdnios maduros é menor nas fémeas
do que os machos (Hillerer et al., 2013). Além disso, no mesmo modelo animal o estresse
no periodo perinatal aumenta a reducéo na neurogénesis hipocampal nos periodos prévios a
puberdade no caso das fémeas, melhorando em etapas perto da idade adulta (Loi et al.,
2014). Nossa hipotese sobre o efeito do desenvolvimento e respostas diferenciadas de
habituacdo pode ser explicado pela presencia de hormonios sexuais. De fato, os filhotes se
encontravam na peri-adolescéncia, e para as ratas fémeas, depois do desmame e perto do
dia pos-natal 32 comeca o processo de maduracdo sexual e abertura vaginal (Sengupta,
2013), nédo sendo descartada a possibilidade que as fémeas tinhas comecado seu ciclo estral.

Por dltimo, as alteracbes sexo-dependentes na habituacdo ndo foram
acompanhadas de um decrescimento na memdria episodica, as quais se encontram
acentuados durante o envelhecimento e inumeras condic¢des neurologicas como a doenca de
Alzheimer e certas formas de epilepsia (Inostroza et al., 2013). Nossa Unica limitacdo foi

demostrar a tendéncia discriminatoria no componente espacial do teste, o seja, a preferéncia
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pelos objetos deslocados foi completamente aleatoria. O anterior pode significar que para
nossos ratos, o objeto antigamente mostrado seja novamente novidade em relacdo aos
objetos mostrados recentemente, e as diferencias no desempenho nos componentes de
memdria sejam produto da mesma exploragdo diferencial dos filhotes. No caso dos filhotes
do grupo da co-exposi¢cdo (machos e fémeas), esses ratos possuem um tempo maior de
exploracdo pelo objeto deslocado em comparagdo com 0s outros ratos, mas sem mostrar

preferéncia.

4.4. Avaliacdo de parametros de estresse oxidativo em hipocampo, cortex pré-

frontal e bulbo olfatério isolados das maes e seus filhotes

Adicional a nossos resultados de comportamento, no Capitulo Il decidimos
aumentar o escopo de nosso trabalho avaliando parametros de estresse oxidativo em tecidos
do SNC. A ideia sobre a relacdo entre o estresse oxidativo e comportamento tem sido
demostrada ao longo dos anos, e atualmente ainda € reforcada por varios modelos
experimentais. Estudo recente demostrou a atividade anti-epileptogénica e neuroprotetora
ante déficits cognitivos do antioxidante acido ferulico (Hassanzadeh et al., 2017). No outro
estudo, usando um modelo animal de autismo (&cido valproico), os déficits
comportamentais e o estresse oxidativo induzido pelo composto foram atenuados pelo
tratamento com o carotenoide astaxantina (Al-Amin et al., 2015). Os resultados obtidos
dentro deste trabalho foram descritos no Capitulo Il desta dissertacdo e sdo resumidos na

Figura 4.
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Figura 4. Resultados do perfil redox em hipocampo, cortex pré-frontal e bulbo olfatério
isolados de maes e filhotes Wistar expostos a metilmercurio coadministrado com palmitato de
retinol (MeHg-VitA) durante o periodo de gestacéo e lactacéo.

Ainda que uma relacdo causa/efeito que possa explicar nossos resultados
comportamentais estd longe de ser obtida, o estresse oxidativo pode ser um fator
determinante sobre os efeitos bioldgicos causados pela co-exposicdo ao MeHg-VitA,
permitindo inferir sobre possiveis mecanismos de atuacdo a nivel celular. Uma das
consequéncias dos tratamentos com MeHg e VitA foi a modulacdo das defesas
antioxidantes no hipocampo das mées e dos filhotes indicando a producdo de espécies
reativas de oxigénio neste tecido. No caso das maes tratadas com MeHg e VitA, se
encontrou uma diminuigdo da atividade da CAT hipocampal, sem diferencia na atividade
evidenciada na SOD. Evidencia na literatura tem mostrado que a atividade da CAT

diminui, o que pode ser explicado pela inibicdo direta da enzima pelo MeHg (Abdel-Hamid

138



et al., 2001). No caso da VitA, tem evidéncia na literatura que demostra o incremento do
radical 05~ ap0s episodios de exposic¢ao a VitA (Klamt et al., 2005). Além disso, 0 mesmo
radical 05~ tem um efeito de inibicdo alostérica sobre a CAT, porém diminuindo sua
atividade (Shimizu et al., 1984). Por outro lado, nos grupos MeHg e MeHg-VitA, a
atividade da enzima que ficou mais alterada foi a GPx, apresentando uma diminuicédo
significativa. De fato, a GPx constitui uma enzima essencial para contra-atacar os efeitos
pré-oxidantes do MeHg (Franco et al., 2009). O principal mecanismo de acdo do MeHg e
inibir a sintese de GPx, devido a que constitui uma selénio-enzima. No SNC, o MeHg
forma um complexo insoltvel com o selénio livre (Se-Hg) o que impede a sintese de novo
de proteinas selénio-dependentes (Zemolin et al., 2012). Os niveis de CAT nas maes do
grupo MeHg-VitA ndo apresentam diferencas. Tanto a GPx como a CAT competem pelo
mesmo substrato (peroxido), entdo devido a inibicdo do MeHg o mecanismo compensatorio
esperado seria um crescimento na atividade da GPx (Machi et al., 2016). Devido ao anterior
nos podemos hipotetizar que existe um incremento na producdo de H2O, gerando uma

