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RESUMO

A nutricdo materna e o consumo de &cidos graxos durante os periodos gestacionais e/ou
de lactacdo sdo determinantes criticos fortemente relacionados ao desenvolvimento fetal
e po6s-natal normal. Por outro lado, alteragdes na nutricdo da prole nos periodos iniciais
da vida podem predispor ao desenvolvimento de distirbios metabdlicos. Nesse sentido,
tem se buscado compostos que atuem na prevencgdo e/ou revertendo esses distirbios. O
6leo de chia (OC) se destaca como alimento promissor por possuir elevado contetdo do
acido a-linolénico (55-66%) e compostos fendlicos. O objetivo deste estudo foi avaliar a
influéncia da suplementacdo materna com diferentes doses do OC sobre parametros
metabolicos em camundongos BALB/c submetidos a restricdo alimentar neonatal.
Todos os procedimentos foram aprovados pelo Comité de Etica no Uso de Animais.
Foram utilizados 30 camundongos como progenitores. As fémeas progenitoras
receberam a suplementacdo com o 6leo por gavagem, nas doses 2,5 ou 5g/kg de peso
corporal, desde o acasalamento até o desmame dos filhotes. Para induzir a subnutrigéo
durante a lactacdo, trés dias apds o nascimento o tamanho da ninhada foi ajustado para
15-16 animais por ninhada, formando os grupos Subnutrido (S), S + progenitora
suplementada com dleo de chia (SOC 2,5 e SOC 5g/kg de peso corporal). Ninhadas
contendo de 8-10 filhotes por mée foram usados como Controle (C), progenitora sem
suplementacdo. O peso corporal analisado ocorreu aos 21, 70 e 120 dias, e a ingestdo
alimentar foi mensurada semanalmente apos o desmame. Aos 70 e 120 dias os animais
foram submetidos ao teste de tolerancia oral a glicose (TTOG). Ap0s eutanasia, 0S
tecidos e sangue foram coletados para as analises. Foram analisados os perfil lipidico e
glicemia de jejum a partir do plasma, lipideos totais hepaticos e marcadores de estresse
oxidativo e enzimas antioxidantes no tecido hepatico e adiposo epididimal (TAE). Os
dados foram submetidos a teste de normalidade (Shapiro-Wilk), seguido de analise de
variancia (Oneway Anova) com nivel de significancia de p<0,05. Aos 21 dias, 0s
grupos S, SOC 2,5 e SOC 5 mostraram menor peso corporal em relacdo ao grupo
controle. Os trés grupos subnutridos apresentaram maior ganho de peso corporal e
menores pesos nos TAE e retroperitoneal comparados ao grupo controle. No TTOG de
120 dias os animais SOC 2,5 e SOC 5 apresentaram menor area sob a curva quando
comparados ao grupo S. Os animais SOC 5 apresentaram maior concentracdo da
glicemia de jejum comparado aos animais C, e mostraram menor conteudo de lipidios
hepaticos totais em relacdo ao C, S e SOC 2,5. Em relagdo aos parametros de estresse
oxidativo hepaticos, os animais SOC 5 apresentaram menores valores das substancias
reativas ao acido tiobarbitarico (TBARS) em relacdo aos animais S, e a atividade da
catalase (CAT) foi maior no grupo SOC 2,5 em relacdo ao grupo controle. Em relagéo
ao estresse oxidativo no TAE, os dois grupos suplementados apresentaram menores
valores de TBARS em relacdo ao C, o contetdo de hidroperoxidos foi maior no grupo
SOC 2,5 emrelacdo ao C e a0 S, o grupo SOC 5 apresentou menores concentracdes de
hidroperdxidos em relacdo ao SOC 2,5 e a atividade da CAT foi maior nos grupos S e
SOC 2,5 em comparacdo ao controle. Dessa forma, dentro das doses usadas neste
estudo, percebeu-se que a suplementacdo materna do 6leo de chia na dose de 5g/kg de
peso corporal apresentou leve vantagem, pois atenuou a glicemia e reduziu TBARS no
figado e TAE, demostrando que o Gleo de chia nessa dose pode melhorar alteracbes
metabolicas geradas pela subnutricdo neonatal.

Palavras chave: Desnutricio. Programacéo fetal. Metabolismo. Acidos graxos dmega-
3.



ABSTRACT

Maternal nutrition and fatty acids consumption during gestational and/or lactational
periods are critical determinants strongly related to normal fetal and postnatal
development. Changes in offspring nutrition in the early stages of life may predispose to
the development of metabolic disorders. In this sense, compounds that act in preventing
and/or reversing these disorders have been sought. Chia oil (ChO) stands out as a
promising food for having a high content of alpha-linolenic acid (55-66%), and phenolic
compounds. The aim of this study is evaluate the influence of maternal supplementation
with ChO by two doses (2.5 or 5g/kg bodyweight) over metabolic parameters in
BALB/c mice subject to postnatal undernutrition. All procedures were approved by the
local ethical committee for animal research. Thirty BABL/c mice were used. The
females receive the supplementation with oil by gavage (2.5 or 5g/kg b.w.), since
mating until weaning of the offspring. The neonatal undernutrition was induced by
increasing litter size to 15-16 animals, forming the Undernutrition (UN), UN + chia oil
(UN 2.5 or UN 5g/kg b.w.) groups. Litters with 8-10 animals were used as Control (C),
without supplementation. The body weight was measured at 21, 70 and 120 days, and
food intake was measured weekly after weaning. The oral glucose tolerance test
(OGTT) was performed at 70 and 120 days of age of the offspring. After euthanasia
(120 days), the tissues and blood were collected to analyses. Hepatic lipids were
extracted by Folch’s method and evaluated by commercial kits. Plasma lipids and
fasting glucose were also analyzed by commercial kits. Oxidative stress markers
(TBARS and hidroperoxydes contents) and antioxidant enzymes (SOD and CAT) were
determined by colorimetric method. All statistical analyses were conducted using
GraphPad Prism® software, differences between groups were evaluated by one-way
analysis of variance (ANOVA). The significance level adopted was p<0.05. At 21 days,
the UN, UN 2.5 and UN 5 groups showed lower body weight, a higher weight gain and
a lower weight of epididymal and retroperitoneal adipose tissue compared to Control.
At OGTT 120 days the animals UN 2.5 and UN 5 showed a smaller area under curve
compared to UN group. The UN 5 animals showed higher concentration of fasting
glucose in comparision to C animals, and presented lower content of hepatic lipids
compared to C, UN and UN 2,5 groups. The oxidative stress markers (TBARS) in liver
were reduced in both groups supplemented, and the UN 2.5 showed higher CAT activity
compared to control. Regarding the oxidative stress in the epididymal adipose tissue
(EAT), the two supplemented groups had lower TBARS values compared to C, the
hydroperoxide content was higher in the SOC 2.5 group compared to C and S, the UN 5
group showed lower content of hydroperoxide compared to UN 2.5 group, and the CAT
activity was higher in the S and SOC 2.5 groups compared to the control. Thus, within
the doses used in this study, it was noticed that maternal supplementation of chia oil at a
dose of 5g/kg of body weight had a slight advantage, as it attenuated some metabolic
parameters in undernourished animals, such as glycemic curve and reduced TBARS in
the liver and TAE, demonstrating that chia oil at this dose can improve metabolic
changes generated by neonatal malnutrition.

Keywords: Malnutrition. Fetal programming. Metabolism. Fatty acids, omega 3.
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PRIMEIRA PARTE

1 INTRODUCAO

A nutricdo inadequada no comego da vida, além da predisposi¢do genética ou 0s
fatores de estilo de vida, pode modular os processos de desenvolvimento para produzir
mudancas permanentes que aumentam o risco do desenvolvimento de doengas cronicas,
esse fendmeno é denominado programacdo metabdlica (MATHIAS et al., 2014;
FERGUSON et al., 2019).

