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RESUMO

INFLUENCIA DA SUPLEMENTACAO DE ACIDOS GRAXOS EM DIFERENTES
FASES DE DESENVOLVIMENTO DE RATOS: AVALIAQ@ES
COMPORTAMENTAIS, BIOQUIMICAS E MOLECULARES
AUTOR: Camila Simonetti Pase
ORIENTADOR: Prof2. Dr2 Marilise Escobar Birger

Os &cidos graxos (AG) sao constituintes importantes dos fosfolipideos das membranas e desempenham
importantes funcdes no sistema nervoso central (SNC). Evidéncias sugerem que a nutricdo materna
durante periodos iniciais de desenvolvimento esta diretamente relacionada ao adequado
desenvolvimento do feto, recém-nascido e adulto uma vez que neste periodo ocorre a transferéncia dos
acidos graxos poli-insaturadosde cadeia longa através da placenta e do leite, enquanto que uma nutri¢éo
materna inadequada pode alterar ambos os parametros morfoldgicos e fisioldgicos dos filhotes. Nas
décadas recentes, foram observadas mudancas nos habitos alimentares, as quais possibilitaram o
aumento do consumo de acidos graxos trans, em detrimento do consumo de acidos graxos essenciais,
principalmente os da familia n-3. Tais alteracGes podem prejudicar a neuroplasticidade e favorecer o
desenvolvimento de doencas neuropsiquiatricas. Além disso, situacdes frequentes de estresse devido a
pressdao do mundo exterior também podem estar associadas com o desenvolvimento de doengas que
envolvem o SNC. Neste estudo, nos avaliamos a influéncia do consumo ou suplementacdo de diferentes
acidos graxos durante o periodo perinatal sobre alteragdes comportamentais, bioguimicas e moleculares
em ratos adultos. A partir dos resultados apresentados no artigo 1, foi possivel observar os efeitos
benéficos do consumo de uma dieta enriquecida com azeite de oliva (20%) em diferentes fases do
desenvolvimento, como gestacdo, lactacdo ou apds o desmame dos filhotes até a idade adulta. No
presente estudo, contatou-se a reducdo do peso corporal e estresse oxidativo em todos os periodos
analisados, além do aumento da expressao de fatores neurotr6ficos como BDNF e FGF-2 ap6s consumo
da dieta contendo azeite de oliva durante o periodo perinatal. No artigo 2, foi avaliada a relacdo entre o
consumo prolongado de gordura vegetal hidrogenada (GVH), rica em AG trans, em diferentes periodos
da vida de ratos, e 0 desenvolvimento de sintomas de hiperatividade. O consumo de gordura trans, por
10 meses, bem como a suplementagdo durante a gravidez e lactacdo ao longo de duas geracOes
sequenciais de animais induziu comportamento ativo no teste do nado for¢ado. Também, a
suplementagdo com GVH aumentou a atividade locomotora nos animais, antes e depois da
administracdo de anfetamina. Da mesma forma, a suplementacdo com GVH durante a gestacdo e
lactacdo foi associada ao aumento da atividade locomotora em ambos os ratos jovens e adultos apos
exposicdo a anfetamina. Além disso, a suplementacdo com gordura trans ao longo de duas geragdes
sequenciais de animais também aumentou a locomocao e atividade exploratéria em animais expostos ao
estresse. Na sequéncia do estudo, ratas foram suplementadas com 6leo de soja/6leo de peixe (OS/OP,
razdo 6tima de cidos graxos n-6/n-3) ou GVH durante o periodo da gestacdo ou lactag&o e os filhotes
adultos foram expostos ao protocolo de estresse crénico leve. Em geral, houve maior incorporacdo de
DHA e ARA durante o periodo da gestacdo e LA e ALA durante a lactagdo e somente a suplementagao
com GVH permitiu a incorporagdo de AG trans nas membranas neuronais. Além disso, filhotes adultos
cujas maes foram suplementadas com GVH mostraram prejuizo na meméria de curto e longo prazo
antes e ap0s a exposicao ao estresse, além de efeitos deletérios sobre marcadores moleculares. Tomados
em conjunto, os dados apresentados nesta tese sugerem que uma alimentagdo saudavel durante periodos
iniciais do desenvolvimento apresenta efeitos benéficos sobre o SNC, enquanto que o aumento do
consumo de alimentos industrializados, os quais sdo ricos em acidos graxos trans, pode estar envolvido
com o desenvolvimento de doengas neuropsiquidtricas, possivelmente em decorréncia das alteraces na
composicao fosfolipidica das membranas neuronais.

Palavras-chave: Periodo perinatal. Azeite de oliva. Gordura trans. Marcadores moleculares.
Disturbios neuropsiquiatricos.



ABSTRACT

INFLUENCE OF FATTY ACIDS SUPPLEMENTATION AT DIFFERENT STAGES
OF DEVELOPMENT OF RATS: BEHAVIORAL, BIOCHEMICAL AND
MOLECULAR ANALISYS
AUTHOR: Camila Simonetti Pase
ADVISOR: Marilise Escobar Burger

Fatty acids (FA) are important constituents of the phospholipid membranes and play important roles in
the central nervous system (CNS). Evidence suggests that maternal nutrition during early periods of life
is directly related to the development of the fetus, newborn and adult since in this period the transfer of
long-chain polyunsaturated fatty acids occurs across the placenta and milk, while a inadequate maternal
nutrition can alter both morphological and physiological parameters of the puppies. In recent decades,
we observed changes in eating habits, which enabled the increased consumption of trans fatty acids at
the expense of consumption of essential fatty acids, especially the n-3 family. Such changes may affect
neuroplasticity and promote the development of neuropsychiatric disorders. Furthermore, frequent
situations of stress due to the pressure outside world can also be associated with the development of
diseases involving the CNS. In this study, we evaluated the influence of consumption or supplementation
of different fatty acids during the perinatal period on behavioral, biochemical and molecular changes in
adult rats. From the results presented in the article 1, it was possible to observe beneficial effects from
the consumption of a diet enriched with olive oil (20%) at different stages of development, such as
pregnancy, lactation or after the weaning of pups to adulthood. In the present study, the body weight
and oxidative stress was reduced in all analyzed periods and increased expression of neurotrophic factors
such as BDNF and FGF-2 after consumption of diet containing olive oil during the perinatal period. In
article 2, it evaluated the relationship between prolonged consumption of hydrogenated vegetable fat
(HVF), rich in trans fatty acids in different periods of life of rats, and the development of hyperactivity
symptoms. The trans fat consumption for 10 months and supplementation during pregnancy and
lactation over two sequential generations of animals induced active behavior in the forced swimming
test. Also, supplementation with HVF increased locomotor activity in animals before and after
administration of amphetamine. Similarly, supplementation with HVF during pregnancy and lactation
is associated with increased locomotor activity in both young and adult rats after exposure to
amphetamine. Furthermore, supplementation with trans fat along two sequential generations of animals
also increased locomotion and exploratory activity in animals exposed to stress. Following the study,
rats were supplemented with soybean oil/fish oil (SO/FO, optimum ratio of fatty acids of the n-6/n-3)
or HVF during the period of gestation or lactation and adults offspring have been exposed to mild
chronic stress protocol. In general, was observed a greater incorporation of DHA and ARA during the
pregnancy period and LA and ALA during lactation and only supplementation with HVF allowed the
incorporation of trans fatty acids in neuronal membranes. In addition, adults offspring whose mothers
were supplemented with HVF showed impairment in short- and long-term memory before and after
exposure to stress, as well as deleterious effects on molecular markers. Taken together, the data
presented here suggests that a healthy diet during early periods of development has beneficial effects on
the CNS, while increased consumption of processed foods, which are high in trans fatty acids, may be
involved with the development of neuropsychiatric disorders, possibly due to the changes in the
phospholipid composition of neuronal membranes.

Keywords: Perinatal period. Olive oil. Trans fat. Molecular markers. Neuropsychiatric
disorders.
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APRESENTACAO

Esta tese de doutorado estd estruturada em secdes dispostas da seguinte forma:
Introducdo, Objetivos, Producdo Cientifica (Artigo 1, Artigo 2 e Manuscrito), Discusséo,
Conclusdo e Referéncias.

No item INTRODUCAO e DESENVOLVIMENTO encontram-se consideragdes
iniciais sobre o tema desenvolvido nesta tese. Os itens Materiais e Métodos, Resultados,
Discussdo e Referéncias encontram-se inseridos nos préprios artigos e manuscrito na secdo
PRODUCAO CIENTIFICA e representam a integra deste estudo.

Ao fim, encontram-se os itens DISCUSSAO e CONCLUSAO, nos quais ha
interpretacdes e comentarios gerais dos resultados contidos neste estudo.

As REFERENCIAS referem-se somente as citacbes apresentadas no item
INTRODUQAO, DESENVOLVIMENTO e DISCUSSAO.



1 INTRODUCAO

De acordo com um relatorio publicado em 2007, quase 1 em cada 6 pessoas da
populacdo mundial sofre de distarbios neuroldgicos (UN, 2007). As causas da maioria das
doencas neuroldgicas sao vagamente compreendidas e sdo definidas por numerosos fatores
onde a genética e o ambiente desempenham um papel vital e a nutricdo, como um fator
ambiental, é importante principalmente no desenvolvimento do cérebro (HALLAHAN e
GARLAND, 2005).

Os acidos graxos (AG) desempenham importantes fungdes na estrutura e fungédo das
membranas celulares. O sistema nervoso deve conter niveis equilibrados de acidos graxos,
principalmente aqueles que o organismo de mamiferos ndo é capaz de sintetizar, denominados
acidos graxos essenciais (AGE) pertencentes as familias 6mega-3 (n-3) e 6mega-6 (n-6).
Durante o periodo perinatal os acidos a-linolénico, linoléico e seus respectivos derivados, o
acido docosahexaendico (DHA) e é&cido araquidbnico (AA) sdo adquiridos através da
transferéncia materno-placentaria e leite materno. Apos o desmame, 0s mesmos sdo obtidos
unicamente através da dieta ao longo da vida, onde sua incorporacdo na estrutura da membrana
plasmética confere melhor desempenho das funcGes cerebrais favorecendo o crescimento
neuronal, transducdo de sinais, excitabilidade, e expressao de fatores neurotréficos que regulam
a sobrevivéncia e diferenciacdo celular (BOURRE, 2006; BOUSQUET et al., 2009;
BRADBURRY, 2011; QUERQUES, FORTE e SOUIED, 2011).

Ao longo das ultimas décadas, ocorreram mudancas qualitativas na nutricdo. Hoje, a
dieta de uma sociedade industrializada, é caracterizada por um aumento na utilizac&o de gordura
vegetal hidrogenada e gordura saturada nos alimentos (BAGGIO e BRAGAGNOLO, 2006)
acompanhada por uma significativa reducdo do consumo de alimentos ricos em n-3 e um
aumento na ingestdo de acidos graxos trans (AGT) (PFEUFFER e SCHREZENMEIER, 2006).
Essa alteracdo nos habitos alimentares promoveu um aumento da relagcdo n-6/n-3 de &cidos
graxos poli-insaturados (AGPI) (AILHAUD et al., 2006; PATTERSON et al., 2012). Desta
forma, o consumo de AGT pode culminar em uma perda de ingestao de acidos graxos essenciais
representando uma perda no valor nutricional dos alimentos, e consequentemente ser
considerados fatores de risco para o desenvolvimento de doengas que envolvem o sistema
nervoso central (SNC), uma vez que os AGE desempenham um papel funcional importante
sobre as membranas bioldgicas (SARSILMAZ et al., 2003).

A partir da década de 1970, o interesse por interferéncias ocorridas durante o

desenvolvimento fetal comecgou a se expandir seguindo a “hipotese de Barker” (BARKER e



16

OSMOND, 1986) que afirma que as influéncias adversas no inicio de desenvolvimento e,
particularmente, durante a vida intrauterina, pode resultar em mudangas permanentes na
fisiologia e no metabolismo, o que pode resultar em aumentado risco de doenca na idade adulta
(de BOO e HARDING, 2006). Neste sentido, o efeito de alteracdes ou déficits nutricionais
neste periodo tem sido objeto de diferentes pesquisas (HADDERS-ALGRA, 2011; JANSSEN
e KILIAAN, 2014).

Além disso, o estresse também esta ligado ao desenvolvimento de doencas do SNC
(CHROUSOS, 2009; McEWEN, 2008; SCHMIDT, STERLEMANN e MULLER, 2008).
Atualmente, é considerado uma adaptacdo funcional organica, que tem como causa principal a
pressao do mundo exterior. Embora a base subjacente para a mudanca funcional enddcrina que
ocorre durante o estresse ainda seja desconhecida, existem trabalhos sugerindo que as mudancas
na funcdo metabdlica, particularmente no metabolismo de &cidos graxos, influenciam
mecanismos centrais que regulam as respostas individuais ao estresse (LAUGERO et al.,
2002). Além disso, a influéncia da dieta sobre a manifestacdo de diferentes tipos de
comportamentos induzidos por agentes estressores (FERRAZ et al., 2008) tem sido observada.

A seguir, um breve referencial teérico sobre os principais acidos graxos constituintes da
dieta e sua possivel acdo sobre as membranas cerebrais. Serdo também considerados os efeitos
do estresse sobre 0 SNC, além da interacdo entre acidos graxos da dieta e estresse sobre a

protecdo contra danos cerebrais.



2 DESENVOLVIMENTO

2.1 Acidos Graxos: Quimica, classificacdo geral e principais representantes

Os é&cidos graxos (AG) sdo substancias encontradas em uma ampla variedade de
alimentos e possuem funcdes estruturais, protetoras e de fornecimento e armazenamento de
energia (ALBERTS et al., 2006; COSTA e SILVA, 2002). Sdo formados por uma cadeia
hidrocarbonada (2 a 20 ou mais atomos), contendo uma carboxila (COOH) em um extremo da
cadeia e uma metila (CH3) na extremidade oposta (MARSZALEK e LODISH, 2005; WALL
etal., 2010). A nomenclatura dos acidos graxos refere-se ao nimero de dtomos de carbono, quantidade
e posicdo das duplas ligacdes em relagio ao grupo metila (GORJAO et al., 2009). Existe inimeros
comprimentos de cadeia, variando de acidos graxos de 4 carbonos nos lipideos de produtos
lacteos a &cidos graxos contendo 30 carbonos em alguns lipidios marinhos (LEHNINGER,
NELSON e COX, 2002; RATNAYAKE e GALLI, 2009). Quanto a extensdo da cadeia, 0s AG
classificam-se em AG de cadeia curta com cauda alifatica de menos de 6 4&tomos de carbono;
de cadeia média, com cauda alifatica de 6 a 12 carbonos; de cadeia longa, com cauda alifatica
de mais de 12 carbonos; e de cadeia muito longa, com cauda alifatica contendo mais de 22
atomos de carbono. Os AG sdo classificados também de acordo com o nimero de insaturaces
presentes em sua cadeia carbonada (LEHNINGER, NELSON e COX, 2002). Assim, 0s AG
saturados (AGS) ndo possuem duplas ligacdes e os insaturados contém em sua cadeia uma —
monoinsaturados (AGMI) - ou mais duplas liga¢cdes — poli-insaturados (AGPI) (KIM et al.,
2005). As multiplas duplas ligacbes de carbono presentes na cadeia dificultam a interacdo
molecular, conferindo caracteristica liquida a esses acidos graxos a temperatura ambiente,
importante propriedade fisica requerida para manutencdo do alto grau de flexibilidade da
bicamada lipidica das membranas celulares (CHALON, 2006; HULBERT et al., 2005; INNIS,
2007).

Em mamiferos, incluindo seres humanos, acidos graxos saturados e monoinsaturados
podem ser obtidos pela dieta ou, podem ser sintetizados pela sintese “de novo” de acido graxo.
Pela dessaturacdo dos acidos graxos saturados podem ser sintetizados os acidos graxos
monoinsaturados n-9. Essa converséo ¢ realizada pela A9 desaturase, que é uma enzima muito
ativa em tecidos de mamiferos, que introduz uma dupla ligacao entre a posi¢do n-9 — n-10 da
cadeia de acidos graxos (RATNAYAKE e GALLI, 2009). Assim, estes acidos graxos
sintetizados pelo organismo séo considerados ndo essenciais. Os AGS sdo encontrados em

alimentos de origem animal como carne, leite, manteiga, queijo (&cidos palmitico - C16:0 e
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estearico - C18:0), certos vegetais como coco, palma e dendé (acidos caprilico - C8:0 e céprico
- C10:0) (CARVALHO et al., 2003), assim como os AGMI, os quais também se encontram no
azeite de oliva, 6leo de canola e de soja e em nozes, sendo o &cido oléico (C18:1) o principal
representante da classe (DUNCAN, SCHMIDT e GIUGLIANI, 2004).

Porém, os mamiferos ndo conseguem sintetizar &cidos graxos com a dupla ligagdo no
carbono n-6 ou n-3. Por esta razdo, os AGPI classificados principalmente nas séries dmega 6 e
0mega 3, diferenciando-se pela posicdo da primeira dupla ligacéo a partir do grupo metilico
terminal da cadeia, sdo considerados &cidos graxos essenciais (AGE) (SIMOPOULCQS, 2006;
YAQOOB e CALDER, 2007). Dentre os representantes da série n-6, destaca-se o acido
linoléico (C18:2, LA) abundante nos Oleos vegetais como de girassol, milho, soja, etc.
(McCUSKER e GRANT-KELS, 2010; SANGIOVANNI e CHEW, 2005). O acido a-linolénico
(C18:3, ALA), principal representante da série n-3, € encontrado em peixes marinhos de dguas
geladas e profundas (sardinha, salmé&o, cavala, truta, arenque), 6leos e produtos derivados de
pescados, nozes e 6leos vegetais (chia, canola e linhaga) (LARSSON et al., 2004; SOCCOL,
HEIDMANN e OETTERER, 2003). Os AG com maior numero de carbonos e maior quantidade
de duplas ligacbes como o é&cido eicosapentaendico (EPA, C20:5 n-3) e o acido
docosahexaendico (DHA, C22:6 n-3), sdo encontrados tanto nos vegetais (algas, fitoplancton),
guanto nos animais de origem marinha (peixes, crustaceos) (GIBSON, 2004; HULBERT et al.,
2005).

Os é&cidos graxos trans (AGT) sdo isdmeros geomeétricos e de posicdo dos AG
insaturados naturais e também fazem parte da dieta humana. Produtos de origem animal como
carne e leite de animais ruminantes sdo as principais fontes de AGT, porém, o avanco da
industrializagdo e mudancas na dieta ocidental vem promovendo um considerével aumento no
consumo deste tipo de acido graxo (PADOVESE e MANCINI-FILHO, 2002).

2.2 Acidos Graxos Poli-insaturados

No fim da década de 20, ao observar alguns sinais e sintomas em pessoas que tinham
restricdo de gorduras em suas dietas, pesquisadores constataram que havia compostos que eram
essenciais para a saude do organismo (BURR e BURR, 1929) e desde entdo os &cidos graxos
vém sendo estudados. Alguns AGPI sdo considerados AGE, pois as células animais nédo
possuem as enzimas dessaturases capazes de especificamente colocar as duplas ligagdes nas
posi¢des n-3 e n-6, de forma que seu suprimento depende unicamente da dieta alimentar
(BOURRE, 2004; OKEN e BELFORT, 2010).
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Os acidos linoléico e a-linolénico, quando consumidos, podem ser alongados em
cadeias de, pelo menos, 20 ou 22 carbonos (Figura 1). O LA pode ser metabolizado em outros
AG da série n-6, incluindo o acido araquiddnico (AA, 20:4 n-6), enquanto o ALA ¢
metabolizado em outros AG n-3, entre eles 0 EPA e 0 DHA (McCUSKER e GRANT-KELS,
2010). Este processo metabdlico € mediado por enzimas conhecidas como alongases (adigdo de
duas unidades de carbono) e dessaturases (adicdo da dupla ligacéo), as quais participam na
formacéo dos AGPI de cadeia longa, resultando em uma competicdo metabolica entre os dois
grupos (BAKER et al., 2012; PERINI et al., 2010; CHILTON et al., 2008).

Familia n-3 Familia n-6
Acido o-linolénico Acido linoléico
(ALA) 18:3 n-3 (LA) 18:21-6
l € A6-dessaturase .. _._. > l
Acido estearidénico Acido ¥-linolénico
18:4n-3 18:3n-6
l e L Flongase _ _ _ _ _. > l
Acido eicosatetraendico Acido dihomolinoléico
20:4n-3 20:3n-6
A3-dessaturase
€ ............................. _)

Acido eicosapentaendico Acido araquidonico
(EPA) 20:5 n-3 (AA) 20:4 n-6
Elongase
( ............................. _)

Acido docosapentaenoico Acido docosatetraendico
22:5n-3 22:4n-6
€mmam e A4-dessaturase _ _ _ . _. >
Acido docosahexaenéico Acido docosapentaendico

(DHA) 22:6n-3 22:5n-6

Figura 1. Via metabdlica dos &cidos graxos essenciais de cadeia longa (adaptado de LAURITZEN et al., 2001).

