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RESUMO

O consumo materno de dieta hiperlipidica com alto teor em acidos graxos saturados
durante gestacao e lactacéo esta relacionado ao maior risco de desenvolvimento de
doencas cardiometabdlicas na idade adulta da prole. Investigamos se o
enriqguecimento com émega-3 a dieta hiperlipidica é capaz de atenuar as alteracdes
metabdlicas, 0 aumento de marcadores inflamatorios e disturbios cardiorrespiratérios
resultantes do consumo da mesma. As proles de ratos Wistar foram alimentadas
com dieta controle (C: 19% de lipidios e razdo w6:w3 = 12,66), HL (HL: 33% lipidios
e razdo w6:w3 = 21,22) ou HL enriquecida com 6mega-3 (HLw3: 33% de lipidios e
razdo w6:w3 = 9,45) durante a gestacdo e lactacdo e seus filhotes machos foram
avaliados. Foram avaliados o consumo alimentar da prole, medidas murinométricas,
parametros bioquimicos séricos e ventilatorios ao longo da vida (1, 7, 14, 21, 30, 90
e 300 dias). Os testes de tolerancia a glicose e ao piruvato (TTG e TTP), testes de
sensibilidade a insulina (TSI), estresse oxidativo, expressdo génica de marcadores
inflamatorios e enzimas antioxidantes no figado foram analisados aos 90 e 300 dias.
As medidas diretas da pressdo arterial média (PAM) e frequéncia cardiaca (FC)
também foram avaliadas aos 90 e 300 dias. A comparacdo dos grupos foi feita
através da ANOVA one-way e foi considerado p<0,05 como significativo. O grupo HL
apresentou maior peso corporal (PC) no 1° dia de vida. Ambos os grupos HL e HLw3
apresentaram maior PC no 7° e 14° dia. Quanto a circunferéncia abdominal (CA), o
HL e HLw3 apresentaram maior CA no 1° dia. No entanto, a partir do 7° dia, 0 HLw3
apresentou CA semelhante ao C nas idades avaliadas. O HL apresentou
dislipidemia e hiperglicemia no 22° e 90° dia e o HLw3 apresentou menores valores
no perfil lipidico e glicémico. O HLw3 apresentou niveis mais baixos de ALT aos 22
dias de idade, quando comparado ao HL. Na idade de 30 dias, somente o HL
apresentou maior valor de LDL. No 90° dia, HLw3 apresentou niveis de AST mais
baixos que os demais grupos. Porém, em nosso estudo aos 300 dias de vida ndo
encontramos melhora no perfil lipidico e nos niveis de transaminases hepéticas no
grupo HLw3, quando comparado ao HL. O grupo HLw3 exibiu uma melhor resposta
antioxidante e menor expressao génica de marcadores inflamatorios no figado. O HL
apresentou aumento da FR no 1° e 14° dia. Em relagdo aos parametros
cardiovasculares, o HL apresentou aumento da PAM no 90° dia, e tanto HL quanto

HLw3 apresentaram PAM aumentada no 300° dia. Em geral, nosso estudo



desmonstra que o consumo de dieta materna HL enriquecida com 6mega-3 é capaz
de atenuar ou prevenir prejuizos metabdlicos induzidos pela dieta hiperlipidica até o
inicio da idade adulta, mas n&o em idades mais tardias. Além disso, o0
enriqguecimento com dmega-3 mitigou os efeitos deletérios da dieta rica em acidos
graxos saturados sobre os parametros ventilatorios durante o periodo de maturacao
da rede neural e o desenvolvimento da instalacdo precoce da hipertensao arterial na

prole adulta.

Palavras-chave: plasticidade fenotipica; dieta hiperlipidica; &cido alfa-linolénico;

doencas cardiometabdlicas.



ABSTRACT

Maternal consumption of a hyperlipidic diet with a high content of saturated fatty
acids during pregnancy and lactation is related to a higher risk of developing
cardiometabolic diseases in adulthood offspring. We investigated whether the
enrichment with omega-3 to the high fat diet is able to attenuate the metabolic
alterations, the increase of inflammatory markers and cardiorespiratory disorders
resulting from its consumption. Wistar rat dams were fed with control (C: 19% of
lipids and w6:w3 ratio = 12.66), HL (HL: 33% lipids and w6:w3 ratio = 21.22) or HL
enriched with omega-3 (HLw3: 33% lipids and w6:w3 ratio = 9.45) diet during
gestation and lactation, and their male offspring were evaluated. The food intake of
the offspring, murinometric measurements, serum biochemical and ventilatory
parameters were evaluated throughout life at 1%, 7, 14", 21% 30™ 90" and 300"
days of life. The Glucose and pyruvate tolerance test (GTT et PTT) and insulin
sensitivity test (IST), oxidative stress, gene expression of inflammatory markers and
antioxidant enzymes in the liver were analyzed at 90" and 300™ days of life. Direct
measurements of mean arterial pressure, heart rate (HR) were also evaluated at 90"
and 300" days of life. The groups were compared using ANOVA one-way and it was
considered p<0.05 as significant. The HL group had a higher body weight (BW) on
the first day of life. Both groups HL and HLw3 had a higher BW at 7" and 14™ days.
As for abdominal circumference (AC), HL and HLw3 presented a higher AC at 1%
day. However, from of the 7" day, HLw3 presented AC similar to C at the ages
evaluated. HL presented dyslipidemia and hyperglycemia at 22" and 90™ day and
HLw3 presented better values in the lipid and glycemic profile. HLw3 showed lower
ALT levels at 22-d-old., when compared to HL. At 30-d-old, only HL showed a higher
LDL value. At 90-d-old, HLw3 had lower AST levels than the other groups. However,
in our study at 300-d-old, we found no improvement in the lipid profile and levels of
hepatic transaminases in the HLw3 group, when compared to the HL. The HLw3
group exhibited a better antioxidant response and lower gene expression of
inflammatory markers in the liver. The HL group showed an increase in baseline RF
at 1% and 14" days. In relation to cardiovascular parameters, HL showed an increase
in MAP at 90™ day, and both HL and HLw3 showed an increase in MAP at 300" day.
In general our study demonstrates that the consumption of a maternal HL diet

enriched with omega-3 is able to attenuate or prevent metabolic damage induced by



the high-fat diet until early adulthood, but not at later ages. In addition, enrichment
with omega-3 attenuated the deleterious effects of a diet rich in saturated fatty acids
on ventilatory parameters during the period of neural network maturation and the

development of early installation of arterial hypertension in adult offspring.

Keywords: phenotypic plasticity; hyperlipid diet; alpha-linolenic acid; cardiometabolic

diseases.
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1 INTRODUCAO

A transicdo nutricional trouxe como consequéncia a prevaléncia
principalmente entre a populacdo adulta e idosa, das doencas cronicas, tais como
a Diabetes Mellitus tipo 2 (DM2), obesidade e hipertenséo arterial sistémica (HAS)
(DENG, WANG e YUAN, 2020). Essas comorbidades estdo associadas a
alimentacdo hipercalorica, rica em gorduras trans, &cidos graxos saturados,
acucares simples, sal e outras praticas ndo saudaveis relacionadas ao estilo de vida
ocidental (BATISTA FILHO e BATISTA, 2010).