Na programacdo metabdlica um Unico gen6tipo € capaz de produzir diferentes
fendtipos em respota a diferentes ambientes, 0 que garante a capacidade de responder a
um ambiente nutricional alterado para permitir a sobrevivéncia a curto prazo. A longo
prazo, essas respostas sdo prejudiciais, pois predispdem o organismo a distirbios
metabolicos que surgem na vida adulta (HANLEY et al., 2010; HOCHBERG et al.,
2011; PATEL, SRINIVASAN, 2011; SOUZA et al., 2019).

Ajustes de tamanho de ninhada de roedores tém sido usados para alterar a
nutricdo no periodo de amamentacdo, resultando em alteracbes na quantidade e
qualidade de leite disponivel para os filhotes recém-nascidos. Como resultado, os
filhotes de grandes ninhadas apresentam baixo peso corporal, bem como
hipoinsulinemia e hipoleptinemia no pds-natal (PATEL, SRINIVASAN, 2011;
COLLDEN et al., 2015; XAVIER et al., 2019).

Mathias e colaboradores (2014), em sua revisdo, trazem que um ndmero
consideravel de estudos, majoritariamente em ratos, destacam os efeitos de algumas
moléculas bioativas na modificacdo epigenética e indicam que pode ser possivel
prevenir a programacdo metabolica e o risco de doencas mais tarde na vida adulta
(HAGGARTY, 2012).

Estudos tém demonstrado que o 6leo de chia apresenta um elevado contetdo de
compostos polifendlicos e possui significativamente maior contetdo dos acidos a-
linolénico (55-66%) e linoleico (16-22%) do que o Oleo de linhaca (50-62% de ALA),
canola e soja (ALVAREZ-CHAVEZ et al., 2008; IXTAINA et al., 2011; MARTINEZ-
CRUZ, PAREDES-LOPEZ, 2014; REYES-CAUDILLO et al, 2008;
MOHAMMADI-SARTANG et al., 2017). Dessa forma, a chia tem sido um alimento

promissor para a sociedade e comunidade cientifica por seu conteldo em acidos graxos,
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antioxidantes e bioativos, para prevenir ou modificar os distdrbios metabdlicos e
inflamat6rios advindos de doengas cronicas.

A nutricdo materna e o consumo de &cidos graxos durante os periodos
gestacionais e/ou de lactagdo sdo determinantes criticos fortemente relacionados ao
desenvolvimento fetal e pds-natal normal, que induzem modificagdes na programacao
fetal que levam a suscetibilidade da prole a doengas metabolicas ao longo da vida
(MENNITTI et al., 2015).

Desse modo, 0 objetivo do presente projeto foi avaliar a influéncia da
suplementacdo materna com o dleo de chia em diferentes doses sobre pardmetros
metabdlicos na prole submetida a subnutri¢do alimentar neonatal e verificar qual a dose

mais eficiente.
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2 REFERENCIAL TEORICO

2.1 Programacéao Metabolica

Barker (1995) em seu estudo epidemiol6égico trouxe pela primeira vez a
possibilidade de que os acontecimentos no comeco da vida em humanos poderiam
exercer um papel importante na progressdo de doengas crénicas na idade adulta. Em seu
trabalho, Barker expds que 0s recém-nascidos com baixo peso ao nascer, por
desnutricdo materna durante a gravidez, tinham maior predisposi¢do a desenvolver um
fendtipo adulto de excesso de peso e disturbios cardiometabdlicos.

Diversos estudos epidemiolégicos revelaram que a exposicdo a um ambiente
desfavoravel no inicio da vida é associada a um risco consideravelmente aumentado de
doenca posteriormente. Esse fendbmeno é denominado programacao para o inicio da
vida. O termo “programacdo” define uma perturbacdo em periodos criticos de
desenvolvimento que causam danos permanentes e alteracfes ao longo da vida com
consequéncias “irreversiveis”, como o risco de desenvolver obesidade, diabetes e
doencas cardiovasculares (MATHIAS et al., 2014; PERSSON, BONDKE, 2018).

O ambiente nutricional e hormonal durante os periodos embrionarios e fetais
desempenha um papel modulador essencial, pois conduz a expressao do genoma. Dentre
0s mecanismos envolvidos na programacdo metabdlica, destacam-se 0s mecanismos
epigenéticos, considerada como a maneira pela qual o genoma interage e responde ao
ambiente (COMINETTI, ROGERO, HORST, 2017).

A epigenética modula e regula a expressdo génica atraves de varias "marcas”
epigendmicas, como metilacdo do DNA, alteragdes pos-transcricionais (acetilagao,
metilacdo, fosforilagao, entre outras) que ocorrem nas proteinas designadas histonas e
expressdo de microRNAS, que acometem 0S genes e as Vias essenciais durante o
desenvolvimento nos periodos iniciais da vida e as funcdes fisiologicas da vida adulta
(COMINETTI, ROGERO, HORST, 2017; TIFFON, 2018).

Estimulos ambientais de natureza fisica, mental ou nutricional podem interferir
na expressdo gendmica da prole. Sinais epigenéticos possuem grande plasticidade,
podendo ser modulados, e até mesmo revertidos, por atuacéo de diversos fatores, como
alimentacdo, medicamentos, produtos quimicos, fatores fisicos e psicossociais
(HAGGARTY, 2012; HABBOUT et al., 2013; COMINETTI, ROGERO, HORST,
2017).
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Durante o periodo de lactacdo as condi¢Bes nutricionais e metabolicas maternas
podem programar o sistema de homeostase energética da prole e alterar sua funcdo mais
tarde na vida, sendo assim considerada uma janela critica do desenvolvimento
(XAVIER et al., 2019).

Em roedores, a neurogénese hipotaldmica ocorre durante 0 meio da gestacéo,
enquanto as projecdes neurais entre diferentes nlcleos se desenvolvem durante a vida
pés-natal imediata. Portanto, mudancas durante esses periodos criticos do
desenvolvimento, como por exemplo, o consumo materno de dieta rica em gordura
durante a gestacdo e lactacdo, pode afetar o desenvolvimento da neurogenése
hipotalamica ou das projecdes neurais, e tem consequéncias a longo prazo no
metabolismo da prole (SUN et al., 2014).

Modelos experimentais de subnutricdo alimentar durante a gestacdo e/ou
lactacdo sdo descritos na literatura e, como resultados, os animais apresentam durante a
vida adulta aumento do peso corporal, alteracbes no controle da ingestdo alimentar e
resisténcia a insulina (BULFIN et. al., 2011; HABBOUT et al, 2013; PORTO et. al.,
2008).

Além disso, a nutricdo pode desencadear mudancas epigenéticas no
desenvolvimento perinatal até a idade adulta por meio de diferentes vias, como
progressdao do fator de risco metabdlico e geracdo de estresse oxidativo. Moléculas
oxidantes podem interagir diretamente com bases pareadas de DNA causando tanto
alteracdes genéticas como epigenéticas. O status de redox celular influencia a expressédo

do gene e a diferenciacéo celular (SAHA et al., 2017).

2.2 Restricdo alimentar neonatal como modelo experimental de programacao

metabolica

A programacdo do desenvolvimento da saude e doenca em adultos é estudada ao
longo de duas décadas mostrando um progresso consideravel, mas ainda ndo ha um
consenso sobre 0s nutrientes exatos e 0s mecanismos envolvidos. Ha ainda, a tentativa
de conciliar os resultados de estudos epidemiol6gicos em humanos, que relacionam o
peso ao nascer aos desfechos de salde e doenca na vida adulta, a estudos de intervencao
nutricional em modelos animais (HANLEY et al., 2010).

