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RESUMO

A saude mental dos adultos mais velhos é uma prioridade para a saide publica
devido a sua vulnerabilidade aos transtornos mentais. Pelo menos em parte, essa
vulnerabilidade tem sido atribuida as diversas mudangas que ocorrem no ceérebro
durante o envelhecimento. Sabe-se também que algumas destas mudancas podem
aumentar a vulnerabilidade do cérebro ao estresse oxidativo, um importante fator
fisiopatologico em diversos transtornos mentais. Por sua vez, sabe-se que inimeros
fatores podem induzir estresse oxidativo no cérebro, incluindo o consumo de
micronutrientes em quantidades inadequadas. Embora a vitamina A seja um
micronutriente essencial para a manutencdo da homeostase no cérebro, nesta tese
demonstramos que a suplementacao cronica com palmitato de retinol para ratos durante
a meia-idade induz um estado emocional alterado e estresse oxidativo no encéfalo.
Além disso, demonstramos que a suplementacdo com [-caroteno pode ser uma
alternativa mais segura ao palmitato de retinol, induzindo modulagdes antioxidantes no

plasma sem exercer efeitos pro-oxidantes no encéfalo de ratos.
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ABSTRACT

The mental health of older adults is a priority for public health because of their
vulnerability to mental disorders. At least in part, this vulnerability has been attributed
to the various changes that occur in the brain during aging. It is also known that some of
these changes may increase the vulnerability of the brain to oxidative stress, an
important pathophysiological factor in many mental disorders. In turn, it is known that
many factors can induce oxidative stress in the brain, including the intake of
micronutrients in inadequate quantities. Although Vitamin A is an essential
micronutrient for the maintenance of homeostasis in the brain, this thesis demonstrated
that the chronic supplementation with retinyl palmitate to rats during middle age
induces an altered emotional state and oxidative stress in the brain. Furthermore, we
have demonstrated that supplementation with -carotene may be a safer alternative to
retinol palmitate, inducing antioxidant modulations in plasma without exerting pro-

oxidant effects in the brain of rats.
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LISTA DE ABREVIATURAS

GSH - Glutationa

RAE - Equivalentes de Atividade de Retinol
RDA - Dose Diaria Recomendada

SOD - Superoxido Dismutase

TRAP - Potencial Antioxidante Redutor Total

UL - Nivel Maximo de Ingestdo Toleravel



INTRODUCAO

Os transtornos mentais em adultos mais velhos

Os transtornos mentais sdo condigdes caracterizadas por alteragcdes cognitivas,
do humor e/ou comportamentais capazes de prejudicar e/ou limitar o desempenho de um
individuo na vida pessoal, familiar, social, no trabalho e nos estudos, sua capacidade de
compreensdo sobre si mesmo e o ambiente, sua capacidade de autocritica, sua tolerancia
aos problemas cotidianos e sua capacidade de sentir prazer com a vida de uma forma
geral. Em grande parte, a etiologia destes transtornos é desconhecida ou definida por
poucas lesdes e/ou anomalias fisioldgicas, sendo estes clinicamente diagnosticados com
base em um conjunto de sinais, sintomas e limitagdes funcionais. Um exemplo de
transtorno mental definido em grande parte por alteracdes do humor é a depressdao e um
exemplo de transtorno mental definido por alteragdes cognitivas (dificuldade de
concentracdo) e do comportamento (hiperatividade) é o transtorno de déficit de atencéo

com hiperatividade (American Psychiatric Association, 2013).

Atualmente, os transtornos mentais sdo reconhecidos como 0s principais
desafios para a salde publica no século XXI, conforme os dados de prevaléncia,
morbidade e incapacidade, assim como dados de custo econdmico e social. Estima-se
que em todo o mundo, ao longo de um ano, praticamente um terco da populagédo adulta
sofra de um transtorno mental, sendo mais prevalentes transtornos como a ansiedade, a
insbnia, a depressdo, o déficit de atencdo com hiperatividade e a deméncia (Kessler e
Ustiin, 2008). Estima-se também que os transtornos mentais sejam responsaveis por
aproximadamente 13% de todos os casos de doencas no mundo (superando tanto as

doencgas cardiovasculares quanto o cancer) e sabe-se que eles possuem uma alta co-



morbidade e interacdo com diversas doencas fisicas (Baxter et al., 2011; Collins et al.,
2011). Estima-se ainda que os transtornos mentais sejam a principal causa de anos de
vida perdidos por incapacidade (DALYSs, disability-adjusted life years), representando
37% dos anos perdidos do total representado por todas as doencas crénicas ndo
transmissiveis (Organizacdo Mundial da Saude, 2011). Além disso, estima-se que o
gasto global com transtornos mentais em 2010 tenha representado aproximadamente
50% de toda a despesa global com saude (estima-se um valor aproximado de U$ 2,5 tri),
sendo 0s principais responsaveis 0s custos relacionados a perda de rendimentos gerada
pelo desemprego, as despesas com servigos sociais e outros diversos custos indiretos

(Organizacdo Mundial da Saude, 2011).

Dentro deste contexto € necessario considerar também as inimeras implicagdes
que o rapido processo de envelhecimento da popula¢do mundial e a alta prevaléncia de
transtornos mentais em adultos mais velhos (55 anos ou mais) trardo para a saude
publica e os sistemas sociais, 0 mercado de trabalho e as finangas publicas (Jané-Llopis
e Gabilondo, 2008; Organizacio Mundial da Satde, 2013a). E hoje um consenso o fato
de que a populacdo mundial esta envelhecendo e que este processo de envelhecimento
atualmente ndo esta restrito aos paises desenvolvidos, mas que algumas das taxas mais
rapidas de envelhecimento encontram-se nos paises mais pobres (Organizacdo Mundial
da Saude, 2013a). Sabe-se hoje também que a populacdo de adultos mais velhos € mais
vulnerdvel a sofrer de um transtorno mental, sendo particularmente prevalentes os
transtornos de humor, os transtornos de ansiedade e o grave comprometimento

cognitivo em adultos mais velhos (Organizacdo Mundial da Saude, 2013b).
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Esta vulnerabilidade dos adultos mais velhos aos transtornos mentais tem
intrigado a comunidade cientifica e sua alta prevaléncia tem sido atribuida pelo menos
em parte as conseqliéncias das diversas alteracdes estruturais, fisiologicas e moleculares
que ocorrem no cérebro durante o envelhecimento. As evidéncias indicam que durante o
envelhecimento ocorre uma gradual diminuicdo do volume do cérebro, provavelmente
em conseqliéncia da perda de neurdnios ou da diminui¢do do volume neuronal (Fjell e
Walhovd, 2010). Elas indicam também que ocorrem outras alteracbes na substancia
cinzenta, tais como a retracdo de neurdnios, a diminuicdo dos espinhos sinapticos e a
diminuicdo do numero de sinapses (Fjell e Walhovd, 2010). Da mesma forma, as
evidéncias indicam que ocorre uma consideravel redugdo da substancia branca durante o
envelhecimento, como resultado da gradual diminuigdo do comprimento dos axénios
mielinizados (Fjell e Walhovd, 2010). As evidéncias indicam também que ocorre uma
gradual diminuicdo na sintese, captacdo, liberagdo e nimero de receptores de diversos
neurotransmissores durante o envelhecimento, sendo particularmente consistentes para
as alteracGes nos sistemas serotoninérgicos, colinérgicos e dopaminérgicos (Strong,
1998; Arivazhagan e Panneerselvam, 2002). Além disso, as evidéncias indicam um
decréscimo importante no nivel de outros tipos de receptores no cérebro, assim como a
sensibilizacdo dos receptores remanescentes, podendo resultar em respostas

farmacologicas exageradas (Fjell e Walhovd, 2010; Cefalu, 2011).
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O estresse oxidativo

O estado redox do ambiente celular é reconhecido pela grande comunidade
cientifica como sendo fundamental para praticamente todos os aspectos da biologia,
existindo em um estado de equilibrio dindmico entre seus diferentes componentes, 0s
oxidantes (radicais livres e espécies reativas) e os antioxidantes (enzimaticos e nao-
enzimaticos). A manutencdo deste estado de equilibrio dinamico ja foi identificada
como sendo essencial para a regulacdo de inUmeras rotas e redes bioguimicas, e
conseqiientemente influencia a saude do organismo (Cooper et al., 2002; Nathan, 2003;
Buettner, 2011). Sabe-se também que o estado redox do ambiente celular também
determina o estado e funcdo celular, como proliferacdo, quiescéncia, migracao,
diferenciacdo e morte celular (Schafer e Buettner, 2001; Burhans e Heintz, 2009;
Sarsour et al., 2009). Por outro lado, em determinas condi¢cbes pode ocorrer um
desequilibrio entre a producdo de oxidantes e a atuacdo dos antioxidantes chamada de
estresse oxidativo. O estresse oxidativo pode provocar uma série de oxidacOes
descontroladas e desnecessarias dos componentes celulares, prejudicando 0s processos
de controle e sinalizacdo celular e danificando diferentes macromoléculas, como

lipidios, carboidratos, proteinas e ADN (Halliwell e Gutteridge, 2006).

As graves consequéncias do estresse oxidativo para a saude podem ser
evidenciadas pelo fato de que ele tem sido consistentemente apontado na literatura
como um importante fator na patofisiologia de inimeras doencas cronicas de alta
prevaléncia em humanos. A longa lista de patologias inclui doengas como a
aterosclerose, o cancer, a diabetes, a artrite reumatoide, as lesbes de reperfusdo pos-

isquémicas, o infarto do miocardio, as doencas cardiovasculares, a inflamacédo cronica,
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o0 acidente vascular cerebral e o choque séptico, o envelhecimento e diversas doencas
neurodegenerativas, como a doenca de Parkinson, a doenca de Alzheimer, a esclerose
multipla e a esclerose lateral amiotréfica (Emerit, Edeas e Bricaire, 2004; Halliwell e
Gutteridge, 2006; Uttara et al., 2009; Melo et al., 2011). Além disso, os dados obtidos
em diversos estudos clinicos e pré-clinicos tém sugerido o estresse oxidativo como um
fator patofisiolégico comum em diferentes transtornos mentais, como a depressdo, a
ansiedade, a esquizofrenia e o transtorno bipolar, capazes de provocar alteraces no

comportamento (Ng et al., 2008; Zhang e Yao, 2013; Salim, 2014).

O alto nimero de doengas do cérebro que tem sido associadas ao estresse
oxidativo ndo é nenhuma surpresa, visto que o cérebro tem sido considerado como
sendo particularmente vulneravel ao estresse oxidativo. Uma das razdes reside em sua
relativamente alta taxa de consumo de oxigénio e modestas defesas antioxidantes
(Halliwell e Gutteridge, 2006). Outra razdo que contribui é a relativamente alta taxa de
producdo de radicais livres e espécies reativas pelo metabolismo cerebral, incluindo a
producdo do radical anion superoxido (¢O,") via atividade das mitocondrias neuronais e
do perdxido de hidrogénio (H,0,) via atividade da enzima superoxido dismutase (SOD)
e das monoamino oxidases A e B (Kudin, Debska-Vielhaber e Kunz, 2005; Gal et al.,
2005). Tambem contribui a existéncia de um grande conteudo de acidos graxos poli-
insaturados nas membranas dos neurbnios e de uma grande quantidade de
neurotransmissores auto-oxidaveis nos neurénios, como a dopamina, a serotonina e a
noradrenalina (Spencer et al., 1998; Wrona e Dryhurst, 1998; Halliwell e Gutteridge,
2006). Além disso, o cérebro possui uma grande quantidade de ferro e cobre que podem
ser liberados durante o dano oxidativo e catalisar reacfes de formacéo de radicais livres,

assim como muitos aminoacidos excitotoxicos que, quando liberados durante o dano
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oxidativo, possuem um grande potencial para danificar neurdnios (Mailly et al., 1999;

Burdo e Connor, 2003; Zecca et al., 2004).