As doencas crbnicas sdo responsaveis pela morte de 41 milhdes de pessoas
por ano, o equivalente a 71% das mortes no mundo. Por ano, 15 milhdes de
pessoas morrem de uma doenca crénica entre 30 e 69 anos; mais de 85% dessas
mortes "prematuras” ocorrem em paises de baixa e média renda. As doencas
cardiovasculares sdo a causa da maioria das mortes por doencas cronicas, por 17,9
milhdes de pessoas anualmente, seguidas por canceres (9,0 milhdes), doencas
respiratorias (3,9 milhdes) e DM2 (1,6 milhdo). Dietas ndo saudaveis sdo um dos
fatores que aumentam o risco de morte por doencas cronicas (WHO, 2018). No
Brasil, 7,4% da populacdo tem DM, 24,5% HAS e 20,3% obesidade (VIGITEL, 2019).

Estudos tém demonstrado que o consumo de dieta rica em lipidios durante
periodos criticos da vida, como a gestacédo e lactacéo esta relacionado ao aumento
do risco de desenvolvimento de obesidade (DESAI et al, 2020), DM2
(MURABAYASHI et al.,, 2013), HAS (GUBERMAN et al., 2013) e sindrome
metabdlica (DESAI et al., 2014) na prole. E verificado que o elevado consumo de
dieta materna hiperlipidica promove o aumento dos niveis de acidos graxos livres
(AGL) circulantes e estimula a ativacdo de vias inflamatoérias, aumentando o risco de
inflamacgéo crénica de baixo grau na prole (GRUBER et al., 2015). A inflamacao
relacionada a dieta hiperlipidica induz a disfuncdo de adipOcitos em remover
eficazmente os AGL circulantes e € relacionada com o desenvolvimento de
complicagbes, como a DM2, doenca hepética, aterosclerose e doencas
cardiovasculares (DUAN, YEHUI et al., 2018).

Em resposta a inflamacéo, as células de defesa do organismo (macrofagos e

linfécitos) residentes na area lesada liberam citocinas pro-inflamatorias na circulacéo
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(IL- 1B, IL-6 e TNF-a), as quais s&o capazes de aumentar a atividade simpatica e
promover o aumento de presséo arterial (WAKI et al., 2010). E verificado que o
desbalanco do sistema nervoso autbnomo, com predominancia do ténus simpatico,
constitui importante fator de risco para o desenvolvimento da HAS (ALVES et al.,
2016).

Estudos também demonstram que a dieta hiperlipidica pode ter um impacto
negativo na regulacdo da atividade simpatica em neurdnios de regides-chave do
controle cardiorrespiratorio, como o0 nucleo do trato solitario (NTS) (BARDGETT,
SHARPE e TONEY, 2014). Ratos provenientes de maes que consumiram dieta
hiperlipidica (rica em &cidos graxos saturados) durante a gestacdo e lactacao
apresentaram aos 60 dias de vida, a instalacdo da HAS, com reducdo da
sensibilidade barorreflexa, associada ao desbalan¢o autonémico e evidente aumento
no ténus do sistema nervoso simpético para o coracdo. Foram verificadas também
alteracdes metabdlicas, como hiperglicemia, hipertrigliceridemia, aumento dos niveis
de LDL e diminuigéo de HDL (VIDAL-SANTOS et al., 2017).

Ainda tem sido verificado que alteracbes na geracdo e modulacdo do ritmo
respiratorio basal (MORAES et al., 2014; COSTA-SILVA et al., 2015) e modificacbes
na quimiossensibilidade periférica e central ao O, e CO, podem desencadear a
hiperativacdo do sistema nervoso simpatico e, consequentemente, a HAS
(GREENBERG et al., 1999; BRAGA et al., 2006; ZOCCAL, 2011; MORAES et al.,
2014; COSTA-SILVA et al., 2012, 2015), sugerindo que mecanismos respiratorios

também podem estar relacionados ao processo de instalacao dessa patologia.

No entanto, muitas evidéncias demonstram que o Omega-3 atua na
diminuicdo da press&o arterial. E demonstrado que o dmega-3 possui propriedades
anti-inflamatérias e imunomoduladoras (SIMOPOULOS, 2002; SINGER et al., 2008;
GUTIERREZ, SVAHN e JOHANSSON, 2019). Essa propriedade anti-inflamatéria
pode permitir que ocorra uma eficacia direta sobre o0s eventos hipertensivos.
Sobretudo devido a sua acdo anti-inflamatoria de diminuir a sintese de derivados do
acido araquidénico: prostaglandina E2, tromboxano A2, prostaciclina e leucotrieno
B4 (KREMER, 2000). Estudos demonstram que a pressao arterial € mais baixa em
individuos que habitualmente consumem maiores fontes de 6mega-3, sugerindo que
o Omega-3 seria importante do ponto de vista de prevencdo primaria da HAS
(COLLINS, 2009).
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O consumo de dieta enriquecida com dmega-3 durante a gestagéo e lactacao
também reduz a adiposidade e melhora a sensibilidade a insulina na prole
(KOROTKOVA et al., 2002; SARDINHA et al., 2012). Os acidos graxos poli-
insaturados de cadeia muito longa (PUFA-LC) por meio de sua ligacdo ao PPARs
(peroxisome proliferator-activated receptor) podem ser capazes de atuar no
metabolismo de lipidios e na melhora da expressdao de genes envolvidos na
oxidacdo de acidos graxos (KHAIRE, KALE e JOSHI, 2015).

Estudos recentes ainda ndo publicados do nosso grupo de pesquisa
encontraram em ratos provenientes de maes que consumiram dieta hiperlipidica
enriquecida com dmega-3 durante a gestacao e lactacao, uma diminuicdo dos niveis
de biomarcadores do estresse oxidativo no tecido hepatico, como o malondialdeido
(MDA), quando comparado ao grupo submetido a dieta materna hiperlipidica, sem
enriqguecimento com 6mega-3. O MDA se relaciona positivamente com a gordura
visceral, por ser um preditor de peroxidacao lipidica, é também um indicador de dano
celular por aumento de espécies reativas de oxigénio (EROS). Além disso, o
enriguecimento com O6mega-3 demonstrou melhorar a capacidade antioxidante,
prejudicada pela dieta com alto teor de acidos graxos saturados, com normalizacao
dos niveis de enzimas antioxidantes, a superéxido dismutase (SOD) e a glutationa
S- transferase (GST) (BIRBEN et al., 2012).

Considerando que o estresse oxidativo e a sinalizacao de vias inflamatérias
estdo intimamente inter-relacionados (MORGAN e LIU, 2011), nosso estudo também
propOs avaliar a expressdo génica de marcadores inflamatérios no figado de ratos
deste modelo experimental, tendo como pressuposto que o 6mega-3 possa atenuar
ou reverter a inflamacéo cronica de baixo grau provocada pela dieta com alto teor de
acidos graxos saturados. Sugerindo deste modo, que 6mega-3 possa atuar como
uma possivel estratégia na prevencao de doencas cardiometabdlicas, como a HAS,
DM2 e a dislipidemia.
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2 REVISAO DA LITERATURA

2.1 EPIGENETICA, NUTRICAO E PLASTICIDADE FENOTIPICA

Evidéncias demonstram uma grande relacdo entre fatores ambientais
adversos no inicio da vida e a instalagdo de doencas crbnicas, consequentemente
devido a ajustes metabdlicos precoces (SILVEIRA et al., 2007). Estudos apontam
que o periodo fetal é o mais sensivel ao desenvolvimento de alteracdes
epigenéticas, as quais conseguem influenciar a expressdo génica celular e a
predisposicdo de doencas ao longo da vida (WEST-EBERHARD, 1986; WEST-
EBERHARD, 2005; BOGDARINA et al., 2007). A epigenética é definida como uma
alteracdo reversivel e hereditaria que afeta a expressdo génica sem alterar a
sequéncia de DNA (Deoxyribonucleic acid). Com o avanco das ferramentas
epigenéticas e tecnoldgicas, tentativas tém sido feitas para descobrir os mecanismos
epigenéticos subjacentes a perturbacdo metabdlica e inflamacéo crénica causada
pela obesidade induzida pela dieta (YOON et al., 2017).