A vantagem de se utilizar modelos animais ¢ a possibilidade de manipular dietas,

medicamentos e cirurgia, controlados durante o periodo gestacional e p6s-natal, o que
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seria inviavel e anti-ético em estudos com humanos (TARRY-ADKINS, OZANNE,
2011; ZHU, CAQ, LI, 2019).

Estudos séo realizados em diferentes espécies, como ovelhas, porcos e primatas
ndo humanos, sendo os principais em ovelhas e roedores. Entretanto, a maior parte dos
estudos com animais utiliza modelos de roedores por sua menor gestagcdo e, por
possuirem embriologia, anatomia e fisiologia semelhantes ao humano. Dessa forma, é
possivel monitorar e modificar o ambiente intrauterino de modelos animais, a fim de
obter informacGes sobre as bases moleculares da patogénese da doenca metabdlica
humana (HANLEY et al., 2010; WARNER, OZANNE, 2010; SEKI et al., 2012).

Camundongos da linhagem BALB/c sdo largamente usados em pesquisas de
imunologia e fisiologia. Além disso, sdo normalmente utilizados em estudos de
obesidade induzida através da alimentacdo e seus principais sintomas, a saber,
hiperlipidemia, hiperglicemia, diabetes e inflamag&o de baixo grau (LI et al., 2020).

Em roedores as ilhotas pancreaticas e 0s neurdnios continuam o processo de
desenvolvimento durante o periodo pds-natal imediato. Sendo uma janela critica para o
desenvolvimento e, portanto, alteracbes nutricionais, hormonais e metabolicas durante
esse periodo funciona como pistas independentes para os efeitos de programacao
metabolica (PATEL, 2011; RIBEIRO et al., 2017).

O ajuste do tamanho de ninhada é comumente utilizado para investigar os efeitos
a longo prazo do excesso ou restricdo alimentar durante o periodo de amamentacéo.
Diferentes métodos tém sido utilizados para induzir a restricdo alimentar, sendo estes:
separacdo materna temporal, manipulacdo do tamanho da ninhada, restricdo da ingestédo
materna em proteina-energia, ou até mesmo, ligacdo cirlrgica das mamas para
prejudicar a lactacdo (PATEL, 2011; HUBER et al., 2013).

A manipulacdo do tamanho da ninhada por meio do aumento de filhotes no
periodo da lactacdo aparece previamente no estudo de McCance (1962), onde a ninhada
conta com 15 a 18 filhotes. Neste estudo e em outros trabalhos, foi observado que os
animais criados em grandes ninhadas apresentavam um ganho de peso corporal e
crescimento mais lento em relacdo aos animais de ninhadas menores. Apds o periodo de
desmame e com acesso livre a comida os animais subnutridos obtiveram um rapido
crescimento apesar de ndo alcancarem o peso e estatura dos animais criados em
ninhadas normais (CARON et al., DAVIS, CHAMSEDDINE, HARPER, 2016).

Animais provenientes de grandes ninhadas consomem menos leite devido a

competicao, resultando em menor taxa de crescimento e de massa gorda. No decorrer da
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amamentacdo, a reducdo da ingestdo de leite é adicionada a uma diminuicdo na
concentracdo de triglicerideos no leite, que é o componente lipidico mais abundante, e,
portanto, a principal fonte de energia para 0 recém-nascido. Esta condi¢do de
diminuicdo da ingestdo de leite e menor teor de triglicerideos causam distarbios
metabdlicos e enddcrinos nos recém-nascidos, com diminui¢cdo das concentragdes
plasmaticas de glicose, insulina e leptina (LOPEZ-SOLDADO, MUNILLA,
HERRERA, 2006; SUN et al., 2014).

Os animais subnutridos se tornam hiperfagicos e apresentam crescimento de
recuperacgdo na juventude. Como resultado apresentam excesso de peso na idade adulta,
com aumento dos depdsitos de tecido adiposo branco e aumento do indice de Lee. Além
disso, apresentam diminuicdo de proteina desacopladora 1 (UCP1) no tecido adiposo
marrom, 0 que pode ajudar a manter o fenotipo de sobrepeso na idade adulta
(MARANGON et al 2020; CARON et al., 2012).

Devido a programagéo nutricional no periodo neonatal, esses animais parecem
desenvolver resisténcia as acdes centrais da adiponectina no peso corporal e ingestao
alimentar. Esse hormonio € principalmente produzido pelo tecido adiposo branco e
regula o metabolismo de lipidios e glicose (HALAH et al., 2018). Soma-se a isso,
alteracdes nas secrecOes de leptina e grelina durante o periodo neonatal, e esses
horménios desempenham importante funcdo na formacéo dos circuitos hipotalamicos
(HABBOUT et al., 2013; MARANGON et al., 2020).

A leptina é o principal modulador do neuropeptidio Y (NPY), produzido no
nucleo arqueado (ARC) e liberado em varias regides hipotaldamicas, onde desempenha
potentes efeitos estimuladores do apetite. Estudos anteriores demonstraram que a
injecdo central de NPY em roedores pode causar hiperfagia e obesidade acentuadas, e
também pode reduzir o gasto de energia ao inibir a termogénese do tecido adiposo
marrom. Foi visto que aos 21 dias, animais criados em grandes ninhadas apresentam
aumento do NPY (VELKOSKA et al., 2008; CLARK et al., 1984; PLAGEMANN et
al., 1999; HANSEN, JOVANOVSKA, MORRIS, 2004).

Ainda, foi observado que os animais criados em grandes ninhadas se tornam
insensiveis a acdo da grelina. Estudos com ratos obesos mostraram que a obesidade foi
associada a resisténcia a grelina. Este hormonio estimula a liberagdo do horménio do
crescimento, aumenta a ingestdo de alimentos por meio de estimulos diretos sobre o
NPY/AgRP e inibi¢do dos neurénios POMC/CART no nucleo arqueado do hipotalamo,

e aumenta o ganho de peso corporal (BRIGGS et al., 2010). Além disso, apds ativacao
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do receptor GHSR1a, a grelina ativa uma cascata intracelular, que resulta na
fosforilagdo da AMPK e aumento na B-oxidagdo dos &cidos graxos, gerando espécies
reativas de oxigénio (ROS) (LEBRETHON et al., 2007; CUI, LI, ZHU 2014;
MARANGON et al., 2020).

Os neurdnios no ARC recebem informag6es sobre o armazenamento corporal de
energia por meio de hormonios perifericos, como insulina, leptina e adiponectina, que
estdo relacionados a massa de tecido adiposo branco e a homeostase da glicose. Sendo
assim, esses animais podem apresentar alteracbes na homeostase energética, o que
contribui para alteragdes na sensibilidade a esses hormonios, programando mecanismos
metabdlicos e centrais, que podem contribuir para o sobrepeso e a obesidade na idade
adulta (REMMERS, DELEMARRE-VAN, 2011; HALAH et al., 2018; MARANGON
et al., 2020).

Lopez-Soldado et al (2006), estudando a subnutricdo no periodo de lactagéo
observaram que estes animais apresentavam dimimuicdo da secrecdo de insulina
estimulada por glicose. Contudo, para manter a secrecdo de insulina estimulada pela
glicose, as células B requerem altos niveis de ATP, que € a principal fonte de energia
das espécies reativas de oxigénio, no entanto as cé¢lulas B demonstram niveis baixos de
enzimas de defesa antioxidantes, portanto, quaisquer defeitos na funcdo mitocondrial ou
aumento no estresse oxidativo impactam gravemente a funcdo destas células
(WARNER, OZANNE, 2010; FUJIMOTO et al.,, 2007; LENZEN, DRINKGERN,
TIEDGE, 1996; TIEDGE et al., 1997).