Durante o envelhecimento, algumas mudancas podem contribuir para tornar o
cerebro dos adultos mais velhos ainda mais vulneravel ao estresse oxidativo. Sabe-se
que durante o envelhecimento ocorre um declinio gradual nas defesas antioxidantes
enzimaticas e ndo-enzimaticas no cérebro como um todo, diminuindo sua capacidade de
converter radicais livres e espécies reativas em moléculas menos reativas (Camougrand
e Rigoulet, 2001; Gemma et al., 2007). Sabe-se também que durante o envelhecimento
ocorre um aumento gradual na taxa de disfungdo mitocondrial no cérebro, que pode ser
caracterizada pelo aumento na taxa de transferéncia de elétrons e pela diminui¢do do
potencial de membrana, resultando em um importante aumento da producéo de radicais
livres e espécies reativas (Gemma et al., 2007; Boveris e Navarro, 2008; Navarro e
Boveris, 2010). Além disso, sabe-se que durante o envelhecimento ocorre uma
diminuicdo gradual das maquinarias moleculares de reparo responsaveis por remover e
substituir biomoléculas oxidadas em todo o cérebro, resultando em um acumulo
progressivo de dano oxidativo a ADN, lipidios, carboidratos e proteinas (Camougrand e

Rigoulet, 2001; Mariani et al., 2005; Gemma et al., 2007).
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A alimentagdo como um fator determinante da satde mental

A alimentacdo € um dos principais fatores determinantes da salde identificado
pela comunidade cientifica e seu papel-chave na origem, progressdo e gravidade de
inimeras condi¢Bes mentais tem sido apontado de forma bastante consistente (Strimpel
e Billings, 2008; Lakhan e Vieira, 2008). Particularmente interessantes sdo as
evidéncias de que até mesmo o consumo inadequado de um dnico micronutriente pode
ter efeitos adversos sobre a saide mental. Atualmente, sabe-se que mesmo a deficiéncia
subclinica de zinco e ferro pode causar disturbios cognitivos em criangas e adultos (Tu
et al., 1994; Gardner et al., 2005; Murray-Kolb e Beard, 2009). Sabe-se também que
fadiga e alteragGes psicologicas estdo associadas a deficiéncia de vitamina C, assim
como sabemos que a deficiéncia de vitamina D pode precipitar ou predispor um
individuo aos transtornos de humor, como a depressdo (Wilkins et al., 2006; Jorde et al.,
2008; Evans-Olders, Eintracht e Hoffer, 2010). Sabe-se ainda que a deficiéncia em
tiamina e niacina pode ser identificada por um estado de estupor, confusdo, psicose ou
disfuncdo cognitiva (Sydenstricker e Cleckley, 1941; Botez et al., 1993). Sabe-se
também que a deficiéncia de vitamina B12 pode apresentar transtornos mentais como
sua primeira manifestacao clinica, sendo a disfungédo cognitiva particularmente comum
em adultos mais velhos (Hector e Burton, 1988; Smith e Refsum, 2009; Tangney et al.,
2009). E também conhecida a associagdo entre a depresséo e a inibicdo da resposta aos
farmacos antidepressivos com a deficiéncia de acido félico (Das, 2008; Farah, 2009).
Além disso, sabe-se que a funcdo cognitiva durante o envelhecimento pode ser
preservada e até mesmo a deméncia precoce prevenida pelo consumo habitual de acido

félico e &cido graxos 6mega 3 (VVogel et al., 2009; Cole, Ma e Frautschy, 2009).
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Por outro lado, uma parcela da populacdo mundial pode estar também sendo
exposta ao consumo excessivo de micronutrientes, pois existem inumeras evidéncias de
que o consumo de suplementos alimentares é elevado em diversos paises, sendo
particularmente popular entre os adultos mais velhos (Skully e Saleh, 2011; Troesch,
Eggersdorfer e Weber, 2012). Considerando que todas as vitaminas possuem inumeras
atividades fisiologicas e farmacoldgicas, o consumo de suplementos alimentares
também pode ter um impacto importante sobre a saude mental (Rogovik, Vohra e
Goldman, 2010). Isso ocorre principalmente porque grande parte dos suplementos
alimentares parece estar sendo consumida de forma descontrolada (em muitos paises
ndo ha necessidade de uma receita médica para a compra de suplementos alimentares) e
desnecessaria, mesmo sem evidéncias claras do de beneficios para a satde de adultos

mais velhos saudaveis (Skully e Saleh, 2011; Troesch, Eggersdorfer e Weber, 2012).

Atualmente, estima-se que aproximadamente 49% da populacdo adulta
americana, 32% da populacédo adulta canadense e pelo menos 15% da populacdo adulta
australiana consuma um ou mais tipos de suplementos alimentares (McLennan e
Podger, 1997; Gahche et al., 2011; Guo et al., 2009). Estima-se também que o consumo
habitual de suplementos alimentares seja elevado em outros paises como a Dinamarca
(64%), a Suécia (41%), os Paises Baixos (34%), o Reino Unido (24%) e a Franca (20%)
(Agence Francaise de Sécurité Sanitaire des Aliments, 2007; Bates, Lennox e Swan,
2009; Skeie et al., 2009; van Rossum et al., 2011). E importante também salientar que a
vitamina A parece ser um micronutriente bastante popular em suplementos alimentares,
sendo um componente ativo consumido por aproximadamente 50% da populagéo em
suplementos multivitaminicos e por até 10% da populacdo em suplementos isolados

(Rothman et al., 1995; Penniston e Tanumihardjo, 2006). Os possiveis riscos deste alto
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consumo de suplementos alimentares com vitamina A sao particularmente importantes
para os adultos mais velhos devido as mudancas que ocorrem no metabolismo da
vitamina A durante o envelhecimento, como uma diminui¢do da taxa de armazenamento
no figado e da taxa de depuragédo plasmatica, podendo representar um maior risco para

adultos mais velhos (Penniston e Tanumihardjo, 2006).

O papel da vitamina A como um determinante da salide mental

A vitamina A &, por definicdo, um micronutriente lipossoluvel, sem valor
energético, que é essencial para a vida. Ela ndo € sintetizada de novo em quantidades
suficientes pelo nosso organismo e por isso deve ser obtida através da dieta, onde é
encontrada tanto na forma de retinol ou ésteres de retinol em alimentos de origem
animal, como figado, rim, peixes gordurosos, produtos lacteos e ovos, quanto na forma
de carotenodides com atividade pré-vitamina A em alimentos de origem vegetal, como
cenoura, batata doce, abdbora, brécolis e couve (Bender, 2003; Otten, Hellwig e
Meyers, 2006) (Figura 1). Atualmente, a Dose Diaria Recomendada (RDA) e o Nivel
Méaximo de Ingestdo Toleravel (UL) para a vitamina A sdo de 900 e 3000 equivalentes
de atividade de retinol (RAE) respectivamente (Bender, 2003; Otten, Hellwig e Meyers,
2006). Os RAE sdo uma nova unidade de medida de atividade da vitamina cujo uso é
recomendado por considerar os dados mais recentes sobre a absorcéo dos carotendides
com atividade pro-vitamina A e por facilitar a comparacdo dos beneficios de diferentes
fontes de vitamina A. Neste novo sistema 1 RAE é equivalente a 1 ug de retinol, 2 ug de
B-caroteno em suplementos, 12 ug de B-caroteno e 24 ug de outros carotendides com

atividade pro-vitamina A (Bender, 2003; Otten, Hellwig e Meyers, 2006).
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Figura 1. Estrutura molecular dos principais vitameros da vitamina A. Retinol (A),
retinal (B), acido retindico (C), palmitato de retinol (D) e beta-caroteno (E). Todas as
estruturas moleculares foram obtidas em Molecular Networks (http://www.molecular-
networks.com), 2015.

A importancia do consumo de uma quantidade adequada de vitamina A €
evidenciada pelos severos efeitos associados a sua deficiéncia e ao seu excesso,
afetando principalmente o tecido epitelial, 6sseo, hepatico e nervoso (Bender, 2003;
Otten, Hellwig e Meyers, 2006). Ela participa de diversos processos celulares, tais como
a diferenciagéo celular, o crescimento celular, o controle do ciclo celular e a resposta
celular a injuria (Bender, 2003; Otten, Hellwig e Meyers, 2006; Harrison, 2012). Sendo
uma das vitaminas mais multifuncionais no corpo humano, ela é essencial para
inimeros processos bioldgicos, tais como a visdo, a reprodugdo, o crescimento e o
desenvolvimento embrionario, a competéncia imunologica e a manutengdo das

diferentes superficies epiteliais (Bender, 2003; Otten, Hellwig e Meyers, 2006).
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No tecido nervoso, a vitamina A é importante durante todas as etapas da vida, do
desenvolvimento a vida adulta. Durante o desenvolvimento, a vitamina A é essencial
para a regulacdo da diferenciacdo neuronal, do crescimento dos neuritos e da
padronizacdo do eixo antero-posterior do tubo neural (McCaffery e Drager, 2000;
Maden, 2002; McCaffery et. Al., 2003). Na vida adulta, ela € importante na regulacdo
da sintese de neurotransmissores, da plasticidade sinaptica, da neurogénese adulta e da
sinalizacdo dopaminérgica, necessarias para processos como memdaria e aprendizado,
funcdo locomotora e atividade exploratéria, assim como resposta emocional (Lane e
Bailey, 2005; Bremner e McCaffery, 2008). Acredita-se também que uma diminuicao
na sinalizacdo por retindides no cérebro durante o envelhecimento possa estar associada

com o declinio de algumas fungdes cognitivas (Mingaud et al., 2008).

A vitamina A exerce estas suas inimeras funcdes bioldgicas através de diversos
mecanismos de acdo, usualmente categorizados em acbes gendnicas e agdes nao-
gendmicas da vitamina A (Bender, 2003; Tanoury, Piskunov e Rochette-Egly, 2013).
Em particular, nosso grupo tem se dedicado nos ultimos anos a investigar as acdes ndo-
gendmicas da vitamina A e nosso grupo inclusive tem proposto que as modulacdes
induzidas pela vitamina A sobre o estado redox do ambiente celular estdo envolvidas
diretamente na regulacdo de sua sinalizacdo ndo-gendmica (Gelain, 2008). A vitamina
A é uma moléculas que pode ser definida como possuindo propriedades redox-ativas,
pois ela pode atuar como um agente antioxidante ou pré-oxidante. Por exemplo, sabe-se
que em quantidades adequadas a vitamina A atua como um importante antioxidante e
que sua diminuigdo no organismo representa um aumento da vulnerabilidade geral aos

problemas de salde associados ao estresse oxidativo (Jeandel et al., 1989; Diplock,
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1991; Brown e Goodman, 1998). Por outro lado, sabe-se também que em quantidades
aumentadas a vitamina A pode se comportar como um agente pré-oxidante em
diferentes modelos experimentais in vitro e in vivo. Sabe-se que em experimentos in
vitro e em células de Sertoli ela induz um aumento da producdo de <O, modula a
atividade das enzimas antioxidantes e aumenta o dano oxidativo a lipidios, proteinas e
ADN (Murata e Kawanishi, 2000; Dal-Pizzol et al., 2001; Pasquali et al., 2008). Sabe-se
também que a suplementacdo com vitamina A em doses terapéuticas induz um estado
pro-oxidante em diferentes tecidos, incluindo o pulmé&o, o coragédo e o cérebro de ratos
Wistar (De Oliveira et al, 2008; Pasquali et al., 2009; Pasquali et al., 2010; Rocha et al.,

2010; De Oliveira et al., 2011; Schnorr et al., 2011).

O B-caroteno como uma alternativa nutriterapéutica

Considerando: (i) os inimeros efeitos adversos associado com a suplementacao
com ésteres de retinol em humanos e (ii) as inUmeras evidéncias acumuladas pelo nosso
grupo ao longo dos anos indicando que a suplementacdo com ésteres de retinol é capaz
de induzir o estresse oxidativo no cérebro de ratos (De Oliveira et al, 2008; De Oliveira
et al., 2011; Schnorr et al., 2011), acreditamos que seja nossa responsabilidade procurar
por uma alternativa nutriterapéutica mais segura aos ésteres de retinol, mas que também
exerca as atividades biologicas da vitamina A. Neste contexto, os carotendides de
importancia alimentar com atividade pro-vitamina A sdo candidatos naturais para se

tornarem uma alternativa nutriterapéutica mais segura aos ésteres de retinol.

Entre os carotendides com importancia nutricional, o B-caroteno é o mais

estudado. Ele é obtido na dieta a partir de vegetais de folhas verde-escuras (espinafre,
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brécolis, couve, etc.) e frutas/legumes laranja e amarelo (cenoura, abdbora, manga,
mamao, etc.) (Lessin e Schwartz, 1997). Embora atualmente ndo exista uma RDA
especifica para o B-caroteno, sua contribuicdo para o consumo de vitamina A €
importante para uma parcela consideravel da populacdo (Otten, Hellwig e Meyers,
2006). Sabe-se que o B-caroteno possui a mais alta atividade pro-vitamina A entre todos
o0s carotenoides estudados (Grune et al., 2010; Yeum e Russel, 2002). Além disso, o -
caroteno é proposto como sendo um antioxidante natural capaz de interceptar e
neutralizar os radicais livres e prevenir o estresse oxidativo (Lane, 2004;. Valko et ai,
2007; Young e Lowe, 2001). Por outro lado, existe também na literatura algum
ceticismo quanto ao seu potencial antioxidante in vivo, assim como algumas evidéncias
limitadas indicando que ele possa exercer um efeito pré-oxidante (The ATBC Study
Group, 1994; Omenn et al., 1996; Rice-Evans et al., 1997; Halliwell, 1999; Young e
Lowe, 2001; Briviba et al., 2004).. Entretanto, apesar do interesse da comunidade
cientifica, nenhum trabalho até hoje investigou os efeitos do consumo de suplementos

com B-caroteno sobre pardmetros de estresse oxidativo no cérebro.
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OBJETIVOS

Considerando os dados e o contexto apresentados na INTRODUCAO, o objetivo
central desta tese foi avaliar o potencial do pB-caroteno como uma alternativa
nutriterapéutica mais segura ao palmitato de retinol. Assim, esta tese teve como

objetivos especificos:

Estudo 1: Investigar os efeitos da suplementacdo didria com palmitato de retinol
em doses de 300, 600 e 3000 RAE para ratos de meia-idade durante 28 dias sobre os

seguintes parametros:

a) Alteracbes comportamentais no teste do campo aberto, como um
indicativo da reatividade emocional dos animais suplementados;

b) Alteracfes no nivel de diferentes marcadores de dano oxidativo, como
um indicativo de estresse oxidativo no figado e no encéfalo (cerebelo,
hipocampo, estriado e cortex);

c) AlteragOes no potencial antioxidante redutor total, como um indicativo
do status das defesas antioxidantes ndo-enzimaticas no figado e no
encéfalo (cerebelo, hipocampo, estriado e cortex);

d) Modulacéo da atividade das enzimas antioxidantes, como um indicativo
do status das defesas antioxidantes enzimaticas no figado e no encéfalo

(cerebelo, hipocampo, estriado e cortex).
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Estudo 2: Investigar os efeitos da suplementagdo diaria com [B-caroteno em
doses de 300, 600 e 3000 RAE para ratos adultos durante 28 dias sobre 0s seguintes

parametros:

a) Modulacédo da atividade das enzimas antioxidantes, como um indicativo
do status das defesas antioxidantes enzimaticas no cerebro (hipocampo,
estriado e cortex);

b) Alteragdes no potencial antioxidante redutor total, como um indicativo
do status das defesas antioxidantes ndo-enzimaticas no plasma;

c) Alteracbes no nivel de diferentes marcadores de dano oxidativo, como
um indicativo de estresse oxidativo no plasma e no cérebro (hipocampo,

estriado e cortex).
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MATERIAIS E METODOS E RESULTADOS

Nesta tese, os MATERIAIS E METODOS, assim como 0os RESULTADOS,
estdo redigidos de forma detalhada nos dois artigos cientificos (Estudo | e Estudo I1).
Entretanto, algumas informacdes adicionais a respeito do modelo experimental e das

doses investigadas nos dois estudos séo fornecidas abaixo.