A ‘plasticidade fenotipica’ & descrita como a flexibilidade de ajustar a trajetoria
de crescimento em resposta as diferentes condicdes ambientais, na qual um Unico
genodtipo pode ser capaz de produzir fenotipos diversos em resposta ao ambiente
gue se desenvolve (WEST-EBERHARD, 1989; HANSON et al., 2011). Essas
adaptacdes podem ser benéficas a curto prazo, garantindo a sobrevivéncia da
espécie, porém os custos dessa adaptacdo, podem ser observadas a longo prazo,
com o desenvolvimento de doencas cronicas, como DM2, HAS e doenca
coronariana (GLUCKMAN et al., 2009).

Estudos de Barker e colaboradores foram o0s primeiros a mostrarem a
associacao entre baixo peso ao nascer, utilizado como modelo para nutricdo fetal
prejudicada com o maior risco de doencas cronicas, como a DM2 e HAS (BARKER e
OSMOND, 1986; HALES et al, 1991). A "programacao fetal", atualmente
denominada como Developmental Origins of Health and Disease (DOHaD), é
descrita como a consequéncia de perturbagbes provocadas pelo meio ambiente
durante o desenvolvimento, atingindo ndo somente os bebés pequenos para idade
gestacional, como também os grandes para idade gestacional. Nos ultimos anos, a

prevaléncia de distarbios metabolicos aumentou notadamente. Apesar dos habitos e
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estilo de vida contribuirem evidentemente com essas epidemias, ha dados
crescentes que sugerem que o ambiente nutricional materno durante os estagios
criticos do desenvolvimento no (tero promove um maior risco de doencas
metabdlicas na vida adulta (ALFARADHI e OZANNE, 2011; CHAVATTE-PALMER,
TARRADE e ROUSSEAU-RALLIARD, 2016). A teoria da Origem do
Desenvolvimento da Saude e da Doenca (DOHaD) baseia-se no conceito de que as
origens das doencas relacionadas ao estilo de vida sdo formadas no momento da
fertilizacdo, estagios embrionarios, fetais e neonatais pela inter-relacdo entre os
genes e 0 ambiente (nutricdo, estresse ou produtos quimicos ambientais) (ARIMA e
FUKUOKA, 2020).

No avanco das ferramentas epigenéticas e tecnoldgicas, ensaios tém sido
feitos para desvendar os mecanismos epigenéticos subjacentes a perturbacdo
metabdlica e inflamacdo crbnica consequente a obesidade induzida pela dieta
(YOON et al.,, 2017). Conceitos anteriores que relatavam que a maturacdo do
sistema cardiorrespiratério estava rigorosamente predeterminada por um mapa
genético ja cederam a uma visdo atual diferente. Atualmente é verificado que as
interacbes bastante complexas entre genes, fatores de transcricdo, fatores de
crescimento e outras variaveis genéticas moldam o sistema de controle
cardiorrespiratério, e o0s insultos sofridos nas ‘janelas do desenvolvimento’
desempenham um papel-chave para conduzir o desenvolvimento normal ou nédo
desse sistema (BURGGREN, 2020).

A Developmental Origins of Health and Disease (DOHaD) destacou a
associacdo entre as fases pré-concepcional, fetal e infantil precoce da vida e o
surgimento de obesidade e doengas metabdlicas na vida adulta (VICKERS, 2014). A
exposicao precoce a dieta hiperlipidica, independente de obesidade materna, pode
levar a prole ao aumento de peso e maior ingestdo caldrica, sem reducdo no
consumo de leite materno, sugerindo um comportamento de hiperfagia e
contribuindo para o desenvolvimento de um fendétipo obeso (KOJIMA, SAYURI,
CATAVERO, CHRISTINA e RINAMAN, LINDA, 2016).

O consumo de dieta hiperlipidica no periodo de gestacdo e lactacdo
predispde a prole ao aumento de adiposidade, a niveis elevados de colesterol sérico
(ZINKHAN, YU e SCHLEGEL, 2018; KISLAL, SHOOK e EDLOW, 2020),

triglicerideos, corticosterona, insulina, glicose (DESAI et al., 2014), além de HAS que
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sdo grandes fatores de risco para o desenvolvimento de sindrome metabdlica na
vida adulta (ZINKHAN, YU e SCHLEGEL, 2018; GAWLINSKA et al., 2021).

2.2 INFLUENCIA DA DIETA HIPERLIPIDICA SOBRE A INFLAMAGCAO E
ALTERACOES METABOLICAS

A inflamacédo é detectada em varios tecidos de modelos animais genéticos e
dietéticos de obesidade (ZHOU, URSO e JADEJA, 2020). Ha um crecente conceito
de que os acidos graxos saturados de cadeia longa (AGS-CL) podem alterar a
relagdo celular dos macréfagos M1 (com atividade proé-inflamatéria) / M2 (com
atividade anti-inflamatéria). Os &cidos graxos saturados estimulam o
desenvolvimento de células M1, enquanto os tipos insaturados ajudam a elevar as
células M2 no tecido adiposo. No processo de instalacdo da obesidade e hipertrofia
dos adipdcitos, ocorre infiltracdo no tecido adiposo de macrofagos pré-inflamatorios
M1 e subconjuntos de células T (PIROLA e FERRAZ, 2017).

Os adipdcitos hipertrofiados liberam chemotactic monocyte protein (MCP-1)
(KANDA et al., 2006), essa ativa os mondcitos sanguineos através do chemokine
receptor type 2 (CCR2) e induz a migracdo de mondcitos para o tecido adiposo e
diferenciacdo em macrofagos. Os macréfagos no tecido adiposo sédo ativados em
resposta aos AGLs, como o &cido palmitico, lliberados a partir de adipécitos
hipertrofiados e produz desta forma maiores quantidades de mediadores
inflamatorios, como TNF-qa, IL-6 e MCP-1 (SUGANAMI, NISHIDA e OGAWA, 2005).
In vitro, estudos também demonstraram que a exposicdo de adipécitos a altas
concentracdes de acido palmitico aumentam as expressées de mRNA e proteinas
de TNF-a e IL-6 (KENNEDY et al., 2009). Enquanto ocorre o desenvolvimento da
obesidade, é verificada uma elevacéao tanto no tecido adiposo como sistemicamente,
de diversas citocinas pro-inflamatérias, como interleucina-18 (IL-1B), TNF-q,
interleucina-17 (IL-17) e interleucina-6 (IL-6) que estdo associadas a progressao do
fendtipo obeso ligado a sindrome metabdlica (PIROLA e FERRAZ, 2017). A
inflamacé&o crénica de baixo grau esta relacionada com o desenvolvimento de varias
patologias associadas a obesidade, como a resisténcia a insulina, DM, doencas
cardiovasculares e doenca hepatica gordurosa nao alcodlica (DHGNA) (ZHOU,
URSO e JADEJA, 2020).
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A DHGNA é definida como o acumulo excessivo de lipidios no figado, ou seja,
hepatoesteatose (ANGULO e LINDOR, 2002; NEUSCHWANDER-TETRI e
CALDWELL, 2003). A DHGNA é a manifestacdo hepatica da sindrome metabdlica
(SM) (KIM e YOUNOSSI, 2008), e os fatores de risco para SM incluem obesidade,
niveis plasmaticos elevados de TGs e colesterol LDL, colesterol HDL reduzido,
pressdo alta e hiperglicemia em jejum (ALBERTI, ZIMMET e SHAW, 2005). E o
consumo de dieta hiperlipidica durante a gestacéo e lactacao esta relacionado com
alteracbes metabolicas na prole, tais como hiperglicemia, hipertrigliceridemia,
aumento dos niveis de LDL e diminui¢cdo de HDL (VIDAL-SANTOS et al., 2017).