Os efeitos benéficos dos AGPI sobre as fungdes cerebrais parece estar relacionado a sua
influéncia sobre a fluidez da membrana, atividade de enzimas ligadas a membrana, nimero e
afinidade de receptores, producédo e atividade de neurotransmissores, além da transducdo de
sinais que controlam a atividade de neurotransmissores e fatores de crescimento neuronal
(McNAMARA e CARLSON, 2006; SUMIYOSHI et al., 2008; BOURRE, 2006; BOUSQUET
etal., 2009; BRADBURRY, 2011; QUERQUES, G.; FORTE, R.; SOUIED, 2011).
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2.3 Acidos graxos essenciais € SNC

A literatura possui resultados consistentes que indicam que tanto a parte quimica, quanto
funcional do desenvolvimento e maturacdo do cérebro pode ser influenciada pela dieta
(WAINWRIGHT, 2002). O cérebro necessita de um aporte adequado de &cidos graxos para
manter sua integridade estrutural e, consequentemente suas fungfes normais, principalmente
por apresentar a segunda maior concentracdo de lipidios do corpo, depois do tecido adiposo,
representando 36-60% do tecido nervoso (SINCLAIR et al.,, 2007; UAUY e DANGOUR,
2006).

O DHA é o principal componente dos fosfolipidios das membranas neuronais,
abrangendo cerca de 17% do total dos acidos graxos nesse tecido (HORROCKS e FAROOQUII,
2004; SALEM et al., 2001), sendo um dos grandes responsaveis por aumentar a fluidez da
membrana e a plasticidade sinaptica e contribuindo para as fungdes cerebrais (CHEN e
SUBBAIAH, 2007; MITCHELL et al., 2003). A presenca do DHA nessas estruturas favorece
a flexibilidade e a mobilidade das proteinas na bicamada de fosfolipidios, caracteristicas
essenciais para as respectivas fungdes (BERTRAND, O KUSKY e INNIS, 2006; INNIS, 2007;
PONGRAC, SLACK e INNIS, 2007).

Dados experimentais demonstraram que o DHA e o EPA sdo antioxidantes nutricionais
e reduzem a formacéo de perdxidos de lipideos no cérebro de ratos (CHOI-KWON et al., 2004)
além de proteger ratos jovens contra eventos de excitotoxicidade, como convulsdo e isquemia
(BAS et al., 2007; STROKIN, SERGEEVA e REISER, 2007). Em humanos, o0 DHA parece
exercer um efeito neuroprotetor, uma vez que baixos niveis deste acido graxo foram associados
com doencas neurodegenerativas, como a doenca de Alzheimer (SCHAEFER et al., 2006). A
atividade neuroprotetora do DHA também foi evidenciada através de suas propriedades
antioxidantes in vivo (CALON et al., 2004; HASHIMOTO et al., 2002; YAVIN, BRAND e
GREEN, 2002) e in vitro, como no aumento da atividade da glutationa redutase (HASHIMOTO
et al., 2002), diminuicdo da oxidacdo de proteinas (CALON et al., 2004) e dos niveis de
perdxidos de lipidios e espécies reativas de oxigénio (HASHIMOTO et al., 2006). Estudos
demonstraram ainda que o DHA participa diretamente da modulacdo da expressdo génica, de
processos que envolvem estresse oxidativo, sinalizacdo e divisdo celular, crescimento e
apoptose (SIMOPOULOQS, 2006; YAVIN, 2006). Além disso, DHA e EPA podem modificar a
producdo e a funcdo de neurotransmissores, tais como a serotonina e a dopamina (DUBOIS et
al., 2006; FENTON, HIBBLEN e KNABLE, 2000). Sendo assim, DHA e EPA participam de
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numerosas funcgdes celulares, incluindo a fluidez e a atividade enziméatica de membrana e
sintese de eicosandides, 0s quais sdo essenciais para o desenvolvimento e a manutengdo das
funcGes cerebrais (MAZZA et al., 2007).

De particular importancia para as fungdes do SNC, a deficiéncia dietética e baixos niveis
enddgenos de &cidos graxos n-3 tem sido associados a um pior prognostico de doengas
psiquiatricas como a esquizofrenia (AMMINGER et al., 2010), depressdo (FERRAZ et al.,
2008), desordens de hiperatividade (BURGESS et al., 2000), processo de envelhecimento e
déficits de aprendizado e memoria (BOURRE, 2004). Por outro lado, a suplementagdo destes
acidos graxos foi benéfica em pacientes com depressdo, doenca bipolar e esquizofrenia
(STOKES e PEET, 2004), capaz de reduzir o estresse oxidativo (EO) em regides cerebrais
criticas, como o corpo estriado (SARSILMAZ et al., 2003) e o hipotalamo (SONGUR et al.,
2004), podendo exibir protecdo contra parametros oxidantes presentes em doencas neurologicas

e neuropsiquiatricas.

2.4 Acidos graxos trans

Os acidos graxos na dieta humana sdo encontrados naturalmente na configuracéo cis, a
qual os &tomos de hidrogénio ligados aos carbonos insaturados encontram-se no mesmo plano.
Um notavel papel desempenhado pela ligacéo cis ocorre nas membranas bioldgicas constituidas
por lipidios, onde o nimero total de ligacdes cis ird influenciar a sua fluidez. Os &cidos graxos
com uma ou mais instaura¢fes na configuracao trans, ou seja, com 0s atomos de hidrogénio
ligados aos carbonos insaturados em planos opostos, sdo denominados acidos graxos trans
(AGT) (MARTIN et al., 2007). A configuragdo trans resulta em uma conformagdo molecular
linear, similar aos &cidos graxos saturados. Essa conformacédo mais rigida resulta em diferentes
propriedades fisicas, tal como ponto de fusdo mais alto e melhor estabilidade termodinamica,
associadas as modificacBes das caracteristicas quimicas sensoriais (REMIG et al., 2010;
STENDER, ASTRUP e DYERBERG, 2008) (Figura 2).
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Figura 2. Estrutura quimica dos acidos graxos insaturados oléico (cis) e elaidico (trans), com 18 carbonos, e do
acido graxo saturado correspondente, acido estearico (COSTA, BRESSAN e SABARENSE, 2006).

A hidrogenacéo industrial de 6leos vegetais €é responsavel pela maior parte da ingestao
de AGT na dieta humana. Entretanto, AGT também s&o encontrados naturalmente em baixas
concentragOes em derivados do leite e gorduras animais, atraves da hidrogenacéo bioldgica no
estdmago de ruminantes (CRAIG-SCHMIDT, 2006).

No Brasil, a hidrogenacdo comercial de 6leos vegetais data da década de 50, visando a
producdo de margarinas e gorduras para frituras. Com o desenvolvimento de técnicas de
hidrogenacgdo seletiva, 0s 6leos vegetais processados, rapidamente substituiram as gorduras
animais na dieta dos brasileiros. Estas gorduras tém sido largamente empregadas na producao
de diversos alimentos, como margarinas, coberturas de chocolate, biscoitos, produtos de
panificacdo, sorvetes, massas e batatas “chips”, entre outros com 0 objetivo de dar mais sabor
e crocancia e principalmente menor rancificacdo, alongando a vida de prateleira do produto
(ECKEL et al., 2007; MARTIN et al., 2005; TARRAGO-TRANI et al., 2006).

Os primeiros estudos relacionando modificagdes na estrutura molecular dos lipidios
com alteracdes nos seus efeitos bioldgicos e consequentemente sobre a saude dos individuos
foram realizados no ano de 1969. Apesar da sua utilidade tecnologica, os efeitos do consumo
desses acidos graxos nos alimentos tém apresentado grande controveérsia, no que diz respeito

ao efeito dos AGT na fisiologia e metabolismo humano.
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2.5 Efeitos dos acidos graxos trans sobre a satde

As primeiras evidéncias sobre os efeitos do consumo de AGT levaram em consideragéo
0s niveis séricos de lipideos. Estudos sugerem que o consumo elevado desses acidos graxos
pode induzir o aumento nos niveis de LDL-colesterol e triglicerideos, acompanhado de uma
diminuicdo do HDL-colesterol e consequente aumento da razdo colesterol total/HDL-
colesterol, os quais sdo considerados fatores de risco para o desenvolvimento de doengas
coronarianas (MENSINK et al., 2003; MOZZAFFARIAN e CLARK, 2009).

As preocupacdes com os efeitos dos AGT na saude tém aumentado, uma vez que estes
isbmeros sdo estruturalmente similares as gorduras saturadas, modificando as funcdes
metabdlicas das gorduras poli-insaturadas e podem competir com 0s &cidos graxos essenciais
em vias metabolicas complexas (MARTIN et al., 2004).

De modo particular, os efeitos de uma deficiéncia em acidos graxos essenciais
provocados pela incorporacdo de AGT sdo importantes principalmente sobre o SNC, no qual
0s AGPI sdo constituintes fundamentais. Tem sido observado que animais suplementados com
AGT apresentaram proporcdes elevadas de AG da série n-6 e diminuicdo de DHA, sugerindo
que a composicdo de AGPI no cérebro é influenciada pelo consumo de AGT (LARQUE et al.,
2003). Além disso, os AGT podem ser incorporados em fosfolipidios de membrana, alterando
a fluidez, propriedades bioquimicas, e a funcdo das células (SALEM et al., 2001).
Especificadamente, uma deficiéncia em ALA foi capaz de promover déficits de memoria, e
motores em ratos (WAINWRIGHT, 2002). Niveis reduzidos de AGPI também foram
encontrados no cérebro post mortem de pacientes esquizofrénicos (HORROBIN et al., 1991;
YAO, LEONARD e REDDY, 2000), e prejuizos na neurotransmissdo dopaminérgica podem
estar relacionadas (KUHN et al., 2015; ZIMMER et al., 1998; 2000).

Ainda, outros estudos mostram que 0os AGT inibem a reacdo de dessaturacao dos LA e
ALA para AA, DHA e EPA, favorecendo o metabolismo de isbmeros trans incomuns que, se
incorporados aos tecidos alteram as funcbes das membranas (INNIS, 2006). Assim, esta
incorporagdo também pode influenciar mecanismos pré-inflamatorios e pré-apoptoticos através
do aumento dos niveis do fator de necrose tumoral, interleucina-6 e proteina C reativa
(MOZAFFARIAN et al., 2006), sendo ainda um campo fértil para a pesquisa, considerando que
muitas controvérsias ainda persistem quanto ao metabolismo e os efeitos desses acidos graxos

na fisiologia e metabolismo humano.
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2.6 Acidos graxos e nutricdo materna

O desenvolvimento e a manutencao das fungdes psicomotoras e cognitivas, no decorrer
da vida, sofrem influéncia decisiva da nutri¢do principalmente no periodo perinatal. Evidéncias
demonstram a importancia dos acidos graxos essenciais, principalmente o DHA para o
desenvolvimento cerebral pré-natal, onde participam ativamente na estrutura, funcdo e
plasticidade sinaptica (INNIS, 2007; SALEM et al., 2001). A presenca do DHA durante a
gestacdo e lactacdo € essencial para a maturacao cortical, neurogénese e mielinizacéo, podendo
atenuar riscos de prejuizos cognitivos e susceptibilidade as desordens psiquiatricas
(BORSONELO e GALDUROZ, 2008; EILANDER et al., 2007; McNAMARA e CARLSON,
2006). Esses &cidos graxos passam da mde para o feto pela barreira placentaria e, apds o
nascimento, pelo leite materno. Durante o Gltimo trimestre intrauterino e 0s primeiros 18 meses
da vida pés-natal humana, e nos primeiros 15 dias apds o nascimento em ratos (DOBBING e
SANDS, 1979), o DHA e AA séo acumulados rapidamente nos fosfolipidios de membrana do
sistema nervoso central. Neste momento, o cérebro é especialmente vulneravel a quaisquer
deficiéncias nutricionais, em funcdo de ser o periodo em que os processos implicados no
desenvolvimento cerebral ocorrem com maior rapidez (DIJCK-BROUWER et al., 2005;
MORGANE e cols., 2002).

Estudos sugerem que um fornecimento insuficiente de acidos graxos n-3 durante o
desenvolvimento pré e pdés-natal diminui o conteddo de DHA nos tecidos neurais
(SCHIEFERMEIER e YAVIN, 2002), o que pode afetar o cone de crescimento dos neurdnios,
levando a reducdo da densidade neuronal e arborizacdo dendritica, em regiGes como
hipocampo, hipotdlamo e cortex (AHMAD et al., 2002; CALDERON e KIM, 2004), podendo
assim interferir na liberacdo de neurotransmissores (CHALON, 2006; ZIMMER et al., 2002).
Além disso, pode ocorrer uma variedade de déficits visuais, olfatorios, cognitivos e
comportamentais em modelos animais (LIM et al., 2005; MORIGUCHI et al., 2001; NIU et al.,
2004). Porém, o suprimento de DHA através do aleitamento materno tem mostrado melhorar o
desenvolvimento mental em criangas (HIBBELN, FERGUSON e BLASBALG, 2006).

A relacdo entre consumo de AGT e a fase perinatal esta sendo observada em alguns
estudos. Ja foi relatado uma correlacdo inversa entre 0 peso ao nascer com uma ingestdo de
isdbmeros trans, sugerindo que os AGT também podem ser transferidos ao feto atraves da
placenta (KOLETZKO e MULLER, 1990). Além disso, como os AGT podem inibir as enzimas
A6 e AS dessaturase, dificultando o metabolismo dos acidoS graxos essenciais, este processo

em humanos provoca um impacto na fase gestacional por alterar o desenvolvimento intra-
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uterino pela inibicdo da sintese dos AA e DHA (DECSI e KOLETZKO, 1995), prejudicando a
funcdo motora durante o desenvolvimento (BOOYENS e MERWE, 1992).

2.7 Acidos graxos e neurotrofinas

As proteinas da familia das neurotrofinas sdo fundamentais para o bom funcionamento
do sistema nervoso central (CHAO, RAJAGOPAL e LEE, 2006), e sdo fundamentais para a
regulacdo da sobrevivéncia neuronal, funcdo e plasticidade sindptica (BRAMHAM, 2008;
COHEN e GREENBERG, 2008; REICHARDT, 2006). Niveis aumentados de neurotrofinas
tem a funcdo prioritaria de proteger os neurdnios da excitotoxicidade (LESSMANN,
GOTTMANN e MALCANGIO, 2003), portanto as neurotrofinas tém sido descritas como
moduladoras da plasticidade sinaptica atuando para promover regeneracao e reparacdo do SNC
e periférico (LOU et al., 2008; ZHAO et al., 2005). O fator neurotréfico derivado do cérebro
(BDNF, brain derived neurotrophic factor) e fator de crescimento neuronal (NGF, nerve
growth factor) sdo as neurotrofinas mais conhecidas e sdo sintetizadas a partir de suas proteinas
precursoras (pro-neurotrofinas) (CHAO, RAJAGOPAL e LEE, 2006). O BDNF € abundante
no tecido cerebral e periférico e suas fungdes bioldgicas sdo mediadas via ligagdo ao receptor
de tirosina quinase B (TrkB), podendo levar a uma variedade de cascatas de sinalizacdo
intracelular como a fosforilacdo do CREB (proteina ligante ao elemento de resposta do AMPc)
(BHATIA et al. 2011). A ativacdo do CREB resulta na expressao de genes envolvidos na
sobrevivéncia neuronal e plasticidade e anormalidades na expressdo das neurotrofinas no
cérebro estdo relacionadas com inimeras doengas neurolégicas (CHAO, RAJAGOPAL e LEE,
2006; DAWBARN e ALLEN, 2003). A acdo do NGF através de sua ligacdo aos receptores de
tirosina quinase A (TrkA) (GIGANTE et al., 2003) promovem uma cascata de vias de
sinalizacdo independente do receptor (PKC, P13) (SOFRONIEW, HOWE e MOBLEY, 2001).

Estudos tém mostrado que 0 MRNA e a expressao das proteinas do BDNF e NGF podem
variar conforme o estagio do desenvolvimento. O BDNF esta envolvido na neurogénese e
sobrevivéncia neuronal durante o periodo perinatal (NUMAKAWA et al., 2010), enquanto o
NGF atua como fator angiogénico contribuindo para a manutencéo, a sobrevivéncia e fungédo
de células endoteliais (NICO et al., 2008), além de estar associado com a ativacao de células
do sistema imunoldgico e endocrino (BERRY, BINDOCCI e ALLEVA, 2012). Na idade
adulta, o BDNF desempenha um importante papel na modulagdo da plasticidade sinaptica,
melhorando assim a aprendizagem e memoria (EGAN et al., 2003; HU et al., 2011).

Os &cidos graxos da familia n-3, como o DHA, que é um importante componente
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estrutural da membrana plasmatica (BALOGUN e CHEEMA, 2014; WU et al., 2004) sdo bem
conhecidos por promover a expressao e atividade das neurotrofinas. Estudos recentes sugerem
que o estresse oxidativo durante a gravidez ou a deficiéncia de acidos graxos n-3 pode reduzir
os niveis de DHA que afeta a fluidez das membranas resultando em reducéo dos niveis e
expressdo do BDNF e NGF (RAO et al., 2007; SABLE et al., 2011, 2012, 2014), enquanto que
a suplementacdo aumenta a viabilidade das células, por meio da modulacéo dos receptores de
BDNF (KOU, LUCHTMAN e SONG, 2008). Portanto niveis alterados na expressao de BDNF
e NGF pode levar ao crescimento e desenvolvimento anormal do cérebro aumentando o risco
de doencas neuropsiquiatricas na idade adulta (JOHNSON e MARLOW, 2011; LINDSTROM,
LINDBLAD e HJERN, 2011).

2.8 Relacdo entre acidos graxos e estresse

O estresse é reconhecido em sua cronicidade e identificado como o mal do século XXI,
segundo a Organizacdo Mundial da Saude (2010). Suas repercussdes estdo diretamente ligadas
a qualidade de vida do individuo, da familia e da sociedade. E entendido como um processo
complexo e multidimensional em que atuam estressores fisicos e/ou psicolégicos, sendo
definido como um estado de homeostase ameacado, ou em desequilibrio, e é controlado por
uma série de respostas viscerais e comportamentais, visando a restauracdo da homeostase do
organismo (CARRASCO e VAN de KAR, 2003).

As respostas ao estresse incluem a ativacdo do sistema nervoso autbnomo e do eixo
hipotalamo-hipofise-adrenal, a qual acarreta, respectivamente, a secrecdo de catecolaminas e a
liberacdo de glicocorticoides pelo cortex adrenal (SAPOLSKY, ROMERO e MUNCK, 2000).
O aumento sérico dos glicocorticoides pode desencadear altera¢6es bioldgicas importantes para
0 organismo, incluindo o desenvolvimento de algumas disfuncdes psicolégicas (MCEWEN,
2008, 2010).

Tem sido sugerido também que o estresse pode levar a significativa redugdo da
arborizacao dendritica nas regides do giro do cingulo, hipocampo, regido da amigdala e cortex
préfrontal, os quais também predispdem a comportamentos ansiosos e depressivos,
demonstrando a influéncia direta do estresse no sistema nervoso central (LUPIEN et al., 2009).

Recentes evidéncias demonstram a existéncia de influéncia da dieta sobre a
manifestacdo de diferentes tipos de comportamentos induzidos por agentes estressores
(FERRAZ et al., 2011; 2008) e o envolvimento dos AGPI na reatividade e sensibilidade do
individuo ao estresse (McNAMARA e CARLSON, 2006). Estudos tém mostrado que dieta com
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6leo de peixe, ricaem DHA exerce efeitos anti-estresse (FEDOROVA e SALEM, 2006; ROSS,
2009; TAKEUCHI, IWANAGA e HARADA, 2003) e reduz sintomas depressivos
(COLANGELO etal., 2009), possivelmente por reduzir os niveis de glicocorticéides no cérebro
através da regulacao do eixo do estresse (FERRAZ et al., 2011), sugerindo que a ingestdo de
AG n-3 pode apresentar efeitos protetores em transtornos psiquiatricos (FREEMAN et al.,
2006). Outro recente estudo avaliou a suplementacdo de AGPI n-3 em pacientes com lesdo
acidental e mostrou uma reducédo significativa dos sintomas do transtorno de estresse pés-
traumatico (MATSUOKA et al., 2010). Estudos com humanos e animais mostra também que a
exposicao cronica ao estresse é capaz de aumentar a geracao de espécies reativas de oxigénio,
provocando aumento da peroxidacdo lipidica no cérebro com consequente dano tecidual
(LUCCA etal., 2009; SAHIN e GUMUSLU, 2004; ZAFIR e BANU, 2009).