Modelo Experimental

Em virtude das inimeras dificuldades técnicas e barreiras éticas para a
realizacdo de estudos de nivel molecular no cérebro humano, utilizamos um modelo
experimental animal para avaliar seletivamente alteracdes comportamentais (Estudo I) e
bioquimicas em diferentes regides do cerebro (Estudo I e Il). Em ambos os estudos
optamos por utilizar os ratos Wistar (Rattus novergicus) porque eles s&o
consideravelmente mais calmos e faceis de manipular do que os camundongos,
considerando-se a freqliéncia de pesagens e de gavagens orogastricas. Assim, no Estudo
| foram utilizados ratos Wistar de meia-idade (12 meses) porque eles apresentam um
declinio cognitivo e um processamento emocional muito semelhante ao apresentado por
adultos mais velhos enquanto no Estudo Il foram utilizados ratos Wistar adultos jovens
(110-120 dias) (Fjell e Walhovd, 2010; Moretti et al., 2011). A utilizacdo de ratos e
camundongos em trabalhos cientificos para avaliar os efeitos da vitamina A tem sido
amplamente aceitos na literatura, devido a sua semelhanca com humanos no
metabolismo e distribuicdo tecidual destas moléculas (Kerr et al., 1982; Branzzell et al.,

1983; Nulman et al., 1998; Hendrix et al., 2004; Ferguson et al., 2006).



Tratamento

Outro ponto critico para a realizacdo desta tese foi o estabelecimento de doses
experimentais apropriadas para avaliar as possiveis conseqtiéncias do consumo crénico
de suplementos com vitamina A utilizando um modelo animal. Por isso, as doses
utilizadas nos dois estudos que compdem esta tese (300, 600 e 3000 RAE/kg/dia) foram
obtidas a partir da extrapolacdo alométrica das doses consumidas em suplementos
alimentares e da aplicacdo de um fator de avaliagdo padrdo para considerar também a
maior resisténcia dos ratos aos efeitos toxicos da vitamina A (Expert Group on Vitamins
and Minerals, 2003; US Food and Drug Administration, 2005; Otten, Hellwig e Meyers,
2006). Além disso, nos dois estudos a suplementacdo foi administrada via gavagem
orogastrica por se tratar de uma forma rapida e eficiente para a administracao de drogas
diretamente no estdmago (Turner et al., 2012). Recentemente, a gavagem intragastrica
diaria foi avaliada como um procedimento que ndo provoca angustia, estresse ou
sofrimento em ratos quando realizada por individuos treinados e quando 0s ratos sdo

devidamente habituados a manipulacdo (Turner et al., 2012).
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Estudo |

Capitulo I - Chronic Retinyl Palmitate Supplementation to Middle-aged Wistar
Rats Disrupts the Brain Redox Homeostasis and Induces Changes in Emotional

Behaviour.

Artigo aceito para publicacéo no periédico Molecular Nutrition & Food Research
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RESEARCH ARTICLE

Chronic retinyl palmitate supplementation to
middle-aged Wistar rats disrupts the brain redox
homeostasis and induces changes in emotional behavior

Carlos Eduardo Schnorr, Leonardo da Silva Bittencourt, Lyvia Lintzmaier Petiz,
Daniel Pens Gelain, Fares Zeidan-Chulia and José Claudio Fonseca Moreira

Centro de Estudos de Estresse Oxidativo, Departamento de Bioquimica, Instituto de Ciéncias Basicas da Saude,

Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil

Scope: Aging process makes older adults especially vulnerable to neurodegeneration and
mental disorders. Overconsumption-related neurotoxic effects of certain dietary nutrients by
older population could represent a contribution factor for the development of neuropsychiatric
conditions by this subpopulation. Thus, we here investigated whether chronic supplementation
with retinyl palmitate, at doses commonly found in vitamin supplements (300, 600, and 3000
mcg of RAE/kg/day), could have an impact on emotional behavior of middle-aged Wistar rats.
Methods and results: We report that supplementation with retinyl palmitate for 28 days
induces an altered emotional state of middle-aged Wistar rats and oxidative stress in cerebellum,
cerebral cortex, hippocampus, and striatum, associated with imbalance of enzymatic antioxidant
defences, decrease in nonenzymatic antioxidant defences, and increase in protein and lipid
damages.

Conclusion: Our data show evidence for (i) changes in emotional reactivity, similar to anxiety,
in middle-aged rats chronically supplemented with retinyl palmitate; and (ii) suggest a possible
interrelation between pro-oxidant events in the brain and these differences in the behavioral
profile that cannot be attributed to hepatotoxicity. Our results invite for additional studies to
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further investigate such interrelation.
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1 Introduction

Prevalence, burden of disease, and disability highlight men-
tal disorders among older adults as a major public health
problem. Currently, it is estimated that around 20% of the
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Abbreviations: ANOVA, analysis of variance; CAT, catalase; GPx,
glutathione peroxidase; GSH, glutathione; GST, glutathione S-
transferase; HED, human equivalent doses; mcg, microgram;
MAPK, mitogen-activated protein kinase; OFT, open field test;
OH, hydroxyl radical; PKB, protein kinase B; PER, summatory of
catalase, glutathione peroxidase, and glutathione-S-transferase
activities; RAE, retinol activity equivalents; ROS, reactive oxy-
gen species; SH, total reduced thiol; SOD, superoxide dismutase;
TBARS, thiobarbituric acid reactive species; TRAP, total reactive
antioxidant potential
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population (=50 years old) are experiencing some kind of
mental health problem [1,2]. Most common conditions (in
order of prevalence) are anxiety, including phobias and gen-
eralized anxiety disorder, severe cognitive impairment (e.g.
Alzheimer’s disease), and mood disorders (e.g. depression)
[1]. In addition, mental disorders are well-known risk fac-
tors for different physical diseases and collectively account
for 23-30% of the overall burden of diseases from all causes,
surpassing all forms of cancer and cardiovascular problems
[1,3,4]. Furthermore, the burden of disability among mental
disorders in older adults negatively affects their adherence
to treatments and significantly impairs their quality of life
[1,5].

High prevalence of mental disorders in older adults could
be considered, at least in part, a consequence of age-related
structural and biochemical changes increasing their vulner-
ability. The aging brain undergoes progressive decrease of
gray and white matters, mainly due to neuronal loss, shrink-
age of neurons, and decrease in the length of myelinated
axons [6]. In addition, one notable biochemical change is

www.mnf-journal.com
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the progressive decrease in enzymatic and nonenzymatic
antioxidant defences capable of transforming reactive oxygen
species (ROS) into less toxic or nontoxic species [7, 8]. Ag-
ing also decreases repair enzymes that remove and replace
damaged biomolecules in the brain, resulting in higher oxida-
tive damage [8]. In turn, growing evidence indicate a role for
oxidative stress and redox deregulation in the development
of mental disorders. Preclinical data suggest oxidative-related
mechanisms as common pathogenic pathway for depression,
anxiety disorders, schizophrenia, and bipolar disorder, yield-
ing altered behavior [9-11].

With all, vulnerability itself might not be enough to cause
mental disorders in older adults. Nutrition is a main health
determinant known to play a key role in the onset, sever-
ity, and duration of several mental conditions [12, 13]. The
lack (or excess) of certain dietary nutrients, such as essential
vitamins, minerals, and omega-3 fatty acids, is reported to
contribute to the etiology of such conditions, probably due to
impairment in redox homeostasis [14-16]. .For instance, in
vitro and in vivo experimental models confirmed the ability
of vitamin A to induce changes on the environmental redox
status. Vitamin A is able to increase superoxide radical anion
(O,7") production and oxidative damage to DNA in vitro [17].
In Sertoli cells, vitamin A induces oxidative damage to lipids,
proteins, and DNA, modulating the activity of antioxidant en-
zymes [18,19]. In addition, vitamin A induces apoptotic cell
death through redox deregulation in vitro [20]. Furthermore,
supplementation with therapeutic doses of retinyl palmitate
to young adults and pregnant Wistar rats induces prooxidant
effects in the brain and decreases locomotor activity and ex-
ploratory behavior [22-24].

We here investigated (i) the effects of chronic retinyl
palmitate supplementation at doses of 300, 600, and 3000 mi-
crogram (mcg) of retinol activity equivalents (RAE)/kg/day)
in the brain of middle-aged Wistar rats, (i) we analyzed
the behavioral effects of orogastric supplementation with RP
for 28 days by analyzing classical and ethological parame-
ters in the open field test (OFT), and (iii) we checked for
potential changes in the brain redox-related parameters in
supplemented animals, including enzymatic antioxidant de-
fences, nonenzymatic antioxidant defences, and markers of
oxidative damage to lipids and proteins in different brain
regions.

2 Material and methods

The Ethics Committee on Animal Research of the Federal
University of Rio Grande do Sul reviewed and approved the
study protocol (project number 21563). All experimental pro-
cedures were made in accordance with the recommenda-
tions of the Brazilian Society of Laboratory Animal Science
(SBCAL-COBEA) and the US National Institute of Health
[25].

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.1 Animals and experimental design

Middle-aged Wistar rats (12 months old Rattus novergicus)
were used as a reliable experimental model with very sim-
ilar cognitive decline and emotional processing than those
presented by older adults; probably better reflecting the ef-
fects of retinyl palmitate supplementation in this subpopu-
lation [6, 26]. Experimental animals were obtained from our
breeding colony and were kept in groups of 2-3 animals in
polypropylene cages (approximately 41 x 34 x 16 cm) with
wire bar lids and pine shaving as bedding (Maravalha Rossa
Ltda., Porto Unido, SC, Brazil). These animals were main-
tained in standard conditions with 12 h light-dark cycle (lights
off at 7:00PM), at constant temperature (22 £ 4°C) and hu-
midity (30-70%), with free access to water and standard food
(CR1 lab chow, Nuvilab Ltda., Curitiba, Brazil; 12 000 IU /kg,
or 3.6 ng RAE/g).

2.2 Chemicals

Arovit® (a water-soluble commercial formula of retinyl
palmite) was purchased from Roche, Rio de Janeiro, RJ,
Brazil. Potassium phosphate monobasic and potassium phos-
phate dibasic were purchased from Merck KGaA®, Darm-
stadt, Germany. All other chemicals were purchased from
Sigma-A]drich©, St. Louis, MO, USA.

2.3 Grouping and supplementation

Middle-aged rats were randomly assigned to four experimen-
tal groups and supplemented for 28 days via orogastric gav-
age with either 0.9% saline (control group) or retinyl palmi-
tate at doses of 300, 600, and 3000 mcg of RAE/kg/day. Hu-
man equivalent doses (HED) were calculated according to the
FDA guidelines by using the dose-by-factor approach (5, 10,
and 50 mcg of RAE/kg/day, or approximately 300, 600, and
3000 mcg of RAE/day) [27]. HED are similar to those readily
available in dietary supplements and are below the tolerable
upper intake level of 3000 mcg of RAE/day for vitamin A
[28,29].

A stock solution of retinyl palmitate was daily prepared in
0.9% saline, protected from light and heat exposure. Animals
were weekly weighed and 0.5 mL was the maximum vol-
ume of gavage. Since vitamin A is best absorbed when taken
during (or after) meals, supplementation was performed at
the beginning of the dark phase (8:00 PM). Appropriate
procedures were taken to minimize pain and discomfort to
animals.

2.4 Behavioral analyses

The OFT is widely used to elucidate drug-induced behavioral
effects in rodents and provides simultaneous measures of

www.mnf-journal.com



16

18

Mol. Nutr. Food Res. 2015, 00, 1-12

general locomotor activity, novel environment exploration,
and anxiety-related behavior [30, 31]. OFT was conducted
during the last day of supplementation at the light phase
(between 8:00 AM and 11:00 AM) and employed an 80 cm
circular diameter arena with walls 40 cm high. During the
test, all animals were individually and gently placed on the
apparatus to freely explore it for 5 min and then returned
to their home cages. All tests were recorded with ANY-maze
Video tracking Software (Stoelting Co., Wood Dale, IL, USA)
and a number of conventional and etiological parameters
were collected during the session [31]. The total distance trav-
elled was analyzed as parameter of general locomotor activity.
Activity time and number of rearing were analyzed as param-
eters of novel environment exploration. Time and travelled
distance in the periphery area, time and travelled distance in
centre area, and number of centre area entries (the animal
enters the centre of the apparatus with four paws) were an-
alyzed as parameters for novel environment exploration and
anxiety-related behavior. Freezing time, number of periphery
area returns (the animal enters the centre area of the arena
with just its front paws and returns to the periphery area),
number of grooming, and number of fecal boli were analyzed
as parameters of anxiety-related behavior.