Estudos com camundongos alimentados com dieta rica em gordura e
suplementada com &cido palmitico, encontraram inflamac¢do no tecido adiposo,
figado, muasculo, rim e hipotalamo em comparac¢do com animais submetidos a dieta
controle (HIROSUMI et al., 2002; CAI et al., 2005; DAVIS et al., 2008; PARK et al.,
2010; DECLEVES et al., 2011; WANG, X. et al., 2012). O consumo de dieta rica em
acido estearico também foi capaz desencadear a liberacédo de TNF-q, IL-13 e IL-6 de
astrocitos (GUPTA et al., 2012). E verificado que tanto o acido estearico quanto o
acido palmitico induzem a ativacéo de NF-kB e estimulam a secregéo de mediadores
pré-inflamatérios em células trofoblasticas isoladas de placentas humanas (YANG et
al., 2015; SHIRASUNA et al., 2016) e em células microgliais (WANG, Z. et al., 2012).
Além disso, dados apontam que individuos em dieta rica em acido palmitico exibem
niveis circulantes elevados de IL-6 e IL-1B comparados com individuos que
consomem dieta com baixo teor de &cido palmitico/alto teor de acido oleico (DUMAS
et al., 2016). Esses estudos sugerem que o aumento do nivel de acidos graxos
saturados (AGS) pode representar um elo chave entre obesidade e inflamacéo
(ZHOU, URSO e JADEJA, 2020).

Foi observado em camundongos, que a obesidade induzida pela dieta
materna promove a hipertrofia dos adipocitos, HAS e aumento dos niveis
plasmaticos de insulina na prole (SAMUELSSON et al., 2008). A obesidade materna
tem uma grande influéncia na vida fetal intrauterina que se estende aos disturbios
metabdlicos na infancia, adolescéncia e vida adulta (CATALANO e EHRENBERG,
2006; ARMITAGE, POSTON e TAYLOR, 2008). Os adipécitos regulam os estoques
de energia e secretam muitas adipocinas que tém um grande impacto na
homeostase energética e na resisténcia a insulina (SCHERER, 2006). Estudos

mostram que a obesidade materna predispde a prole a obesidade e a sindrome
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metabdlica, possivelmente através da programacdo metabdlica fetal tardia
(MURABAYASHI et al., 2013).

O nivel de expressio de RNAm do TNF-a no tecido adiposo €
significativamente elevado na obesidade e fortemente correlacionado com o nivel de
hiperinsulinemia (HOTAMISLIGIL et al., 1995). E observado hiperinsulinemia e
menor tolerancia a glicose, alteragcdes nos niveis de mediadores inflamatérios e
adipocinas em camundongos prenhes alimentados com dieta hiperlipidica
(KEPCZYNSKA et al., 2013; MURABAYASHI et al., 2013). O aumento do palmitato
sérico livre pode levar a apoptose e disfungado das células B pancreaticas (RUAN et
al., 2018).

A diminuicdo de adiponectina materna encontrada pode estar relacionada a
um maior peso fetal devido a diminuicdo da sensibilidade a insulina e elevacao
dessa no plasma. Também foi encontrada uma reducdo de resistina plasmatica
(KEPCZYNSKA et al., 2013) e aumento nos niveis de TNF-a e maior expresséo de
RNAmM de CD-68 (cluster of differentiation 68 - glicoproteina transmembranar,
altamente expressa por mondécitos e macrofagos, considerado assim um marcador
de macréfagos), MCP-1, CCR2 no tecido adiposo materno. O tecido adiposo
subcutaneo fetal (aos 17 dias de gestacdo) apresentou hipertrofia e infiltracdo de
macréfagos, com aumento na expressao de marcadores inflamatérios como o TNF-
a, aumento da expressdo de RNAmM de CCR2 e diminuicdo na expressao de glucose
transporter, type 4 (GLUT-4), associando-se ao desenvolvimento de resisténcia a
insulina na prole. Essas mudancas podem estar relacionadas ao aumento do risco
de obesidade na adolescéncia e distarbios metabdlicos (MURABAYASHI et al.,
2013).

Estudo com dieta materna rica em AGS de cadeia longa (AGS-CL) (rica em
acido palmitico e estearico), com uma razdao de PUFA: AGS de 0,86, no periodo da
gestacdo e lactacdo levou a inflamacédo hipotalamica na prole de roedores
(PIMENTEL et al.,, 2012). A ingestdo materna de dieta rica em lipidios (35% de
calorias de lipidios) também demonstrou induzir inflamagcéo na prole em primatas
nao humanos (GRAYSON et al., 2010). Dentro de alguns dias, ao ingerir uma dieta
rica em calorias e lipidios (60% de lipidios), uma quantidade aumentada de AGS da
periferia cruza a BHE (barreira hematoencefalica) e induz uma resposta inflamatéria

nos neurbnios hipotalamicos, sendo um evento precoce no desenvolvimento da



27

obesidade (THALER et al., 2012), envolvendo a ativacdo da microglia, 0s
macréfagos teciduais residentes no SNC (TIMPER e BRUNING, 2017). A
administracao intracerebroventricular de acido araquidico também induz a expressao
de mRNA de TNF-q, IL-183, IL-6 e IL-10 no hipotdlamo de ratos (MILANSKI et al.,
2009).

Ainda foi verificado em roedores que uma dieta materna com alto teor de
lipidios, contendo AGS-CL, demonstrou prejudicar a sinalizacao de leptina a nivel do
ndcleo arqueado, levando a uma atenuacdo da acdo da leptina na supressao do
apetite (KIRK et al.,, 2009). A alimentacdo materna com elevado teor de gordura
durante a lactacdo em camundongos altera as projecbes dos neurbnios pro-
opiomelanocortina (POMC) e agouti-related peptide (AgRP) para neurdnios de
segunda ordem, resultando em aumento da obesidade e diminuicdo da homeostase
da glicose na prole (VOGT et al., 2014). A inflamacéo local no hipotalamo (que
engloba o ndcleo arqueado, a parte anterior do paraventricular nucleus (PVN) e a
eminéncia mediana) promove o estresse no reticulo endoplasmatico dos neurdénios
hipotalamicos, levando a resisténcia a insulina e leptina (KLEINRIDDERS, KONNER
e BRUNING, 2009; PIMENTEL, GANESHAN e CARVALHEIRA, 2014). A ativacéo
constitutiva da via pro-inflamatéria c-Jun N-terminal kinase 1 (JNK1) nos neurénios
AgRP aumenta o disparo espontaneo nessas ceélulas, juntamente com a resisténcia
neuronal e sistémica da leptina, resultando em hiperfagia , aumento de peso e
ganho de adiposidade (TSAOUSIDOU et al., 2014). O estabelecimento do fendétipo
pré-inflamatério é caracterizado como a relacdo entre o desenvolvimento da
obesidade, a evolucdo desta para a resisténcia a insulina, consequentemente ao
DM2 e doenca cardiovascular associada (PIROLA e FERRAZ, 2017).