Deve-se levar em conta também o fato de que diversos sistemas essenciais
envolvidos na regulacdo da alimentacdo sdo imaturos ao nascimento e se desenvolvem
durante o periodo pos-natal nos roedores (WARNER, OZANNE, 2010). Poucos
trabalhos estudam a fundo os efeitos metabdlicos da subnutricdo durante a lactacéo,

fazendo-se necessario mais pesquisas nesse campo.

2.3 Oleo de chia

A chia (Salvia Hispanica L.) é uma planta nativa do sul do México e norte da
Guatemala, e sua semente é descrita como fonte de &cidos graxos poliinsaturados
(AGPI), fibra alimentar, minerais, compostos fendlicos e um teor de proteinas superior a

outros graos (cerca de 19%) sendo, portanto, uma promissora fonte de peptideos
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bioativos (MARINELLI et. al., 2015; da SILVA et al., 2017; GRANCIERI, MARTINO,
de MEJIA, 2019).

O O6leo de chia destaca-se como a principal fonte vegetal de &cidos graxos
O0mega-3 (w-3), apresentando 68% da sua composi¢do de acido a-linolénico (C18:3,
ALA), além de exibir contelido de tocoferdis, fitoesterdis, carotenoides e compostos
fendlicos, tais como, é&cido clorogénico, acido cafeico, miricetina, quercetina e
kaempferol, e compostos lipoliticos, agregando grande potencial antioxidante (REYES-
CAUDILLO et al., 2008; IXTAINA et al., 2011; MARTINEZ-CRUZ, PAREDES-
LOPEZ, 2014; MARINELI et. al., 2015).

Os AGPI »-3 tém sido associados com a melhora do perfil lipidico, atenuacdo
do risco cardiometabdlico e diminui¢do da inflamagdo (LESNA, et al., 2013). A alta
concentracdo de ®-3 esta associada a reducdo do risco de doenca arterial coronariana,
hipertensdo, diabetes tipo 2, artrite reumatoide, desordens autoimunes e cancer
(CONNOR, 2000).

O ALA ¢ precursor do é&cido -eicosapentaenoico (EPA) e do acido
docosahexaendico (DHA) no organismo, evidéncias tem mostrado que a suplementacao
de Oleo rico em ALA aumenta as concentragdes de DHA em varios tecidos, apesar
disso, 0 ALA produz respostas fisioldgicas diferentes do EPA e DHA, particularmente
na adiposidade e no manejo da glicose. A maior parte dos efeitos do ALA ¢é por meio da
modulacdo das lipoproteinas, enquanto o EPA e DHA podem reduzir a sintese de
triglicerideos e reduzir a adiposidade (POUDYAL et al., 2013).

Os -3 parecem regular positivamente duas enzimas envolvidas na hidrélise de
triglicerideos, lipase lipoproteica e lipase de triacilglicerol, que produzem efeitos
hipotriacilglicerolémicos e lipoliticos nos adipdcitos, através de ligacdo aos receptores
ativados por proliferadores de peroxissoma a e Y (PPAR). Embora existam muitos dados
sobre 0s mecanismos de atuacdo dos acidos graxos n-3 na reducdo da adiposidade e
dislipidemia, os mecanismos de atuacdo do ALA sdo pouco compreendidos
(POUDYAL et a.,, 2011, 2013).

Muitas investigacdes tém mostrado que o consumo de fontes dietéticas naturais
(frutas, nozes, vegetais) com compostos bioativos antioxidantes (polifenois, tocoferdis,
carotenoides, vitaminas) podem auxiliar na prevencdo do estresse oxidativo e pode ser
uma alternativa natural para prevencdo e controle de doencgas crénicas (AVIGNON et
al., 2012; BULLO, LAMUELA-RAVENTOS; SALAS-SALVADO, 2011; LANDETE,
2012).
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Na gestacdo, a Unica fonte de &cidos graxos poli-insaturados para o feto em
desenvolvimento é a mde por meio da placenta. A ingestdo alimentar de acidos graxos
durante a gestacéo e sua subsequente transferéncia da mée para o feto sdo cruciais para
o0 crescimento e desenvolvimento fetal. Acredita-se que o transporte dos &cidos graxos
maternos para o feto ocorra por meio de algumas proteinas transmembranas: proteina de
transporte de acidos graxos (FATPSs), translocase de &cidos graxos (FAT/CD36) e
proteinas de ligacdo intracelular de acidos graxos (FABPS). Apds os &cidos graxos
estarem dentro da célula que envolve o feto, se translocam para o ndcleo e alteram a
expressdo génica, podem ser armazenados ou se deslocam para a mitocondria para
modular a funcdo mitocondrial (JONES, MARK, WADDELL, 2014; LEWIS,
DESOYE, 2017; SHRESTHA et al., 2020).

Questiona-se, assim, se a suplementacdo materna com 0leo de chia, fonte do
acido graxo poli-insaturado 6mega-3, durante a gestacdo e lactagdo, seria capaz de
modular as alteragdes geradas na prole submetida a subnutricdo, com consequéncias até

a vida adulta.

2.4 Efeitos da suplementacdo com 06mega-3 sobre marcadores de estresse

oxidativo

A desnutricdo desencadeia aumento do dano oxidativo ao DNA e aos lipidios, o
que € atribuido a mecanismos antioxidantes danificados, incluindo alteracbes da
atividade transcricional e enzimatica (GAVIA-GARCIA et al., 2015). Nesse sentido, 0s
animais criados em grandes ninhadas apresentam aumento nos niveis de
lipoperoxidacdo, 6xido nitrico, TNF-o e IL-1b, reducdo de SOD e aumento das
atividades da catalase (SANTOS-JUNIOR et al., 2016).

O estresse oxidativo ocorre devido a um desequilibrio entre os sistemas oxidante
e antioxidante, o que pode ser causado pela elevada geracdo de radicais livres e
diminuida atividade dos antioxidantes. As espécies reativas de oxigénio (EROs) sdo
produtos normais do metabolismo celular ou ocorrem devido a exposicao a estimulos,
como radiacao ionizante e produtos quimicos, que reagem com o DNA podendo causar
diversas lesbes em bases oxidadas, quebras de fitas simples e duplas, podem danificar
lipidios celulares e proteinas (SAKAI et al., 2017). Sendo assim, 0 estresse oxidativo
pode desencadear inflamacdo, dano celular, cancer, e desempenhar um papel importante

na etiologia de varios fatores de risco relacionados a aterosclerose, hipertensdo, diabetes
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tipo 2 e resisténcia a insulina (VALKO et al., 2007; CHEN et al., 2011; POUDYAL et
al., 2013; SAMARGHANDIAN, 2017).

Além disso, o consumo excessivo de alguns macronutrientes, tais como, glicose,
acidos graxos saturados ou AGPI ®-6 podem induzir um processo inflamatdrio por meio
de vias mediadas por NF-xB que leva ao desencadeamento de estresse oxidativo, e por
outro lado, ALA, EPA e DHA podem inibir as vias mediadas pela NF-«B,
influenciando a producéo de citocinas, como TNF- o, IL-6, IL-1p (MENNITTI et al.,
2015; YANG et al., 2019).

Yang e colaboradores (2019) em sua revisao sistematica descrevem que 0os AGPI
n-3, vitamina A, E, C, selénio e outros polifendis podem atenuar o estresse oxidativo.
Corroborando este dado, Sakai et al. (2017) observaram que o EPA e o DHA diminuem
0 dano ao DNA causado por EROs em células endoteliais da aorta humana. Diferentes
tipos de &cidos graxos tém efeitos modificaveis na produgdo de radicais livres e cada
acido graxo atua diretamente na eliminacdo de EROs e indiretamente no estimulo de
enzimas antioxidantes (BULLO, LAMUELA-RAVENTOS, SALAS-SALVADO,
2011).