2.5 Biochemical analyses

Animals were killed by decapitation 24 h right after the last
administration of retinyl palmitate. The liver and brain (cere-
bellum, cerebral cortex, hippocampus, and striatum) from
each animal were separated by dissecting on ice and immedi-
ately stored at —80°C. For analysis, tissues were homogenized
in 50 mM PBS at pH 7.4, centrifuged to remove cell debris
(10000 x g, 10 minutes), and finally, the supernatant was col-
lected. All results were normalized for protein content using
BSA as standard [32].

2.5.1 Analyses of the enzymatic antioxidant
defences

Superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx), and glutathione S-transferase (GST) ac-
tivities were analyzed as a measure of the enzymatic antiox-
idant defences. SOD (EC 1.15.1.1) activity was determined
by the sample-induced inhibition rate upon the superoxide-
dependent adrenaline auto-oxidation measured over 10 min
kinetics at 480 nm [33]. CAT (EC 1.11.1.6) activity was de-
termined by the decrease rate of hydrogen peroxide (H,0,)
absorbance measured over 5 min kinetics at 240 nm [34]. GPx
(EC 1.11.1.9) activity was determined by the decrease rate of
tert-butyl hydroperoxide absorbance measured over 6 min
kinetics at 340 nm [35]. GST (E.C. 2.5.1.18) activity was deter-
mined by the increase rate of conjugated glutathione (GSH)
and 1-chloro-2,4-dinitrobenzene absorbance measured over
3 min at 340 nm [36]. In addition, the ratio between SOD

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and the summatory of CAT, GPx, and GST activities (PER)
was analyzed for better comprehension of retinyl palmitate
supplementation-induced effects upon the enzymatic antiox-
idant system, since all these enzymes work in enzymatic
pathways to convert superoxide anion into water [37]. Results
were expressed as U SOD/mg protein, U CAT/mg protein,
U GPx/mg protein, U GST/mg protein, and SOD/PER ratio.

2.5.2 Analysis of the non-enzymatic antioxidant
defence

Total reactive antioxidant potential (TRAP) was mea-
sured as an index of nonenzymatic antioxidant defence
[38]. Briefly, 2,2azobis[2-amidinopropane] was dissolved in
100 mM glycine buffer pH8.6 and mixed with 4 mM luminol
to prepare a peroxyl radical system generator. Then, sample
reaction with peroxyl radical was measured as the decrease of
luminescence counts per second for 1 h. Results were then
transformed in percentage and expressed as TRAP (% of con-
trol) [39].

2.5.3 Analyses of redox status in biomolecules
(proteins and lipids)

Total reduced thiol (SH) content was determined as an es-
timation of the overall redox status of the cellular environ-
ment [40]. Briefly, samples were mixed in a slightly alkaline
medium with 10 mM 5,5-dithiobis-2-nitrobenzoic acid pre-
pared in ethanol. SH content was determined after 60 min by
the absorbance at 412 nm and results were expressed as umol
SH/mg protein. Thiobarbituric acid reactive species (TBARS)
formation was measured as an index of lipid peroxidation [41].
Briefly, samples were deproteinized with 10% trichloroacetic
acid and the supernatant was heated with 0.67% thiobarbi-
turic acid for 25 min. TBARS level was determined by the
absorbance at 532 nm and results were expressed as nmol
TBARS/mg protein. Carbonyl groups were measured as an
index of protein oxidation [42]. Briefly, samples were mixed
with 10% trichloroacetic acid, supernatant removed, and pel-
let dissolved in 2,4-dinitrophenylhydrazine. Carbonyl content
was determined by the absorbance at 370 nm and results were
expressed as nmol carbonyl/mg protein.

2.6 Statistical analysis

Body weight was analyzed by repeated measures two-way
analysis of variance (ANOVA) followed by Bonferroni’s post
hoc test. Supplementation and animal age were established
as analysis factors. Biochemical data were analyzed using
the one-way ANOVA followed by Tukey’s post hoc test. All
data were analyzed with GraphPad Prism Software v.5.0
(GraphPad Software Inc, San Diego, CA, USA). Results were
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Table 1. Body weight of retinyl palmitate supplemented well-fed middle-aged Wistar rats versus control animals

Retinyl palmitate (mcg of RAE/kg/day)

0 (control) 300 600 3000
Number of supplemented rats 8 8 8 8
Day 0 546 + 10 522 + 11 532 + 13 544 + 14
Day 7 554 + 10 525 + 11 537 + 14 548 + 15
Day 14 553 + 10 520 + 10 546 + 20 541 + 15
Day 21 556 + 9 519 +£ 10 530 + 14 542 + 16
Day 28 553 +9 525 + 10 539 + 15 546 + 15

No difference in body weight was observed in the experimental animals supplemented with retinyl palmitate for 28 days. Results are

expressed as the mean + SD (n = 8 animals/group).

expressed as the mean + SEM; p values were considered
significant when p < 0.05.

3 Results
3.1 Body weight

Chronic retinyl palmitate supplementation with 300, 600, and
3000 mcg of RAE/kg/day did not induce overt toxic effects
in middle-aged Wistar rats. Animals showed no treatment-
related clinical signs of toxicity throughout experimentation
or abnormal gross lesions at necropsy examination. Body
weight was neither affected by retinyl palmitate supplemen-
tation at doses of 300, 600, and 3000 mcg of RAE/kg/day
(Table 1).

3.2 Behavioral analyses

Chronic retinyl palmitate supplementation induced changes
in exploratory and anxiety-related behavior, but not in lo-
comotor activity, of middle-aged Wistar rats (Fig. 1). Sup-
plementation did not change the total distance travelled
(Fig. 1A), but the time spent to explore the apparatus de-
creased at 3000 mcg of RAE/kg/day (p < 0.05; Fig. 1B) and
the number of rearing significantly decreased with 600 and
3000 mcg of RAE/kg/day (p < 0.05; Fig. 1C). In addition,
retinyl palmitate supplementation did not induce changes
in distance travelled and time spent in the periphery area
(Fig. 1D and E). However, the distance travelled in the centre
area was decreased at all tested doses (p < 0.05; Fig. 1F) and
only supplementation with 600 and 3000 mcg of RAE/kg/day
decreased the time spent in the centre area as well as the
number of centre area entries (p < 0.05; Fig. 1G, H). In addi-
tion, supplementation with 600 and 3000 mcg of RAE/kg/day
increased the freezing time (p < 0.05; Fig. 1I) and doses of
3000 mcg of RAE/kg/day increased the number of periphery
returns (p < 0.05; Fig. 1]). Neither grooming nor changes
in the number of fecal boli were observed in these animals
supplemented with 3000 mcg of RAE/kg/day (Fig. 1K, L).

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.3 Biochemical analyses
3.3.1 Enzymatic antioxidant defences

Chronic retinyl palmitate supplementation did not induce
changes in antioxidant enzyme activities in the liver of
middle-aged Wistar rats (Table 2). In contrast, several changes
in antioxidant enzymes activities were observed in the brain
(Table 3). Supplementation with 300, 600, and 3000 mcg of
RAE/kg/day increased the cerebellar SOD activity (p < 0.05).
All tested doses increased SOD activity (p < 0.05) in the cere-
bral cortex. At doses of 3000 mcg of RAE /kg/day, we also ob-
served an increase in GPx activity (p < 0.05). In the hippocam-
pus, doses of 600 and 3000 mcg of RAE/kg/day increased
SOD activity (p < 0.05) while 3000 mcg of RAE/kg/day de-
creased CAT activity (p < 0.05) and increased GST activities
(p < 0.05). In the striatum, supplemented doses of 600 and
3000 mcg of RAE/kg/day increased SOD (p < 0.05) but de-
creased CAT activity (p < 0.05).

Changes observed in the antioxidant enzyme activities also
increased the SOD/PER ratio in the brain of supplemented
middle-aged Wistar rats (Fig. 2). Supplementation with
3000 mcg of RAE/kg/day increased the SOD/PER ratio in
the cerebellum (p < 0.05). Supplementation with 600 and
3000 mcg of RAE/kg/day increased the SOD/PER ratio in
the cerebral cortex (p < 0.05). Additionally, supplementation
with 3000 mcg of RAE/kg/day increased the SOD/PER ratio
in the hippocampus (p < 0.05) and striatum (p < 0.05).

3.3.2 Nonenzymatic antioxidant defence

We did not observed significant changes in the liver TRAP
values after chronic retinyl palmitate supplementation of
middle-aged Wistar rats (Table 2). However, same supple-
mentation, induced changes in the TRAP in brain samples
(Fig. 3). Doses of 3000 mcg of RAE/kg/day decreased the
TRAP in the cerebellum (p < 0.05), supplementation with
600 and 3000 mcg of RAE/kg/day decreased the TRAP in the
cerebral cortex (p < 0.05), and all tested doses also decreased
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Figure 1. Classical and etiological parameters observed in the open field test (OFT) after 28 days of supplementation with retinyl palmitate
to middle-aged Wistar rats. Each animal freely explored the OFT apparatus for 5 min and (A) total distance traveled, (B) activity time,
(C) number of rearing, (D) periphery area distance travelled, (E) periphery area time, (F) centre area distance traveled, (G) centre area time,
(H) centre area entries, (l) freezing time, (J) number of periphery area returns, (K) number of grooming, and (L) number of fecal boli were
collected and recorded with ANY-maze Video tracking Software. Results are expressed as the mean & SEM (n = 8 animals/group). Different
letters denote significant changes (p < 0.05, one-way ANOVA Tukey'’s post hoc test).

the TRAP in the hippocampus (p < 0.05). No changes were
observed in the striatum.
3.3.3 Redox status of biomolecules

No changes in redox status nor levels of oxidative damage
markers to lipids and proteins were detected in the liver of

middle-aged Wistar rats (Table 2). On the contrary, same sup-
plementation led to prooxidant effects as well as increased
lipid peroxidation and protein carbonylation levels in the
brain (Fig. 4). All tested doses decreased the SH content in the
hippocampus, while only 600 and 3000 mcg of RAE/kg/day
decreased the SH content in the cerebellum, but only
3000 mcg of RAE/kg/day decreased the SH content in the
cerebral cortex (p < 0.05; Fig. 4A). No changes were found in

Table 2. Redox profile in the liver of retinyl palmitate supplemented middle-aged Wistar rats and control animals

Retinyl palmitate (mcg of RAE/kg/day)

0 (control) 300 600 3000
Number of supplemented rats 8 8 8 8
Enzymatic antioxidant defences
SOD activity (U SOD/mg protein) 39.01 £+ 2.1 41.63 + 2.17 36.38 + 2.08 39.99 + 2.22
CAT activity (U CAT/mg protein) 56.38 + 2.74 52.75 + 2.97 47.24+2.81 51.02 + 2.89
GPx activity (U GPx/mg protein) 28.98 + 2.81 26.26 + 3.03 26.63 + 2.44 23.63 + 2.28
GST activity (U GST/mg protein) 37.23 + 2.54 41.21 + 2.82 39.99 + 2.61 44.14 + 3.69
SOD/PER ratio 0.32 + 0.02 0.35 + 0.02 0.33 + 0.03 0.36 + 0.02
Nonenzymatic antioxidant defences
TRAP (% of control) 97.88 + 3.01 97.01 + 3.59 98.25 + 2.46 98.63 + 3.14
Oxidative damage markers
TBARS level (hmol/mg protein) 6.44 + 0.25 6.55 + 0.29 6.60 + 0.31 6.52 + 0.29
Carbonyl level (nmol/mg protein) 1.52 + 0.11 1.60 + 0.13 1.44 + 0.12 1.35+0.14
SH content (umol/mg protein) 1249 + 4.34 117.56 + 5.22 110.4 + 4.07 108.3 + 4.18

No changes were observed in enzymatic antioxidant defences, nonantioxidant defences, and oxidative damage markers in the liver of
middle-aged rats after 28 days of retinyl palmitate supplementation. Results are expressed as the mean + SEM (n = 8 animals/group).