2.3 DIETA HIPERLIPIDICA E SEU IMPACTO SOBRE O ESTRESSE OXIDATIVO

As EROS conhecidas também como radicais livres podem afetar varios
processos celulares, incluindo imunidade, vias de sinalizacéo celular e regulacéo da
expressao génica (ZHANG et al., 2016). Elas podem ser produzidas a partir de
diferentes vias, incluindo nicotinamida adenina dinucleotideo fosfato (NADPH)
oxidase reduzida, oxido nitrico sintase e mitocondrias (BRANDES, WEISSMANN e
SCHRODER, 2014; MEITZLER et al., 2014). A producdo de EROS induzida por
AGS pode ser mediada pela ativagdo da NADPH oxidase (CREMONINI e OTEIZA,

2018). O &cido palmitico também demonstrou aumentar a produgdo de espécies
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reativas de oxigénio (EROS) em uma variedade de células, incluindo mondcitos,
células endoteliais vasculares, adipécitos, células musculares lisas, cardiomiécitos e
células musculares esqueléticas (INOGUCHI et al., 2000; YUZEFOVYCH, WILSON
e RACHEK, 2010; HAN et al., 2012; SNODGRASS et al., 2013; JOSEPH et al.,
2016).

O estresse oxidativo é decorrente da existéncia do desequilibrio entre
compostos oxidantes e antioxidantes, devido a geracdo excessiva ou em detrimento
da velocidade de remocao de radicais livres (HALLIWELL e WHITEMAN, 2004). As
EROS contém elétrons desemparelhados que reagem, podendo levar a reacdes em
cadeias, oxidando biomoléculas e contribuindo para o desenvolvimento de muitas
patologias (BIRBEN et al., 2012). As EROs podem estar envolvidas no aumento da
expressdo de genes inflamatérios de diferentes maneiras. Estudos sugerem que o
tratamento com AGS induz a geracdo de ROS dependente de NADPH oxidase, que,
por sua vez, ajuda a recrutar TLR4 para os microdominios lipidicos e contribui para a
dimerizacao e ativacao subsequente de receptores Toll-like-4 (TLR4), aumentando a
expressdo de marcadores inflamatérios (WONG et al, 2009; DAS et al.,
2015). Diversos estudos tém demonstrado que o excesso de lipideos esta associado
com a formacao de espécies reativas e 0 processo de estresse oxidativo, sendo um
fator importante na fisiopatologia da obesidade, DHGNA, aterosclerose e doencas
cardiovasculares (FURUKAWA et al., 2004; PELUSO et al., 2012; ESTADELLA et
al., 2013).

O estresse oxidativo pode ser mensurado, através dos produtos finais das
reacbes de peroxidacdo lipidica, oxidacdo de proteinas e oxidacdo do DNA
(BETTERIDGE, 2000). A afericdo das EROs e das das lesGes oxidativas pode ser
realizada através da medicdo da atividade enzimatica (superéxido dismutase - SOD,
catalase, glutationa peroxidase - GSH-Px e glutationa redutase - GSH-Rd) e/ou a
concentracéo de tripeptideos (glutationa reduzida- GSH) e aldeidos (malondialdeido
- MDA) e o estresse oxidativo, por dosagens de GSSG (forma oxidada da glutationa)
e/ou pelo célculo da razdo GSH/GSSG. A razdo entre a glutationa reduzida e
oxidada (GSH/GSSG) é um importante parametro do estresse oxidativo. A proporcéo
alta de GSH/GSSG protege a célula contra danos oxidativos, o rompimento dessa
razéo leva a ativagdo de fatores de transcricdo sensitivos redox, como NF-kB, que
atua na resposta inflamatéria e estd relacionado com o desenvolvimento de

alteracdes metabdlicas e cardiorrespiratorias (BIRBEN et al., 2012).
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2.4 DIETA HIPERLIPIDICA E ALTERACOES CARDIORRESPIRATORIAS

A ingestdo elevada de gordura favorece o desenvolvimento de diversas
patologias como dislipidemias e doencas cardiovasculares (FEOLI et al., 2003;
COSTA-SILVA, SIMOES-ALVES e FERNANDES, 2016). Estudos em ratos tém
demonstrado que o alto consumo de lipidios na dieta materna durante a gestacao,
lactacdo e/ou apdés o desmame leva ao aumento nos niveis basais de pressao
arterial na prole (FEOLI et al., 2003; KHAN et al., 2005a; XUE et al., 2015), o qual

persiste na vida adulta.

Estudos indicam uma relacédo entre processos inflamatérios e disfuncées no
sistema nervoso auténomo. A disfuncdo do sistema nervoso autdnomo pode ter um
grande papel no surgimento e progressao de doencas cardiovasculares (TOBALDINI
et al., 2017). A condicéo inflamatoria em algumas regibes do cérebro responsaveis
pelo controle da atividade nervosa simpatica, como o ndcleo do trato solitario (NTS)
(regido-chave do controle cardiorrespiratério), a regiao rostral ventrolateral medula
(RVLM) e o paraventricular nucleus (PVN) podem contribuir para o estabelecimento
de patologias, como a HAS (PATON e WAKI, 2009; ADLAN et al., 2014),
demonstrando que prejuizos no sistema imunoldgico sdo um dos fatores
contribuintes para o desenvolvimento da HAS (TIMPER e BRUNING, 2017).

Foi encontrado em ratos adultos que consumiram dieta hiperlipidica durante
um periodo de 3 ou 6 semanas, um aumento dos niveis pressoricos associado a
uma maior ativacdo de citocinas pro-inflamatérias e ao aumento da expressao
génica de componentes do sistema renina-angiotensina no NTS, com a expressao
diferindo de acordo com o tempo de exposi¢cado ao insulto nutricional (SPERETTA et
al., 2014).

O nosso laboratério tem estudado o envolvimento do sistema respiratério nos
mecanismos de desenvolvimento da HAS em ratos que sofreram insultos nutrionais
durante periodos criticos da vida, como a gestacdo e lactacdo. Estudos do nosso
laboratério verificaram em animais submetidos a restricdo proteica durante a
gestacdo e lactagdo, aumento de frequéncia respiratoria aos 30 dias de vida, a qual
permaneceu na vida adulta, associada com a elevacdo da presséo arterial aos 90
dias de vida. Também foi encontrado maior sensibilidade ao O, e CO, em condi¢des
de hipdxia e hipercapnia nesses animais, com elevagédo da resposta ventilatoria aos
30 e 90 dias (DE BRITO ALVES et al., 2014), sendo observada a participacédo do



30

sistema respiratério nos mecanismos relacionados ao desenvolvimento da HAS
relacionada a desnutricdo durante a gestacdo e lactacdo. Em relacdo ao controle
autonémico cardiaco, foi sugerido um aumento da atividade simpatica nesses
animais, pois foi verificada uma elevagao da razdo entre as low frequency bands e
high frequency bands (LF/HF) aos 90 dias de vida, que contribui para o0 aumento da
pressao arterial relacionada a um desbalango no controle autondmico cardiovascular
(BARROS et al., 2015).