Diversos biomarcadores do estresse oxidativo tem sido estudados, entre eles,
perdxido de hidrogénio, radical superoxido, glutationa oxidada (GSSG), malondialdeido
(MDA), isoprostanos, carbonilas e nitrotirosina, que podem ser facilmente mensurados
no plasma e sangue (BIRBEN et al., 2012).

Alguns estudos observaram que o ALA proveniente do 0leo de chia pode
modificar o perfil antioxidante hepatico, visto através do aumento do contedo de tiol
reduzido (GSH), maior razdo GSH/GSSG e reducdo do conteudo de MDA. Além disto,
foi demonstrado que o ALA resulta em maior atividade de enzimas antioxidantes, como
superdxido dismutase (SOD), glutationa peroxidase (GPx) e que o dleo de semente de
chia é melhor do que a semente para restaurar o sistema antioxidante, vistos em ratos
com obesidade induzida pela dieta (MARINELI et al., 2015; RINCON-CERVERA et
al., 2016; PARKER et al., 2018; HAN et al., 2020).

A qualidade da nutricdo materna durante a gravidez pode afetar
permanentemente o fenotipo da prole por meio de uma interacdo fisiologica direta e
resulta em consequéncias perinatais pds-natais na prole. As concentracdes maternas de
acidos graxos essenciais podem modular o crescimento e desenvolvimento fetal, pois o
ALA e seus metabolitos DHA e EPA, além do acido araquiddnico (AA) sdo transferidos

através da placenta para a prole em desenvolvimento através de transportadores e
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podem ter notaveis efeitos no desenvolvimento do sistema nervoso central e pos-natal
(HERRERA, 2002; MATHIAS et al., 2014; BASAK, VILASAGARAM, DUTTAROQY,
2020: SHRESTHA et al., 2020).

A suplementacdo materna com ALA durante a lactacdo promove hipermetilacdo
no figado de FADS2. O aumento dessa proteina foi relacionado as concentragdes
hepaticas do &cido docosapentaendico. Assim, a regulacdo transcricional de FADS2 que
codifica a A5 dessaturase, representa um mecanismo potencial pela qual a ingestao
materna de acidos graxos pode induzir mudancas permanentes no conteldo de AGPI
das membras celulares da prole. Os AGPI »-3 incorporados a membrana celular, afetam
sua fluidez, funcdo do receptor, atividade enzimatica e producdo de citocinas e
eicosanoides (CHILDS et al., 2012; HOILE et al., 2013; NICULESCU, LUPU,
CRACIUNESCU, 2013; SILVA, OLIVEIRA, GOMES-MARCONDES, 2018).

Foi visto que a suplementagdo materna de ®-3 melhorou as defesas antioxidantes
da prole com tumor induzido, vistos por meio de menores niveis hepaticos de MDA e
aumento da atividade da SOD (MIYAGUTI, DE OLIVEIRA, GOMES-MARCONDES,
2018).

Alguns trabalhos propuseram que o 6mega-3, tem a capacidade de ativar direta e
indiretamente a via do NF-«kB, entre elas por meio da ativacdo do PPAR-a, e essa via ¢
responsavel pelo controle da expressdo génica de varias enzimas antioxidantes. Dessa
forma, a modulacdo da via do NF-kB pelo EPA pode modular o contetido de CAT e,
consequentemente, sua atividade. Além disso, foi descrito que os produtos da
peroxidacdo ndo enzimatica do EPA, J3-isoprostanos, reagem com grupos sulfidrila no
complexo Keapl responsavel pela ubiquitinacdo e posterior degradacdo do fator de
transcricdo Nrf2, levando a translocacdo nuclear de Nrf2 e expressdo de varias enzimas
antioxidantes no figado, formacdo de glutationa e diminuicdo da taxa de peroxidacdo
lipidica (ZUNIGA et al. 2011; SILVA et al., 2016).

Existem poucos estudos que avaliam a suplementacdo materna de 6mega 3
durante a gestacdo e lactacdo sobre os efeitos do estresse oxidativo, que é um fator
crucial para o desenvolvimento da prole, sendo um aspecto que carece de elucidacao
(KAJARABILLE et al., 2017).
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3 CONSIDERACOES FINAIS

O ambiente pds-natal é considerado um dos periodos cruciais do
desenvolvimento, onde alteragcbes na nutrigdo podem influenciar o desenvolvimento
normal e gerar alteracdes que acompanhardo o individuo a longo prazo. A alimentacdo
materna é fator determinante para o desenvolvimento fetal e pds-natal normal, podendo
gerar modificacdes no feto por meio de mecanismos epigenéticos.

Poucos sdo os trabalhos encontrados que associam a atuagdo da suplementagéo
materna com uma fonte vegetal de émega 3 sobre parametros metabolicos em proles
subnutridos durante o pos-natal, o que torna a proposta deste estudo altamente

relevante.
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ABSTRACT

Maternal intake of omega-3 polyunsaturated fatty acids, such as chia oil, could play a
key role in the metabolic programming of offspring. This work aimed to evaluate the
effects of maternal supplementation with two doses of chia oil (2.5 or 5g/kg body
weight) on the metabolic parameters of BALB/c mice subjected to postnatal
undernutrition and to verify which dose is most effective. At 21 days, the undernutrition
groups had lower body weights than the Control group, and the UN 5 group exhibited
lower body weights than the UN 2.5 group. The weight gain of the UN 5 group was also
lower than that of the UN 2.5 group. The UN, UN 2.5 and UN 5 groups showed lower

weights of adipose tissues than the Control group. At 120 days, glucose tolerance was
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evaluated, and both supplemented groups showed a lower area under the curve than the
UN animals. Maternal supplementation with 2.5g/kg b.w. chia oil improved catalase
activity in the liver, but the dose was insufficient to decrease hydroperoxides in the liver
and epididymal adipose tissue. On the other hand, 5g/kg b.w. of chia oil decreased body
weight and improved markers of oxidative stress, but the dose was insufficient to
increase the activity of antioxidant enzymes; therefore, this dose had a slight advantage
in attenuating metabolic disturbances. These findings suggest that maternal
supplementation with chia oil could attenuate metabolic alterations in mice subjected to

postnatal undernutrition.

Keywords: Metabolism. Fetal development. Fatty Acids, Omega-3. Malnutrition.

1. INTRODUCTION

Epidemiological studies in animals have shown that alterations in nutrition and
growth during early postnatal life could have permanent effects on metabolism in later
life [1,2]. Alterations during suckling, such as the composition and amount of milk
consumed, which vary according to maternal diet, can program long-lasting metabolic
alterations that lead to the development of obesity [3,4].

Therefore, both a lack and an excess of nutrients during prenatal and perinatal
life increase the risk of obesity and metabolic alterations in adulthood. Litter size
manipulations have been used to model experimental under- or overnutrition in rodents
[4-T7].

Animals raised in large litters experience alterations in leptin and ghrelin

secretion and changes in energetic metabolism that include reduced expression of
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glucose transporters in cardiac and skeletal muscle and increased insulin resistance in
key organs controlling control glucose homeostasis in the liver, muscle and adipose
tissue [8-11].

Underfeeding during suckling can modify offspring’s oxidative status, resulting
in increased levels of lipid peroxidation, decreased activity of superoxide dismutase
(SOD), and increased activity of catalase (CAT), which indicates a vulnerability of
these enzymes to the stressful conditions imposed by large litters. The mechanism of
these modifications is not yet known [12].

Maternal nutrition during gestation and lactation plays a key role in the
metabolic programming of offspring. Moreover, the quantity and quality of maternal
dietary fat intake have profound health implications during and after pregnancy.
Maternal consumption of omega-3 polyunsaturated fatty acids (PUFA ®-3) has been
shown to benefit offspring development and could prevent obesity, insulin resistance,
and cardiovascular disease through epigenetic regulation [11,13].