Ao fornecer uma base fisiologica para a associacao entre o metabolismo dos acidos
graxos e doengas do SNC, tem sido sugerido que a desregulacdo ou deficiéncia de acidos graxos
podem prejudicar a estabilidade e a composicdo das membranas neuronais (SU, 2009) levando
ao funcionamento anormal do cérebro (HIBBELN et al., 2004). Embora fatores dietéticos sejam
0s principais responsaveis pelas alteracbes no equilibrio e metabolismo dos acidos graxos,
outros, como o estresse pode significativamente contribuir para variacdo do perfil dos &cidos
graxos presentes no organismo favorecendo o desenvolvimento de doengas relacionadas ao
SNC.

Sendo assim, os habitos alimentares durante periodos iniciais do desenvolvimento do
sistema nervoso central podem influenciar de maneira significativa o contetdo de AG das
membranas cerebrais. Deve-se considerar ainda a grande incidéncia de doencas
neuropsiquiatricas na populacdo e a influéncia de fatores estressantes na etiologia destas
doencas. Como o mecanismo pelo qual os mesmos causam efeitos deletérios a salde e sua
possivel acdo sobre as membranas cerebrais ndo estd completamente entendido, mais estudos

se fazem necessarios, justificando o estudo apresentado nesta tese.



3 OBJETIVOS

3.1 Objetivo Geral

Avaliar a influéncia do consumo ou suplementacao de acidos graxos poli-insaturados e
trans durante diferentes periodos de desenvolvimento de ratos sobre parametros

comportamentais, bioquimicos e moleculares.

3.2 Objetivos Especificos

Protocolo experimental 1:

v Avaliar a influéncia do consumo de uma dieta enriquecida com azeite de oliva em
diferentes periodos do desenvolvimento de ratos (perinatal e adulto) sobre alteracdes no
status oxidativo e expressao dos fatores neurotroficos BDNF e FGF-2 no cortex pré-
frontal e hipocampo.

Protocolo experimental 2:

v Avaliar a influéncia do consumo prolongado de gordura vegetal hidrogenada (rica em

acidos graxos trans) sobre o desenvolvimento de comportamento hiperativo em ratos.

Protocolo experimental 3:

v Avaliar a influéncia da suplementacdo de uma razdo ideal de 6leo de soja (rico em
acidos graxos n-6) / 6leo de peixe (rico em acidos graxos n-3) e da gordura vegetal
hidrogenada (rica em acidos graxos trans) durante os periodos da gestacao ou lactacdo
de ratos, sobre parametros comportamentais de memoria ap0s exposic¢ao ao protocolo

de estresse cronico imprevisivel;

v Quantificar o perfil lipidico no hipocampo dos animais adultos nascidos de maes

suplementadas com diferentes &cidos graxos durante a gestacao ou lactacao;
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v Avaliar possiveis alteracdes nos niveis do BDNF e receptores TrkB no hipocampo dos

animais adultos apds exposicao ao protocolo de estresse cronico imprevisivel.
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Abstract

Our aim was to assess the influence of maternal diet rich in monounsaturated fatty acids on oxidative and molecular parameters in brains of mouse pups as
well as their body weight during their lifetime. Female rats received a diet containing 20% of olive oil-enriched diet (O0ED) and a standard diet control diet (CD)
in different periods: pregnancy, lactation and after weaning until pups' adulthood. On the last prenatal day (Group 1), embryos from QOED group showed
smaller body weight, brain weight and lower levels of sulphydryl groups glutathione reduced (GSH) in the brain. On postnatal delay-21 (PND21) (Group 2), pups
from OOED group showed higher body weight and brain weight, reduced brain weight/body weight ratio and lower brain lipid peroxidation (LP). On PND70
(Group 3), pups from OOED group showed lower brain LP and higher levels of GSH in prefrontal cortex and lower brain levels of reactive species in the
hippocampus. Interestingly, the group of animals whose diet was modified from OOED to CD on PND21 showed greater weight gain compared to the group that
remained in the same original diet (O0ED) until adulthood. Furthermore, OOED consumption during pregnancy and lactation significantly increased BDNF only,
as well as its main transcripts exon IV and VI mRNA levels in the prefrontal cortex. In addition, OOED significantly up-regulated FGF-2 mRNA levels in the
prefrontal cortex. These findings open a pioneering line of investigation about dietary adjunctive therapeutic strategies and the potential of healthy dietary habits

to prevent neonatal conditions and their influence on adulthood.
© 2015 Elsevier Inc. All rights reserved.

Keywords: Antioxidant components; Brain-derived neurotrophic factor; Fibroblast grown factor; Monounsaturated fatty acids; Olive oil-enriched diet

1. Introduction

Morbidity and mortality from chronic diseases in population
generally have a multifactorial origin, as the result of the interaction
between genetic and environmental factors, being the diet probably
the most relevant. Dietary fats are major modifiable environmental
factors known to influence growth development and susceptibility
to diseases. Different studies have demonstrated the impact of
supplementation or deficiency of fatty acids (FAs) on gene expression
in the central nervous system (CNS) [1,2]. Although evidence has

Abbreviations: FA, fatty acids; OOED, olive oil enriched diet; CD, control
diet; ROS, reactive oxygen species; GSH, glutathione reduced; LP, lipid
peroxidation; BDNF, brain-derived neurotrophic factor; FGF, fibroblast
growth factor; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated
fatty acids; NTF, neurotrophic factors.

* Corresponding author at: Centro de Ciéncias da Saiide, Programa de Pés-
Graduacdo em Farmacologia, 97105-900, Santa Maria, RS, Brazil. Tel.: +55-
55-3220-8676.

E-mail address: mariliseeb@yahoo.com.br (M.E. Burger).

http://dx doi.org/10.1016/j,jnutbio.2015.05.013
0955-2863/© 2015 Elsevier Inc. All rights reserved,

indicated that disturbances in the uterine environment may program
the development of diseases in adulthood [3,4], the action mechanism
involved in this fetal programming remains unknown. Several
authors have shown that nutritional imbalances during pregnancy
cause perturbation during prenatal development, which in turn
permanently alters the structure, function and metabolism of tissues
and organs [5]. In fact, a nonoptimal fetal environment may be
reflected on a smaller body weight at birth and on permanent
alterations in the structure and physiology of the body, thus
compromising the physical and mental health in later life [6]. While
the mechanisms responsible for the long-term effects are not clearly
understood, genomic, epigenetic and environmental factors may be
taken into consideration [7,8].

Olive oil is the primary fat source in traditional Mediterranean diets
[9] and is obtained by mechanical pressing of mesocarps of olives.
Olive is a valuable source of monounsaturated (MUFA) and di-
unsaturated FA, polyphenol antioxidants and vitamins. The beneficial
effects of olive oil are attributed to both MUFA (namely oleic acid)
content and their antioxidant components: hydroxytyrosol and
oleuropein, most of which phenolic in nature. In fact, olive oil and its
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oleic acid contain a number of polyphenols [10], which exert a
potentially cardioprotective antioxidant activity [11]. In addition, its
consumption was related to the inhibition of platelet function and
thromboxane synthesis [12], acting also as antioxidant [13] and
neuroprotective [14]. For instance, phenolic compounds from olive oil
have been found to decrease reactive species (RS) production, thus
eliciting significant free-radical scavenging effects [15,16]. Whereas an
analysis with the population showed that high consumption of MUFA
and polyunsaturated fatty acids was associated with better cognitive
performance in an 8.5-year follow-up [17], a subsequent study has
suggested that dietary FA exert a fundamental role on cognitive
decline associated to aging or dementia [18]. This protective effect of
unsaturated FA was attributed to its influence on the maintenance of
the structural integrity of neuronal membranes, affecting their fluidity
and neural transmission.

In addition, experimental studies have assessed the influence of
dietary factors on plasma or brain levels of the neurotrophin brain-
derived neurotrophic factor (BDNF) finding positive correlations
between the consumption of n-3 FA, vitamin E and flavonoids with
BDNF expression in different animal models [19,20]. In contrast, diets
rich in saturated FA and total fat were related to lower brain levels of
BDNF, neuronal plasticity and lower cognitive decline [21-23).
Interestingly, some reports regarding fibroblast growth factor (FGF)
were related to a classical influence on the development, neuronal
repairand learning by different types of structural plasticity, including
synaptogenesis and neurite branching [24], thereby regulating the
prenatal neurogenesis, as well as the postnatal and adult life [25].

Most researchregarding the relationship between diet and genetic
risk factors for chronic diseases has derived from observational
epidemiological studies. However, studies on dietary intervention
represent the most consistent design that is able to provide stronger
evidence of causality [26]. Thus, the aim of this study was to treat rats
at different stages of life (perinatal and adult) with a diet containing
20% of olive oil, assessing the probability of overweight in adulthood,
as wellas the susceptibility to the development of oxidative damage in
brainareas such as the cortex and the hippocampus. Subsequently, the
exposure to this diet from pregnancy until weaning of the pups on the
expression of neurotrophic factors was assessed. In fact, these proteins
are as important during CNS development as in adulthood, in which
they are essential mediators of the neuronal plasticity. On this basis,
the influence of dietary FA on the NTF was observed in adult rats
submitted to this diet from embryo-fetal period to weaning, i.e. during
a critical temporal window.

2. Materials and methods
2.1. Animals

All animals were obtained from Harlan laboratories (Italy). They were kept in
plexiglass cages with free access to food and water in a room with controlled
temperature (22-23°C), on a 12-h light/dark cyde with lights on at 7:00 am., being
randomly assigned to different groups according to each experiment.

2.1.1. Experiment 1

Pregnant female Sprague -Dawley (=30 rats were assigned to one of the two diet
groups: standard diet control diet (CD) (n=15) and olive oil-enriched diet (OOED) (n=
15) provided as the only food source from pregnancy until the adulthood of pups
(Fig. 1). On the last day of pregnancy, one set of dams from each dietary regimen (n=5)
was anesthetized (sodium pentobarbital, 50-mg/kg body weight ip.), euthanized by
cervical decapitation, and the brains of embryos from CD (n=5) and O0ED (n=5) were
removed for biochemical analysis (Group 1). In order to standardize all groups, the
embryos were removed 20 days after confirmation of pregnancy by the presence of
sperm in the vaginal smear of the dams. Another set of dams from eachdiet group (n=
10) gave birth naturally, and on PND21 (Group 2) or PND70 (Group 3), the pups and
adult male rats from CD (n=5) and O0ED (n=-5), respectively, were anesthetized
(sodium pentobarbital, 50-mg/kg body weight ip.), euthanized by cervical decapita-
tion, and their brains were removed for biochemical analysis, as described below.

2.1.2. Experiment 2

In order to test the effects of olive oil consumption on the body weight of pups,
another experimental group of dams (n=10) received a 20% O0ED from pregnancy
until lactation. After weaning (PND21), half of the male pups remained on the same diet
as their mothers (O0ED, n=5), and the other half changed to a standard diet (CD, n=5)
until PND70. Their body weight was recorded every week during the whole
experimental period.

2.1.3. Experiment 3

Aseparate group of damrats (n=10) was designated to two experimental groups:
standard diet (CD, n=5) and OOED (n=5) being provided as the only food source
from pregnancy until weaning of the pups (PND21). After weaning, all the male
pups received standard diet (CD) until adulthood (70 days of age). On PND 70,
animals were anesthetized (sodium pentobarbital, 50-mg/kg body weight i.p.) and
euthanized by cervical decapitation. The prefrontal cortex and the hippocampus were
rapidly dissected, frozen on dry ice and stored at —80°C for molecular analysis, as
described below.

The standard diet ( CD) contained protein 18.5%, FA 3%, fiber 6% and ash 7%; the olive
cil enriched diet (O0ED ) contained protein 17%, FA20%, fiber 3 5% and ash 4% The diets
were prepared by Mucedola (Milan, Italy) as purified, pelleted rodent diet and stored at
refrigeration temperature; fresh diet was provided once a day for further protection
againstoxidation. The animals were handled according to the guidelines of the National
Council for the Control of Animal Experiments, following international norms of animal
care and maintenance.

2.2, Biochemical assays
221, Oxidative stress estimation

22.1.1. Lipid peroxidation (LP) levels. LP was determined by the measurement of
malondialde hyde (MDA) in brain homogenates. The homogenization was performed
with a T25, 18N Ultra-Turrax in potassium phosphate (50-mM)-EDTA (0.1 mM) buffer
pH7.4.LP level was established spect rophotometrically at 532 nm by thiobarbituric acid
test employing 0.156 umol/1/em as the extinction coefficient and was expressed as nmaol
MDA/mg wet weight tissue, according to Costa et al [27].

22.1.2. RS generation. The RS generation was determined by fluorimetric
analysis (Wallac Victor 2 1420 Multilabel Counter, Perkin Elmer, Shelton, CT, USA),
according to Lawler et al [28], employing nonfluorescent 2°,7'-dichlorofluorescein
(DCF) diacetate (Fluka, Milano, Italy), which is converted into highly fluorescent 2'-
7-DCF in the presence of reactive oxygen spedes. The DCF procedure is a highly
sensitive fluorimetric method that allows the detection of hydroperoxide pmols
(excitation, 485 nm; emission, 525 nm). The reactive oxygen species level was
expressed as units of fluorescence.

2.2.1.3, Glutathione reduced (GSH) levels.  Brain was homogenized 1:5 (w/v) in Tris-
HCI buffer (20 mM, pH 7.6). The homogenate was centrifuged at 4°C for 10 min at
9000:xg, and the supernatant was centrifuged at 4°C for 1 h at 100.000x g to obtain the
cytosolic fraction. The cytosolic supernatant was used for the fluorimetric measurement
of GSH content (excitation, 350 nm; emission, 420 nm), according to the method of
Hissin and Hilf [29], and expressed as ug/mg protein,

2.2.2. Quantification of mRNAs for neurotrophic factors (BDNF, Iseform IV and VI, FGF-2)
by RT-qPCR

For gene expression analyses, total RNA was isolated from the brain regions by
single step guanidinium isothiocyanate/phenol extraction using PureZol RNA isolation
reagent (Bio-Rad Laboratories Sr.l; Segrate, Italy) according to the manufacturer's
instructions and quantified by spectrophotometric analysis. The samples were then
processed for real-time polymerase chain reaction (PCR) to assess mRNA levels of BDNF
and basic FGF-2. Briefly, an aliquot of each sample was treated with DMase to avoid DNA
contamination and subsequently analyzed by TagMan gRT-PCR instrument {CFX384
real-time system, Bio-Rad Laboratories S.rl.) using the iScript one-step RT-PCR kit for
probes (Bio-Rad Laboratories S.r.l.). Samples were run in 384-well format in triplicates
as multiplexed reactions with a normalizing internal control (actin). Thermal cycing
was initiated with incubation at 50°C for 10 min (RNA retrotranscription), and then at
95°C for 5 min (TagMan polymerase activation). After this initial step, 39 cyeles of PCR
were performed. Each PCR cyde consisted of heating the samples at 95°C for 10 s to
enable the melting process and then for 30 s at 60°C for annealing and extension
reactions. A comparative cycle threshold method was used to calculate the relative
target gene expression. Probe and primer sequences used were purchased from Applied
Biosystemn Italia. For graphic clarity, data were calculated and presented as means
percent of control group.

2.3, Statistical analysis

The data were analyzed using independent Student's t-test. All of the data were
expressed as means 45 E.M. P<0.05 was regarded as statistically significant.
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Fig. 1. Experimental design. Diet enriched with 20 O0ED or a standard diet (CD) in different periods of development.
3. Results 3.2. Influence of a diet enriched with 20% olive oil (O0ED) or a standard

3.1. Influence of a diet enriched with 20% olive oil (O0ED) or a standard
diet (CD) on body and brain weight (Table 1 and Fig 2)

In Experiment 1, embryos (Group 1) from OOED group showed
smaller body and brain weight, which were reflected on the decreased
brain weight/body weight ratio in comparison to CD group (P=0.05;
Table 1). On PND21 ( Group 2), 00ED supplementation showed higher
body and brain weight, while the brain weight/body weight ratio
remained lower in relation to CD group ( P<0.05; Table 1). In adulthood
(Group 3), animals from both OOED and CD groups showed similar
body weight and brain weight (data not shown). In Experiment 2,
interestingly, animals whose diet was changed from OOED to (D on
PND21 showed increased body weight in relation to those that
remained with the same OOED diet until adulthood (Fig. 2).

Table 1

Mean values of body weight, brain weight, brain weight/body weight ratio, glutathione
(GSH) and LP levels (MDA) of rats treated with a 20% O0ED or a standard diet (CD} on
embryo-fetal period (Group 1) and pregnancy until weaning period (Group 2).

@ OOED
Group 1 Body weight (g) 4,00£0.04 380+008"
Brain weight (g) 0.154+0.03 013+000"
Brain weight/body weight (gx1072) 3.91+0.09 3424011°
RS 12.60+0.33 1273062
GSH 1.61+£0.27 069+020°
Group 2 Body weight (g) 47.09+1.83 57.00+1.74"
Brain weight (g) 1.289+0.03 137+001"
Brain weight/body weight (gx107%) 2.760+0.11 242+006"
RS 44684130 41524110
GSH 1.98+0.05 1874006
LP 53.06+0.87 46.07+1.54"

Data are expressed as mean+5.E.M.
* Indicates significant difference between standard diet and OOED (P=0.05).

diet (CD) on the oxidative stress markers (Table 1 and Fig. 3)

Embryos of Group 1 and pups of Group 2 showed no differences in
RS generation, which was quantified in the total brain (Table 1).
Nevertheless, an increased GSH level was observed in the total brain of
embryos from CD group (P<0.05; Table 1), but this effect was not
observed in pups (Table 1). In adulthood, OOED group showed lower
levels of LP ( P<0.001; Fig. 3A) and RS generation ( P<0.001; Fig. 3B) in
the prefrontal cortex and the hippocampus, respectively. In addition,
this same experimental group showed higher GSH level (P<0.001;
Fig. 3C) in the prefrontal cortex, in comparison to CD group.

A  QOEDCD @ OOED

=
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[t I 1
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e
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Bocy Weight (g)
- ]
£ &
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a I L L L I L
T 14 21 26 as 42 48 56 83 70

Post natal day

Fig. 2. Effect of a diet enriched with 20% O0ED from pregnancy until adulthood in
comparison with animals whose diet was changed from OOED to CD from PND21 until
adulthood (Q0ED-CD ) (Experiment 2). Data are expressed as mean +5.EM. *Indicates
significant difference between diet-control and diet group (P<005).
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Fig 3. Effect of a dietenriched with 20% 00ED or a standard diet (CD) from pregnancy until adulthood rats (Group 3) on levelsof MDA (A), RS (B) and G5H (C) in prefrontal cortex and
hippocampus. Data are expressed as mean£S.EM. *Indicates significant difference between standard diet and diet enriched with olive oil (P<0.05).

3.3. Influence of a diet enriched with 20% olive oil (OOED) or a standard
diet (CD) on neurotrophic factor gene expression (Fig. 4)

In Experiment 3, the OOED supplementation significantly in-
creased BDNF mRNA levels in the prefrontal cortex (P<0.05; Fig. 4A),
although not in the hippocampus. OOED consumption was also
associated with an up-regulation of BDNF exon IV and exon VI mRNA
levels, two main neurotrophin transcripts, when compared with CD
group (P<0.001, Fig. 4B and C). Interestingly, OOED significantly up-
regulated FGF-2 mRNA level in both the prefrontal cortex and the
hippocampus in relation to CD group, although the effect reached
statistical significance only in the prefrontal cortex (P<0.001; Fig. 4C).

4, Discussion

The traditional Mediterranean diet includes a considerable
proportion of vegetables, cereals, fruit, fish and mainly olive oil.
Some studies have shown that high monounsaturated fat intake seems
to be associated to a reduced risk of aging-related cognitive decline
[30] as well as protection against Alzheimer's disease [31]. In fact, this
beneficial influence has been attributed to the type of FA present in
olive oil, which may contribute to the maintenance of the structural
integrity of neural membranes [30,31]. Also, thereisalower incidence
of cancer and heart diseases in Mediterranean regions [32,33]. From
these considerations, the aim of our study was to assess the influence
of olive oil consumption at different life stages on the probability of
overweight in adulthood and during the developmental period, as well
as its influence on oxidative parameters and gene expression in
different brain areas.

Experimental studies have shown that the amount of dietary fats is
related to behavioral and oxidative damage, also impairing the
neurodevelopment of animals [34-36]. In addition, recent reports
from our group have shown a significant relationship between

behavioral and molecular damage to the CNS and the type of dietary
FA, with no quantitative influence since the diets had the same fat
content [37-40], indicating that the type of FAis able to exert a key role
on cellular functions. In this sense, although the diets used in the
current study present different fat amounts, we believe that the
beneficial influence of OOED observed result from the FA present in
olive oil, with no influence of fat amount.