No entanto, pouco se sabe sobre os efeitos da dieta hiperlipidica sobre o
sistema cardiorrespiratério e se 0s mecanismos observados na instalacdo da
hipertensdo arterial secundaria a desnutricdo proteica materna também estdo
presentes na situacdo de ingestdo excessiva de gorduras. Um recente estudo
observou que ratos expostos a dieta hiperlipidica (32% de lipidios) durante a
gestacdo e lactacdo apresentaram aumento da pressdo arterial e frequéncia
cardiaca no inicio da vida adulta. Esses animais também apresentaram prejuizo na
sensibilidade do barorreflexo e um desbalanco do sistema nervoso autbnomo, com
estimulacdo simpéatica e reducao no controle parassimpatico (VIDAL-SANTOS et al.,
2017).

Foram encontrados também em ratos que foram submetidos a insulto
nutricional durante a gestacao e lactacéo, niveis mais elevados de malondialdeido,
acompanhado com a diminuicdo das atividades das enzimas superéxido dismutase e
catalase na medula ventral. Sugerindo que a elevacdo da pressao arterial
encontrada nesses ratos também estd associada a disfuncdo oxidativa medular a
nivel transcricional e funcional da capacidade antioxidante na medula ventral (BRITO
ALVES et al., 2016).

A diminuicdo na relacdo CT (colesterol total)/HDL (marcador de risco global,
que fornece indicacéo geral de possiveis efeitos sobre o risco de doenca cardiaca
coronariana) e da apolipoproteina LDL (relacionado com o risco de doenca
cardiovascular), foi verificado com a substituicdo de AGS por PUFA (SACKS e
KATAN, 2002; MICHA e MOZAFFARIAN, 2010). Numa analise conjunta de estudos
de coorte prospectivos, que nao foi considerado apenas a ingestdo de AGS, sendo
considerados também os nutrientes de substituicdo, a substituicdo com PUFA foi

relacionado a diminuicdo do risco de doenca cardiovascular (JAKOBSEN et al.,
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2009; ASTRUP et al., 2011). Sendo isso associado aos efeitos nas mudancas do
CT/HDL, devido ao aumento dos niveis de HDL (ASTRUP et al., 2011).

25 EFEITOS DO OMEGA-3 SOBRE PARAMETROS METABOLICOS E
CARDIORRESPIRATORIOS

Estudos tém demonstrado que a ingestdo de acidos graxos a-linolénico tem
acdo anti-inflamatoria (SALTIEL, 2010; INOUE et al.,, 2017). Os PUFAs acido a-
linolénico (ALA; 18:3) e acido linoleico (LA; 18:2) séo clivados a partir de fosfolipidos
de membrana celular pela fosfolipase A,. Em seguida, as enzimas ciclooxigenase
(HALES et al.) e lipoxigenase (LOX) metabolizam os PUFAs. Além de produzir
eicosanoides pro-inflamatorios, que incluem prostaglandina E, (PGE,), tromboxano
A, e leucotrieno B4, a partir do &cido araquidénico (PUFA derivado do &acido
linoleico). A acdo das COX e LOX também produz mediadores anti-inflamatorios,
como as resolvinas e protectinas que sdo originados a partir do &cido
eicosapentaenoico (EPA) e acido docosahexaendico (DHA), derivados do acido a-
linolénico (KHATIB et al., 2016).

O dltimo trimestre da gestacdo e os primeiros seis meses de vida pds-natal
apresentam maiores necessidades de acido docosahexaendico (DHA), acontecendo
nesse periodo seu deposito na retina e cortex cerebral, que deve ser garantido pelas
reservas tissulares da mée, principalmente no tecido adiposo. Visto que o feto nao
tem capacidade de sintetizar acidos graxos poli-insaturados de cadeia longa a partir
dos precursores acido a-linolénico e acido linoleico. O figado também ainda nédo tem
atividade biossintética de elongacdo e dessaturacdo para a formacdo de PUFA-LC
(SILVA, MIRANDA JUNIOR e SOARES, 2007). E nesse periodo que acontece um
maior pico na velocidade de crescimento e desenvolvimento do sistema nervoso
central. O acido docosahexaendico e o acido araquidbnico sdo componentes
estruturais do SNC e a deficiéncia desses acidos graxos essenciais durante esse
periodo critico pode acarretar em danos irreparaveis. O DHA também mantém a
fluidez da membrana das células nervosas, participa da propagacdo do impulso
nervoso e transmissdo sinaptica e, sinalizacdo para expressdo de genes
(DUTTAROQY, 2009).

O consumo materno de acido docosahexaenoico tem uma agao importante no

desenvolvimento do sistema nervoso central, na gestacao de alto risco, no aumento
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do peso ao nascer, comprimento e circunferéncia da cabeca, acuidade visual,
coordenacdo méaos-olhos, atencédo e processamento de informacgdes, na imunidade
e na resposta do sistema nervoso autbnomo (DE ALMEIDA et al., 2014).

A transferéncia de acidos graxos através da placenta ocorre mais por
transporte mediado por proteinas, no entanto pode ocorrer por difusdo passiva. O
aumento no consumo de acidos graxos maternos ocasiona uma maior transferéncia
destes para o feto. Diversas proteinas localizadas na membrana placentaria tém sido
identificadas por sua funcdo no transporte de acidos graxos poli-insaturados de
cadeia longa, derivados do acido a-linolénico e &cido linoléico através da placenta,
como: a proteina de ligacao de acidos graxos (placental membrane fatty acid binding
protein, p-FABPpm) que possui alta afinidade por PUFA-LC, principalmente o &cido
docosahexaendico; translocase de &cidos graxos altamente glicosilada (highly
glycosylated fatty acid translocase, FAT/CD 36), com maior atividade na captacdo de
acidos graxos livres; proteinas de transporte de acidos graxos (fatty acid transport
proteins, FATP), acilCoA sintetase (fatty acylCoA synthetase, ACS) e proteinas
intracelulares de ligacdo de acidos graxos (intracellular fatty acid binding proteins,
FABPs) (WEN-JU LIN, JAMES e DARRELL, 1984; AKERELE e CHEEMA, 2016).

Ocorre no terceiro trimestre da gravidez um aumento na expressao e
atividade da lipase lipoproteica placentaria que hidrolisa triacilgliceréis de baixa
densidade (LDL) e muito baixa densidade (VLDL) presentes no plasma materno a
acidos graxos livres que sado transportados ao feto e utilizados principalmente como
fonte de energia. Outra enzima atuante no citosol de células placentarias é a
fosfolipase citosélica A2 que participa da liberacdo de acidos graxos livres para a
sintese de prostaglandinas (DUTTARQY, 2009).