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Antioxidant enzyme activity from selected brain regions in both control and retinyl palmitate supplemented middle-aged Wistar

rats

Retinyl palmitate (mcg of RAE/kg/day)

0 (control) 300 600 3000
Number of supplemented rats 8 8 8 8
Cerebellum
SOD activity (U SOD/mg protein) 17.02 £ 0.62 a 22.89 + 0.63b 27.80 + 0.68 ¢ 41.24 +£ 1.80d
CAT activity (U CAT/mg protein) 459 4+ 0.48 5.53 + 0.68 5.00 + 0.71 471 4+ 0.52
GPx (U GPx/mg protein) 2.61 + 0.08 2.77 + 0.05 2.86 + 0.06 2.87 + 0.10
GST (U GST/mg protein) 1.28 + 0.06 1.37 + 0.07 1.29 + 0.05 1.34 4+ 0.06
Cerebral Cortex
SOD activity (U SOD/mg protein) 14.58 + 0.93 a 18.99 + 0.80 b 19.78 £ 1.56 b 26.15 + 0.97 ¢
CAT activity (U CAT/mg protein) 2.78 + 0.33 3.28 + 0.40 2.76 + 0.30 2.55 + 0.33
GPx (U GPx/mg protein) 2.43 + 0.06 a 2.58 + 0.05a 2.69 + 0.09 a 2.75 + 0.08 b
GST (U GST/mg protein) 1.48 + 0.08 1.50 + 0.08 1.49 + 0.11 1.48 + 0.07
Hippocampus
SOD activity (U SOD/mg protein) 17.98 + 0.71 a 20.33 + 0.94 a 20.81 + 0.84 ab 24.45 + 0.95b
CAT activity (U CAT/mg protein) 290 + 0.22 a 2.67 +£ 0.18 a 2.20 £ 0.17 a 2.10 £ 0.14 b
GPx (U GPx/mg protein) 2.83 + 0.06 2.89 + 0.06 2.92 + 0.08 2.85 + 0.12
GST (U GST/mg protein) 1.561 + 0.07 a 1.78 £ 0.07 a 1.73 £ 0.07 a 1.86 +£ 0.10 b
Striatum
SOD activity (U SOD/mg protein) 13.48 + 0.75 a 14.94 + 1.00 a 16.39 + 0.68 ab 18.10 = 0.77 b
CAT activity (U CAT/mg protein) 3.19 £ 0.21a 2.96 + 0.27 a 2.75 + 0.27 ab 1.89 + 0.18 b
GPx (U GPx/mg protein) 3.20 + 0.08 3.27 + 0.15 3.28 + 0.07 3.17 4+ 0.09
GST (U GST/mg protein) 1.67 + 0.07 1.65 + 0.09 1.57 + 0.06 1.63 + 0.08

Changes in superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and glutathione-S-transferase (GST) activities were
observed in the brain of middle-aged rats after 28 days of retinyl palmitate supplementation. Results are expressed as the mean &+ SEM (n

= 8 animals/group). Different letters denote significant changes (p < 0.05, one-way ANOVA Tukey’s post hoc test).

the striatal SH content (Fig. 4A). Supplementation with 300,
600, and 3000 mcg of RAE/kg/day also increased the TBARS
level in the hippocampus (p < 0.05; Fig. 4B). Only doses of
600 and 3000 mcg of RAE/kg/day were able to increase the
TBARS level in the cerebellum, cerebral cortex, and striatum
(p < 0.05; Fig. 4B). Finally, doses of 600 and 3000 mcg of
RAE /kg/day increased the carbonyl content in the hippocam-
pus (p < 0.05; Fig. 4C). Supplementation with 3000 mcg of
RAE/kg/day increased the carbonyl content in the cerebel-

SOD/PER ratio

Cerebellum Cerebral Cortex

“CONTROL 300

lum and striatum, but no differences were observed in the
cerebral cortex (p < 0.05; Fig. 4C).

4 Discussion
In the present study, we demonstrate that chronic retinyl

palmitate supplementation with 300, 600, and 3000 mcg
of RAE/kg/day is able to decrease the exploratory behavior

Hippocampus Striatum

600 3000

_Retinyl Palmitate (mcg mlkgr‘day)

Figure 2. Ratio of superoxide dismutase (SOD) and total peroxidase (PER) activity in the brain of middle-aged Wistar rats after 28 days of
supplementation with retinyl palmitate. Supplementation increased the SOD/PER ratio in cerebellum, cerebral cortex, hippocampus, and
striatum. Results are expressed as the mean + SEM (n = 8 animals/group). Different letters denote significant changes (p < 0.05, one-way

ANOVA Tukey'’s post hoc test).
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Figure 3. Total antioxidant reactive potential (TRAP) induced in the brain of middle-aged Wistar rats after 28 days of supplementation with
retinyl palmitate. Supplementation decreased the TRAP in cerebellum, cerebral cortex, and hippocampus, but not in striatum. Results are
expressed as the mean + SEM (n = 8 animals/group). Different letters denote significant changes (p < 0.05, one-way ANOVA Tukey’s post

hoc test).

and increase the anxiety-like behavior of middle-aged Wis-
tar rats. In addition, we show that chronic retinyl palmite
supplementation-induced behavioral effects, at doses of 300,
600, and 3000 mcg of RAE/kg/day, are not associated with
overt toxic effects or hepatotoxicity but parallels to imbalanced
enzymatic antioxidant defences, depletion of the nonenzy-
matic antioxidant defences, and oxidative damage to lipids
and proteins in the brain.

In agreement with the present results, similar behavioral
changes were observed in previous studies from our own
group, performed in different experimental models. Supple-
mentation with therapeutic doses of retinyl palmitate to male
and female young adult rats is consistently reported to in-
duce a decrease in locomotor activity and exploratory behav-
ior [21-23]. During gestation and nursing, supplementation
with therapeutic doses of retinyl palmitate decreases the lo-
comotor activity and exploratory behavior of rat dams and
their offspring [24]. However, we did not observe changes in
locomotor activity associated with supplementation of retinyl
palmitate as reported by these studies. In addition, vitamin A
deficiency in rats is known to induce a similar decrease in ex-
ploratory behavior and increase in anxiety-like behavior with-
out affecting the general locomotor activity [43]. Frequently,
both deficiency and excess of vitamin A are described to exert
similar disruptive effects on several other biological functions
[44].

On the other hand, vitamin A enriched-diet has been
shown to (i) counteract declarative-like memory deficits in
aged mice, (ii) reverse the vitamin A deficiency-related mem-
ory decline [45, 46], and (iii) normalize anxiety levels of vi-
tamin A deficient rats [43]. The amounts of supplemented
retinol utilized for those studies are near the doses of 300
and 600 mcg of RAE/kg/day we here investigated. Distinct
formulations and preexisting differences in vitamin A status
could explain the conflict (in terms of behavioral effects) ob-
served in our study, when compared to some other previous
reports in the literature. As a matter of fact, different formu-

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

lations are known to exert different toxicity and our results
may suggest that water-soluble preparations could be more
toxic than solid ones [47]. In turn, differences in prior sta-
tus of vitamin A in the US laboratory animal were already
identified [48]. This study reported a pathological increase in
retinol content in the liver of laboratory animals, indicating
that this increase may be due to the large amounts of vitamin
A added to the diet (4x the recommendation for laboratory
animals) to compensate for the losses that occur during trans-
port and storage [48]. Nevertheless, further studies would be
needed to confirm potential differences when different for-
mulations (water-soluble x solid) are used under the same
experimental conditions, taking into account the vitamin A
content in the chow and the preexisting status of vitamin A
in the experimental animals.

With all, we can confirm that our doses were not toxic
and that all behavioral differences are not related with
hepatotoxicity-related pain in the supplemented experimen-
tal animals. Retinyl palmitate chronic supplementation did
not induce changes in the enzymatic and nonenzymatic an-
tioxidant defences as well as in the oxidative damage markers
to biomolecules in the liver of middle-aged Wistar rats. This
is an important finding because oxidative stress is one of the
main events observed in all pathological processes in the liver
and hepatotoxicity is undoubtedly one of the most severe ad-
verse effects associated with the ingestion of large amounts
of vitamin A [29,49]. In addition, relatively few animal stud-
ies have reported chronic toxic effects of vitamin A supple-
mentation in the liver. Our results are in agreement with a
previous study that reported no hepatotoxicity associated with
10 months of supplementation with vitamin A doses ranging
from 3 to 15.000 mcg of RAE/kg/day [29].

Our study also shows that chronic retinyl palmitate supple-
mentation induces a generalized increase in oxidative stress
in different brain regions of middle-aged Wistar rats. Supple-
mentation increased the level of oxidative damage markers
to lipids and proteins as well as a depleted the nonenzymatic

www.mnf-journal.com
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Figure 4. Total reduced thiol content (SH), thiobarbituric acid-reactive species level (TBARS), and protein carbonylation content in the brain
of middle-aged Wistar rats after 28 days of supplementation with retinyl palmitate. Supplementation induced changes in SH content (A),
TBARS level (B), and carbonyl content (C) in cerebellum, cerebral cortex, hippocampus, and striatum. Results are expressed as the mean
+ SEM (n = 8 animals/group). Different letters denote significant changes (p < 0.05, one-way ANOVA Tukey’s post hoc test).

antioxidant defences. An increase in levels of lipid peroxida-
tion can impair the normal functioning of biological mem-
branes upon transformation of polyunsaturated lipids into
polar lipid hydroperoxides [37, 50]. Similarly, since protein
carbonylation is an irreversible oxidation product of several
amino acid residues, its accumulation may disturb cellular
signalling and promote the generation of highly cytotoxic
intra- and/or intermolecular cross-links [37,51]. The decrease
in SH groups may also result in excessive generation of disul-
fide bonding, protein misfolding, aggregation, and degrada-
tion, and even lead to cell death because protein and non-
protein SH groups are known to be highly susceptible to
ROS-induced oxidation [52-54]. Furthermore, a decrease in
TRAP may also indicate a possible depletion of various spe-

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cificantioxidant components, including GSH, vitamins C and
E, uric acid, and bilirubin [38].

Based on the present results, we postulate that chronic
retinyl palmitate supplementation can enhance ROS gener-
ation in the brain of middle-aged Wistar rats. Vitamin A is
known to increase O, production in vitro [17]. Higher O,"~
production could explain the observed increase in SOD ac-
tivity in the brain and the decrease in CAT activity in both
hippocampus and striatum. High concentrations of O,"~ are
known to stimulate SOD and inhibit CAT activities [37,55,56].
The O, is also capable of inducing the oxidation of various
enzymes with iron-sulphur clusters, leading to the release of
iron to promote the Fenton reaction, or react with nitric oxide
(NO’) to generate peroxynitrite (ONOO™), a nonradical able to

www.mnf-journal.com
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rapidly oxidize various molecules [37,57]. Furthermore, avail-
ability of H,O, may be increased in the brain since chronic
RP supplementation increased the SOD/PER ratio. Under
physiological conditions, H,0, (as well as other ROS) play
important roles in the brain, including the regulation of in-
tracellular signalling [58-60]. However, an increase in the
availability of H,0, could severely disrupt cellular signalling
and, via Fenton reaction, generate hydroxyl radicals (OH")
able to target a lager number of biomolecules [37, 58].

Oxidative stress is the most severe consequence of the
imbalance between the production of ROS and the action
of antioxidant defences. With all, an increase in ROS pro-
duction can also disrupt the brain homeostasis by other
mechanisms of action. Currently, it is known that vitamin
A plays many of its biological functions through both ge-
nomic and nongenomic actions [61, 62]. It is also known
that nongenomic actions can influence brain functioning, af-
fecting synaptic transmission, catecholamine production in
the brain, cell-cycle regulation mediated by mitogen-activated
protein kinase (MAPK), protein kinase B (PKB), and protein
kinase C activation [61-65]. However, it was recently demon-
strated that retinol-induced ROS production in Sertoli cells is
able to activate different pathways of protein kinases, includ-
ing MAPKSs, extracellular-signal-regulated kinases (ERK1/2),
c-Jun N-terminal kinases, and PKB [66]. Thus, the oxidative
stress observed in the brain of middle-aged Wistar rats after
the chronic supplementation of moderate amounts of vita-
min A may also have a deleterious effect upon important cell
signaling pathways.

Other animal studies have already investigated the role
of cerebral oxidative stress in anxiety and depression in vivo
models (e.g. immobilization stress, swim stress, chronic mild
stress, maternal separation, olfactory bulbectomy, and social
defeat). Usually, a general increased production of different
ROS (including O,"~, H,0,, and OH") is reported [67-69],
as well as higher levels of oxidative damage-related markers
(e.g- TBARS, conjugated dienes, and protein carbonylation)
[70-74]. Most of these studies reported a decrease in nonen-
zymatic antioxidant components and a especially consistent
decrease in SH groups [72-74]. In addition, SOD activity is
generally observed to be increased, despite some reports of
decreased activity and negative results [71-73, [75, 76]]. The
activity of the other antioxidant enzymes is frequently shown
to be both increased and decreased in brain [71-75]. Inter-
estingly, it seems that anxiety-like behavior, induced by ox-
idative stress, can be successfully prevented through genetic
alterations or pharmacological treatments (e.g. antioxidants)
[77-79].

HED to the tested doses in the present study are readily
available in therapeutic agents and dietary supplements, and
are below the established tolerable upper intake level for vi-
tamin A [28,29]. In addition, behavioral changes displayed
by retinyl palmitate-supplemented middle-aged Wistar rats
closely resemble the behavioral disturbances observed in hu-
mans suffering from high anxiety levels [80, 81]. Anxiety dis-
orders and related-symptoms are the most prevalent mental

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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health problems among older adults and can lead to dimin-
ished physical functioning and increased social isolation [82].
Moreover, it has been established a link between oxidative
stress and a number of mental conditions, including patients
with obsessive-compulsive disorder, social phobia, panic dis-
order, anxiety symptoms, and depressive disorders [83-87].

In conclusion, our data suggest that chronic retinyl palmi-
tate supplementation, at moderate doses, is able to induce
changes in emotional reactivity of middle-aged rats that are
similar to anxiety. We also suggest a possible interrelation
between prooxidant events in the brain and these differences
in the behavioral profile that cannot be attributed to hepa-
totoxicity. These results invite for additional studies to fur-
ther characterize this potential interrelation of cause-effect
between oxidative stress in the brain and altered emotional
state.
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Abstract: Despite the antioxidant potential of vitamin A, recent studies reported that chronic
retinol ester supplementation can also exert pro-oxidant effects and neurotoxicity in vivo and
raises the mortality rates among healthy subjects. Our aim was to find evidence for a safer
(i.e., less toxic) molecule with provitamin A activity. Therefore, we investigated whether
chronic supplementation of healthy Wistar rats with B-carotene (0.6, 3, and 6 mg/kg/day)
would demonstrate antioxidant characteristics without leading to pro-oxidant side effects in
the brain. Total reactive antioxidant potential (TRAP), thiobarbituric reactive species level
(TBARS), and total reduced thiol content (SH) were evaluated in plasma. TBARS and SH
were additionally evaluated in selected brain regions together with superoxide dismutase
(SOD) and catalase (CAT) activity. In the present study, we show that B-carotene is able to
exert antioxidant activity in plasma without triggering pro-oxidant events in the brain,
providing evidence that may justify its further evaluation as a safer nutritional supplement
with provitamin A activity.
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1. Introduction

Food fortification and dietary supplementation with retinol esters are commonly used to mitigate the
impacts of hypovitaminosis A. However, increasing interest in fortified foods and vitamin A
supplements is leading to a large percentage of the healthy population being constantly exposed to a
higher intake of vitamin A than recommended [1]. Additionally, retinol esters are widely proposed as
therapeutic agents for the treatment of many diseases and disorders, such as depression, schizophrenia,
and Alzheimer’s disease [2]. However, excessive consumption of vitamin A can have a severe adverse
impact on human health. Even without any manifestation of clinical signs of hypervitaminosis A,
neurotoxic effects may occur in adults due to excessive vitamin A intake because vitamin A readily
enters the central nervous system (CNS) [3]. Recently, the harmful effects of retinol ester
supplementation to the brain have been investigated using experimental animal models. Retinol ester
supplementation at doses ranging from 600 to 3000 retinol activity equivalents (RAE) was demonstrated
to induce pro-oxidant effects in different regions of the CNS, including the hippocampus, striatum, and
cerebral cortex [4—7]. Therefore, the search for safer sources of vitamin A seems to be timely and necessary.