Our findings showed that OOED consumption could exert a
significant influence on body weight of pups, depending on the diet
period. On the other hand, the change from OOED to CD after weaning
could increase the body weight in adulthood, whereas this increase
was not observed when OOED was maintained during the whole
period. These findings are infact interesting, since several studies have
shown an inverse relationship between the Mediterranean diet and
overweight or obesity [41,42]. They are consistent with other
literature data, which showed that the Mediterranean diet could
decrease fat mass and increase lean mass [43]. Similarly, subjects
treated with a Mediterranean-style diet rich in olive oil showed lowest
body weight gain after 3 years of intervention [44]. The fact that a
higher consumption of olive oil facilitates the maintenance of body
weight was also reported in a large Spanish cohort study by Bes-
Rastrollo et al. [45] in which the authors found that higher olive oil
consumption was associated with a lower likelihood of weight gain.
This beneficial effect may be due to the presence of MUFA in olive oil,
which canintervene actively on body weight regulation. It has already
been demonstrated in different studies that MUFA act on: (a)
regulation of the appetite [46]; (b) intestinal absorption of fats [47];
(c) lipolytic activity of adipocytes [48]; (d) thermogenesis [49], among
other functions.

In addition, it has been suggested that the benefidal effects of olive
oil in the prevention of chronic diseases are attributed to a favorable FA
profile and to the antioxidant potential of its polyphenols [9,50],
besides the presence of vitamin E [51]. Experimental studies [52,53]
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Fig. 4. Effect of a diet enriched with 20% OOED or a standard diet (CD) from pregnancy until weaning (Experiment 3) on BDNF, isoform IV, isoform V1 and FGF2 mRNA levels in prefrontal
cortex and hippocampus of adult rats. Data are expressed as mean+5E.M. *Indicates significant difference between standard diet and diet enriched with olive oil (P<0.001).

have demonstrated that phenolic compounds present in olive oil such
as tyrosol, hydroxytyrosol and oleuropein can exert antioxidant,
antiinflammatory and gene-regulatory activities. In addition, these
phenolic compounds may reduce superoxide and hydroxyl radicals,
thus inhibiting the respiratory burst of neutrophils and related radicals
[54,55]. Furthermore, De La Puerta et al. [13] showed that polyphenols
in olive oil inhibit in vitro activity of leukocyte 5-lipoxygenase and the
formation of RS in these cells. The current findings are in accordance
with those, since rats provided with OOED had lower levels of LP in
total brain at weaning, lower levels of LP and decreased RS generation
in the cortex and the hippocampus, respectively, as well as increased
GSH levels in the cortex of adult rats. Previous studies showed that a
diet rich in saturated FA may lead to changes in the oxidative damage
in different brain areas, which are basically observed by increased LP
together with decreased antioxidant defenses, whereas dietary olive
oil could reverse those parameters [56], as observed here. Some
reports showed that n-3- or n-6-enriched diet results in less
production of lipid peroxides in both brain and liver [57,58]. In fact,
it is suggested that the effect of n-6 FA may result from higher
antioxidant defenses in the brain [59]. In the current study, rats
provided with olive oil, which also contains n-6 polyunsaturated FA,
showed results compatible with those studies. The present findings
show that a diet rich in olive oil could reduce oxidative damage in
brain areas by not only decreasing LP levels and RS generation, but
also by enhancing the antioxidant defense system, estimated here by
GSH levels.

We believe that our findings have considerable relevance, mainly
because most age-related diseases have been associated with high-
grade inflammation triggered and sustained by oxidative damage. This
relationship has been inferred from observational studies in which
adequate antioxidant content in the diet was associated with lower
rates of chronic disease [60]. In fact, different authors have shown the

benefidal influence of dietary olive oil [61], mainly because MUFA-rich
membranes are more resistant to oxidative processes, protecting the
aged cell [62] and the integrity of mitochondrial structure. Further-
more, stability of DNA against oxidation was also enhanced when rats
had an OOED [63].

In addition, our findings show that, in comparison with CD group,
exposure to OOED in early life leads to increased BDNF gene
expression in the prefrontal cortex of adult rats, which may be
sustained by enhanced transcription by exon IV and exon VI
promoters. Moreover, as BDNF has been related to several actions
such as synaptic plasticity, neuronal survival and differentiation, its
gene expression has been reported to be associated with different
neurodegenerative or psychiatric disorders [ 64-66]. In fact, the intake
of omega-3 FA [19,67] showed a positive correlation with brain BDNF
levels as well as the intake of vitamin E [68] or flavonoids [20]. Some
authors have shown that antioxidant compounds present in olive oil
can also alter the BDNF levels in different brain areas [69,70]. In fact,
these antioxidant compounds can produce an up-regulation of BDNF
levels [22,71], what is in line with our findings, since olive oil
consumption could increase BDNF gene expression in the prefrontal
cortex of rats. In this sense, BDNF gene itself is complex and may be
expressed by four different mRNA isoforms, which can be regulated by
different signaling cascades. In some studies, BDNF exons [ and [V were
transcriptionally up-regulated during the consolidation of fear
learning [72,73]. Another study showed that only BDNF exon IV is
transcriptionally up-regulated in the hippocampus during the con-
solidation of fear learning, suggesting that BDNF exon usage is brain
region specific and responds differently to environmental cues [74].
However, it is well established that there is a decrease in BDNF mRNA
levels [75,76] in animals with cognitive impairment [ 77]. Here, we did
not directly test learning, but it has been demonstrated that rapid
changes of hippocampal BDNF occur in contextual learning [78], and
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its increased expression in fear conditioning is attributed to the
modulation of exon IV [79]. On this basis, we may speculate that the
significant elevation of exon [V and VI in OOED group might facilitate
learning mechanisms in adulthood [80].

Consistent with the growing number of identified FGFs and the
important role of these trophic factors in the CNS for their classical
influence on neuronal development, repair and protection, as well as
learning and neuronal plasticity [24], we also measured the mRNA
levels of FGF-2 after dietary supplementation with olive oil. FGF-2, the
prototype member of the FGF family, is well known to mediate several
types of structural plasticity, including synaptogenesis and neurite
branching [24], and to regulate prenatal as well as postnatal and adult
neurogenesis, by inducing the proliferation of neuronal progenitor
cells in the hippocampus and the subventricular zone [25]. According
to some authors, FGFs are neuroprotective, and the reduced
expression of trophic factors belonging to the FGF family could
increase the vulnerability of selected neuronal populations, which
characterize many neurological and psychiatric disorders [81]. For
example, it has been demonstrated that major depressive and bipolar
disorders are associated with a significant reduction of FGF-transcripts
(including FGF-2) at the fronto-cortical level, as well as FGF receptors,
in brain areas compared with healthy subjects [82]. The current study
showed that lifelong consumption of olive oil may increase FGF-2
mRMNA expression. These data are in line with other studies, which
demonstrated a prominent role for FGFs and FGF receptors at different
stages of brain development [24], indicating that events that interfere
with the correct expression of the FGF systemn might have permanent
effects on the NS function. Given the reduction of the cerebral
expression of several members of the FGF family observed in
depressed subjects [83,84], our finding on the impact of olive oil on
FGF-2 expression may be crucial. Indeed, based on the well-
established function of BDNF and FGF-2 on neuronal plasticity, it
may be inferred that nutritional interventions during critical devel-
opmental windows produce enduring effects on the brain function as
well as an enhanced resilience toward pathologic conditions.
Moreover, the Mediterranean diet is powertfully antioxidant, and a
number of international scientific organizations now recommend
preventing conditions in which oxidative stress may play an
etiological role [85]. In fact, olive oil producers and the food industry
are encouraged to establish means to increase the phenolic content of
olives, as well as their derived products.

In summary, our data suggest that exposure to OOED throughout
life may produce persistent changes on the oxidative status of the
brain cortex and the hippocampus, as well as on trophic molecules
expression, especially in the prefrontal cortex. These findings open a
new line of investigation regarding dietary adjunctive therapeutic
strategies and the potential of healthy dietary habits to prevent
neuropsychiatric and/or neurological conditions. To assist in address-
ing the global arisis around chronic neuropsychiatric disorders and
neurodegenerative conditions, which are increasing in young and
elderly, respectively, preventative measures are required inthe search
of synergistic properties of nutrients. Accordingly, the Mediterranean
diet, which includes olive oil consumption, is able to act favorably on
both cerebral oxidative status and trophic factors, thus contributing
favorably to decrease the incidence and severity of these neuropsy-
chiatric conditions.

Author contributions

CS.P, AMT, EC, RM. and S.F. were responsible for acquisition,
analysis and interpretation of data and drafting the article; K.R. and
V.T.D reviewed it critically for intellectual content of the study; M.EB,
AE.Pand M.AR contributed effectively to conception and design of the
study and final approval of the version to be submitted.

Conflict of interest

The authors declare that there are no conflicts of interest.

Acknowledgements

We are grateful to the University of Milan, which together with the
Cariplo Foundation under the project UniAla, afforded doctoral studies
in Universities of Latin America, thus allowing the studies of Angelica
M. Teixeira at the University of Milan. CS.P.; KrR. and V.T.D. are
grateful to CAPES and CNPq for the fellowship. M.EB. is grateful to
(NPq for the research grant.

References

|1] Rojas CV, Greiner RS, Fuenzalina LC, Martinez |1, Salem |r N, Uauy R. Long-term n-3
FA defidency modifies peroxisome proliferator-activated receptor beta mRNA
abundance in rat ocular tissues. Lipids 2002;37:367-74.

[2] Kitajka K, Sinclair A), Weisinger RS, Weisinger HS, Mathai M, Jayasooriya AP, et al.
Effects of dietary omega-3 polyunsaturated fatty acids on brain gene expression.
Proc Natl Acad Sc U S A 2004;101:10931-6.

|3] Barker DJ. Fetal programming of coronary heart disease. Trends Endocrinol Metab
2002;13:364-8.

|4] Simmons R Developmental origins of adult metabolic disease: concepts and
controversies. Trends Endocrinol Metab 2005:16: 390-4,

|5] Holmes M], Langdown ML, Sugden MC. Early-life programming of susceptibility to
dysregulation of glucose metabolism and the development of type 2 diabetes
mellitus, Biochem | 2000;349:657-65.

|6] Kajantie E. Fetal origins of stress-related adult disease. Ann N Y Acad Sci 2006;
1083:11-27.

|7] Weaver IC, Cervoni N, Champagne FA, D'Alessio AC, Sharma S, Seckl JR, et al
Epigenetic programming by maternal behavior. Nat Neurosci 2004;7:847-85.

|8] Jirtle RL, Skinner MK. Environmental epigenomics and disease susceptibility. Nat
Rev Genet 2007;8:253-62.

[9] Fitd M, Cladellas M, de la Torre R, Marti ], Alcintara M, Pujadas-Bastardes M, et al.
Antioxidant effect of virgin olive oil in patien ts with stable coronary heart disease:
a randomized, crossover, controlled, clinical trial. Atherosclerosis 2005;181:
149-58.

[10] Montedoro CF, Servili M, Baldicli M, Miniati E. Simple and hydrolyzable phenalic
compounds in virgin olive oil. Their extraction, separation, and quantitative and
semiquantitative evaluation by HPLC. ] Agric Food Chem 1992:40:1571-6.

|11] Visioli F, Pali A, Galli C. Antioxidant and other biological activities of phenols from
olives and olive oil. Med Res Rev 2002;22:65-75.

[12] Petroni A Blasevich M, Salami M, Papini N, Montedoro GF, Galli C. Inhibition of
platelet aggregation and eicosanoid production by phenolic components of olive
oil. Thromb Res 1995;78:151-60.

[13] De la Puerta R, Ruiz-Gutiérrez V, Hoult JRS. Inhibition of leukocyte 5-lipoxygenase
by phenolics from virgin olive oil. Biochem Pharmacol 1999;57:445-9.

[14] Gonzdlez-Correa JA, Mufioz-Marin ], Arrebola MM, Guerrero A, Narbona F, Lopez-
Villodres JA, et al. Dietary virgin olive cil reduces oxidative stress and cellular
damage in rat brain slices subjected to hypoxiareoxygenation. Lipids 2007;42:
921-9.

[15] Cioffi G, Pesca MS, De Caprariis P, Braca A, Severino L, De Tommasi N. Phenaolic
compounds in olive oil ans olive pomace from Cilento (Campania, Italy ) and their
antioxidant activity. Food Chem 2010;121:105-11.

[16] Nakbi A, Dabbou 5, Champion 5, Fouchier F, Mehri 5, Attia N, et al. Modulation of
superoxide anion production and MMP-9 expression in PMA stimulated THP-1
cells by olive oil minor components: tyrosol and hydroxytyrosol. Food Res Int
2011:44:575-81.

|17] Solfrizzi V, Coladicco AM, D'Introno A, Capurso C, Torres F, Rizzo C, et al. Dietary
intake of unsaturated fatty acids and agerelated cognitive decline: a 8.5-year
follow-up of the ltalian longitudinal study onaging. Neurobiol Aging 2006:27:
1694-704.

|18] Solfrizzi V, Capurso C, D'Introno A, Colacicco AM, Frisardi V, Santamato A, et al.
Dietary fatty acids, age-related cognitive dedine, and mild cognitive impairment. |
Nutr Health Aging 2008;12:382-6.

[19] Cysneiros RM, Ferrari D, Arida RM, Terra VC, de Almeida VC, Cavalheiro EA, et al
Qualitative analysis of hippocampal plastic changes in rats with epilepsy
supplemented with oral omega-3 fatty acids. Epilepsy Behav 2010;17(1):33-8.

|20] HouY, Aboukhatwa MA, Lei DL, Manaye K, Khan 1, Luo Y. Anti-depressant natural
flavonols modulate BDNF and beta amyloid in neurons and hippocampus of
double TgAD mice. Neuropharmacology 2010;58(6):911-20.

|21] Molteni R, Barnard R], Ying Z, Roberts CK, Gémez-Pinilla F. A high-fat, refined
sugar diet reduces hippocampal brain-derived neurotrophic factor, neuronal
plasticity, and learning. Neuroscence 2002;112(4):803-14.

|22] Wu A, Ying Z, Gomez-Pinilla F. The interplay between oxidative stress and brain-
derived neurotrophic factor modulates the outcome of a saturated fat diet on
synaptic plasticity and cognition. Eur | Neurosd 2004;19(7):1699-707.



39

1206 C.S Pase et al / Journal of Nutritional Biochemistry 26 (2015) 1200-1207

|23] Pistell PJ, Morrison CD, Gupta S, Knight AG, Keller [N, Ingram DK, et al. Cognitive
impairment following high fat diet consumption is assocated with brain
inflammation. | Neuroimmunoel 2010:219(1-2):25-32.

|24] Reuss B, von Bohlen und Halbach 0. Fibroblast growth factors and their receptors
in the central nervous system. Cell Tissue Res 2003;313:139-57.

|25] Vaccarino FM, Ganat Y, Zhang Y, Zheng W. Stem cells in neurodevelopment and
plasticity. Neuropsychopharmacology 2001;25:805-15.

|26] Joost HG, Gibney M], Cashman KD, Gorman U, Gimman U, Hesketh JE, et al
Personalised nutrition: status and perspectives. Br | Nutr 2007;98:26-31.

|27] Costa B, Trovato AE, Colleoni M, Giagnoni G, Zarini E, Crod T. Effect of the
cannabinoid CB1 receptor antagonist, SR141716, on nociceptive response and
nerve demyelination in rodents with chronic constriction injury of the sciatic
nerve, Pain 2005:116:52-61.

|28] Lawler M, Song W, Demaree SR. Hindlimb unloading increases oxidative stress
and disrupts antioxidant capacity in skeletal muscle. Free RadicBiol Med 2003;35:
9-16.

|29] Hissin P], HilfR. A fluorimetric method for determination of oxidized and reduced
glutathione in tissues. Anal Biochem 1976:74:214-26.

|30] Selfrizzi V, Panza F, Torres F, Mastroianni F, Del Parigi A, Venezia A, et al High
monounsaturated fatty acids intake protects against age-related cognitive decline.
Neurology 1999;52:1563-9.

|31] Panza F, Solfrizzi V, Colacicco AM, D'Introno A, Capurso C, Torres F, et al
Mediterranean diet and cognitive decline. Public Health Nutr 2004;7:959-63.

|32] Gerber M. Olive oil and cancer. In: Hill MJ, Giacosa A, Caygill CPG, editors.
Epidemiology of Diet and Cancer. Chichester: Ellis Horwood; 1994. p. 263-75.

[33] Keys A Mediterranean diet and public health: personal reflections. Am ] Clin Nutr
1995:61(6 Suppl):13215-35.

|34] Santillin ME, Vincenti LM, Martini AC, de Cuneo MF, Ruiz RD, Mangeaud A, et al.
Developmental and neurobehavioral effects of perinatal exposure to diets with
different omega-6: omega-3 ratios in mice. Nutrition 2010;26(4):423-31.

[35) Du Z, Yang ¥, Hu ¥, Sun Y, Zhang S, Peng W, et al. A long-term high-fat diet
increases oxidative stress, mitochondrial damage and apoptosis in the inner ear of
D-galactose-induced aging rats. Hear Res 2012;287:15-24.

|36] Peleg-Raibstein D, Luca E, Wolfrum C. Maternal high-fat diet in mice programs
emotional behavior in adulthood. Behav Brain Res 2012;233:398 404,

|37) Pase CS, Roversi K, Trevizol F, Roversi K, Kuhn FT, Schuster A, et al. Influence of
perinatal trans fat on behavioral responses and brain oxidative status of
adolescent rats acutely exposed to stress. Neuroscience 2013;247:242-52,

|38] Trevizol F, Roversi K, Dias VT, Roversi K, Pase CS, Barcelos RC, et al. Influence of
lifelong dietary fats on the brain fatty acids and amphetamine-induced behavioral
responses in adult rat. Prog Neuropsychopharmacol Biol Psychiatry 2013;45:
215-22,

|39] Trevizol F, Dias VT, Roversi K, Barcelos RCS, Kuhn FT, Roversi KR, et al. Cross-
generational trans fat intake modifies BDNF mRNA in the hippocampus: impact
on memory loss in a mania animal model. Hippocampus 2014;00:1-10.

|40] Kuhn FT, Trevizol F, Dias VT, Barcelos RCS, Pase CS, Roversi Kr, et al. Toxicological
aspects of trans fat consumption over two sequential generations of rats:
oxidative damage and preference for amphetamine. Toxicol Lett 2015;232:58-67.

|41] Schroder H, Marrugat ], Vila J, Covas ML, Elosua R. Adherence to the traditional
mediterranean diet is inversely associated with body mass index and obesity in a
Spanish population. | Nutr 2004;134:3355-61.

|42) Soriguer F, Almaraz MC, Ruiz-de-Adana MS, Esteva |, LinaresF, Garcia-Almeida JM,
et al Incidence of obesity is lower in persons who consume olive oil. Eur | Clin
Nutr 2009;63:1371-4.

[43] Fermindez de la Puebla RA, Fuentes E, Pérez-Martinez E, Sinchez E, Paniagua JA,
Lopez-Miranda |, et al. A reduction in dietary saturated fat decreases body fat
content in overweight, hypercholesterolemic males. Nutr Metab Cardiovasc Dis
2003;13:273-8.

|44] Razquin C, Martinez JA, Martinez-Gonzalez MA, Fernindez-Crehuet |, Santos M,
Marti A AMediterranean diet rich in virgin olive oil may reverse the effects ofthe
-174G/CIL6 gene variant on 3-year body weight change. Mol Nutr Food Res 2010;
54:575-82.

|45] Bes-Rastrollo M, Sanchez-Villegas A, de la Fuente C, de Irala ], Martinez JA,
Martinez-Gonzilez MA Olive oil consumption and weight change: the SUN
prospective cohort study. Lipids 2006;41:249-56,

|46] Covasa M, Ritter RC. Reduced sensitivity to the satiation effect of intestinal oleate
in rats adapted to high-fat diet. Am ] Physiol 1999;277:R279-85.

|47] Soriguer F, Moreno F, Rojo-Martinez G, Cardona F, Tinahones F, Gomez-
Zumaguero JM, et al Redistribution of abdominal fat after a period of food
restriction in rats is related to the type of dietary fat. Br | Nutr 2003;89:115-22,

|48] Seriguer F, Moreno F, Rojo-Martinez G, Garcia-Fuentes E, Tinahones F, Gomez-
Zumaquero JM, et al. Monounsaturated n-9 fatty acids and adipocyte lipolysis in
rats. Br ] Nutr 2003;90:1015-22.

|49] Rodriguez VM, Portillo MP, Pico C, Macarulla MT, Palou A. Olive oil feeding up-
regulates uncoupling protein genes in rat brown adipose tissue and skeletal
muscle. Am ] Clin Nutr 2002;75:213-20.

|50] BoganiP, Galli C, Villa M, Visioli F. Postprandial anti-inflammatory and antioxidant
effects of extra virgin olive oil. Atherosclerosis 2007;190:181-6.

|51) Scaccini C, Mardini M, D'Aquino M, Gentili V, Di Felice M, Tomassi G. Effect of
dietary oils on lipid peroxidation and on antioxidant parameters of rat plasma and
lipoprotein fractions. | Lipid Res 1992;33:627-33,

|52] Jacomelli M, Pitozzi V, Zaid M, Larrosa M, Tonini G, Martini A, et al. Dietary extra-
virgin olive oil rich in phenolic antioxidants and the aging process: long-term
effects in the rat. ] Nutr Biochern 2010;21:290-6.