Plants are an important nutritional source of alpha-linolenic acid (ALA), which
is elongated to form the ®-3 eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) [14]. In the recent years, chia seeds have attracted increasing attention in human
health and nutrition due to their higher content of ALA (55-66%). Furthermore, they are
an important source of protein, dietary fiber, minerals (including iron and calcium), and
bioactive compounds (such as tocopherols and phenolic compounds), increasing their
potential benefits to human health [15,16].

This work aimed to evaluate the potential of maternal supplementation with chia
oil (2.5 g/kg or 5 g/kg), a rich vegetal source of ALA, in modulating the metabolic

disturbances of undernourished BALB/c mice and to verify the most effective dose.
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2. MATERIALS AND METHODS

2.1 Maternal supplementation
The chia oil was obtained from a local market (Pazze, 05071-6). Alpha linolenic acid

constitutes ~42,9% of its total fatty acids. The oil was tested in two different doses.
Mice were divided into three experimental groups (two groups given varying doses of
chia oil and no one group without supplementation). The chia oil (ChO) was
administered to female mice by oral gavage, at a dose of 2.5g/kg or 5g/kg of body
weight, from mating to weaning of the offspring (21 days after birth). The total

supplementation time was between 38 and 42 days.

2.2 Animals and experimental design

All animal procedures were approved by the local ethical committee for animal
research (CEUA/UFLA/050/2019). Thirty BALB/c mice (twenty-two females and eight
males, 45-55 days old) were obtained from the Animal Care Center of the Federal
University of Lavras (UFLA). The animals were maintained according to the ethical
guidelines of the institution and had free access to water and standard chow (Nuvilab®),
energetic value 339 kcal/100g, carbohydrates 54g/100g, proteins 22g/100g, and lipids
49/100g. Female mice were housed in groups of three animals per cage. One male was
placed into each female group for mating, for a period of fourteen days. After this time,
the male was removed, and the females remained together until the birth of offspring.
Three days after birth, the litters were relocated into the experimental groups. To induce
early postnatal undernutrition, describe by Caron et al., (2012), the original litter was
increased to 15-16 pups (females and males). Litters of this size composed the
Undernutrition (UN) and Undernutrition + Chia Oil supplementation (2.5 g/kg or 5 g/kg

body mass; UN 2.5 and UN 5) groups. The litters of Control group (C) groups contained
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8-10 pups (females and males). Only male mouse pups were used in the study; thus the
procedure described was repeated until the minimum statistical number of mice was
obtained for the experimental groups. After weaning, the animals males were separated
from females and housed in 5 per cage. The experimental design is shown in Figure 1.
The weights of mice were measured at 21, 70 and 120 days after birth, and food
intake was measured weekly after the first 21 days. To calculate the percentage of body
weight gain, a formula was used: (FW — IW) x 100, where FW represents their final

weight (g) at 120 days and IW represents their initial weight at 21 days. The Lee index

was calculated according to the formula [¥weight (g)/nose-to-anus length (cm)] [49].

At 120 days, the animals fasted for 12 hours, anesthetized with ketamine (at 200
mg/kg body mass), xylazine (at 15 mg/kg body mass), and inhaled isoflurane, and
euthanized by cardiac exsanguination. The epididymal and retroperitoneal adipose
tissue and liver were collected, weighed, and stored at -80°C. Blood samples were
collected for analysis, and the plasma was also separated, frozen and stored in a freezer

at -80°C.

2.3 Oral glucose tolerance test

The oral glucose tolerance test (OGTT) was performed in mice after 70 and 120 days.
Mice were fasted overnight for 12 h with free access to water beforehand. Blood was
drawn from tail veins at 0, 30, 60, 90 and 120 min after glucose was administered by
oral gavage (2 g/kg body weight). Glucose levels were determined by an Accu-Chek
glucometer (Roche Diagnostics, Indianapolis, IN, USA) and the data were recorded as
mmol/L. The area under the curve (AUC) was calculated by trapezoidal approximation

of glucose levels over time.
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Figure 1: Experimental design — C: Control, UN: Undernutrition Group, UN 2.5:
Undernutrition Group with chia oil (2.5g/kg) supplementation and UN 5: Undernutrition
Group with chia oil (5g/kg) supplementation. OGTT: Oral glucose tolerance test. B.W.:

body weight.

2.4 Glycemic Evaluation and Lipid profile
Total cholesterol, triglyceride and glucose levels were quantified after fasting by

colorimetric kits (Labtest, Brazil).

2.5 Determination of hepatic lipid content
Hepatic lipids were extracted by organic solvents according to Folch et al. [17].

Lipid extracts were dried overnight at 37 °C, and the total hepatic lipids were
quantified. Subsequently, lipid extracts were diluted in 500 mL of isopropanol. Total

cholesterol and triglyceride levels were quantified by colorimetric kits (Labtest, Brazil).

2.6 Oxidative stress in hepatic and epididymal adipose tissue

Samples of hepatic and epididymal adipose tissue (100 mg/animal) were
homogenized in phosphate buffered saline. The homogenate was centrifuged at 12,000
rpm for 10 minutes at 4 °C and the infranatant content was stored at —20 °C. Total
protein content was determined by the Bradford method [18] of difference analysis. A
standard curve was constructed from bovine serum albumin. In an ELISA plate, 10 pl of
the sample were pipetted in triplicate, and 250 ul of Bradford's solution were added to
all wells. Ten microliters of H2O served as the blank. The reading was taken in a

spectrophotometer at 630 nm.
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2.7 Peroxidation Assay
Lipid peroxidation was determined by the Thiobarbituric Acid Reactive
Substances (TBARS) technique according to Wallin et al. [19], by adding 0.5 mL
TBARS solution (15 g trichloroacetic acid and 0.375 g thiobarbituric acid) to 6.25 mL
of 4.0 M HCI. Tubes were heated at 100 °C for 15 min, cooled, and centrifuged after the
addition of 0.75 mL butanol. The absorbance was measured at 535 nm. The
concentration of TBARS was expressed as nmol of malondialdehyde (MDA)/mg of

protein.

2.8 Hydroperoxide Assay
Hydroperoxide concentrations were measured following the method of Banerjee

et al. [20]. In brief, ferrous ions (Fe*?) were oxidized to ferric ions (Fe*®) under acidic
conditions by hydroperoxides, which then bound with the xylenol orange present in the
reagent to form a colored complex. The absorption maximum was 550 nm. Results were

expressed as umol/mg of protein.

2.9 Catalase activity

Catalase (CAT) activity was measured according to the method described by Aebi
[21]. The enzyme activity was determined by the consumption of H2O; at 240 nm. Each
assay received 100 uL sample, along with 2000 pL phosphate buffer and 50 uL of 0.3
M H0,. CAT activity was then calculated using the following equation: (absOseg-

abs60seg/0.1)xdilution/mg protein. Results were expressed as AE/min/mg of protein.

2.10 Superoxide dismutase assay

Superoxide dismutase (SOD) was quantified by inhibition of auto-oxidation at

an absorbance of 550 nm. This method involves the generation of superoxide by
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pyrogallol autoxidation and the inhibition of the superoxide-dependent reduction of the
tetrazolium dye MTT [3-(4,5-dimethyl-thiazol-2-yl) 2,5-diphenyl tetrazolium bromide].
The reaction was stopped by the addition of 150 pL dimethyl sulfoxide (DMSO).

Results are expressed as U SOD/mg of protein/mL.

2.11 Statistical analysis
Shapiro-Wilk tests of normality were conducted before the data were analyzed.

Differences between groups were evaluated by one-way analysis of variance with post
hoc comparisons (Bonferroni’s test). All statistical analyses were conducted using
GraphPad Prism version 8.0 software. Data are reported as the mean + S.E.M. The

significance level was set at p<0.05.