O Institute of Medicine recomenda uma Al (Adequate Intake) de 13g/dia de
acido linoléico (18:2) para gestantes e lactantes, 1,49 /dia de acido a-linolénico
(18:3) para gestantes e 1,3g /dia de acido a-linolénico (18:3) para lactantes
(MEDICINE, 2005). E sugerida uma recomendacao de suplementacido em gestantes
de 200mg de acido docosahexaendico (DHA; 22:6), a partir de fontes seguras (DE
ALMEIDA et al., 2014). Alguns autores recomendavam a ingestdo minima em
mulheres lactantes de 200mg de acido docosahexaenoico (DHA; 22:6), seja através
de fontes alimentares ou suplementacdo (KOLETZKO et al., 2008). Estudos mais
recentes recomendam uma ingestdo maior em lactantes, na ordem de 600mg/dia

(CARLSON et al., 2013). O American Institute of Nutrition preconiza por meio da
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AIN-93 a oferta de 4,8g/Kg de dieta do acido a-linolénico e 35,7 g/Kg de &cido
linoléico para fase de crescimento e reproducdo de roedores. Na fase de
manutencao esses valores sdo de 2,7 g/kg e 10,4 g/kg, respectivamente (REEVES,
NIELSEN e FAHEY, 1993). Em relacdo as recomendacfes para razdo de consumo
Omega 6:0mega 3 existe um conflito na literatura, havendo uma tendéncia para uma
razao de 4:1 a 5:1. Alguns autores recomendam as razdes 2:1 a 3:1 pela sugestao
de maior conversdo do acido a-linolénico (ALA; 18:3) em acido docosahexaendico
(DHA; 22:6), alcancando um valor maximo em torno de 2,3: 1. A razdo 1:1 nado é
recomendada por inibir a transformacgéo de acido a-linolénico (ALA; 18:3) em &cido
docosahexaenodico (DHA; 22:6) ou acido eicosapentaendico (EPA; 20:5). Para o
Institute of Medicine a recomendac¢éo de uma boa relacdo 6mega 6 / 6mega 3 é em
torno de 10:1 a 5:1 (MEDICINE, 2005). Em humanos é verificado um maior nivel de
conversao entre as mulheres, supostamente devido a influencia do estrogénio sobre
a atividade das enzimas dessaturases (MARTIN et al., 2006).

O consumo de dietas enriquecidas com acido a-linolénico no periodo da
gestacao e lactacao foi relacioanado com a diminuicdo da adiposidade, do tamanho
do adipécito e dos niveis séricos de leptina na prole (KOROTKOVA et al., 2002).
Além da reducdo da adiposidade, a ingestdo de acido a-linolénico estd associada
com a melhora da sensibilidade a insulina, reduzida com a idade, na prole de ratos
machos (SARDINHA et al., 2012). O perfil de acidos graxos em dietas hiperlipidicas
durante a gestacdo e/ou lactacdo pode contribuir com o desenvolvimento de
alteracbes metabdlicas na vida adulta. Foi observado que o numero de ilhotas
pancreaticas foi maior na prole de ratos adultos que as méaes receberam uma dieta
rica em acido a-linolénico, sem alteracéo no volume do pancreas (SIEMELINK et al.,
2002). Na presenca de hiperglicemia materna, como na DM2, o enriqguecimento com
6leo de linhaca (fonte de w-3) na dieta hiperlipidica durante a gestacao e lactacao
interferiu positivamente no pancreas, com aumento no numero de ilhotas pequenas
e expressao de células beta, e menor nimero de ilhotas grandes semelhantes a um
pancreas normal (CORREIA-SANTOS et al., 2014).

Os PUFAS-LC através de sua ligacdo ao PPARs (peroxisome proliferator-
activated receptor) podem regular o metabolismo de lipidios, atuando na modulagéo
da expressdo de genes relacionados a oxidacdo de acidos graxos. Os PPARs tém

acdo na regulagdo da expressdo de genes criticos para o metabolismo de lipidios,
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na oxidacdo dos acidos graxos, no desenvolvimento dos adipécitos e metabolismo
das lipoproteinas (KHAIRE, KALE e JOSHI, 2015).

O aumento da propor¢cdo materna 6mega-3 / Gmega-6 é importante, uma vez
que o PUFA, &cido a-linolénico, percussor do DHA, sédo nutrientes essenciais para o
desenvolvimento do feto (CRAWFORD, 2000). Em modelos de camundongos
transgénicos Fat-1 (capaz de converter endogenamente o PUFA dmega-6 em PUFA
O6mega-3) que consumiram dieta hiperlipidica, com 45% de calorias provenientes das
gorduras, aumentaram a proporcdo materna de PUFA 0O6mega-3 / 6mega-6 e
reduziram a inflamacdo metabdlica materna. Verificando através da exposicdo
lipidica fetal e placentaria associada a high-fat diet (HFD), que mesmo na auséncia
de mudanca na obesidade materna, que as placentas e os figados fetais das maes
Fatl-HFD foram protegidos do excesso de crescimento placentario e deposicéo
lipidica fetal-placentaria. A protecdo materna do excesso de inflamacéo levou a
melhores resultados metabdlicos na prole desses animais (HEERWAGEN et al.,
2013).

O EPA e DHA tém acbes antioxidantes, antiinflamatérias, antitromboticas e
anti-arritmogénicas que podem reduzir o risco de doencas cardiovasculares (WANG
et al., 2016) e melhorar os niveis de triglicerideos (PIEPOLI et al., 2016; WANG et
al., 2016), metabolismo da glicose e funcao endotelial (ALFADDAGH et al., 2017). O
consumo de w-3 tem sido associado a reducéo do risco de doenca cardiovascular e
mortalidade (HARRIS et al., 2018). No entanto, os mecanismos subjacentes ainda
ndo estao esclarecidos. Nao se sabe ao certo se o efeito cardioprotetor € exercido
pelo acido a-linolénico ou pelos produtos metabdlicos eicosanoides. Embora, o DHA
pareca ser mais eficaz na diminuicao da presséo arterial quando comparado ao EPA
(MORI et al., 2000). Um estudo com EPA e DHA em células endoteliais da aorta
humana com dano de DNA induzido por peréxido de hidrogénio (H20,),
demonstraram que este reduziram significativamente as espécies reativas de
oxigénio intracelular em condi¢cbes basais e a estimulagdo por H,O,. Os niveis de
RNAmM de moléculas antioxidantes, como heme oxigenase-1, tioredoxina redutase 1,
cadeia leve de ferritina, cadeia pesada de ferritina e o superoxido dismutase de
manganés, aumentaram significativamente com o EPA e o DHA (SAKAI et al., 2017).

E verificado que o 6mega 3 e seus derivados EPA e DHA, podem atuar na
integridade do sistema imunolégico, como citoprotetores, através da regulacéo

positiva das enzimas antioxidantes e inibicdo da expressao génica pro-inflamatoria
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(DOSSI et al.,, 2014). Os acidos graxos poli-insaturados de cadeia muito longa
podem regular a expressdo de enzimas antioxidantes (glutationa peroxidase,
glutationa redutase, glutationa transferase e catalase) através da ativacdo do Fator 2
relacionado a NF-E2, por meio dos seus produtos de oxidacado (VALENZUELA et al.,
2012).

Foi encontrado que a suplementacdo por gavagem com EPA e DHA em
camundongos submetidos a dieta hiperlipidica (60% da energia provindas dos
lipidios) por 12 semanas ap0s o desmame, melhorou os niveis de citocinas
inflamatoérias (IL-6, IL-1B8 e TNF-a) e recuperou os niveis de GSH hepatico e
glutationa (VALENZUELA et al., 2012). Outro estudo verificou que a suplementacao
de EPA em camundongos submetidos a uma dieta hiperlipidica (32% de lipidios)
aumentou a atividade de SOD e GSH, que foi encontrada reduzida no grupo que nao
recebeu a suplementacdo, com diminuicdo também dos niveis de glicose, insulina,
colesterol total, transaminases, deposito de colesterol e triglicerideos hepéticos
(HIROTANI et al., 2015).