[53] Zrelli H, Matsucka M, Kitazaki S, Araki M, Kusunoki M, Zamrouk M, et al
Hydraxytyrosol induces proliferation and cytoprotection against oxidative injury
in vascular endothelial cells: role of Nif2 activation and HO-1 induction. | Agric
Food Chem 2011:59:4473-82.

|54] Chimi H, Cillard ], Cillard P, Rahmani M. Peroxyl and hydroxy! radical scav-enging
activity of some natural phenolic antioxidants. ] Am OQil Chem 5oc 1991;68:
307-12

|55] Visioli F, Bellosta S, Galli C. Oleuropein, the bitter principle of olives, enhances
nitric oxide production by mouse macrophages. Life Sci 1998;62:541-6.

|56] De La Cruz JP, Quintero L, Villalobos MA, De La Cuesta FS. Lipid peroxidation and
glutathione system in hyperlipemic rabbits: influence of olive oil administration.
Biochim Biophys Acta 2000;1485:36-44.

|57] L'Abbe MR, Trick KD, Beare-Rogers JL. Dietary (n-3) fatty acids effect on rat heart,
liver and aorta protective enzyme activities and lipid peroxidation. | Nutr 1991;
121:1131-340.

|58] Mavaro M, Hortelano P, Periago ], Pita M. Effects of dietary olive and sunflower oils
on the lipid compaosition of the aorta and platelets and on blood eicosanoids in
rats, Arterioscler Thromb 1992;12:7-12.

|59] Clement M, Bourre |M. Alteration of alfa-tocopherol content in the developing and
peripheral nervous system: persistance of high correlation with total and specifc
(n-6) polyunsaturated fatty acids. ] Neurochem 1990;54:2110-7.

[60] Bruckdorfer KR. Antioxidants and CVD. Proc Nutr Soc 2008;67:214-22

|61] Covas M1, Nyyssonen K, Poulsen HE, Kaikkonen ], Zunft H], Kiesewetter H, et al.
The effect of polyphenols in olive oil on heart disease risk factors: a randomized
trial. Ann Intem Med 2006;145:333-41.

|62] Bello Rl, Gomez-Diaz C, Buron M1, Navas P, Villalba JM. Differential regulation of
hepatic apoptotic pathways by dietary olive and sunflower oils in the aging rat.
Exp Gerontol 2006;41:1174-84.

|63] Quiles JL, Ochoa ]J, Ramirez-Tortosa MC, Huertas JR, Mataix |. Age-related
mitochondrial DNA deletion in rat liver depends on dietary fat unsaturation. |
Gerontol A Biol Sci Med Sci 2006;61:107114.

|64] Calabrese F, Molteni R, Racagni G, Riva MA. Neuronal plasticity: a link between
stress and mood disorders, Psychoneuroendocrinology 2009;34:208-16.

|65] Fehér A, Juhdsz A, Rimandczy A, Kilmdn ], Janka Z Association between BDNF
ValG6Met polymorphism and Alzheimer disease, dementia with Lewy bodies, and
Pick disease. Alzheimer Dis Assoc Disord 2009;23(3):224-8,

|66] Hashimoto K, lwata Y, Nakamura K, Tsujii M, Tsuchiya KJ, Sekine Y, et al
Reduced serum levels of brain-derived neurotrophic factor in adult male
patients with autism. Prog Neuropsychopharmacol Biol Psychiatry 2006:30(8):
1529-31.

[67] Wu A, Ying Z, Gomez-Pinilla F. Docosahexaenoic add dietary supplementation
enhances the effects of exercise on synaptic plasticity and cognition. Neuroscience
2008;155(3):751-9.

|68] Wu A, Ying Z, Gomez-Pinilla F. Dietary omega-3 fatty acids normalize BDNF levels,
reduce oxidative damage and counteract learning disability after traumatic brain
injury in rats. | Neurotrauma 2004;21:1457-67.

[69] Carito V, Venditti A, Bianco A, Ceccanti M, Serrilli AM, Chaldakov G, et al. Effects of
olive leaf polyphenols on male mouse brain NGF, BDNF and their receptors Trk#A,
TrkB and p75. Nat Prod Res 2014;28(22):1970-84.

|70] Nicold S, Tarani L, Ceccanti M, Maldini M, Natella F, Vania A, et al. Effects of olive
polyphenols administration on nerve growth factor and brain-derived neuro-
trophic factor in the mouse brain. Nutrition 2013;29:681-7.

[71] Li Q, Zhao HF, Zhang ZF, Liu ZG, Pei XR, Wang JB, et al. Long-term administration of
green tea catechins prevents agerelated spatial learning and memory dedine in
C57BL/6 | mice by regulating hippocampal cyclic amp-response element binding
protein signaling cascade. Neuroscience 2009;159(4):1208-15.

|72] Ou LC, Gean PW. Transcriptional regulation of brain-derived neurotrophic factor
in the amygdala during consolidation of fear memory. Mol Pharmacol 2007;72:
350-8.

|73] Rattiner LM, Davis M, Ressler K]. Differential regulation of brain-derived
neurotrophic factor transcripts during the consolidation of fear learning. Learn
Mem 2004;11:727-31.

|74] Lubin FD, Roth TL, Sweatt |D. Epigenetic regulation of BDNF gene transcription in
the consolidation of fear memory. ] Neurosd 2008;28:10576-86.

|75] LiuF, Zou X, Sadovava N, Zhang X, Shi L, Guo L, et al. Changes in gene expression
after phencyclidine administration in developing rats: a potential animal model
for schizophrenia. Int | Dev Neurosd 2011;29:351-8.

[76] Snigdha S, Neill JC, McLean SL, Shemar GK, Cruise L, Shahid M, et al. Phencydidine
(pcp)-induced disruption in cognitive performance is gender-specific and
associated with a reduction in brain-derived neurctrophic factor (BDNF) in
specific regions of the female rat brain. ] Mol Neurosd 2011;43:337-45.

[77] Chiusaroli R, Garofalo P, Espinoza S, Neri E, Caselli G, Lanza M. Antipsychotidike
effects of the n-methyl-d-aspartate receptor modulator neboglamine: an
immunohistochemical and behavioural study in the rat. Pharmacol Res 2010;
61:430-6.

|78] Hall J, Thomas KL, Everitt B]. Rapid and selective induction of BDNF expression in
the hippocampus during contextual leaming. Nat Neurosc 2000;3:533-5.

[79] Lu B. Pro-region of neurotrophins: role in synaptic modulation. Neuron 2003;39:
735-8.

|80] Revest JM, Kaouane N, Mondin M, Le Roux A, Rouge-Pont F, Vallée M, et al. The
enhancement of stress-related memory by glucocorticoids depends on synapsin-
ia/fib. Mol Psychiatry 2010:15(1125):1140-51.

[81] Riva MA, Molteni R, Bedogni F, Racagni G, Fumagalli F. Emerging role of the FGF
system in psychiatric disorders. Trends Pharmacol 5ci 2005;26(5):228-31.



40

CS. Pase et al. / Journal of Nutritional Biochemistry 26 (2015) 1200-1207 1207

[82] Evans S], Choudary PV, Neal CR, Li JZ Vawter MP, Tomita H, et al. Dysregulation of |84] Stockmeier CA, Mahajan GJ, Konick LC, Overholser ]C, Jurjus G, Meltzer HY, et al.

the fibroblast growth factor system in major depression. Proc Natl Acad Sd US A Cellular changes in the postmortem hippocampus in major depression. Biol
2004:101:15506-11. Psychiatry 2004;56:640-50.

[83] Rajkowska G. Postmortem studies in mood disorders indicate altered numbers of |85) Violi F, Cangemi R Antioxidants and cardiovascular disease. Curr Opin Investig

neurons and glial cells. Biol Psychiatry 2000;48:766-77. Drugs 2005;6: 895-900.



41

4.2 Artigo 2

CHRONIC CONSUMPTION OF TRANS FAT CAN FACILITATE THE
DEVELOPMENT OF HYPERACTIVE BEHAVIOR IN RATS

Camila Simonetti Pase, Karine Roversi, Fabiola Trevizol, Fabio Teixeira Kuhn, Verdnica
Tironi Dias, Katiane Roversi, Luciana Taschetto Vey, Caren Tatiana Antoniazzi, Raquel

Cristine Silva Barcelos, Marilise Escobar Burger

Periodico: Physiology & Behavior

Status: Publicado



42

Licenca da Elsevier para utilizagdo de contetdo publicado

License Mumber

License date

Licensed content publisher
Licensed content publication
Licensed content title

Licensed content author

Licensed content date

Licensed content volume
number

Licensed content issue
number

Mumber of pages
Type of Use
Portion

Format

Are you the author of this
Elsevier article?

Will you be translating?

Title of your
thesis/dissertation

Expected completion date
Estimated size (number of
pages)

Elzevier WAT number
Permissions price
WAT/Local Sales Tax

Total

3821470461552

Mar 03, 2016

Elzavier

Physiclogy & Behavior

Chronic consumption of trans fat can facilitate the development of hyperactive behavior in
rats

C.5. Pase.Kr. Roversi,F. Trevizol,F.T. Kuhn,\V.T. Dias. K. Roversi,L.T. Vey,C.T.
Antoniazzi, R.C.5. Barcelos,M.E. Biirger

February 2015
139

n'a

7

reuse in a thesis/dissertation
full article

both print and electronic

Yes

MNo

INFLUENCIA DA SL-'PLEMENTAGED DE kaII;EIDS GRAXOS EM DIFERENTES FASES DE
DESENVOLVIMENTO DE RATOS: AVALIACOES COMPORTAMENTALS, BIOQUIMICAS E
MOLECULARES

Mar 2016
57

GB 4%4 6272 12

0.00 USD

0.00 USD / 0.00 GBP
0.00 USD



43

Physiology & Behavior 139 (2015) 344-350

Contents lists available at ScienceDirect

Physiology & Behavior

journal homepage: www.elsevier.com/locate/phb

Chronic consumption of trans fat can facilitate the development of
hyperactive behavior in rats

@ CrossMark

CS. Pase , Kr. Roversi °, F. Trevizol 2, F.T. Kuhn 2, V.T. Dias ®, K. Roversi ?, LT. Vey ¢, C.T. Antoniazzi ?,
R.C.S. Barcelos®, M.E. Biirger **
* Programa de Pds-Graduagdo em Farmacologia-Universidade Federal de Santa Maria-UFSM-RS, Brazil

" Departamento de Fisiokgia e Farmacologia-Universidade Federal de Santa Maria-UFSM-RS, Brazil
© Programa de Pds-Graduagio em Bioguimica Toxicologica-Universidade Federal de Santa Maria-UFSM-RS, Brazil

HIGHLIGHTS

= Consumption of foods rich in trans fatty acids (TFA) is growing in Western countries.

« TFA for 10 months and across two generations induced active coping in forced swimming task.

+ TFA was associated with increased locomotion before and after amphetamine administration.

+ TFA across two generations increased locomotor and exploratory activities after environmental stress.
* Processed foods in early life may facilitate the development of hyperactive-like symptoms.

ARTICLE INFO ABSTRACT

Af‘ﬁt‘f_f’hismw-' In recent decades, the increased consumption of processed foods, which are rich in hydrogenated vegetable fat
Received 29 August 2014 (HVF), has led to a decreased consumption of fish and oilseed, rich in omega-3 fatty acids. This eating habit
Received in revised form 18 November 2014 provides an increased intake of trans fatty acids (TFA), which may be related to neuropsychiatric conditions, in-
Accepted 19 November 2014

cluding inattention and hyperactivity. In this study, we evaluated the potential connection between prolonged
trans fat consumption and development of hyperactivity-like symptoms in rats using different behavioral para-
digms. Trans fat intake for 10 months (Experiment 1), as well as during pregnancy and lactation across two

Available online 26 November 2014

ﬁmﬁ:ﬁy acids sequential generations of rats, (Experiment 4) induced active coping in the forced swimming task (FST). In addi-
Forced swimming task tion, HVF supplementation was associated with increased locomotion before and after amphetamine {AMPH) ad-
Open-field task ministration (Experiment 2). Similarly, HVF supplementation during pregnancy and lactation were associated
Hyperactivity with increased locomotion in both young and adult rats (Experiment 3). Furthermore, trans fat intake across

Central nervous system two sequential generations increased locomotor and exploratory activities following stressors (Experiment 4).

From these results, we suggest that chronic consumption of érans fat is able to enhance impulsiveness and
reactivity to novelty, facilitating hyperactive behaviors.
© 2014 Elsevier Inc. All rights reserved.

1. Introduction interfering with appropriate social and/or academic functioning [4].

Studies have investigated the association between reduced intake of n

Attention-deficit hyperactivity disorder (ADHD) is a serious neuro-
psychiatric condition that affects about 3-7% of school-aged children
[1] and approximately 4% of adults [2,3]. ADHD is characterized by a
cross-situational pattern of inattention, hyperactivity, and/or impulsivity,

Abbreviations: ADHD, attention-deficit hyperactivity disorder; AMPH, amphetamine;
AS, acute stress; DHA, docosahexaenoic acd; EFA, essential fatty acids; FA, fatty acids; FST,
forced swimming task; HVF, hyd roge nated vegetable fat; LC-PUFA, long chain polyunsatu-
rated fatty acids; PUFA, polyunsaturated fatty acids; OFT, open-field task; S0, soybeanoil;
TFA, trans fatty acids.

* Corresponding author at: Centro de Ciéndas da Sadde, Programa de Pos-Graduacio

em Farmacologia, 97105-900, Santa Maria, RS, Brazil. Tel.: 455 55 3220 8342

E-mail address: mariliseeb@yahoo.com.br (M.E. Biirger).

http://dx.doi.org/10.1016/j. physbeh2014.11059
0031-9384/© 2014 Elsevier Inc. All rights reserved,

— 3 PUFA and inattention, hyperactivity and behavioral disorders [5,6].
Some authors have proposed that ADHD may be related to deficiencies
in the conversion of EFA to its long chain derivatives (LC-PUFA) [7],
which are particularly important in the neural membrane structure,
exerting beneficial influences on signals transduction of the normal
brain, thus affecting emotional functions [8,9].

In animal models of ADHD, locomotor hyperactivity is the main out-
come measured and several reports have revealed an increase in locomo-
tion in animals fed n — 3 PUFA defident diets [10-12]. Interestingly, the
exposure of mice to n — 3 PUFA deficient diet during pregnancy was able
to increase locomotor activity in the offspring [ 13]. Blood biochemical ev-
idence has suggested that a relative deficiency in n — 3 PUFA (in serum,



plasma and cell membrane) may underlie some of the behavioral and
learning problems central to ADHD [14-16]. Likewise, spontaneously hy-
pertensive rats exhibit locomotor hyperactivity together with low levels
of DHA in plasma and brain membranes [17,18], signalizing the involve-
ment of brain FA content in the development of hyperactive symptoms.

Characteristic of modern society, changes in dietary habits such as a
high consumption of processed foods, especially fast food rich in trans
fatty acids (TFA) [19], can be considered a risk factor for the develop-
ment of central nervous system diseases [20-22]. In recent decades,
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Table 1
Composition of the diet.
Ingred ie nt Amount (g/kg diet)
Casein 180
Cornstarch 460
Sucrose 230
Cellulose 20
Far* 20
Mineral mix" 50
Vitamin mix* 10

there has been an increased presence of hydrogenated vegetable fat
and saturated fat in foods [23] accompanied by a significant reduction
in the consumption of foods rich in essential fatty acids (EFA) [24].
Regular consumption of TFA may eventually result in a loss of EFA,
with unpredictable impacts on human health, because TFA derivatives
may be incorporated into membrane phospholipids [25] and alter
membrane fluidity, plasticity and neurotransmission [26,27]. Trans fat
intake has also been linked to cognitive dysfunction [28,29], changes
in dopaminergic neurotransmission [30], addiction [31], mania [32],
movement disorders [25] and higher sensitivity to stress and anxiety
[33].

So far, most studies about hyperactivity have been focused on
dietary omega-3 fatty acids deficiencies [34-36], but little is known
about the influence oflong-term chronic consumption of TFA, especially
in westemn countries, on the development of hyperactive behaviors, Our
hypothesis of a link between regular consumption of trans fat and
hyperactivity-like behavior emerged from unexpected behavioral
findings from several research studies using different experimental par-
adigms, whose initial aim was not hyperactivity itself. These behavioral
observations were so significant that we thought they could not be
ignored and deserved a separate report.

2. Material and methods

The experiments were conducted with male Wistar rats from the
central animal breeding facility of the Universidade Federal de Santa
Maria (UFSM), RS-Brazil, kept in Plexiglas cages with free access to
food and water in a room with controlled temperature (23 *C + 1 °C)
and on a 12 h-light/dark cycle with lights on at 7:00 a.m. All the exper-
imental protocals were approved by the Animal Ethical Committee of
this university (24/2010; 23/2010; 004,2012), which is affiliated to
the Council for Control of Animal Experiments (CONCEA), following
international norms of animal care and maintenance.

2.1. Experiment 1

The trial was conducted with 20 male Wistar rats weighing 40-60 g
at the beginning of the treatments. Immediately after weaning (21 days
of age), rats were randomly assigned to two experimental groups (n =
10) and the diets started. Dietary supplementation consisted in the in-
corporation (20%) [25,37] of soybean oil (SO) (rich in polyunsaturated
fatty acids-PUFA) or hydrogenated vegetable fat (HVF) (rich in trans-
monounsaturated and saturated-TFA) in standard chow, Supralab®
(Alisul alimentos LTDA, Sdo Leopoldo, RS Brazil) as purified pelletted ro-
dent diet and stored at refrigeration temperature (Tables 1 and 2). SO
was considered as a control group (C-5S0), mainly because it contains
adequate levels of PUFA, n — 6/n — 3 ratio within acceptable limits
[38-40], and by its elevated consumption worldwide [25,37]. The two
experimental groups (C-SO and HVF) were isocaloric in order to prevent
metabolic differences between animals of different experimental
groups [41,42] from interfering with the antioxidant defense system
[43] and dopamine and serotonin neurotransmission [44]. The con-
sumption of the diets was monitored every other day. Both experimen-
tal groups (C-SO and HVF) were submitted to behavioral observations
in the forced swimming task (FST) from ten months of dietary
consumption,

* Represented by soybean oil or hydrogenated vegetable fat.

" Composition (g/kg): sucrose 110.7; CaC0y, 240; K;HPO,, 215;
CaHPOy, 215; Mg50,4.7H20, 100; NaQ, 60; Mg0, 40; FeS04.7H,0, 8;
Zn504.7Hz0, 7; MnS04.Hz0, 2; Cu5045H,0, 1; Naz5i0;3H;0, 05;
AIK(504)2.12H20, 0.2; KzCrOq, 0.15; NaF, 0.1; Ni504.6H20, 0.1;
HsBO3, 0.1; CoS04.7H:0, 0.05; KOy, 0.04; ( NH,)6M07024.4H:0,
0.02; LiCl, 0.015; Naz5e0+, 0.015; NHsVO4, 001,

© Composition (g/kg): sucrose, 549.45; retinyl acetate, 1; cholecal-
ciferol, 0.25; ni-a-tocopheryl acetate, 20; phylloguinone, 0.1; thiamin
HCI, 1; riboflavin, 1; nicotinic acid, 5; calcium pantothenate, 2.5;
pyridoxine HCl, 1; biotin, 1; folic add, 0.2; cyanobalamin, 2.5; cholin
HCI, 200; pL-methionin, 200; p-aminobenzoic acid, 5; inositol, 10.

Table 2

Fatty acid composition of diets enriched with different fats (% of total fatty acids
identified).

Fatty acids Soybean oil Hydrogenated vegetable fat
3 SFA 1936 25.83
3 MUFA 2856 59.10
}.n—3FA 472 0.67
2. n—GFA 4647 13.69
3 _PUFA 5119 14.36
} _trans FA 061 16.51

SFA, saturated fatty acids: MUFA, monounsaturated fatty acids; PUFA, polyunsaturated
fatty adds.

2.2, Experiment 2

A trial was conducted with 32 male Wistar rats weighing 30-40 g at
the beginning of the study. Twenty-one-day-old rats were assigned to
two experimental groups (n = 16): 0.1% soybean oil (S0) and 0.1%
hydrogenated vegetable fat (HVF) (Table 3). SO and HVF were incorpo-
rated to tap water as a homogenous 1% Tween suspension [45], which
was prepared daily and offered to the animals in place of drinking
water in dark bottles, The consumption was monitored daily and no
differences between the experimental groups were observed (data not
shown). After 8 weeks of ad libitum intake of FA, half of each experimen-
tal group (n = 8) received a single daily injection of amphetamine
(4 mg/kg/ip) for 8 consecutive days [46]. Two hours after the last
AMPH administration, the locomotor activity was evaluated in the
open field task (OFT).