3. RESULTS

3.1 Anthropometric parameters

The animals were weighed at 21 and 70 days. The three undernutrition groups
(UN, UN 2.5, and UN 5) had lower body weights (p<0.05) than the Control group. The
UN 5 group had higher weights than the UN 2.5 group (p=0.003) at 21 days. At 120
days, only the UN group had lower body weights than the Control group (p<0.05). The

body weight curve is presented in Figure 2.
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Figure 2: Body weight at 21, 70, and 120 days. C: Control (n=9), UN: Undernutrition
Group (n=5), UN 2.5: Undernutrition Group with chia oil supplementation (2.5g/kg)
(n=8) and UN 5: Undernutrition Group with chia oil supplementation (5g/kg) (n=10).
The data represent the mean * standard error of the mean (SEM). * indicates p<0.05
versus C. # indicates p<0.05 versus UN 2.5.

Gains in body weight were calculated, and the UN, UN 2.5 and UN 5 groups
showed significant increases in body weight compared to the Control group. Among the
UN groups, the UN 2.5 group gained more weight than the UN 5 group (p<0.05). There
was no difference in food intake between the experimental groups. None of the groups
showed differences in the Lee index. The UN groups had lower epididymal adipose
tissue weights than the Control group (p<0.05). The UN (p<0.05), UN 2.5 (p<0.05) and
UN 5 (p<0.0001) groups had lower retroperitoneal adipose tissue weights that the
Control group (Table 1). Liver weights were significantly higher in the UN groups than

the Control group (p<0.05).

Table 1: Body weight (B.W.) gain (%), food intake (g/day/animal), Lee index,
epididymal adipose tissue (EAT) (mg/g b.w.), liver (mg/g b.w.) and retroperitoneal

adipose tissue (mg/g b.w.) weight of experimental groups.

C UN UN 2,5 UN 5

B.W. gain (%) 147.9+7.38 306.0+£37.63*  377.9429.19*  242.2+34.17*
&
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Food intake 5.10+0.2 5.79+0.5 6.18+0.4 5.69+0.4
(g/day/animal)
Lee index at 120 days 1.13+0.01 1.06+0.02 1.08+0.03 1.09+0.03
EAT weight (mg/g 16.32+0.95 8.52+1.19* 8.87+1.07* 8.03+1.35***
B.W.)
Liver weight (mg/g 38.38+0.6 41.15+0.8* 40.82+0.6* 47.76+£2.9*
B.W.)
Retroperitoneal adipose 3.3520.2 1.81+0.3* 2.10£0.3* 1.24+0.2%**
tissue weight (mg/g
B.W.)

*p<0.05 and ***p<0.0001 versus Control; &p<0.05 versus UN 2.5. Values presented as
the mean = SEM. Groups included the Control (C, n=9), Undernutrition (UN, n=5),
Undernutrition with 2.5 g/kg chia oil supplementation (UN 2.5, n=8) and Undernutrition

with 5g/kg chia oil supplementation (UN 5, n=10).

3.2 Metabolic parameters

The fasting glucose and lipid profile of the experimental groups are presented in
Table 2. The UN 5 group showed higher values of fasting glucose when compared to
the Control group (p<0.05). No differences were observed among the groups in plasma
triglycerides and total cholesterol. Only the UN 5 group had lower total hepatic lipids
than Control group (p=0.0008), UN group (p=0.04) and UN 2.5 group (p=0.005). The
hepatic cholesterol and triglycerides levels were not different between the groups.

Table 2: Fasting glucose and lipidic profile of experimental groups.

C UN UN 2.5 UN 5
Blood Plasma
Fasting Glucose 3.7£0.3 5.5+1.2 5.0+0.7 6.8+0.6*
(mmol/L)
Triglycerides (mmol/L) 0.7+0.1 0.9+0.2 0.7£0.1 1.2+0.2
Total cholesterol 1.6£0.2 2.0£0.3 1.740.3 2.0+0.4
(mmol/L)
Hepatic Lipids
Total lipids (mg of 64.1+3.0 55.7+6.4 59.1+7.5 27.816.9*#&
lipids/g of
liver)
Cholesterol hepatic 3.8£0.4 3.7+0.1 3.8+£0.6 3.8£1.0
(mmol/L)
Triglycerides hepatics 1.940.2 1.8+0.3 2.6+0.1 1.4+0.2

(mmol/L)
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*p<0.05 versus control; #p<0.05 versus UN; &p<0.05 versus UN 2.5. Values presented
as mean + SEM.

At 70 days and 120 days, the oral glucose tolerance test (OGTT) was conducted
to assess glucose tolerance (Figure 3). There were no differences in the glycemic curve
of the groups at 70 days. At 120 days, a point-by-point analysis of the glycemic curve
revealed that the UN group had higher glycemic values at 30 and 60 minutes than the C
group (p<0.05). The UN 2.5 and UN 5 groups presented lower glycemic curves at 30,
60, 90, and 120 minutes compared to those of the UN group (p<0.05). When compared
to the Control group, the UN 2.5 and UN 5 groups had lower glycemic values at 90 and
120 minutes (p<0.05). The UN 2.5 and UN 5 groups had a smaller area under the curve

(AUC) at 120 days than the UN group (p<0.05).
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Figure 3: Glycemic curve (mmol/L) vs. time (min) from the oral glucose tolerance
test (OGTT) and the AUC at 70 (A-B) and 120 (C-D) days. Groups included the
Control (C, n=9), Undernutrition (UN, n=5), Undernutrition with 2.5 g/kg chia oil

supplementation (UN 2.5, n=8) and Undernutrition with 5g/kg chia oil supplementation
(UN 5, n=10).Values presented as mean £ SEM. *p<0.05 versus C. #p<0.05 versus UN.

The UN 5 group showed lower TBARS in hepatic tissue than the C (p=0.04),

UN (p=0.007), and UN 2.5 (p=0.02) groups. No differences among the groups were

found in hydroperoxide and SOD content in the liver. The UN 2.5 group had higher

catalase activity in the liver than the C (p=0.02) and UN 5 (p=0.0001) groups (Figure

4).
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Figure 4: Oxidative stress in the liver. Determination of TBARS (A),
hydroperoxides (B), the activity of antioxidant enzyme CAT (C), and SOD (D) in
the liver, normalized by protein concentration. *p<0.05. Groups included the Control
(C, n=9), Undernutrition (UN, n=5), Undernutrition with 2.5 g/kg chia oil
supplementation (UN 2.5, n=8) and Undernutrition with 5g/kg chia oil supplementation
(UN 5, n=10).

This study also analyzed the oxidative stress in epididymal adipose tissue
(Figure 5). The TBARS concentrations were lower in the UN 2.5 (p=0.03) and UN 5
(p=0.003) groups than the Control group. The levels of hydroperoxides were higher in
the UN 2.5 group than the C, UN and UN 5 groups (p<0.05). The UN 2.5 group had
higher CAT activity than the C group (p<0.05), and the UN 5 group had lower CAT
activity than the UN (p=0.005) group. No differences in the SOD content in the liver

were observed.
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Figure 5: Oxidative stress in the epididymal adipose tissue (EAT). Determination
of TBARS (A), hydroperoxides (B), the activity of antioxidant enzyme CAT (C),
and SOD (D) in the EAT, normalized by protein concentration. *p<0.05. Groups
included the Control (C, n=9), Undernutrition (UN, n=5), Undernutrition with 2.5 g/kg
chia oil supplementation (UN 2.5, n=8) and Undernutrition with 5g/kg chia oil
supplementation (UN 5, n=10).

4. DISCUSSION

The present study evaluated the effect of maternal supplementation with chia oil
(2.5 or 5g/kg body weight) on the metabolic parameters of mice reared in large litters
and verified the most effective dose.