To the best of our knowledge, no previous studies have ever investigated the effects of
supplementation with provitamin A carotenoids on the brain. In addition to its potential as an alternative
source of vitamin A, -carotene, of all the dietary provitamin A carotenoids, appears to be an excellent
choice as vitamin A source because it displays the greatest provitamin A activity among all other studied
carotenoids [8]. Additionally, B-carotene is proposed to be a natural antioxidant able to trap and
neutralize free radicals and prevent oxidative stress [9]. Moreover, despite the acute and chronic toxic
effects associated with retinol ester supplementation, (-carotene has not been associated with
hypervitaminosis A even when administered at doses up to 3000 RAE [8]. Thus, the aim of the present
study was (i) to investigate whether chronic oral supplementation with f-carotene (by orogastric gavage
for 28 days) to well-fed male Wistar rats would demonstrate systemic antioxidant potential at the
therapeutic doses of 0.6, 3 and 6 mg/kg/day; and (ii) to investigate the safety of such administration for
the CNS by evaluating any potential vitamin A-associated neurotoxicity (pro-oxidant effects) of these
same doses to the vulnerable regions of the brain (hippocampus, striatum, and cerebral cortex).

2. Experimental Section
2.1. Animals

Male Wistar rats (110-120 day old Rattus novergicus) were obtained from our breeding colony and
housed in groups of four animals on a 12 h light-dark cycle (lights on at 7:00 AM) at constant
temperature (22 £ 4 °C) and relative humidity (30%-70%). Standard food (CR1 lab chow, Nuvilab Ltda.,
Curitiba, Brazil) and water were provided ad libitum. The Federal University of Rio Grande do Sul Ethical
Committee for animal experimentation reviewed and approved the study protocol (project number 21563).
All experimental procedures were in compliance with the recommendations of the Brazilian Society for
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Science in Laboratory Animals (SBCAL-COBEA) and the National Institute of Health Guide for the
Care and Use of Laboratory Animals [10].

2.2. Treatment

The animals were randomized into four study groups (n = 6 or 7 animals per group) and received
vegetable oil (control group) or B-carotene (0.6, 3, or 6 mg/kg/day) for 28 days orally, via a metallic
gastric tube (gavage). The animals were weighed once a week and received the gavage in a maximum
volume of 0.3 mL. A 10 mg/mL stock solution of B-carotene (Sigma-Aldrich®, St. Louis, MO, USA)
was prepared in vegetable oil (Cargill Inc., Minneapolis, MN, USA) and was protected from light. The
retinol activity equivalent (RAE) of B-carotene in this formulation was 300, 600, and 3000 RAE/kg/day,
respectively, considering the actual rate to be 2 pg of B-carotene to 1 pg retinol for synthetic pure
[-carotene prepared in oil [11,12]. The treatments were administered at the beginning of the dark phase
(8:00 PM) to ensure maximum [-carotene absorption because this nutrient is better absorbed during or
after a meal.

2.3. Biochemical Analyses

All animals were killed by decapitation 24 h after the last B-carotene administration. Blood samples
were collected, and plasma for analysis was separated immediately (2000x g per 10 min). The cerebral
cortex, hippocampus, and striatum from each animal were separated by dissection on ice and
homogenized in 50 mM potassium phosphate buffer (KPB) pH 7.4. The samples were centrifuged
(10,000x% g, 10 min), the supernatants were collected and all redox results were normalized to the protein
content [13].

Thiobarbituric acid-reactive species (TBARS) formation was evaluated as an estimation of the
oxidative damage to lipids as previously described [14]. TBARS were determined by the absorbance at
532 nm, and the results were expressed as pmol or nmol TBARS/mg protein (for plasma and dissected
tissues, respectively). Total thiol content was evaluated as an estimation of the oxidative damage to
proteins, as previously described [15]. Total thiol content was determined by the absorbance after 60 min
at 412 nm, and the results were expressed as pmol SH/mg protein. Plasma total reactive antioxidant
potential (TRAP) was evaluated as an index of the non-enzymatic antioxidant capacity [16]. The results
were expressed as the percentage of system area under curve inhibition (% AUC), as previously
described [17]. Catalase (CAT) and superoxide dismutase (SOD) activities were analyzed in the cerebral
cortex, hippocampus and striatum as a measure of the enzymatic antioxidant defenses [18,19]. These
results were expressed as U CAT/mg protein and U SOD/mg protein.

2.4. Statistical Analyses

The data were analyzed using the Kruskal-Wallis test followed by Dunn’s post-hoc test. All data were
analyzed using GraphPad Prism Software v.5.0 (GraphPad Software Inc., San Diego, CA, USA). The
results were expressed as the mean * standard deviation (S.D.); p values were considered significant
when p <0.05.
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3. Results

The animals supplemented with B-carotene showed no treatment-related clinical signs of toxicity and no
differences in body weight gain (Figure 1) during the experimentation. The B-carotene-supplemented animals
also showed no gross lesions or abnormalities on necropsy examination. However, the plasma collected from
the p-carotene-supplemented groups showed an increase in antioxidant activity, as demonstrated by the
decrease in the AUC of the TRAP assay when compared to the control group (Figure 2A), but only the effect
of the supplementation at 6 mg/kg/day was statistically significantly (p < 0.01) (Figure 2B). B-carotene
supplementation at 0.6 (p < 0.05), 3 (p < 0.05), and 6 (p < 0.05) mg/kg/day also reduced the lipid
peroxidation levels (TBARS) in the plasma, but did not affect the total thiol content (Figure 2C,D,
respectively). We did not find any evidence for pro-oxidant activity in the brain induced by chronic
[-carotene supplementation at these same doses (Table 1). In fact, no changes in CAT and SOD
activities, TBARS levels, or SH content in the hippocampus and striatum were observed. However,
supplementation at 3 mg/kg/day increased CAT activity in the cerebral cortex (p < 0.05) (Table 1).

Table 1. Oxidative stress parameters from selected brain regions of both control and [3-carotene
supplemented healthy rats. No pro-oxidant events were observed in the studied brain areas.

B-CAROTENE (mg/kg/day)
0 (Control) 0.6 3
Number of supplemented rats 6 7 7
Hippocampus
TBARS level (nmol MDA/mg protein) 3.67 £ 0.66 329+034 324+053 296+0.31
Total thiol content (mmol SH/mg protein) 17.7+1.4 18.1+0.8 178+1.1 17.2+1.3

Redox Parameters

CAT activity (U CAT/mg protein) 1.19+0.21 1.04+0.18 1.28+0.22 1.09+0.25
SOD activity (U SOS/mg protein) 321+16 31.9+0.8 33.4+0.8 32617
Striatum
TBARS level (nmol MDA/mg protein) 3.09+0.73 263+023 271+056 2.67+0.69
Total thiol content (mmol SH/mg protein) 17.7+13 189+1.9 204 +3.0 199+25
CAT activity (U CAT/mg protein) 1.47+0.6 1.16 £0.51 1.22+048 0.96+0.39
SOD activity (U SOD/mg protein) 327148 336129 36.1+2.2 33.6+28
Cerebral Cortex

TBARS level (nmol MDA/mg protein) 1.08+0.18 1.3+0.36 1.17+035 0.99 £0.37
Total thiol content (mmol SH/mg protein) 224+34 249+31 219+4.1 189+49
CAT activity (U CAT/mg protein) 1.53+0.37 1.86+054 241+039* 1.79+£0.29
SOD activity (U SOD/mg protein) 379127 345144 374+3.1 335+5.1

* Significantly different from the control, p <0.05.
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Figure 1. Absence of evidence of toxicity in [-carotene-supplemented healthy rats.
A decrease in body weight in the treated animals was used as an indicator of in vivo toxicity.
The results were considered significant when p < 0.05.
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Figure 2. In vivo modulation of plasma redox parameters in [3-carotene-supplemented adult
healthy rats. Total reactive antioxidant potential (TRAP) in plasma from [-carotene-
supplemented healthy animals when compared to controls (A,B). Lipid and protein damage
parameters (TBARS and SH, respectively) detected in plasma from B-carotene-supplemented
healthy animals when compared to controls (C,D). The results were considered significant
when p <0.05. * p<0.05; ** p<0.01.
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4. Discussion

Some clinical trials have already suggested a relationship between -carotene consumption and higher
incidences of lung cancer, together with an increase in the overall mortality when compared to placebo
subjects [20,21]; however, several others did not find any adverse effects [22—-24]. Doses equivalent to
30 mg of B-carotene have been associated with lung squamous metaplasia. However, doses on the order
of 6 mg were able to provide moderate protection against the squamous metaplasia induced by cigarette
smoke [25]. All these studies together may indicate that lower doses of B-carotene may potentially exert
safe and beneficial effects on human health. In the present study, we utilized 0.6, 3, and 6 mg of
[-carotene. These doses can be achieved not only with a regular diet rich in fruits and vegetables but
also with dietary supplements, probably best reflecting the effects observed in healthy humans who are
chronically exposed to [-carotene supplementation. In many Western countries, the current
recommendation for vitamin A intake in adults is 600-1000 RAE/day. -carotene supplementation may
exceed these recommendations by factor of 4 [11,26,27]. Similarly, the nutritional requirement for
Wistar rats is 700 RAE/kg/day, but the supplemented doses of 300, 600, and 3000 RAE/kg/day increased
this value up to 4 times [28].

In this study, we observed that f-carotene supplementation, at the tested moderate doses, was able modify
the plasma redox parameters in well-fed adult Wistar rats. These results contrast with other reports that
expressed skepticism regarding the potential in vivo antioxidant properties of this supplement [29-31]. In
fact, B-carotene increased TRAP and decreased TBARS levels without changing SH content in plasma
after 28 days of supplementation. Because the TRAP results in plasma depend on the relative
concentrations of antioxidants and their synergism, the observed modulations may indicate a successful
absorption of B-carotene and improved antioxidant defense status [32,33]. Additionally, B-carotene is a
lipophilic molecule, which tends to accumulate in lipophilic compartments such as membranes or
lipoproteins, and has been postulated to be an important chain-breaking antioxidant, scavenging lipid
oxide and lipid peroxide radicals [8]. It is also postulated that p-carotene is able protect human
lymphocytes from damage caused by singlet oxygen, thereby protecting humans from the risk of several
disorders, including cancer, cardiovascular, and ophthalmological diseases [34].

One could also speculate whether the numerous reported positive effects of B-carotene actions
could be related, at least in part, to its redox modulatory characteristics in plasma as shown here in
supplemented adult animals. It has been reported that B-carotene plays an important role in immune
function and enhances lymphocyte proliferation independently of its provitamin A function [35].
Epidemiological studies also found a positive association between B-carotene intake and lung function,
including higher forced expiratory volume and forced vital capacity [36]. Moreover, several
epidemiological studies point towards an inverse association between B-carotene intake and cancer risk,
especially at early stages of carcinogenesis [37]. The protective potential of 3-carotene and other dietary
antioxidants towards cancer and other oxidative stress-related diseases have been summarized in two
important recent studies [38,39]. In contrast to the previously presented reports of the CARET [21] and
ATBC [20] trials, there is a substantial body of data that generally supports the hypothesis that
supplementation with [3-carotene in non-smoker adults may reduce the morbidity associated with lung
cancer [38]. Several human intervention trials also indicate that B-carotene is an important factor in
preventing oral, pharyngeal, laryngeal, and esophageal cancer [38]. Similarly, case-control studies have
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confirmed an inverse relationship between the dietary intake of p-carotene and colon cancer [38].
In addition, the consumption of B-carotene seems to exert protective effects on cardiovascular diseases
in 7 of 10 cohort studies, although no beneficial effect has been documented in any large-scale
randomized trials such as ATBC, PHS, and WHS trials [39].

Overall, the results shown by a recent systematic review that examined all primary and secondary
prevention randomized clinical trials involving [3-carotene contradict the findings from the observational
studies that claim that pB-carotene improves health and protects against various diseases [40]. The
explanation for the contradictions may be that the doses investigated in the clinical studies were higher
than those that can be obtained from a diet rich in fruits and vegetables and even above the tolerable
upper intake level [40]. Recently, it has been suggested that high doses of p-carotene may
stimulate its asymmetric cleavage by non-enzymatic and enzymatic mechanisms including
[-carotene-9',10"-oxygenase (CMOII) [41]. It was also shown that CMOII behaves as a regulated
oxidative stress protein, one of whose functions is to protect against the mitochondrial apoptosis induced
by an excessive quantity of P-carotene [41]. However, stimulation of the asymmetric cleavage of
[-carotene has been proposed to be responsible for the detrimental effects observed in many clinical
trials because it may increase the levels of B-apocarotenoids [41]. The B-apocarotenoids may decrease
the levels of retinoic acid and may modulate the signaling by nuclear receptors, which can lead to
diminished retinoid signaling [41].