situacdo pro-oxidante no hipocampo

Nossos resultados sugerem um possivel efeito protetor in vivo da VitA sobre os
efeitos da toxicidade do MeHg evidenciado no hipocampo dos filhotes. De fato, nos
filhotes submetidos ao tratamento MeHg-VitA sob coadministragdo, mostraram uma
melhor resposta antioxidante. Existe evidencia na literatura sobre os efeitos dos
antioxidantes durante condicdes de estresse oxidativo no SNC. E amplamente conhecido o
efeito protetor da vitamina E, além dos seus analogos (tocoferois e tocotrienois) prevenindo
a peroxidacdo lipidica e, portanto, a neurotoxicidade do MeHg (Osakada et al., 2004,

Khanna et al., 2006, Nabi, 2014d). Outro composto com provavel atividade antioxidante e o
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trolox  (Acido-6-hidroxi-2,5,7,8-tetrametilcroman-2-carboxilico), outro derivado da
vitamina E, que possui efeito protetor in vivo reduzindo a apoptose na camada granular
cerebelar de ratas expostas ao MeHg (Usuki et al., 2001). Entre as hipoteses sobre efeito
protetor dos compostos antioxidantes sobre 0 SNC se encontram 0 scavenging e remogao
de radicais livres, reversdo ao dano da absorcdo de glutamato, inibigdo da liberacdo do
citocromo c e ativagdo da via das caspases (Aschner et al., 2007, Nabi, 2014d). Um dos
mecanismos mais aceitos constitui a inibi¢do do transporte de glutamato nos astrécitos por
parte do MeHg, o que leva a uma sobre producdo de ROS, mas os antioxidantes tém a
habilidade de prevenir essa sobre producdo, portanto atenuando a neurotoxicidade do
MeHg (Aschner et al., 2007, Nabi, 2014d). No caso da VitA, até agora e para nosso
conhecimento, ndo tem nenhum estddio referente aos possiveis mecanismos de modulacéo
deste micronutriente com o MeHg. Nossos resultados sdo 0s primeiros em mostrar 0s

possiveis efeitos antioxidantes da VitA no hipocampo de ratos tratados com este poluente.
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5. CONCLUSOES

Baseados nos resultados apresentados na presente dissertacao, podemos concluir 0s

seguintes pontos:

1)

2)

3)

A co-exposicdo a uma dose baixa e ambientalmente relevante de MeHg junto com
uma dose de suplementagdo com VitA em dose considerada como segura durante o
periodo reprodutivo, ndo produz alteracGes toxicologicas visiveis ou metabolicas
tanto nas mées como nos filhotes. O anterior ndo foi acompanhado de afetacGes nos
parametros reprodutivos classicos nas maes ou malformacbes congénitas nos
filhotes;

O tratamento de co-exposicdo nestas mesmas doses nao alterou o comportamento
materno, mas foi capaz de induzir alteragdes comportamentais nos filhotes como
preferéncia aleatdria no teste de aprendizado olfatério (PND 8), mas sem produzir
afetacdes no teste de apertura de olhos (PND 12 -16), Os resultados podem indicar
que a co-exposicdo a MeHg junto com uma suplementacdo de VitA interfere nos
processos de aprendizado em etapas iniciais da vida neonatal, mas ndo afeta de
maneira geral o neurodesenvolvimento em etapas posteriores da etapa infantil;

A coadministracdo em maes e seus filhotes de MeHg em doses baixas e
ambientalmente relevantes junto com a suplementacdo com VitA foi capaz de
modular de forma tecido-especifica a atividade das enzimas glutationa dependentes;
induzir ou alterar a lipoperoxidacao; e provocar modificagOes na relagdo SOD/(GPx
+ CAT) que podem indicar a dismutacéo de 05~ pela SOD e ndo metabolizacdo do

ulterior H20O> a taxas normais;
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4) O tratamento de co-exposicdo a uma dose ambientalmente relevante de MeHg e
suplementacdo segura de VitA ndo induz de maneira geral alteracbes metabdlicas,
toxicologicas ou sobre a atividade locomotor-exploratéria-emocional, em filhotes
pré-adolescentes (DPN 31). Apesar de que o tratamento ndo alterou as fungdes
cognitivas de memoria episodica (PND 30), afetou a resposta de habituacdo ao
Campo Aberto de maneira sexo-dependente (PND 29), apresentando os machos um
melhor desempenho em comparacdo com as fémeas. As mesmas diferencias sexuais
produziram diferentes respostas no balango redox de maneira tecido-especifica,
favorecendo as fémeas provavelmente pela agdo de hormonios sexuais com natureza

protetora como o estrégeno.
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6. PERSPECTIVAS