Our results demonstrate that postnatal undernutrition results in decreased body
weight early in life. Despite their higher weight gain, undernourished offspring did not
reach the body weight of the Control group, which aligns with previous findings
[7,8,22,23].

The most abundant lipids in milk are triglycerides. During the suckling period,
there is a reduction in milk triglyceride content, in addition to a competition-driven
reduction in milk consumption by mice reared in large litters. This undernutrition causes
metabolic and endocrine disturbances in offspring, such as reductions in plasma

glucose, triglyceride, insulin, and leptin concentrations [22,24].
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Although the Lee index found no differences between groups, the weight of
epididymal and retroperitoneal adipose tissue was relatively low in the UN groups, and
especially lower in the UN 5 group than the Control group. Kozak et al. [25] have
demonstrated that undernourished animals have smaller adipocytes, indicating reduced
lipid accumulation. In rodents, the development of white adipose tissue occurs
exclusively during the postnatal period, which is the period of lactation. Additionally,
maternal dietetic supplementation with ALA (7g/100g of diet of linseed oil) has been
linked with lower fat accumulation, which is seen both in lower fat mass and in reduced
adipocyte size in offspring. ALA has been suggested to promote alterations in gene
expression involved in the regulation of fat oxidation and adipogenesis in adipose tissue
and the suppression of adipocyte differentiation [26-28].

Previous studies have found alterations in body composition, such as
redistribution of fat, decreases of fat mass, and increases of lean mass, in animals
supplemented with ALA derived from chia oil [29,30]. Moreover, ALA decreased body
weight gain and liver fat accumulation in the offspring of mothers supplemented with
69/100g dietary flaxseed oil [31]. Similar results were found in this study, as offspring
from dams supplemented with chia oil had lower weight gain, especially offspring from
dams supplemented with 5g/kg b.w. ChO.

The UN 2.5 and UN 5 groups had a lower AUC at 120 days than the UN group,
although the UN 5 group exhibited higher fasting glucose than the Control group.
Ldépez-Soldado et al. [22] previously demonstrated that undernourished animals exhibit
a normal glucose tolerance, despite a reduction in glucose-stimulated insulin secretion.

Enes et al. [32] found that chia oil (ChO) positively regulated the mRNA of
insulin receptors. Furthermore, the phenolic compounds of ChO seem to contribute to

the control of glucose by decreasing gluconeogenesis. Souza et al. [33] observed
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improved glucose responses in Swiss rats fed with a high-fat diet and supplemented
with 1.5g/kg b.w. ChO for six weeks. Poudyal et al. [29] supplemented Wistar rats with
ChO at 30mL/kg of diet for eight weeks and found improvements in glucose tolerance
and insulin sensitivity without changes in lipid plasma. Moreover, another study
supplemented rat diet with 10% flaxseed oil and observed greater reductions in hepatic
MRNA expression of PPAR-y, suggesting that ALA may activate the PPAR-y
dependent pathway to alter liver lipid metabolism and to increase insulin sensitivity
[20].

Maternal supplementation with PUFA ®-3 during gestation and lactation has
been reported to enhance the activities of citrate synthase, isocitrate dehydrogenase, and
a-ketoglutarate dehydrogenase in the liver mitochondria of adult offspring. These
enzymes are key enzymes of the tricarboxylic acid cycle (TCA), and this increase of
enzymatic activity supplies evidence of improved TCA cycle efficiency . The
improvement of mitochondrial function by PUFA ®-3 supplementation prevents insulin
resistance through decreasing glycemia. Another proposed mechanism is that omega-3
from maternal supplementation improves glucose metabolism in offspring by increasing
the expression of genes related to fatty acid oxidation (CPTla and Acoxl) and
glycolysis/gluconeogenesis (GPD1) and by reducing the expression of genes related to
the synthesis of fatty acids (Acly and Scdl) in offspring, resulting in higher catabolism
of triglycerides and lower hepatic synthesis of fatty acids. In addition, omega-3 was
reported to reduce pyruvate kinase activity, which suggests an increase in glucose
oxidation [34,35].

In this study, we observed that TBARS decreased in the liver and the epididymal
adipose tissue of undernourished animals whose mothers were supplemented with 5g/kg

b.w. ChO. Previous works have demonstrated that omega-3 supplementation decreases
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levels of MDA, which is an end product of lipid peroxidation and a marker of oxidative
stress. It was proposed that omega-3 alters the composition of prostaglandins, as omega-
3 is a potent inhibitor of the arachidonic acid prostaglandin production pathway.
Arachidonic acid has inflammatory properties. Moreover, some works have shown that
omega-3 inhibits the activity of the cyclooxygenase-2 (COX-2) enzyme, which could
explain the effect of PUFA on reduction of MDA because COX-2 produces
inflammatory and oxidative prostaglandins that could cause lipid peroxidation [36-41].

The UN 2.5 group showed increased CAT activity in both tissues analyzed,
despite presenting higher hydroperoxide content in the epididymal tissue. Earlier work
has established that hydroperoxides are absent in normal plasma due to the presence of
degradative systems such as catalase [42]. Despite improving the activity of this
antioxidant enzyme, ChO supplementation seems insufficient to decrease the presence
of this stress marker.

Rincon-Cervera et al. [43] provided 21 days of chia oil (ALA 63%)
supplementation and observed high antioxidant enzyme (SOD, CAT, glutathione
peroxidase, and glutathione reductase) activity in the liver. They also found that the
higher the content of dietetic ALA, the higher the hepatic conversion of EPA and DHA.
These results suggest that ALA supplementation in large dosages could regulate the
activity of antioxidant enzymes.

Previous works have proposed that omega-3, through activation of PPAR-a,
could activate the NF-kB pathway, which is responsible for controlling gene expression
of various antioxidants enzymes. The non-enzymatic peroxidation of omega-3 generates
a product called J3-isoprostanes, which leads to the expression of several antioxidant
enzymes in the liver, the formation of glutathione, and a decrease in lipid peroxidation

rates [44,45].
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Previous evidence has demonstrated that 15-30 days of supplementation with
10-24% ALA in dietary lipids is sufficient to increase levels of ALA and
eicosapentaenoic acid (EPA) in the bloodstream; in this way, the enrichment of plasma
lipids by the consumption of ALA influence the quality of lipoproteins synthesized by
the liver (VLDL, HDL, LDL) and the peripheral distribution of ALA by increasing the
bioaccessibility of PUFA n-3 in the body [48].

Enrichment of the maternal diet with PUFA ®-3 was associated with higher -3
PUFA content in the liver of offspring. Moreover, in diabetic mothers (Wistar rats),
supplementation with PUFA ®-3 (2.5%) during pregnancy and lactation can prevent
disturbances in the lipid profile and antioxidants of the liver in macrosomic offspring
[46,47].

More works are required to evaluate the antioxidant profile of these
undernourished mice, such as glutathione reductase and SOD, and to assess the area
under the curve of insulin and leptin levels, which show alterations in this experimental
model.

According to the findings of the present work, maternal supplementation with
ChO seems to attenuate some metabolic alterations in undernourished mice, such as
weight gain, glucose tolerance, and hepatic and epididymal levels of TBARS,
hydroperoxides, and CAT activity. Maternal supplementation of ChO at a dose of
2.59/kg b.w. promoted improvement in glucose tolerance and CAT activity. On the
other hand, maternal supplementation with 5g/kg b.w. decreased weight gain, improved
glucose tolerance and markers of oxidative stress but was insufficient to increase the
activity of antioxidant enzymes and reduced the content of hepatic lipids; therefore, this

dose had a slight advantage in attenuating metabolic disturbances. However, further
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research is necessary, as there is a lack of concrete evidence regarding maternal

supplementation with ALA on undernourished offspring and their metabolic outcomes.
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