Our results encourage further exploration regarding the exact mechanisms by which redox modulation
in plasma by [-carotene supplementation and the absence of pro-oxidant effects on the CNS are achieved.
The present data suggest -carotene as a safer (non-toxic) alternative option for nutritherapeutic vitamin
A supplementation, usually focused on retinol esters that are associated with pro-oxidant-based
neurotoxic effects on the CNS [4-6]. While our results show that no changes in SOD and CAT activities
are induced by P-carotene supplementation, supplementation with retinol esters at 300, 600, and
3000 RAE/kg/day induces an imbalance in the SOD/CAT ratio in striatum, cerebral cortex, and
hippocampus. This imbalance is also associated with increased lipoperoxidation (higher levels of
TBARS) and a decreased SH content in the same CNS regions [4-6]. The nutritional alternative we
present here (p-carotene supplementation) could have a critical impact on nutritherapeutic safety because
oxidative stress in the CNS is associated with the development of several neuropsychiatric and
neurodegenerative disorders including anxiety, depression, and Alzheimer’s disease [42].

Others have reported that supplementation with B-carotene attenuates the incidence of aneurysms and
cerebral ischemia [43] and overcomes the association between a low intake of B-carotene and cognitive
decline or an increased risk of dementia [44-47]. Longitudinal studies have also reported a lower rate
of cognitive decline and a diminished risk of Alzheimer’s disease in subjects supplemented with
[-carotene [48-50]. Furthermore, the Physician’s Health Study Il (PHSII) reported that cognitive
function benefits can be observed after long-term supplementation with B-carotene but following
short-term intakes [51].

5. Conclusions

The improved antioxidant defense status of well-fed Wistar rats supplementation with 3-carotene in
the absence of any associated neurotoxic events suggest that B-carotene is a safer alternative source of



50

vitamin A for food fortification and supplementation than the commonly used retinol esters. However,
further work is needed to confirm our findings, to assess which metabolites are responsible for this
modulation and determine the real potential of B-carotene as a nutritherapeutic supplement.
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DISCUSSAO

Diferentes estudos na literatura tém investigado os efeitos da vitamina A sobre o
comportamento utilizando tanto ratos deficientes em vitamina A quanto ratos
suplementados com doses terapéuticas de palmitato de retinol. Assim como em outras
funcBes bioldgicas, estes estudos indicam certa similaridade entre os efeitos observados
em ratos deficientes e ratos expostos ao excesso de vitamina A (Olson e Mello, 2010).
Os resultados dos experimentos com ratos Wistar adultos com deficiéncia em vitamina
A tem indicado que a falta de vitamina A piora o desempenho dos animais em testes de
mem©ria e aprendizado espacial, assim como induz comportamentos do tipo-ansiedade
(Cocco et al., 2002; Bonhomme et al., 2014a). Por sua vez, 0s experimentos com ratos
Wistar adultos suplementados com doses terapéuticas de palmitato de retinol tém
indicado que o excesso de vitamina A diminui a atividade locomotora e exploratdria, e
também induz comportamentos do tipo-ansiedade, mas ndo comportamentos do tipo-
depressdo (De Oliveira et al., 2007a; De Oliveira et al., 2007b; De Oliveira et al., 2008;
De Oliveira et al., 2009). Além disso, 0s experimentos com a suplementacdo de ratas
Wistar durante a gestacdo e a amamentacdo também indicam que o0 excesso de vitamina
A induz alteragbes comportamentais similares nas ratas, assim como uma série de

alteracOes comportamentais em seus filhotes (Schnorr et al., 2011).

As evidéncias acima reforcam a importancia de uma ingestdo adequada de
vitamina A para a manutencdo do desempenho cognitivo e da resposta emocional em
ratos, sugerindo também que a vitamina A possa ter um papel importante nas alteracfes
comportamentais observadas em ratos de meia-idade. Os ratos de meia-idade

apresentam niveis mais elevados de comportamentos do tipo-ansiedade e tipo-
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depressédo, assim como um pior desempenho em testes cognitivos quando comparados
com ratos mais jovens (Moretti et al., 2011). De fato, os experimentos com dieta
enriquecida com retinol demonstram que a vitamina A é capaz de prevenir o declinio
cognitivo em ratos e camundongos de meia-idade (Mingaud et al., 2008; Touyarot et al.,
2013; Bonhomme et al., 2014b). Por outro lado, nenhum destes estudos se dedicou a
investigar também os efeitos da suplementagdo com vitamina A sobre a reatividade
emocional em ratos de meia-idade, apesar das evidéncias indicarem que a reatividade

emocional possa influenciar o desempenho cognitivo (Moretti et al., 2011).

Nosso estudo demonstrou que a suplementagdo cronica com palmitato de retinol
em doses baixas (300 RAE/kg/dia) induziu alteracbes comportamentais discretas no
teste do Campo Aberto, indicando que os beneficios cognitivos reportados em estudos
anteriores parecem ser independentes de alteragbes emocionais em ratos de meia-idade
(Estudo I). Por sua vez, nosso estudo também demonstrou que a suplementacdo cronica
com palmitato de retinol em doses moderadas (600-3000 RAE/kg/dia) induz uma
diminuicdo na atividade exploratoria, um aumento da aversdo a area ansiogénica do
aparato e um aumento do tempo em freezing no teste do Campo Aberto, sugerindo que a
suplementacdo nestas doses é capaz de induzir alteracdes na reatividade emocional de
ratos de meia-idade. Por outro lado, um estudo anterior reportou que uma dieta
enriquecida com retinol com uma dose aproximada de 600 RAE/kg/dia ndo induz
alteracdes na atividade exploratéria e nos niveis de ansiedade em ratos adultos
(Bonhomme et al., 2014a). Este contraste sugere um efeito comportamental dependente
da idade dos ratos, mas € necessario considerar também outras diferencas importantes

entre os estudos.
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Entre as diferencas existentes entre os dois estudos talvez as mais importantes
(além da idade dos animais) sejam as diferencas na formulacdo (hidrossoluvel x sélida)
e possiveis diferencas pré-existentes no status de vitamina A dos animais experimentais.
A influencia da formulacdo da vitamina A em uma avaliacdo toxicoldgica foi
identificada anteriormente em um estudo que investigou o potencial toxicolégico de
diferentes formulacdes (hidrossolavel, lipossoluvel e sélida) e concluiu que as
formulacGes hidrossoliveis podem ser mais toxicas do que as formulagdes sdlidas
(Myhre et al., 2003). Por sua vez, a existéncia de diferencas no status prévio de vitamina
A em animais de laboratdrios nos EUA foi identificada por um estudo que investigou o
status de vitamina A dos animais experimentais mantidos em uma dieta padréo
(Penniston e Tanumihardjo, 2006). Este estudo reportou um aumento patolégico no
contetdo de retinol no figado de diversos animais de laboratério, indicando que esse
aumento possa ser conseqiiéncia da grande quantidade de vitamina A adicionada a ragao
(4x a recomendacdo para animais de laboratdrio) para compensar pelas perdas que

ocorrem durante o transporte e armazenamento (Penniston e Tanumihardjo, 2006).

Infelizmente, a influéncia destes fatores nas diferencas comportamentais
observadas nos dois estudos permanece indeterminada. Por outro lado, ndo observamos
qualquer alteracdo clinica associada a intoxicagdo crbénica com vitamina A
(hipervitaminose A) nos animais suplementados, como vomitos, pilo erecdo, tremores,
fraqueza muscular ou diarréia, por exemplo. A suplementagédo cronica com palmitato de
retinol também ndo induziu alteragcbes no peso e nenhuma anomalia morfolégica foi
detectada durante a necropsia de todos os animais. Além disso, sabe-se que um aumento
patologico de vitamina A no figado pode provocar fibrose e a ativacdo de células

hepéticas estreladas, que passam a secretar colageno e podem causar cirrose. Sabe-se
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também que estes processos patoldgicos no figado estdo fortemente associados ao
estresse oxidativo (Jaeschke et al., 2002; European Food Safety Authority, 2006).
Entretanto, a suplementacao crénica com palmitato de retinol ndo induziu alteracdes nas
defesas antioxidantes enzimaticas e ndo-enzimaticas, ou nos diferentes marcadores de
dano oxidativo no figado dos ratos de meia-idade. De uma forma geral, nossos
resultados sugerem que a suplementacdo com palmitato de retinol ndo induziu
hepatotoxicidade e estdo de acordo com outros estudos que tambem reportaram a
auséncia de hepatotoxicidade em ratos que foram suplementados por até 10 meses com

doses entre 300-15000 RAE/kg/dia (European Food Safety Authority, 2006).

No mesmo estudo (Estudo 1), nés também demonstramos que a suplementacédo
crénica com palmitato de retinol induz um aumento generalizado do estresse oxidativo
em diferentes regides do encéfalo de ratos Wistar de meia-idade. Entretanto, a
suplementacdo de uma dose baixa de palmitato de retinol (300 RAE/kg/dia) induziu
dano oxidativo apenas no hipocampo enquanto as duas doses moderadas (600 e 3000
RAE/kg/dia) induziram dano oxidativo em todas as regides investigadas. Em todas as
regibes foi observado um aumento no dano oxidativo a lipidios, indicando um possivel
comprometimento da funcdo normal das membranas bioldgicas, que pode resultar em
um aumento da fluidez, a inativacdo de enzimas e receptores ancorados na membrana,
assim como a promocdo do efluxo citosélico de solutos (Halliwell e Gutteridge, 2006;
Avery, 2011). Em todas as regides tambem observamos um aumento no dano oxidativo
a proteinas, indicando um possivel comprometimento dos processos de sinalizagdo
celular e de regulacdo do metabolismo energético (Halliwell e Gutteridge, 2006). O
aumento da carbonilagdo de proteinas (exceto no cértex cerebral) também pode induzir

a formacdo de agregados de grande massa molecular com alto potencial citotoxico
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(Halliwell e Gutteridge, 2006; Cecarini et al., 2007). Além disso, 0 aumento da
oxidacdo dos grupamentos tidis das proteinas (exceto no estriado) pode induzir a
formacdo excessiva de ligacdes dissulfeto entre proteinas, afetar o folding de proteinas e
induzir a agregacdo e degradacdo de proteinas (Winterbourn e Metodiewa, 1999;

Cumming et al., 2004; Sitia e Molteni, 2004).

Também neste estudo (Estudo 1) ndés demonstramos que a suplementagédo
cronica com palmitato de retinol induz uma diminuicdo no nivel das defesas
antioxidantes ndo-enzimaticas no encefalo (exceto no estriado) de ratos de meia-idade,
evidenciado pela diminuicdo do potencial antioxidante redutor total (TRAP). Esta
diminuicdo indica que a suplementacdo induziu uma eventual deplecédo de um ou mais
componentes antioxidantes especificos, como a glutationa (GSH), as vitaminas C e E, 0
acido drico e a bilirrubina (Lissi et al., 1995). E também interessante observar que a
diminuicdo nos grupamentos tidis é paralela a diminuicdo nos niveis do potencial
redutor antioxidante total (TRAP) nas mesmas regides do encéfalo dos animais
suplementados. Estes dois resultados em conjunto sugerem que a suplementacdo pode
ter induzido a oxidacdo de grupamentos tiois ndo-proteicos importantes na composi¢do

das defesas antioxidantes ndo-enzimaticas, como a GSH.

NOs tambeém postulamos que um aumento na formacao de espécies reativas no
encéfalo dos ratos de meia-idade suplementados com palmitato de retinol possa ser
responsavel por este marcante aumento no dano oxidativo (Estudo 1). Nés sabemos que
a vitamina A é capaz de induzir um aumento na producdo de ¢O;" in vitro e que a
suplementacdo com palmitato de retinol também é capaz de induzir um aumento na

producdo de O, no encéfalo de ratos jovens adultos (Murata e Kawanishi, 2000; De
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Oliveira e Moreira, 2007). Um aumento na producdo de O, poderia ser responsavel
por induzir tanto 0 aumento na atividade da SOD quanto a diminui¢do da atividade da
CAT no encéfalo, pois sabe-se que as altas concentracdes de O, sdo capazes de
estimular a atividade da SOD e inibir a atividade da CAT (Kono e Fridovich, 1982;
Shimizu, Kobayashi e Hayashi, 1984; Halliwell e Gutteridge, 2006). Sabe-se também
que o0 *O," € capaz de induzir a oxidacdo de varias enzimas com ferro-enxofre, o que
pode resultar em uma liberacdo de ions ferro (presente em grandes quantidades no
cérebro) que pode promover a reacdo de Fenton (Halliwell e Gutteridge, 2006; Liang e
Patel, 2004). O <O, pode ainda reagir com o ¢xido nitrico (NOe), promovendo a
formagdo de peroxinitrito (ONOO), uma molécula ndo-radical capaz de oxidar
rapidamente varios tipos de moléculas (Halliwell e Gutteridge, 2006; Liang e Patel,

2004).