Baseados nos resultados mostrados na presente dissertacdo de Mestrado podemos

estabelecer uma serie de perspectivas em torno a refinamento e utilizacdo de outras técnicas

ou modelos bioldgicos para estudar os mecanismos moleculares da modulacdo MeHg-VitA,

um aprofundamento sobre efeitos biologicos ulteriores ao estresse oxidativo e parametros

adicionais a nivel comportamental e protocolos especificos que envolvam outras areas do

SNC. Entre algumas propostas para continuacdo do trabalho podemos especificar as

seguintes:

1)

2)

3)

Efetuar uma transposicdo em modelo in vitro focando em linhagem celulares
neuronais como neuroblastoma derivado de humano (SH-SY5Y) ou célula-tronco
neural (NSC) as quais sdo amplamente utilizadas para avaliacdo dos efeitos
neurotoxicos do MeHg, sendo interessante corroborar efeitos de metabolitos ativos
do palmitato de retinol como o &cido retindico ou retinol,;

Estudar e aprofundar outros parametros em modelos in vitro ou in vivo baseados no
neurodesenvolvimento que permitam avaliar a neurogénesis durante episodios de
co-exposicdo a MeHg-VitA em areas como o hipocampo (especificamente o giro
denteado);

Avaliar os efeitos de outros parametros redox especificos como a 3-nitrotirosina
usada em modelos in vivo usando como foco a fungdo cardiaca afetada pelo MeHg.
Além disso, focar na avaliagdo da cadeia transportadora de elétrons, sendo a

mitocondria um conhecido alvo da toxicidade do MeHg;
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4)

5)

6)

7)

Investigar outros parametros comportamentais ou tarefas de memoria espacial
hipocampo-dependentes como o Morris Water Maze, ou de aprendizado simples
como o teste de Aversdo ao Sabor;

Estudar os efeitos da combinacdo de outros compostos antioxidantes além da VitA,
como a vitamina E (um conhecido neuroprotetor) ou vitamina C em termos de
modular os efeitos toxicos do MeHg. Nossos resultados mostraram que nos tecidos
hepéaticos e cardiaco foram apresentados efeitos pro-oxidantes que podem ser
combatidos por outros antioxidantes mais seletivos;

Investigar o panorama de metabolitos do palmitato de retinol em outras estruturas
do SNC que possam existir durante episddios de co-exposicdo com MeHg, em
forma de estudos qualitativos e quantitativos usando metodologias de analise
quimico;

Investigar as modificacdes epigenéticas (metilagdo do DNA, metilacdo e acetilacdo
de histonas) que podem acontecer durante episodios de co-exposicdo a MeHg e

VitA a nivel do SNC como de outros 6rgaos em modelos in vitro e in vivo.
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ANEXQOS

Anexo . Parametros otimizados para as transicbes MRM do analise MS para

retindides.

Tabela S1. Pardmetros otimizados para as transicbes MRM do analise MS para retindides.
Potencial do Orificio (DP, Declustering Potential), Potencial de Entrada (EP, Entrance
Potential), Energia de Colisdo (CE, Collision Energy), e Potencial de Saida da Cela de
Colisdo (CXP, Collision Cell Exit Potential)

Q1 (m/z) Q3 (m/z) Tempo de permanencia ID DP (V) EP (V) CE (V) CXP (V)
269,429 93 50 Retinyl Acetate S1 76 10 20 14
269,429 41 50 Retinyl Acetate S2 76 10 56 14
269,429 95 50 Retinyl Acetate S3 76 10 25 18
269,429 109,1 50 Retinyl Acetate S4 76 10 23 12
269,429 93 50 Retinol S1 76 10 20 14
269,429 41 50 Retinol S2 76 10 56 14
269,429 95 50 Retinol S3 76 10 25 18
269,429  109,1 50 Retinol S4 76 10 23 12
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Anexo Il. Tempos de exploracao durante o teste de aprendizado olfatério (DPN 8)
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Figura S1. Tempos de exploragdo total (A) e discriminado por intentos (B) para o teste de
aprendizado olfatorio efetuado nos filhotes machos de cada ninhada no dia pos-natal 8. Os
dados estéo representados como a media + SEM.
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Anexo I11. Indice de tigmotaxia calculado para os filhotes durante o novo open field

(Novel OFT) (DPN 28)
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Figura S2. indice de tigmotaxia para a primeira sessdo de OFT (DPN 28). O indice de tigmotaxia
foi calculado em intervalos de 2 minutos usando a distancia percorrida pelo animal na periferia no
intervalo de tempo estabelecido, dividido pela distancia total percorrida total dentro do aparato de
OFT, e expressado como porcentagem. (A) indice de tigmotaxia para machos e (B) para fémeas. Os
dados estdo representados como a media £ SEM.
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