Table 3
Fatty acid composition of different dietary supplementation (% of total fatty acids
identified).

Fatty acids Soybean oil Hydrogenated vegetable fat
2 _SFA 1807 2594
3 MUFA 2603 43.35
2. n—GFA 3025 17.89
}n—3FA 548 0.48
3 PUFA 5573 1837
} _trans FA 015 19.79

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated
fatty adds.



45

346 CS Paseetal / Physiology & Behavior 139 (2015) 344-350

Table 4
Fatty acid composition of different dietary supplementation (% of total fatty acids
identified).

Fatty acids Soybean oil Hydrogenated vegetable fat
} . SFA 10.50 15.80
3 MUFA 34.00 43.41
. n—6FA 49.00 27.78
} n—3FA 4.95 184
3 PUFA 54.50 29.45
2 trans FA 0.40 11.82

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated
fatty acids.

2.3. Experiment 3

One week before mating, virgin female adult Wistar rats were sup-
plemented (3 g/kg; p.o.) [47] with soybean oil (SO) or hydrogenated
vegetable fat (HVF) (Table 4) and maintained under the same supple-
mentation during pregnancy and lactation. From weaning { postnatal
day 21), one male pup from each litter (n = 8) and the same supple-
mentation was grouped and kept under the same oral treatment until
40 or 90 days of age. At both these times, rats received a single daily
injection of amphetamine (AMPH, 4 mg/kg/ip) for 8 consecutive days
and submitted to behavioral observations in the open-field task (OFT).

2.4, Experiment 4

Pregnant female Wistar rats were randomly assigned to two exper-
imental groups (n = 7 for each group): Control-soybean oil (C-50, rich
in PUFA) and HVF (rich in TFA), which were supplemented daily by oral
gavage with 3 g/kg body weight [47] (Table 4) from conception until
weaning. One female pup of each litter was maintained on the same
supplementation until adulthood, when they were mated. These dams
were kept on the same original supplementation until weaning of the
litter of the second generation, when the pups were supplemented
until 40 days of age. At day 41, adolescent malerats of each supplement-
ed group (n = 7) were exposed to the acute restrain stress (AS) proce-
dure [48]. After 24 h of AS exposure, animals were submitted to
behavioral assessments. For all experiments, SO and HVF were
purchased in a local supermarket.

25. Behavioral evaluations

25.1. Forced-swimming task (FST)

Detailed procedures of the FST were described elsewhere [49-51]
(Porsolt et al., 1978; Detke et al., 1995; Detke and Lucki, 1996). Briefly,
the rats were placed in vertical Plexiglass cylinders (40 cm high and
20 ¢m in diameter), containing water (25 °C) 30 cm deep. They were
placed into the water for a 15-min period ( pretest session). At the end
of this pretest phase, each rat was removed from the water, partially
dried with a towel, and placed in a plastic cage illuminated with a
heat lamp. Twenty-four hours later, the rats were exposed to the same
experimental conditions outlined above for 5 min (test session). The
immobility, climbing and swimming time were recorded and then
rated by two trained raters, who were blind to the dietary treatment.
Immobility was considered as no additional activity other than that re-
quired to keep the head above water, climbing was defined as upward
struggling movements of the forepaws at the side of the cylinder, and
swimming as movement around the cylinder.

25.2. Open-field task (OFT)

In this test the rats were placed individually at the center of an open
field arena (40 x 40 x 30 cm) with black plywood walls and white floor
divided into nine equal squares, as previously described by Kerr et al.
[52]. The number of square crossings (horizontal squares crossed) and

rearings (vertical movements) were recorded for 5 min under dim
light (30 1x) [53] and used as measures of spontaneous locomotor
activity and exploratory behavior, respectively.

2.6. Statistical analysis

Power analysis for sample size calculation was performed to deter-
mine the balance between number of subjects, size of observed effect
and required alpha value. Data of FST from experiments 1 and 4
and of OFT from Experiment 4 were analyzed by independent Student's
t-test, while data of OFT from experiments 2 and 3 were analyzed by
two-way ANOVA followed by Duncan’s test when appropriate. All of
the data were expressed as means + SEM. A P-value of less than 0.05
was considered statistically significant.

3. Results

3.1. The results from Experiment 1 are shown in Fig. 1: influence of
prolonged dietary trans fat consumption on the forced swimming task
(FST)

Independent Student’s t-test showed a significant influence of trans
fat on the immobility and climbing/struggling time in the FST. In fact,
immobility time was significantly shorter in HVF than in C-SO group
(P < 0.05). Additionally, there was a significant difference in active be-
havior: climbing/struggling time was longer in HVF group (P < 0.001),
while no significant difference in swimming time was observed.

3.2. The results from Experiment 2 are shown in Fig. 2: Influence of dietary
trans fat consumption on locomotor activity in open field task { OFT)

Duncan'’s test showed a significant main effect of dietary consump-
tion (F(1,28) = 14.94; P <0.000), as well as of AMPH administration
(F(1,28) = 7253, P < 0.000). Post-hoc comparisons indicated that
trans fat fed rats of both groups (vehicle- and AMPH-injections) showed
increased locomotor activity in comparison to controls (C-SO group);
However, AMPH treatment increased locomotor activity in both C-SO-
and HVF- supplemented groups.

3.3. The results from Experiment 3 are shown in Fig 3: Influence of perinatal
supplementation of trans fat on locomotor activity observed in open field
task (OFT)

Post-hoc comparisons by Duncan's multiple range test showed a
significant influence of trans fat supplementation on locomotor activity
observed in the open-field task: crossing number was significantly
higher in the HVF group than in the control diet (C-SO group) at both
evaluation times(P < 0.05 and P < 0.001, respectively).

3.4. The results from Experiment 4 are shown in Figs. 4 and 5: Influence of
trans fat supplementation for two generations in forced swimming test
(FST) and open-field task (OFT)

Independent Students t-test showed a significant influence of trans
fat supplementation on the immobility, climbing/struggling and swim-
ming times in FST. The immobility time was shorter in the HVF group
than in the control diet (C-SO group) (P < 0.05). In addition, there was
a significant difference in active behavior: longer climbing time and
shorter swimming time in the HVF group as compared to the C-50
group (P < 0.05 and P < 0.001, respectively). As shown in Fig. 5, the
HVF group displayed increased crossing and rearing behavior after AS
exposure (P < 0.05 for both) in relation to the C-SO group.
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Fig. 1. Influence of diets enriched with 20% of control-soybean oil (C-S0) or hydrogenated vegetal fat (HVF) for 10 months on forced swimming task: immobility, climbing/struggling and
swimming times, Data are expressed as mean + SEM. * indicates significant difference between the different diets (P< 0.05).

4. Discussion

The different experimental trials reported here were carried out sep-
arately, as part of different studies with different aims, but the similarity
of findings could not be ignored. To the best of our knowledge, this is the
first experimental report of a clear connection between chronic con-
sumption of trans fat and development of hyperactivity-like symptoms.
Our findings showed that prolonged intake of trans fat in general is able
to affect behavioral responses in rats. More specifically, our research
showed that trans fat feeding for 10 months after weaning (Experiment
1), as well as during pregnancy and lactation across two generations
(Experiment 4), was able to induce active coping in the FST, as jud ged
by the reduced immobility displayed by this experimental group. Simi-
larly, a previous study in rats reported that a high fat diet given from
weaning to puberty increased active behaviors in the FST [54]. In addi-
tion, it was also demonstrated that n — 3 fatty acid deficiency diet is as-
sociated with abnormal elevations in climbing behavior in the FST
following chronic fluoxetine treatment, and this response was associat-
ed with alteration in receptors expression [55]. Based on this, we sug-
gest that regular consumption of trans fat during development and
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Fig. 2. Influence of dietary control-soybean oil ( C-50) or hydrogenated vegetable fat ( HVF)
consumption for 8 weeks on spontaneous locomotor activity in open-field task ( number of
crossing responses). Behavioral evaluation was carried out 2 h after the last injection
of seven daily injections of dl-amphetamine (4 mg/kg/mL-ip). Data are expressed
as mean 4+ SEM.* indicates significant difference between the different diets (P<0.05).
# indicates significant difference from vehicle within the same diet (P < 0.001).

across two generations may have exacerbated the agitation symptoms
observed in the FST. This task has been widely used to study drugs
with antidepressant potential, especially because most antidepressant
compounds are able to reverse FST-induced manifestations, such as in-
creased immobility time and decreased swimming/climbing [56-58]. In
fact, the presence of these behaviors in the FST has been considered as
an indicator of despair behavior [50,59,60]. Contrary to this interpreta-
tion, we do not believe that the lower immobility time displayed by
trans fat fed rats, as observed in this study, could indicate “anti-depres-
sive behavior”, but rather regard the abnormal behavior in the forced
swimming task as a misreading of the situation. Alternatively, it has
been proposed that increased immobility in the FST can be interpreted
as a coping strategy due to a learning process based on the animal's pre-
vious experience in the same environment [54]. Detailed behavioral
studies have indicated that immobility during the FST is not a failure
of coping, but instead reflects a relatively successful coping strategy
that employs energy conserving behaviors [61,62]. From this perspec-
tive, our findings suggest that the C-50 group used a different strategy
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Fig. 3. Influence of supplementations with control-soybean oil (C-50) or hydroge nated
vegetable fat ( HVF) onlocomotor status of young and adult rats inopen field task Animals
were born of dams supplemented with the same fat from gestation,lactation, and main-
tained in the same supplementation from weaning until 40 or 90 days of age and treated
with AMPH (4 mg/kg for 8 days) until 2 h before the behavioral assessments. Data are
expressed as mean + S.EM. * indicates significant difference between the different
supplementations (P - 0.05).
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Fig. 4. Influence of supplementation with soybean oil (C-50) or hydrogenated vegetable fat (HVF) in a second generation of young rats on forced swimming task: immeobility, climbing/
struggling and swimming times. Data are expressed as mean + S.EM. * indicates significant difference between the different supplementations (P < 0.05).

in order to succeed in this inescapable situation, as compared to trans fat
fed-animals, which showed desperate and hyperactive behavior as a
response to environmental stress,

In addition, human hyperactivity has been described as an inability
to remain seated or keep quiet, while in animal models such behavior
has been quantified by locomotor activity in the open field task (OFT).
In the present study, trans fat consumption was associated with in-
creased locomotion before and after administration of amphetamine
(Experiment 2). Similarly, HVF supplementation during pregnancy
and lactation caused increased locomotion at both evaluation times:
young and adult age (Experiment 3). Similarly, trans fat consumption
across two generations increased both locomotor and exploratory
activities after exposure to stressors (Experiment 4), reinforcing our
hypothesis of higher impulsiveness and reactivity to novelty in trans
fat-fed rats in comparison to controls.

The precise pathophysiology underlying hyperactive symptoms
observed in the different experimental trials performed here are
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Fig. 5. Influence of supplementation with soybean oil (C-50) or hydrogenated vegetable fat
(HVF) in a second generation of young rats acutely exposed to stress on locomotor and
exploratory activities in open field task Data are expressed as mean + S.EM. * indicates
significant difference between the different supplementations (P < 0.05).

currently unknown, but their occurrence may be likened to symptoms
of Attention Deficit Hyperactivity Disorder {(ADHD), a human condition
with similarities. Interestingly, a potential involvement of dopamine
receptor genes was described [63], and some studies showed a relation-
ship between dopaminergic neurotransmission and increased locomo-
tor activity, such as: i) trans fat consumption may impair the fluidity
and synaptic plasticity of neural membranes [64], thus affecting dopa-
minergic neurotransmission [30]; ii) changes in dopamine neurotrans-
mission are related to increased locomotor activity and hyperactivity
signals; iii ) human studies have reported that PUFA deficiency predis-
poses children to ADHD, who show behavioral symptoms of hyperactiv-
ity, delinquency, and aggression [65-67]; iv) lower brain DHA content
in rats was related to more prolonged reaction to novelty [35]. Addition-
ally, it is possible that the behavioral changes observed in this study
could also involve epigenetic modifications, once HVF intake during
the perinatal period could also be reflected on gene expression
programming, affecting behaviors in adulthood [68].

We also suggest that long-term consumption of trans fat may have
increased TFA incorporation in brain membrane phospholipids, modify-
ing membrane fluidity and neurotransmission, as reported by Acar et al.
[30]. Additionally, TFA are able to inhibit desaturases and elongases [27,
69], thus hindering LC-PUFA incorporation in brain, which is crucial for
normal functionality of neural membranes [7,8]. Consistent with our hy-
pothesis, Howard et al. [70] reported a relationship between western
diet, rich in trans fat, and ADHD diagnosis in comparison to n — 3
fatty acids-containing diets. Indeed, this idea is supported by previous
studies of our group, where prolonged trans fat intake was related to a
small but significant TFA incorporation without n — 3 FA deprivation
in the brain membranes [21,25,37,71], which were related to different
neuropsychiatric conditions, such as movement disorders, anxiety-like
symptoms, AMPH-induced mania-like behavior, and drug addiction,
respectively.

In conclusion, trans fat consumption from weaning until adulthood
and across two generations was found to be associated with increased
locomotor activity, impulsiveness and agitation behavior. These data
are all the more valuable given the current scarcity of research into
the effect of TFA-rich diets on behavioral problems. Our findings open
up an exciting perspective for understanding the role of trans fat
consumption on hyperactivity-like symptoms, which may indicate a
predictability to ADHD development. Based on these preliminary
findings, further studies are nepyeded to confirm the relationships de-
scaribed here, investigating its causality as well, in order to increase our
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knowledge about the effects of Western diets and advise public health
authorities accordingly.
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Abstract

Maternal nutrition during the first stages of life is directly related to the adequate development
of the fetus, the newborn, and the future adult. This study aimed to assess the influence of
maternal dietary fat intake during pregnancy or lactation on memory of adult offspring after
chronic mild stress exposure. Female Wistar rats were supplemented daily with soybean oil/fish
oil (SO/FO, optimal ratio of n-6/n-3 fatty acids) or hydrogenated vegetable fat (HVF, rich in
trans fatty acids - TFA) by oral gavage (3.0 g/kg body weight) during pregnancy or lactation.
After weaning, the male offspring from both experimental groups received only standard diet.
On post-natal day (PND) 60, half of the animals of each experimental group were exposed to
the chronic mild stress (CMS) procedure following behavioral assessments. While the adult
offspring born under influence of SO/FO and HVF supplementations during pregnancy showed
higher levels of n-3 and n-6 fatty acids (FA) series DHA (22:6 n-3) and ARA (20:4 n-6)
metabolites, respectively, in the hippocampus, adult offspring born from SO/FO- and HVF-
supplemented dams during lactation showed higher levels of their precursors: ALA (18:3 n-3)
and LA (18:2 n-6), respectively, in the same brain area. However, only HVF supplementation
allowed TFA incorporation in the hippocampus of adult offspring, and levels were higher in
animals exposed to this FA during lactation in comparison to those exposed during pregnancy.
Adult offspring born from dams supplemented with trans fat in both pregnancy and lactation
showed short and long-term memory impairments before and after CMS exposure, being that
the stress protocol was able to increase short-term memory in SO/FO and decrease both short
and long-term memory in animals born from HVF-supplemented dams during pregnancy.
Furthermore, our study also showed higher memory impairment in offspring born from HVF-
supplemented dams during lactation in comparison to pregnancy, regardless of stress exposure.
BDNF expression was increased by stress exposure in offspring born from both SO/FO- and
HVF-supplemented dams during pregnancy, but not when these fats were supplemented during
lactation. In addition, offspring from HVF-supplemented dams showed decreased TrkB
expression in both supplemented periods, regardless of stress exposure. In conclusion, these
findings show for the first time that the type of dietary FA as well as the period of brain
development are able to change FA incorporation in brain neural membranes, thus modifying
the expression of BDNF and its receptor TrkB, which may be reflected on the cognitive function

of adult offspring.
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1. Introduction

In recent decades, eating habits have changed dramatically. The food industry has
greatly increased the production of food with high levels of trans fatty acids (TFA), which are
unsaturated fatty acids with at least one double bond in the trans molecular configuration
formed during partial hydrogenation of vegetable oils (Sun et al., 2007; Mozaffarian et al.,
2006), and whose increased consumption may represent about 1.7% and 8% of the world dietary
fat intake by most people depending on the country (Osso et al., 2008; Eckel et al., 2007;
Henderson et al., 2003). Different studies have shown an interesting relationship between
dietary trans fat intake and risk of inflammation (Mozaffarian et al., 2004), cardiovascular
disease (Sun et al., 2007; Hu et al., 1997) and cognitive dysfunction (Fillit et al., 2008; Kodl
and Seaquist 2008; Morgan et al., 2007; Yaffe 2007; Razay et al., 2006). Moreover, TFA may
be easily incorporated into neural membrane phospholipids, altering membrane fluidity,
biochemical properties, and affecting cell function (Larqué et al., 2003; Grandgirard et al 1998;
Morgado et al., 1998).

In this sense, the influence of dietary lipid type in early stages of life on the health of
adult offspring is of great importance, especially because its incorporation into neural
membranes occurs at a higher intensity during the developmental period, affecting synaptic
plasticity and neural reorganization (de Velasco et al., 2012; Ibrahim et al., 2009; Khan et al.,
2005). Inadequate maternal nutrition during neonatal period can change both morphological
and physiological parameters of pups, since maternal intake of FA determines the transfer of
essential fatty acids (EFA) or non-essential TFA through the placenta, milk and in a later stage
through dietary sources (Innis, 2007). Although there was a limited transfer of fatty acids by
the placenta, it has been demonstrated that changes in dietary FA have implications in the
development of fetal and postnatal central nervous systems (CNS)(Herrera 2002), since they
are important constituents of cell membranes, where they exert a fundamental role on cortical
maturation, synaptogenesis and myelination (Hanebutt et al., 2008). Different studies from our
laboratory have shown that trans fat intake of female rats during pregnancy and lactation was
related to increased oxidative damage in mesocorticolimbic brain areas of their offspring
(Trevizol et al., 2013; 2011). Also, intake of hydrogenated vegetable fat, which is rich in TFA,
over one or two generations of rats, was related to addiction-related factors (Kuhn et al., 2015;
2011), anxiety-like symptoms (Pase et al., 2013), hyperactive behavior (Pase et al., 2015) and
development of bipolar disorder, followed by higher incorporation of trans fatty acids in

different brain areas (Trevizol et al., 2015; 2014). Conversely, fish oil supplementation, rich in
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n-3 FA, was able to exert an evident protective role, reducing oxidative damages in different
brain areas related to neuropsychiatric diseases (Trevizol et al., 2013; 2011). In fact, these
findings indicate that FA composition of maternal diet during pregnancy and/or lactation is a
critical factor strongly associated with normal fetal and postnatal development, and also seem
to predispose the offspring to behavioral disorders throughout life.

On the other hand, stress has also been associated with the development of
neuropsychiatric conditions, which are able to exert significant influence on development and
course of CNS diseases (Karatsoreos and McEwen, 2011; Sapolsky et al., 2000). Stress alters
neurotransmission and synaptic plasticity in brain areas involved in the limbic—hypothalamic—
pituitary—adrenal axis (Gardner et al., 2009; Dunn and Swiergiel, 2008). Long lasting and
intensive stimuli can lead to a persistent change in stress response and mechanisms, and in
function and structure of the brain itself (Armario et al., 2008; Darnaudery and Maccari, 2008).
The hippocampus is particularly susceptible to chronic stress-induced neuronal damage,
including dendritic atrophy, decreased neurogenesis and synaptic plasticity, which results in
impaired cognitive function (Zafir and Banu, 2009) and behavior alterations (Winocur et al.,
2012; Wellman et al., 2011; Raju et al., 2007) that can translate into neurodegenerative or
mental illnesses (Corcoran et al., 2003). Recent evidences have indicated that the neurotrophin
brain-derived neurotrophic factor (BDNF) is considered an important factor to regulate
synaptogenesis and synaptic plasticity, which are associated to learning and memory functions
(Gomez-Palacio-Schjetnan and Escobar, 2013; Cunha et al., 2010). Thus, BDNF may be
considered a molecular target for mediation of negative impact of stress events on brain
structure and function (Cirulli et al., 2009).