Da mesma forma postulamos que a suplementacdo crénica com palmitato de
retinol pode ter aumentado a disponibilidade de H,O, no encéfalo, visto que a
suplementacdo aumentou a razdo SOD/PER em todas as regides do encéfalo (Estudo ).
Sabe-se que sob condicdes fisioldgicas, o H,O, (bem como outras espécies reativas)
desempenha um papel importante no cérebro, incluindo a regulacdo de processos de
sinalizacdo intracelular (Veal, Day e Morgan, 2007; Miller et al., 2007; Veal e Day,
2011). Entretanto, um aumento na disponibilidade de H,O, pode perturbar seriamente
esses processos de sinalizacdo celular e, via reacdo de Fenton, induzir a formacao de
radicais hidroxilas (OHe), 0s quais por sua vez sdo capazes de reagir com um grande

namero de biomoléculas (Halliwell e Gutteridge, 2006; Veal, Day e Morgan, 2007).
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Embora no nosso estudo ndo possamos estabelecer uma relacéo de causa e efeito
entre as alteracdes comportamentais e 0 estresse oxidativo observado no encéfalo de
ratos de meia-idade apds a suplementacdo crénica com palmitato de retinol, existe na
literatura um numero cada vez maior de evidéncias para essa associacdo a partir de
experimentos utilizando diferentes modelos experimentais (como por exemplo, estresse
de imobilizacdo, nado forcado, estresse cronico leve, separagdo materna, bulbectomia
olfativa e estresse social). A evidéncia mais consiste nestes estudos € o aumento na
producéo total de diferentes espécies reativas (incluindo «O;", H,O, e OHe) e 0 aumento
no nivel de diferentes marcadores de dano oxidativo a biomoléculas (como por
exemplo, TBARS, dienos conjugados e carbonilagdo de proteinas) no encéfalo destes
animais (Matsumoto et al., 1999; Sahin e Gumuslu, 2004; Eren, Naziroglu e Demirdas,
2007; Rammal et al., 2008; Lucca et al., 2009a; Lucca et al, 2009b; Zafir e Banu, 2009;
Tunez et al., 2010). Além disso, é consistente a diminuicdo no nivel de diferentes
componentes especificos das defesas antioxidantes ndo-enzimaticas (Sahin e Gumuslu,

2004; Eren, Naziroglu e Demirdas, 2007; Tunez et al., 2010).

Nestes diferentes estudos foram encontradas também algumas alteracdes a
atividade das enzimas antioxidantes semelhantes as observadas no encéfalo dos ratos de
meia-idade suplementados com palmitato de retinol. Entre as diferentes enzimas, a
evidéncia mais consistente na literatura € o aumento na atividade da SOD no encéfalo
de animais ansiosos ou deprimidos (Sahin e Gumuslu, 2004; Zafir e Banu, 2009;
Djordjevic et al., 2009; Tunez et al., 2010; Grundmann et al., 2010). Por outro lado, a
atividade das demais enzimas antioxidantes € reportada de forma inconsistente, sendo

observado aumento, diminuicdo e até mesmo nenhuma alteragdo em diferentes modelos
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experimentais (Sahin e Gumuslu, 2004; Eren, Naziroglu e Demirdas, 2007; Lucca et al,

2009b; Zafir e Banu, 2009; Djordjevic et al., 2009; Tunez et al., 2010).

Por outro lado, nosso segundo estudo demonstra que a suplementacdo crénica
com [}-caroteno, em doses equivalentes as doses freqiientemente utilizadas em estudos
com suplementacdo de palmitato de retinol, ndo induz alteracbes em diferentes
parametros de estresse oxidativo, como a atividade das enzimas antioxidantes e o nivel
de marcadores de dano oxidativo a macromoléeculas (Estudo I1). Considerando o grande
contraste com os resultados reportados para a suplementacdo com palmitato de retinol,
nosso estudo indica que a suplementacdo com [B-caroteno tem potencial para se tornar
uma alternativa nutriterapéutica mais segura do que os ésteres de retinol. Além disso, o
consumo de suplementos com B-caroteno tem sido indicado como capaz de diminuir a
incidéncia de aneurismas e de isquemias cerebrais (Gopal et al., 2011). Existem também
diferentes tipos de estudos que indicam que a ingestdo adequada de B-caroteno é
importante para a manutencdo da capacidade cognitiva e que diminui o risco de
deméncia (Jama et al., 1996; Engelhart et al., 2002; Rinaldi et al., 2003; Hu et al., 2006;
Akbaraly et al., 2007; Wengreen et al, 2007; Von Arnim et al., 2012). Estes beneficios
para a fungdo cognitiva associados ao consumo de B-caroteno parecem estar associados

ao consumo em longo prazo, mas ndo o consumo eventual (Grodstein et al., 2007).

Neste mesmo estudo também demonstramos que a suplementacdo com as
mesmas doses de B-caroteno foi capaz de alterar os parametros redox no plasma de ratos
adultos que foram mantidos em uma dieta normal (Estudo II). A suplementagéo
efetivamente induziu um aumento do TRAP e uma diminui¢do do nivel de marcadores

de dano oxidativo a lipidios. Visto que o TRAP no plasma é dependente das
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concentracgdes relativas de diferentes antioxidantes e de seu sinergismo, 0 aumento no
TRAP sugere uma absor¢ao bem sucedida do f-caroteno e um conseqliente aumento no
nivel das defesas antioxidantes nao-enzimaticas (Cao et al., 1998a; Cao et al., 1998b).
Além disso, por ser uma molécula lipofilica, o B-caroteno tende a se acumular em
compartimentos lipofilicos, tais como as membranas e lipoproteinas, sendo proposto
como um antioxidante importante para a interrupgédo de reac6es em cadeia, assim como

na eliminacéo de lipoxidos e lipoperoxidos (Grune et al., 2010).

E possivel que pelo menos parte dos efeitos positivos especulados como estando
associados ao consumo de [B-caroteno sejam decorrentes de sua atuacdo como um
antioxidante, como observado no plasma de ratos adultos (Estudo II). Atualmente, o -
caroteno é considerado como sendo capaz de proteger os linfocitos humanos do dano
oxidativo e consequentemente proteger o organismo contra vérias doengas, incluindo o
cancro, as doencas cardiovasculares e as doencas oftalmoldgicas (Tapiero, Townsend e
Tew, 2004). O B-caroteno também tem sido apontado como sendo importante para o
sistema imunitario e para a funcdo pulmonar, sendo capaz de aumentaro volume
expiratorio forcado e a capacidade respiratoria forcada (Bendich e Shapiro, 1986;
Schunemann et al., 2001). Existem estudos também que sugerem uma relacdo inversa
entre a ingestdo de B-caroteno e o risco de diferentes tipos de cancer, especialmente nas
fases iniciais da carcinogénese (Issing, 2001). Estes e outros beneficios associados ao
consumo de PB-caroteno (e outros antioxidantes presentes na dieta) foram recentemente

revisados em duas publicagdes (Fiedor e Burda, 2014; Wang, Chun e Song, 2013).

Por outro lado, apesar de todas estas evidéncias de beneficios associados ao

consumo de P-caroteno, seu potencial como molécula alternativa nutriterapéutica
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precisa ser investigado mais a fundo. Principalmente porque apesar destas evidéncias
muitos estudos clinicos grandes tém reportado resultados contraditérios no que diz
respeito aos beneficios da suplementacdo com [-caroteno. Diversos destes estudos
reportaram resultados negativos (Hennekens et al., 1996; Greenberg et al., 1996; Lee et
al.,, 1999) enquanto outros reportaram resultados adversos, como o aumento da
incidéncia de cancer de pulmdo e da mortalidade, quando compararam individuos
suplementados com um grupo placebo (The ATBC Study Group, 1994; Omenn et al.,
1996). Recentemente, uma importante uma revisdo sistematica também encontrou uma
associacdo entre o consumo de suplementos antioxidantes (incluindo o 3-caroteno) e um

aumento na mortalidade (Bjelakovic et al., 2012).

Uma hipdtese que ganha forca na comunidade cientifica é que esta contradigdo
entre tantos estudos importantes deve estar associada as doses investigadas que muitas
vezes sdo elevadas e até mesmo acima do nivel de ingestdo toleravel (Bjelakovic et al.,
2012). Essa hipotese é reforcada pelos resultados de um estudo que avaliou os efeitos do
consumo de suplementos com [-caroteno em diferentes doses sobre a metaplasia
pulmonar induzida pela fumaca do cigarro e observou que, apesar do consumo
equivalente a 30 mg estar associado a metaplasia escamosa do pulmdo, o consumo de
doses equivalentes a 6 mg forneceu protecdo moderada contra a fumaca do cigarro
(Russell, 2004). Além disso, sabe-se que o consumo de doses elevadas de B-caroteno
pode estimular sua clivagem assimétrica por mecanismos nao-enzimaticos e
enzimaticos, como a [-caroteno-9',10-oxigenase (CMOII) (Shete e Quadro, 2013)
(Figura 2). Este estimulo pode resultar em um aumento consideravelmente da producéo

de pB-apocarotendides, os quais podem ser responsaveis pelos efeitos deletérios
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observados em muitos ensaios clinicos, pois sdo capazes de diminuir os niveis celulares

de &cido retindico e inibir a sinalizacdo por retindides (Shete e Quadro, 2013).
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Figura 2. Metabolismo do beta-caroteno. Beta-caroteno-15,15’-oxigenase (CMOI),
beta-caroteno-9’,10’-oxigenase (CMOII), retinal desidrogenase (RALDH) aldeido
desidrogenase (ALDH), retinol desidrogenase (RDH) e alcool desidrogenase (ADH).
Todas as estruturas moleculares foram obtidas em Molecular Networks
(http://www.molecular-networks.com), 2015.

Em resumo, o Estudo | desta tese apresenta resultados que se somam a inimeros
outros estudos anteriores que alertam para uma possivel neurointoxicacdo associada ao
consumo de suplementos na forma de ésteres de retinol (De Oliveira et al., 2007a; De
Oliveira et al., 2007b; De Oliveira et al., 2008; De Oliveira et al., 2009; Schnorr et al.,
2011). Desta forma, este estudo reforca a importancia do Estudo Il que sugere que a
suplementacdo com B-caroteno em doses moderadas (300-3000 RAE/kg/dia) possa ter
potencial para se tornar uma alternativa nutriterapéutica mais segura (do ponto de vista
do estresse oxidativo) aos ésteres de retinol. A suplementacdo cronica com B-caroteno,

ao contrario dos esteres de retinol, foi capaz de induzir uma atividade antioxidante

65



sisttmica sem induzir um perigoso efeito pro-oxidante em diferentes regides do

encéfalo de ratos adultos.
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CONCLUSOES

A partir dos resultados obtidos nesta tese, podemos concluir que:

1)

2)

3)

A suplementacdo cronica com doses moderadas de palmitato de
retinol diminuiu a atividade exploratoria, aumentou a aversao a
area ansiogénica do aparato e aumentou o0 tempo em
comportamentos do tipo freezing de ratos Wistar de meia-idade no
teste do Campo Aberto, indicando que a suplementacdo nestas

doses é capaz de induzir alteracdes na reatividade emocional;

A suplementacdo com doses moderadas de palmitato de retinol
durante 28 dias ndo induziu alteracbes nos parametros de estresse
oxidativo investigados no figado de ratos Wistar de meia-idade,
indicando que a suplementacdo ndo induziu um aumento patolégico
de vitamina A no figado e que as alteracbes comportamentais

observadas nao estdo associadas a hepatotoxicidade;

A suplementacdo com palmitato de retinol em doses moderadas por
um periodo de 28 dias induziu um aumento no nivel de marcadores
de dano oxidativo a lipidios e proteinas em diferentes regides do
encéfalo de ratos Wistar de meia-idade, indicando que a
suplementacdo perturbou a homeostase redox no encéfalo e que as
alteragdes comportamentais observadas estdo associadas ao

aumento do estresse oxidativo nas mesmas doses experimentais;
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4)

5)

6)

7)

A suplementacdo cronica com palmitato de retinol nas mesmas
doses experimentais induziu uma diminuicdo do TRAP e do
contetdo total de SH no encéfalo (exceto no estriado) de ratos
Wistar de meia-idade, indicando que a suplementacdo diminuiu a
capacidade de atuacdo das defesas antioxidantes ndo-enzimaticas,

provavelmente devido a uma deplecéo dos niveis de GSH;

A suplementacdo cronica com doses moderadas de palmitato de
retinol também induziu um aumento na razdo SOD/CAT em todas
as regides investigadas do encéfalo de ratos Wistar de meia-idade,
indicando que a suplementacdo pode ter induzido um aumento na
producdo de ROS (O3, H,0;) que pode ser responsavel pelo dano

oxidativo observado nas mesmas doses experimentais;

A suplementagdo cronica com doses equivalentes de [(-caroteno
ndo induziu alteracdes nos niveis de marcadores de dano oxidativo
a lipidios e proteinas, ou na atividade das enzimas antioxidantes,
em diferentes regides do encéfalo de ratos Wistar adultos,
indicando que a suplementacdo ndo perturbou a homeostase redox

e ndo induziu estresse oxidativo nestas doses experimentais;

A suplementagdo cronica com [-caroteno nas mesmas doses
experimentais induziu um aumento do TRAP e uma diminuigéo

nos niveis de marcadores de dano oxidativo a lipidios e proteinas
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8)

no plasma de ratos Wistar adultos, indicando que a suplementacéo
resultou em uma absor¢do bem sucedida do p-caroteno e um

importante efeito antioxidante no plasma;

Em resumo, esta tese como um todo indica: i) que a suplementacao
com doses moderadas de uma formulacdo hidrossolavel de
palmitato de retinol esta associada a alteragdes comportamentais e
ao aumento do estresse oxidativo no encéfalo de ratos, ii) mas que
a suplementagdo com doses equivalentes de B-caroteno ndo esta
associada a perturbacBes da homeostase redox no encéfalo e
apresentou atividade antioxidante no plasma, indicando que o f-
caroteno pode ser uma alternativa nutriterapéutica mais segura do

que o palmitato de retinol em suplementos alimentares.
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