Considering that the type of dietary fatty acids received during early life periods can
make the CNS more vulnerable to stress, and more susceptible to the development of
neuropsychiatric diseases, the aim of this study was to investigate the influence of maternal
trans fat intake during pregnancy and lactation on fatty acids profile in the hippocampus of
adult male offspring. In addition, the influence of trans fat intake during the perinatal period
together with chronic stress exposure on memory impairments and brain levels of BDNF of the
same male adult offspring was assessed, since evidence suggests that changes in BDNF levels

might play a role in mediating cognitive function,

2. Materials and methods

2.1 Animals
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All animal procedures were approved by the Research Ethics Committee of the
Universidade Federal de Santa Maria. Animals were maintained and used in accordance with
the guidelines of the Brazilian Association for Laboratory Animal Science (COBEA). They
were kept in Plexiglas cages with free access to food and water in a room with controlled
temperature (23°Cx1) on a 12 h-light/dark cycle throughout the experimental period. Pregnant
female Wistar rats (n = 40) were randomly assigned to two experimental groups (n=20 for each
group): soybean oil/fish oil group (SO/FO, optimal ratio of n-6/n-3 fatty acids) or hydrogenated
vegetable fat group (HVF, rich in trans fatty acids) (Table 1), which were supplemented daily
by oral gavage with 3.0 g/kg body weight (Ferraz et al., 2008) during pregnancy (n=10) or
lactation (n=10). After weaning, the male offspring from all groups received only standard diet.
On post-natal day 60, half of the adult male offspring of each supplemented group (n=5) were
exposed to the chronic mild stress (CMS) procedure described as follows. After 24 h of CMS
exposure, animals were submitted to behavioral assessments. Diets were isocaloric and
normolipidic, differing only in the fat source. SO and HVF were purchased in a local

supermarket and FO was donated by Herbarium® (Curitiba, Brazil).

2.2 Chronic mild stress (CMS)

A modified version of the CMS protocol first described by Willner et al. (1987) was
used. Rats were daily exposed to different tips of stressors following a semi-randomized
schedule that included damp sawdust, grouped housing, cage tilting (45°), lights on overnight,
isolation, switching cages, and foreign object in cage for 3 weeks. The stress procedure did not
include any food or water deprivation (Kompagne et al. 2008). Rats received one of these
stressors per day in the sequence shown above and the same stressor was not applied in two

subsequent days. The stress procedure lasted 3 weeks prior to behavioral testing.

2.3 Behavioral paradigms
2.3.1 Novel object recognition task (NORT)

This paradigm is related to animals’ natural motivation to explore novelties considered
an innate instinct they use to recognize their environment (Heldt et al., 2007), and a higher score
implies a higher recognition rate, indicating better memory. Recognition memory was assessed
as previously described (De Lima et al., 2005): the arena floor was covered with sawdust (from
bedding material) during recognition memory training and test trials. On the first day, rats were
given one training trial being exposed to two identical objects (Al and A2, double Lego toys)

positioned in two adjacent corners and they were allowed to freely explore the objects for 5 min
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(training session). Testing of short-term memory (STM) and long-term memory (LTM) was
performed 1 and 24 hours after the training session, respectively. Rats were allowed to explore
the open field for 5 min in the presence of two objects: the familiar Object A and a second novel
Object B or C, which were placed in the same locations of the training session. All objects had
similar textures, colors, and sizes, but distinctive shapes. Objects were cleaned between trials
with a 5% alcohol solution; exploration was defined as sniffing or touching the object with the
nose. A recognition index calculated for each animal was expressed by the ratio TN/(TF+TN)

(TF=time spent exploring the familiar object; TN= time spent exploring the novel object).

2.4 Tissue Preparations

Following (24 h) the last behavioral assessments, all animals were anesthetized (sodium
pentobarbital, 50 mg/Kg body weight ip) and euthanized by exsanguinations. The collected
blood (collected by cardiac puncture in heparinized tubes) was centrifuged at 3,000g (15 min)
for plasma and used for biochemical assay. Brains were removed and cut coronally at the caudal
border of the olfactory tubercle to remove the hippocampus (Paxinos and Watson, 2007). The
tissue was separated into two parts, one of which was used to determine fatty acids profile, and

the second part was stored in a freezer at -80° C for subsequent molecular analysis.

2.5 Fatty acid (FA) profile in brain tissue

Fat was extracted from the hippocampus samples using chloroform and methanol as
described by Bligh and Dyer, 1959, and used for determination of FA profile. To prevent lipid
oxidation during and after extraction, 0.02% butyl hydroxy toluene was added to the chloroform
used. FA composition was determined by gas chromatography. Fat was saponified in
methanolic KOH solution and then esterified in methanolic H2SO4 solution (Hartmann and
Lago, 1973). Methylated fatty acids were analyzed using a gas chromatograph (Agilent
Technologies, HP 6890N) equipped with a capillary column DB-23 (60 m x 0.25 mm x 0.25
mm) and a flame ionization detector. The temperature of the injector port was set at 280°C and
the carrier gas was nitrogen (0.9 mL/min). After injection (1 uL, split ratio 50:1), the oven
temperature was held at 160°C for 1 min, then it was increased to 240°C at 4°C/min and held
at this temperature for 9 min. Standard FA methyl esters (37-component FAME Mix, C 22:5n3
and PUFA no. 2 from Sigma, Saint Louis, MO and C 22:5n-6 from NuChek Prep. Inc., Elysian,
MN) were run under the same conditions and the subsequent retention times were used to

identify the FA. FA was expressed as percentage of the total FA content.
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2.6 Corticosterone assay
Quantification of corticosterone levels was assessed in the serum samples by ELISA
using commercial kits (Abcam Products, San Francisco, CA, USA), according to the

manufacturer’s instructions.

2.7 Molecular assessments
Immunoblotting analysis of brain derived neural factor (BDNF) and tropomyosin-related
kinase B (TrkB) density:

The hippocampal tissue was homogenized in a lysis buffer containing 137 mM NaCl,
20 mM Tris—HCI pH 8.0, 1% NP40, 10% glycerol, 1 mM PMSF, 10 ug/ml-1 aprotinin, 0.1 mM
benzethonium chloride, 0.5mM sodium vanadate. Homogenates were then centrifuged,
supernatants collected and total protein concentration was determined according to MicroBCA
procedure (Pierce, IL, USA), using bovine serum albumin as standard. Levels of brain derived
neurotrophic factor (BDNF), tropomyosin-related kinase B (TrkB) and actin were analyzed by
Western blot. Briefly, protein samples were separated by electrophoresis on a 10%
polyacrylamide gel and electrotransferred to a PVDF membrane (Millipore, MA, USA). Non-
specific binding sites were blocked in Tris-buffered saline (TBS) overnight, at 4 °C, with 2%
BSA and 0.1% Tween-20. Membranes were rinsed in buffer (0.05% Tween-20 in TBS) and
incubated with primary antibodies: anti-actin (1:1000; Santa Cruz Biotechnology, CA, USA),
anti-BDNF (1:500; Santa Cruz Biotechnology, CA, USA), and anti-TrkB (1:1000; Santa Cruz
Biotechnology, CA, USA), followed by anti-goat (1:25.000; Santa Cruz Biotechnology, CA,
USA) and anti-rabbit (1:8000; Santa Cruz Biotechnology, CA, USA) IgG horseradish
peroxidase conjugate, respectively. After rinsing with buffer, immunocomplexes were
visualized using 3,3°,5,5’— Tetramethylbenzidine (TMB) (Sigma, USA) according to the
manufacturer’s instructions. Film signals were digitally scanned and then quantified using
ImageJ software. Actin was used as an internal control for western blot so that data were

standardized according to actin values.

2.8 Statistical analysis

FA content in the different supplementations (SO/FO and HVF) were analyzed by one-
way ANOVA, while their incorporation in the hippocampus was analyzed by two-way ANOVA
(2 supplementations (SO/FO and HVF) x 2 periods (pregnancy and lactation)). Behavioral,
biochemical and molecular assessments were analyzed by three-way ANOVA (2

supplementations (SO/FO and HVF) x 2 periods (pregnancy and lactation) x 2 stress exposure
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(NS and CMYS)). All statistical tests (ANOVA) were followed by Duncan's multiple range test,
when appropriate. P<0.05 was regarded as statistically significant.

3. Results

3.1 Time spent on the Novel object recognition task (NORT) is shown in Figure 1 and Figure
2.

Three-way ANOVA revealed a significant main effect of supplementation [F(1,32) =
44.06, P<0.001] on time spent in the NORT after 1 h, and a significant main effect of
supplementation, period and supplementation x period interaction [F(1,32) = 157.47, P<0.001;
F(1,32) = 29.38, P<0.001; F(1,32) = 7.44, P<0.05], respectively, on time spent in the NORT
after 24 h.

Post-hoc analysis showed that HVF supplementation during pregnancy and lactation
decreased time spent in the NORT in both short (1 h) and long-term (24 h) memory in animals
exposed or not exposed to the stress protocol. After 1 h, CMS exposure showed significant
influence only on offspring supplemented during pregnancy, where rats from SO/FO
supplementation exposed to CMS showed increased time spent in the NORT, whereas this
behavior was decreased in HVF group (Fig. 1A). The CMS protocol also decreased long-term
memory, which was observed by less time spent in the NORT after 24 h in HVF group (Fig.
1B). Exposure to CMS had no significant differences on offspring supplemented during
lactation. Between the different periods of supplementation, offspring from HVF-supplemented
dams during lactation showed lower recognition index (24 h) than the pregnancy period (Fig.
1B).

3.2 Fatty acids composition quantified in the hippocampus of adult offspring is shown in Table
2.

Two-way ANOVA revealed a significant main effect of supplementation, period and
supplementation x period interaction [F(1,32) = 8.93, P<0.001; F(1,32) = 43.32, P<0.001;
F(1,32) = 18.48, P<0.001, respectively] on total MUFA incorporation; a significant main effect
of period and supplementation x period interaction [F(1,32) = 22.73, P<0.001; F(1,32) = 2.87,
P<0.05, respectively] on total PUFA incorporation; a significant main effect of supplementation
and period [F(1,32) = 4.30, P<0.05; F(1,32) = 121.4, P<0.001, respectively] on LA
incorporation; a significant main effect of period and supplementation x period interaction
[F(1,32) = 50.06, P<0.001; F(1,32) = 3.01, P<0.05, respectively] on ARA incorporation; a



60

significant main effect of supplementation, period and supplementation x period interaction
[F(1,32) = 11.89, P<0.001; F(1,32) = 58.15, P<0.001; F(1,32) = 13.84, P<0.001, respectively]
on ALA incorporation; a significant main effect of supplementation, period and
supplementation x period interaction [F(1,32) = 13.06, P<0.001; F(1,32) = 62.56, P<0.001;
F(1,32) = 8.28, P<0.001, respectively] on DHA incorporation; a significant main effect of
supplementation, period and supplementation x period interaction [F(1,32) = 43.02, P<0.001;
F(1,32) = 63.11, P<0.001; F(1,32) = 8.28, P<0.001, respectively] on DHA incorporation; a
significant main effect of supplementation, period and supplementation x period interaction
[F(1,32) = 43.02, P<0.001; F(1,32) = 63.11, P<0.001; F(1,32) = 4.14, P<0.001, respectively]
on n-3 PUFA incorporation; a significant main effect of period [F(1,32) = 232.48, P<0.001] on
n-6 PUFA incorporation; a significant main effect of supplementation, period and
supplementation x period interaction [F(1,32) = 261.6, P<0.001; F(1,32) = 10612.6, P<0.001;
F(1,32) =67.1, P<0.001, respectively] on n-6/n-3 FA ratio incorporation and a significant main
effect of supplementation and supplementation x period interaction [F(1,32) = 36.50, P<0.001,;
F(1,32) = 10.23, P<0.001, respectively] on TFA incorporation.

Duncan’s test showed that HVF supplementation during pregnancy was able to increase
YMUFA by 7.99% and decrease DHA (22:6 n-3) by 9.14%, YPUFA by 4.18% and yn-3 PUFA
by 9.33% in the hippocampus of adult offspring in comparison to SO/FO group. In contrast,
during lactation, HVF supplementation decreased LA (18:2 n-6) by 14.42%, ALA (18:3 n-3)
by 85.18% and yn-3 PUFA by 9.10%. In addition, only HVF supplementation in both perinatal
periods was related to a significant TFA incorporation in the hippocampus of offspring, which
was lower when HVF supplementation was provided during pregnancy (0.18%) in comparison
to lactation (0.43%). Post-hoc analysis also showed that adult offspring born from both SO/FO
and HVF- supplemented dams during lactation showed lower incorporation of ARA (20:4 n6),
DHA (22:6 n3), YPUFA, and yn-3 PUFA and higher incorporation of LA (18:2 n6) in relation
to pregnancy (P<0.05 for all comparisons).

3.2 Corticosterone levels in plasma of adult offspring is shown in Figure 2.

Three-way ANOVA revealed a significant main effect of supplementation, period, and
stress protocol [F(1,32) = 191.60, P<0.001; F(1,32) = 60.11, P<0.001; F(1,32) = 187.54,
P<0.001] on corticosterone (CORT) levels.

Post-hoc test showed that offspring born from HVF-supplemented mothers in both
pregnancy and lactation showed increased plasma levels of CORT in relation to SO/FO

supplementation, regardless of the stress condition. CMS exposition increased CORT levels in
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offspring born from both SO/FO and HVF-supplemented mothers, whose value was higher in
lactation compared to pregnancy.

3.3 BDNF and TrkB levels quantified in the hippocampus of adult offspring are shown in Figure
3 and 4.

Three-way ANOVA revealed a significant main effect of period and stress protocol
[F(1,32) = 203.31, P<0.001; F(1,32) = 194.92, P<0.001] and supplementation x period,
supplementation x stress protocol, period x stress protocol and supplementation x period x
stress protocol interaction [F(1,32) = 3.92, P<0.05; F(1,32) = 5.09, P<0.05; F(1,32) = 211.24,
P<0.001, F(1,32) = 4.75, P<0.05 respectively] on BDNF levels in hippocampus. Three-way
ANOVA revealed a significant main effect of supplementation, period, stress protocol and
period x stress protocol interaction [F(1,32) = 33.97, P<0.001; F(1,32) = 12.49, P<0.001,
F(1,32) = 21.21, P<0.001; F(1,32) = 10.17, P<0.05, respectively] on TrkB levels in the
hippocampus of adult offspring.

Post-hoc test showed that HVF supplementation during pregnancy and lactation exerted
no influence on BDNF levels in the hippocampus of offspring. CMS exposure increased BDNF
levels in the hippocampus of offspring born from both SO/FO and HVF-supplemented dams
during pregnancy only, and levels were higher in HVF group. Considering differences between
the two periods of supplementation, BDNF was higher in offspring exposed to CMS, which
were born from SO/FO and HVF-supplemented dams during pregnancy, in comparison to
lactation.

Post-hoc test showed that offspring born from HVF-supplemented dams during
pregnancy and lactation showed decreased TrkB levels, regardless of the stress condition. In
addition, CMS exposure was able to decrease TrkB levels only in offspring born from HVF-
supplemented dams during lactation in relation to SO/FO group, whose value was also lower

than that observed in offspring born from HVF-supplemented dams during pregnancy.

4. Discussion

In the present study we assessed the influence of HVF supplementation during either
pregnancy or lactation of female rats on FA profile in the brain of adult offspring, as well as
whether this incorporation in the hippocampus could exert significant influence on the memory

acquisition process, which is closely related to molecular targets (BDNF and TrkB) in this brain
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area. Following the study, the same behavioral and molecular parameters were assessed after
exposure of the offspring to a protocol of chronic mild stress (CMS), in adulthood.

In fact, FA accumulation in fetal and infant tissues, particularly the brain, can be
influenced by the pre and post-natal FA supply (Innis, 2011). Thus, in early stages of life, the
offspring is completely dependent on the maternal intake of FA (Brenna and Carlson, 2014,
Innis, 2007), suggesting that imbalance of maternal dietary fat composition can impair the brain
development of offspring since these FA have the ability to pass through the blood brain barrier
(Bolton and Bilbo, 2014). Some authors have shown that the placental barrier present binding
sites of high selectivity to transfer long chain polyunsaturated fatty acids (LC-PUFA), such as
DHA and ARA (Duttaroy, 2009; Hanebutt et al., 2008; Herrera et al., 2006). In contrast,
Campbell et al. (1996) have shown that TFA are able to compete for the same LC-PUFA
binding sites in human placental membranes, inhibiting the transport of LC-PUFA through the
placenta (Campbell et al., 1996). Of particular interest for our findings, a negative association
between TFA and n-3 LC-PUFA in fetal plasma was recently observed (Enke et al., 2011), and
a decrease in the total levels of PUFA, ARA and DHA in the brain of offspring born from
mothers fed with a TFA-enriched diet during the perinatal period (Albuguerque et al., 2006).
According to these studies, our current findings showed that only HVF intake was related to
incorporation of TFA in the hippocampus of adult offspring, however, this incorporation was
favored when HVF was provided during lactation, since these offspring showed higher levels
of TFA in the hippocampus than those animals born from mothers supplemented with this fat
during pregnancy. Moreover, trans fat intake during pregnancy was associated with decreased
levels of DHA, n-3 PUFA and total PUFA, while trans fat intake during lactation was related
to decreased LA, ALA and n-3 PUFA incorporation. Comparisons between supplementation
periods revealed that both supplementations SO/FO and HVF were able to decrease
incorporation of n-3 and n-6 PUFA metabolites (DHA-22:6 n-3 and ARA-20:4 n-6,
respectively) and increase incorporation of LA (18:2 n-6), which is a precursor of ARA, during
lactation in comparison to pregnancy. Additional comparisons between the two different
periods of supplementation with HVF, which is rich in TFA, allow us to show for the first time
that the ingestion of this fat during lactation was able to significantly modify incorporation of
FA in the hippocampus, in relation to pregnancy, as follows: i) increased TFA, as described
above, and increased SFA level; ii) decreased n-3 PUFA, PUFA and MUFA.

Based on these outcomes, we hypothesized that the different incorporation of FA in the
hippocampus during pregnancy and lactation may be due to the presence of binding sites, which

facilitate the passage of LC-PUFA through the placenta in detriment of TFA, reinforcing the
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hypothesis that LC-PUFA are more easily incorporated into neuronal membranes during the
period of cerebral development (Bourre et al., 1989). In fact, the placenta barrier presents high
selectivity for LC-PUFA, since these FA are nutrients required for synthesis of structural lipids,
which are fundamental to fetal and postnatal development and normal cell function (Herrera et
al., 2006; 2002; Innis 2005). For the first time these findings allow us to hypothesize that not
only the type of FA but also the period of development of its provision may be determinant for
brain neural membranes FA composition, whose imbalance or food deficiency may produce
adverse consequences for the fetus, the newborn, and the adult offspring (Herrera 2002).

Our earlier study demonstrated increased susceptibility of animals born and/or grown
under the influence of trans fat to develop memory impairment, movement disorders and
hyperlocomotion related to manic behavior (Trevizol et al., 2013, 2011; Teixeira et al., 2012,
2011). Trans fat intake during early periods of life was also related to increased preference for
psychostimulant drugs (Kuhn et al., 2013), facilitating the development of anxiety-like
symptoms in young rats born from second generation (Pase et al., 2013). In the current study,
we observed that adult offspring born from trans fat-supplemented dams during both pregnancy
and lactation showed impairments in short and long-term memory, regardless of chronic mild
stress (CMS) exposure. In addition, CMS exposure was able to increase short-term memory in
offspring born from SO/FO supplemented dams and decreased both short and long-term
memory in animals born from HVF-supplemented dams during pregnancy. Interestingly, our
outcomes showed higher memory impairment in offspring born from HVF-supplemented dams
during lactation, regardless of CMS exposure, in comparison to pregnancy. Interestingly,
studies support the involvement of both BDNF and TrkB-receptor in learning and memory
(Kemppainen et al., 2012). Here, BDNF levels were increased by stress condition on both
SO/FO- and HVF-supplemented groups during pregnancy and no difference was observed
during lactation. In addition, only offspring from HVF-supplemented dams during both
pregnancy and lactation showed decreased TrkB levels, regardless of the stress condition.

As the hippocampus is the main brain area related to spatial memory (Martin and Clark,
2007), we believe that the variation in FA composition observed in this study might be
correlated with cognitive impairments in adult offspring. Some authors have shown that
changes in lipid composition and TFA incorporation in neural membranes may affect synaptic
plasticity (Larqué et al., 2003), modifying neurotransmission and leading to significant
conformational modifications in membrane-bound proteins. In this sense, we suggest that
significant trans FA incorporation in the hippocampus of offspring born from HVF-

supplemented dams in different stages of development may be related to a decreased density of
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the TrkB receptor, as observed in the current study, whose consequence was impairment in
memory performance. It is especially important to note that lower levels of TrkB were only
observed in adult offspring born from HVF-supplemented dams during lactation, which was
corresponding to higher TFA incorporation and higher long-term memory impairment. Taken
together, these findings confirm that TFA incorporation in neural membranes can modify its
fluidity and change responses related to membrane receptors. These outcomes are in accordance
with other authors, when impaired TrkB receptor signaling contributes to memory loss
(Kemppainen et al., 2012) and TrkB null mice show a dramatic deficit in complex learning
paradigms (Minichiello et al., 2009). Furthermore, while the brain up-regulation of TrkB
signaling reverses cognitive deficits in an animal model of schizophrenia (Kutiyanawalla et al.,
2012), mice overexpressing full-length TrkB showed improved cognitive skills (Pinilla et al.,
2001).

The influence of stress on cognitive and neuronal functions have also been studied
(Conrad 2010; Shors 2004), specifically because stress is able to induce alterations in gene
expression for some brain proteins such as neurotrophins, in particular brain-derived
neurotrophic factor (BDNF), which is related to learning and memory (Lashgari et al., 2006).
Different studies have shown that exposure to acute (Lee et al., 2008) and chronic (Rothman et
al.,, 2012; Nair et al., 2007; Tsankova et al., 2006) stressors can significantly cause a
downregulation in both BDNF mRNA expression and protein levels in the hippocampus, since
exposure to elevated corticosterone levels reduces BDNF expression (Rothman et al., 2012).
However, Marmigere et al. (2003) found that short-term intensive stress was related to an
increased BDNF gene expression, but when stress exposure was prolonged, this effect on
BDNF expression was decreased (Marmigere et al., 2003), revealing that although BDNF can
show significant responses to stress (Smith et al., 1995), the direction of such influences
(increase or decrease) can range in different investigations (Marmigere et al., 2003; McAllister
etal., 1999). In our study, adult offspring born from both SO/FO and HVF-supplemented dams
during pregnancy exposed to CMS showed increased BDNF levels. Taking into account recent
data from the literature, we can suggest that increased levels of BDNF after stress exposure
were related to improved short-term memory in offspring born from SO/FO-supplemented
dams during pregnancy, as already suggested by other authors (Liu et al., 2014; Alomari et al.,
2013). In contrast, the overexpression of this neurotrophin observed in HVF group resulted in
cognitive deficits of these animals. These findings are in accordance with Cunha et al. (2009),

who observed learning deficits and memory impairments after chronic BDNF overexpression,
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suggesting that a widespread increase of BDNF in brain networks may result in adverse effects
on learning and memory formation.

In conclusion, our research show for the first time that: i) incorporation of FA in neural
membranes of the hippocampus may be modified according to the period of brain development;
i) dietary trans FA are more easily incorporated in neural membranes of the hippocampus
during lactation, in relation to pregnancy; iii) offspring born from HVF-supplemented dams
during lactation presented impaired cognitive performance without influence from stress
exposure in adulthood; iv) lower incorporation of TFA in the hippocampus during pregnancy
was also related to memory impairment, however it was exacerbated by stress exposure,
reflecting on molecular neuroadaptations. Taken together, these findings exert implications on
the fat quality of foods eaten by mothers during the early periods of pups’ development, whose
incorporation of FA in the brain, especially the hippocampus, is able to "program” structure and
memory functions throughout adult life. Starting from the premise that the human species is
more sensible to damages from external influences than other species, the quality of dietary
habits of pregnant and lactating women should be monitored, especially regarding the content

of trans fat, which is often omitted or masked on labels of processed foods.
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Figure captions

Figure 1: Influence of HVF supplementation during early life periods on memory of adult
offspring after chronic mild stress exposure. Animals were born from dams supplemented with
different oil/fat during pregnancy or lactation. Short-term memory and long-term memory
retention tests were performed 1 h (A) and 24 h (B) after training, respectively. Data are
expressed as mean + S.E.M. SO, soybean oil; FO, fish oil; HVF, hydrogenated vegetable fat.
Lowercase indicates significant difference among SO/FO and HVF groups in the same stress
condition (P<0.05). * indicates significant difference of stress condition in the same
supplemented group (P<0.05). * indicate significant difference between the different periods

(pregnancy or lactation) in the same supplemented group (P<0.05).

Figure 2: Influence of HVF supplementation during early life periods on corticosterone levels
of adult offspring after chronic mild stress exposure. Animals were born from dams
supplemented with different oil/fat during pregnancy or lactation. Data are expressed as mean
+ S.E.M. SO, soybean oil; FO, fish oil; HVF, hydrogenated vegetable fat. Lowercase indicates
significant difference among SO/FO and HVF groups in the same stress condition (P<0.05). *
indicates significant difference of stress condition in the same supplemented group (P<0.05). *
indicates significant difference between different period (pregnancy or lactation) in the same
supplemented group (P<0.05).

Figure 3: Influence of HVF supplementation during early life periods on BDNF levels in the
hippocampus of adult offspring after chronic mild stress exposure. Animals were born from
dams supplemented with different oil/fat during pregnancy or lactation. Data are expressed as
mean = S.E.M. SO, soybean oil; FO, fish oil; HVF, hydrogenated vegetable fat. Lowercase
indicates significant difference among SO/FO and HVF groups in the same stress condition
(P<0.05). * indicates significant difference of stress condition in the same supplemented group
(P<0.05). # indicates significant difference between different periods (pregnancy or lactation)

in the same supplemented group (P<0.05).

Figure 4: Influence of HVF supplementation during early life periods on TrkB levels in the
hippocampus of adult offspring after chronic mild stress exposure. Animals were born from

dams supplemented with different oil/fat during pregnancy or lactation. Data are expressed as
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mean = S.E.M. SO, soybean oil; FO, fish oil; HVF, hydrogenated vegetable fat. Lowercase
indicates significant difference among SO/FO and HVF groups in the same stress condition
(P<0.05). * indicates significant difference of stress condition in the same supplemented group
(P<0.05). * indicates significant difference between different periods (pregnancy or lactation)

in the same supplemented group (P<0.05).



Table 1. Fatty acid composition (% of total identified FA)
of the dietary supplementation

Fatty acids Hydrogenated
() SO/FO vegetable fat
SFA 26.91 33.58
MUFA 25.68 53.77
PUFA 47.40 12.65
n-6 PUFA 23.74 12.29
n-3 PUFA 23.58 0.36
TFA 0.16 13.43
n6/n3 ratio 1.01 34.02

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids; TFA, trans fatty acids.



Table 2. Hippocampus fatty acids composition of adult offspring from dams
supplemented with different oil/fat during gestation or lactation period (% of total
fatty acids identified)

Fatty acid Mean (xS.E.M.)
Gestation Lactation
SO/FO Hydrogenated SO/FO Hydrogenated
vegetable fat vegetable fat
16:0 21.90+0.31% 20.90+0.29° 22.80 £ 0.04 22.70£0.26 #
18:0 21.11+0.03 21.22 £0.17 21.21+0.11 21.43+0.03
> SFA 46.62 £0.37 4521 +0.42 47.23+0.54 48.01£0.03%
15:1n-5 3.15+027° 4.80+0.19°2 229+0.11% 2.34+£0.04%
16:1 n-7 0.65+0.02 0.64 +0.00 0.70+0.02 0.74+£0.03 *
18:1 n-7 3.26 £0.15 3.42+0.05 2.85+0.09 * 3.0+0.03%
18:1n-9 16.78 £ 0.09 17.15+0.59 17.87 £ 0.54 17.71 +£0.38
18:1 n-9t nd.® 0.18+0.00? nd.® 0.43 £0.08 2#
20:1n-9 0.85+0.06 0.77£0.01 0.87+0.02° 1.14 +0.133%
24:1n-9 0.36 £ 0.02 0.31+0.00 0.59+0.01%% 0.43+0.01°%
> MUFA 25.64+0.17°% 27.69+0.59°2 26.33+0.23 25.90+0.41 %
18:2 n-6 1.12 £ 0.08 1.18 £0.02 245+023%% 210+0.07°%
20:2 n-6 0.12+0.01 0.10+0.01 0.08+0.02? 0.00 + 0.00 b#
20:3n-6 0.31+0.00 0.33+0.01 047+0.01%% 0.32+0.01°
20:4 n-6 11.22 £ 0.06 11.09 + 0.05 9.70+£0.25% 9.70+0.26 *
22:4 n-6 3.41£0.02 3.30+0.02 3.08+0.09 % 3.23+0.06
22:5n-6 1.22+0.05°> 1.64+0.10° 0.91+0.07°% 1.09+0.0232%
18:3n-3 0.03+0.01 0.04+0.01 0.27+0.00%*% 0.04+0.03°
22:5n-3 0.17£0.01 0.13+0.01 0.51+0.14%#% 0.23+0.01°
22:6 n-3 1051+0.162% 954+0.17° 8.64+0.05% 8.72+0.04#
> PUFA 28.20+0.32% 27.02+0.25° 26.13+0.51% 2543+0.72*
> n-3 10.71+0.15% 9.71+0.17° 9.45+0.05%% 899+0.17%#
> n-6 17.43 £ 0.09 17.67 £0.02 16.70 £ 0.50 16.44 £ 0.82
> trans nd.® 0.18+0.00? nd.® 0.43 £0.08 2#
né/n3 ratio 1.62 £ 0.00 1.81+0.00 1.77 £0.03 1.82+0.03

The following fatty acids were found at concentrations lower than 0.5% and for this reason are not
shown: C14:0, C15:0, C16:1 n7, C17:0, C20:0, C18:3 n-3, C20:3 n6, C22:0, C22:1 n-6, C22:1 n-
9, C24:0 e C24:1 n-9. The following fatty acids were not detected in the analyzed samples: C20:
n-3 e C22:2 n-6.

Lowercase indicate significant difference among SO/FO and HVF groups (P<0.05).

# indicate significant difference among different period (gestation or lactation) in the same
supplemented group (P<0.05).

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty
acids.
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5 DISCUSSAO

A nutricdo, principalmente durante o periodo perinatal, exerce influéncia decisiva no
desenvolvimento e na manutencdo das funcBes psicomotoras e cognitivas no decorrer da vida
e embora todos os nutrientes sejam importantes para o desenvolvimento estrutural do sistema
nervoso central (SNC), alguns lipideos, como os &cidos graxos, podem influenciar
decisivamente o desenvolvimento neuronal (GEORGIEFF, 2006). Como a mae € a principal
fonte nutricional do feto e recém-nascido (BUCKLEY et al., 2005), deve-se considerar ndo s
a quantidade, mas o tipo de acido graxo materno consumido durante a gestacdo e lactacdo
(STORLIEN etal., 1991; INNIS, 2007), uma vez que é durante o desenvolvimento embrionario
e pos-natal que ocorrem 0s processos de neurodesenvolvimento mais importantes -
mielinizacdo, organizacdo de sistemas neurotransmissores, arborizacdo dendritica e génese
sinaptica (SALIBA e MARRET, 2001). Neste momento, o cérebro é especialmente vulneravel
a quaisquer deficiéncias ou alteragdes nutricionais, em funcdo de ser o periodo em que 0s
processos implicados no desenvolvimento cerebral ocorrem com maior rapidez (ALMEIDA et
al., 2002; MORGANE et al., 2002).

Sendo assim, a partir dos resultados apresentados no artigo 1, foi possivel observar os
efeitos benéficos do consumo de uma dieta enriquecida com azeite de oliva em diferentes fases
do desenvolvimento, como gestacdo, lactacdo ou apds o desmame dos filhotes até a idade
adulta. O azeite de oliva € um componente essencial na dieta Mediterranea tradicional, a qual
ja foi associada a reduzido risco de problemas cognitivos relacionados ao envelhecimento
(SOLFRIZZI et al., 1999) e protegéo contra a doenga de Alzheimer (PANZA et al., 2004), bem
como controle do sobrepeso e obesidade (SCHRODER et al., 2004, SORIGUER et al., 2009).

No presente estudo, contatou-se alteracdo no peso corporal e estresse oxidativo em
todos os periodos analisados apds o consumo da dieta contendo azeite de oliva. Foi observada
também a influéncia da dieta, somente durante o periodo perinatal, sobre a expressdo de fatores
neurotroficos, com significativo aumento do BDNF, bem como os seus principais exons 1V e
VI e FGF-2. Esta influéncia benéfica tem sido atribuida ao favoravel perfil de acidos graxos
presentes no azeite de oliva, além dos compostos polifendis com potencial antioxidante que em
conjunto podem contribuir para a manutencdo da integridade estrutural das membranas
neuronais (PANZA et al., 2004). Isso sugere que o consumo de uma dieta enriquecida com
azeite de oliva ao longo da vida pode produzir alteragOes persistentes sobre o estado oxidativo,
bem como na expressdo de fatores neurotréficos, exercendo efeitos benéficos especialmente

importantes no desenvolvimento do sistema nervoso central.
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Seguindo a linha de raciocinio de que os &cidos graxos presentes na dieta,
principalmente durante periodos iniciais do desenvolvimento podem causar alteraces que séo
observadas ao longo da vida, nés decidimos avaliar a influéncia da alteracdo nos habitos
alimentares observados nas Ultimas décadas, principalmente na sociedade Ocidental, com o
elevado consumo de alimentos processados, ricos em &cidos graxos trans. Neste contexto, 0
segundo e terceiro estudos avaliam os efeitos do consumo prolongado de gordura vegetal
hidrogenada (GVH), rica em acidos graxos trans (AGT), sobre o sistema nervoso central.

A partir destes experimentos, foi possivel observar que o0 consumo ou suplementacéo
de GVH, rica em &cidos graxos trans, em diferentes fases do desenvolvimento foi capaz de
precipitar a ocorréncia de comportamento hiperativo, o qual é um dos comportamentos que
caracterizam o Transtorno do Déficit de Atencao e Hiperatividade (TDAH). Nossos resultados
mostraram que a ingestdo prolongada de gordura trans por 10 meses, bem como durante a
gestacéo e lactagdo ao longo de uma ou duas geracdes de animais, foi capaz de exacerbar o
comportamento hiperativo destes animais. A fisiopatologia precisa dos sintomas de
hiperatividade presentes no TDAH ainda é desconhecida, porém tem-se demonstrado o
envolvimento da dopamina (LAHOSTE et al., 1996). Como o cérebro necessita de aporte
adequado de 4acidos graxos para a manutencdo da sua integridade estrutural, e
consequentemente suas fungdes normais, nds acreditamos que a presenca dos acidos graxos
trans nas membranas neuronais pode prejudicar a fluidez e plasticidade sinaptica, afetando a
neurotransmissao dopaminérgica, as quais podem predispor o aumento do comportamento de
hiperatividade. Outro fator importante a ser considerado, € que o alto consumo de alimentos
industrializados ricos em AGT, principalmente entre as criangas, leva a uma reducdo na
ingestdo de AGPI, como o DHA. Em humanos, ja foi relatado que a deficiéncia de AGPI, bem
como menor contetido de DHA no cérebro, também predispBe criangas ao desenvolvimento de
TDAH (BENTON, 2010; SINN, 2008; SINN, BRYAN, e WILSON, 2008), porém até o
momento, 0 nosso estudo é o primeiro a mostrar uma ligacdo clara entre 0 consumo cronico de
gordura trans e o desenvolvimento de sintomas de hiperatividade.

Dando continuidade ao nosso trabalho, nds decidimos investigar se a incorporacdo de
acidos graxos trans nas membranas neuronais depende do periodo de desenvolvimento em que
ocorre a suplementacdo com gordura trans, e se tais alteracbes podem causar respostas
diferentes na idade adulta apds exposicdo a estresse. Adicionalmente as observacoes
comportamentais de memdria, este estudo inclui algumas analises moleculares, as quais foram
desenvolvidas em busca de mecanismo mais especifico que possa explicar os eventos aqui

mostrados. Sendo assim, tanto a suplementagdo com uma razéo ideal de acidos graxos (6leo de
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soja/dleo de peixe) ou GVH mostrou que os &cidos graxos sdo incorporados de maneira
diferente dependendo do periodo de suplementacdo, onde se observou maiores niveis dos
metabolitos dos AG das séries n-3 e n-6 (DHA, 22:6 n-3 e ARA, 20:4 n-6) na gestacao,
enquanto que na lactacdo, houve maior incorporacdo dos precursores ALA (18:3 n-3) e LA
(18:2 n-6), respectivamente. Em contrapartida, os AGT foram mais incorporados durante o
periodo da lactacdo somente no grupo GVH, confirmando que a barreira placentaria pode
apresentar seletividade na passagem dos AG pra o feto (DUTTAROY, 2009; HANEBUTT et
al., 2008; HERRERA et al., 2006). Como os acidos graxos sao nutrientes fundamentais para o
desenvolvimento fetal e pds-natal (HERRERA et al., 2006; INNIS 2006), estes resultados
sugerem que ndo somente o tipo de acido graxo, mas também o periodo de desenvolvimento,
em que ocorre a suplementacdo é muito importante, uma vez que ambos podem causar
alteracdes especificas no perfil lipidico das membranas neuronais, produzindo consequéncias
adversas ao longo da vida (HERRERA, 2002). Neste mesmo estudo, mostramos que a presenca
de AGT no hipocampo foi relacionada ao prejuizo da meméria de curta e longa duracéo
juntamente com menores niveis de receptores TrkB, resultados estes obtidos em animais
expostos ou nao ao estresse. Além disso, os niveis de BDNF também foram alterados pela
suplementacdo com GVH e exposi¢do ao estresse.

Como o hipocampo é a principal regido do cérebro associada com a memodria
(MARTIN e CLARK, 2007), acreditamos que a variagdo na composicdo dos AG observada
neste estudo pode estar correlacionada com danos cognitivos na idade adulta de prole. Alguns
trabalhos mostram que alteracfes na composi¢do dos acidos graxos, bem como a incorporagédo
de AGT nas membranas neuronais podem afetar a plasticidade sinaptica (LARQUE et al.,
2003), a qual modifica a neurotransmissao e causa alteracGes em proteinas ligadas a membrana.
Neste sentido, nds acreditamos que a incorporacao significativa de AG trans nas membranas
do hipocampo levou a uma reducdo dos niveis dos receptores TrkB que resultou em maior
prejuizo da memdria nos animais suplementados com GVH. Estes resultados estdo de acordo
com outros estudos, onde a reducdo dos niveis do receptor TrkB contribui para a perda de
memoria (KEMPPAINEN et al., 2012). Da mesma maneira, a variagdo nos niveis de BDNF
apos a exposicao ao estresse cronico encontrada nos nossos resultados mostra que o0 aumento
dos niveis de BDNF foi responsavel por melhorar a memoria de curto prazo nos filhotes adultos
suplementados com OS/OP durante o periodo da gestacdo, entretanto a sua superexpressao
observada no grupo suplementado com GVH resultou em déficits da fungdo cognitiva. Estes
dados estéo de acordo com outros autores, onde o aumento do BDNF foi relacionado com a
melhora da memoria (ALOMARI et al., 2013; LIU et al., 2014), enquanto que déficits de
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aprendizagem e deficiéncia na memoria foram observadas apos a superexpressdo de BDNF no
sistema nervoso central.

Evidéncias sugerem que o desenvolvimento e a manutencdo das funcdes do sistema
nervoso central, no decorrer da vida, sofrem influéncia decisiva da nutri¢do principalmente no
periodo perinatal. Tomados em conjunto com os dados apresentados nesta tese, € possivel
sugerir que a ingestdo de alimentos saudaveis durante o inicio do desenvolvimento, como a
dieta Mediterranea a qual inclui o consumo de azeite de oliva, € capaz de agir positivamente
sobre o estado oxidativo cerebral e fatores neurotréficos, contribuindo assim favoravelmente
para diminuir a incidéncia e gravidade de condi¢Bes neuropsiquiatricas. Por outro lado, o
aumento do consumo de alimentos processados, ricos em AG trans, em detrimento de acidos
graxos essenciais para o desenvolvimento do SNC, principalmente da familia n-3, pode
aumentar a suscetibilidade ao desenvolvimento de desordens neuropsiquiatricas, entre elas a

hiperatividade associada ao TDAH e prejuizos de memoria.



6 CONCLUSAO

Através dos resultados obtidos podemos chegar as seguintes conclusdes:

v O consumo de uma dieta enriquecida com azeite de oliva, o qual apresenta perfil lipidio
e antioxidante favoravel, durante periodos iniciais do desenvolvimento melhorou o
status oxidativo cerebral de ratos, bem como aumentou a expressdo de fatores
neurotroficos importantes para a manutencgédo das funcdes do sistema nervoso central.

v 0O consumo prolongado de gordura vegetal hidrogenada (rica em acidos graxos trans)
apos o desmame até a idade adulta e ao longo de duas geracOes de ratos, foi associado
a um comportamento hiperativo dos animais, 0 que pode indicar uma predisposi¢do ao
desenvolvimento do transtorno de déficit de atencdo e hiperatividade, que por analogia,
tem aumentado nas Ultimas décadas.

v A suplementacdo com gordura vegetal hidrogenada durante a lactacdo permitiu maior
incorporacdo de AG trans em comparacdo ao periodo da gestacdo, mostrando que o
periodo do desenvolvimento em que ocorre a oferta dos diferentes lipideos através da
placenta ou leite materno pode ser determinante na formacgdo do perfil lipidico das
membranas neurais. A incorporacdo de AG trans no hipocampo modificou os niveis de
marcadores moleculares que refletiram em prejuizos na funcdo cognitiva em ratos
expostos ou ndo ao estresse, sendo estes danos mais intensos nos animais suplementados

durante a lactacdo em comparacdo com o periodo da gestacéo.
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