Tem sido demonstrado que a ingestdo de acido a-linolénico é capaz de
desempenhar um papel hipotensor dose-dependente em individuos hipertensos
(HOWE, 1997) devido, principalmente, a sua acao anti-inflamatéria ao diminuir a
sintese de derivados do &cido araquidbnico: prostaglandina E2, tromboxano A2,
prostaciclina e leucotrieno B4 (KREMER, 2000). Em uma meta-analise, foi
encontrada uma reducao significativa nos niveis de presséo arterial (entre 2.0 a 3.4
mmHg) em pacientes hipertensos que consumiram 5,6 g de acidos graxos 6mega-3
por dia (MORRIS, SACKS e ROSNER, 1993). Da mesma forma, outro estudo
descobriu que a presséo arterial de hipertensos nado-tratados reduziu entre 3,5-5,5
mmHg com o consumo diario de 3g de &cidos graxos 6mega-3 (APPEL et al., 1993).

A suplementagdo em camundongos com Oleos dietéticos de peixe, fonte de
EPA e DHA podem diminuir a expressdo génica pro-inflamatéria e aumentar a
expressdo anti-inflamatéria e de adiponectina (IM, 2016). O acido a-linolénico pode
estimular a polarizacdo M2 (aumento de macrofagos anti-inflamatérios) relacionada
a desregulacdo de mediadores pro-inflamatorios em tecido adiposo inflamado de
camundongos obesos (TITOS et al., 2011). Em adi¢do, acido a-linolénico pode ser
metabolizado em moléculas bioativas: resolvinas, protectinas e maresinas (PIROLA

e FERRAZ, 2017). Essas moléculas ndo se assemelham aos eicosandides
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cladssicos, sdo novas estruturas que funcionam exclusivamente através de alvos
celulares e moleculares (BANNENBERG e SERHAN, 2010).

A resolvina D1 pode reduzir a producdo de interferon-y (IFNy), elevando a
expressdo de arginase-1 (marcador de macrofagos M2), em macréfagos no tecido
adiposo (TITOS et al., 2011). A incubacdo de macréfagos em cultura com o
mediador lipidico maresina R1 (MaR1) reduziu a producdo de espécies reativas de
oxigénio (ERQOS) e citocinas proé-inflamatorias [IL-1, TNF-a, IL-6, IFN-y] e promoveu
a regulacdo positiva da expressdo do RNAmM do receptor de manose tipo 1,
marcador M2 (MARCON et al.,, 2013). A funcdo dos PUFAs como nutrientes
benéficos ou agentes terapéuticos estdo sendo investigados na prevencao e
tratamento de obesidade, DM2 e numerosas doencas relacionadas a inflamacéao (IM,
2016).

A incorporacdo dos PUFAS w3 nos fosfolipidios de membrana pode alterar
suas propriedades e interferir em varias proteinas de membrana, incluindo a
supressédo da sinalizacdo da proteina C quinase e a producéo da interleucina (IL)-2
(FAN et al., 2004), além da interrupcdo da dimerizacéo e recrutamento do receptor
toll-like 4 (WONG et al., 2009). EPA e DHA regulam negativamente a expressao de
genes relacionados a inflamag&o por meio da inibicdo da sinalizagdo de NF-kB pelo
bloqueio da fosforilacdo de IkB (ZHAO et al., 2004) ou através do receptor nuclear
PPARa/y (GANI e SYLTE, 2008).

As gorduras poli-insaturadas podem reduzir a inflamacédo hipotalamica
induzida por uma dieta rica em &cidos graxos saturados, a partir da presenca e
fungdo da resolvina produzida a partir de DHA, como mostra um estudo com
camundongos. As enzimas envolvidas na sintese de resolvinas foram detectadas no
hipotalamo e foram moduladas em resposta ao consumo de gorduras saturadas,
causando uma reducéo da resolvina hipotalamica. GPR18, o receptor para resolvina,
que foi encontrado em neurénios POMC e NPY (Neuropeptideo Y), também foi
modulado por gorduras dietéticas. A substituicAo de gorduras saturadas por
gorduras poli-insaturadas na dieta levou a um aumento de resolvina hipotalamica,
diminuicdo de massa corporal e melhora da tolerancia a glicose. O tratamento
intracerebroventricular com DHA obteve como resultado um aumento da expressao
das enzimas sintéticas resolvinas e de citocinas anti-inflamatorias, adiposidade
reduzida e um melhor fendtipo metabolico (PASCOAL et al., 2017).
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Quando administrados via dieta ou inje¢cdo diretamente no hipotdlamo, em
ratos alimentados com uma dieta hiperlipidica, os PUFAs (6mega-3), acido a-
linolénico foram capazes de aumentar a neurogénese hipotalamica, grande parte da
atividade neurogénica induzida por PUFAs levou um aumento do numero de
neurdénios POMC, mas nédo de NPY. Sendo acompanhada por aumento da
expressdo do BDNF (brain derived neurotrophic fator) que induz a neurogénese e
GPR40 (G-protein-coupled receptor 40) (NASCIMENTO et al., 2016). Demonstrando
gue os PUFAs (bmega-3) também estdo relacionados com a neurogénese, através
da ligacdo aos recepoteres GPR40 que sdo associados a neurogénese no
hipotadlamo e em outras regifes do cérebro (BONEVA NADEZHDA e YAMASHIMA,
2011).

Consumo excessivo de PUFAs w-6 e uma razdo w-6/w-3 muito elevada séo
encontrados atualmente nas dietas ocidentais. Nas Ultimas décadas, houve um
grande aumento da proporcdo w-6/w-3 de 1:1 para 20:1 ou até mais atualmente
(SIMOPOULOS, 2016). Isso esta associado com o surgimento de diversas doencas,
como doencgas cardiovasculares, cancer, doencas inflamatérias e autoimunes
(SCHULZE et al., 2020), ao aumento importante na prevaléncia de sobrepeso e
obesidade (SIMOPOULQOS, 2016) Em contrapartida, niveis aumentados de PUFAs
w-3 e uma razdo w-6/w-3 mais baixa tém efeitos supressivos (SCHULZE et al.,
2020). Diante de todas essas evidéncias, decidimos entdo estudar o efeito do
enriqguecimento de 6mega-3 em uma dieta materna com alto teor de &cidos graxos

saturados sobre a saude cardiometabdlica da prole de ratos.
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3 HIPOTESE(S)

e As proles de ratos submetidas a dieta com alto teor em &acidos graxos
saturados durante gestacao e lactacdo apresentam dislipidemia, diminuigao
da sensibilidade a insulina e prejuizos em parametros cardiorrespiratorios,
associados a uma diminuicdo da resposta antioxidante e uma maior

expressao génica de marcadores inflamatérios no figado.

e O enriquecimento de 6mega-3 a dieta com alto teor em acidos graxos
saturados durante gestacdo e lactacao reduz os efeitos deletérios na prole
causados pela dieta com alto teor em acidos graxos saturados sobre o perfil
metabdlico e os parametros cardiorrespiratorios, bem como sobre a resposta

antioxidante e inflamatoria.
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4 OBJETIVOS

4.1 OBJETIVO GERAL

Avaliar os efeitos do enriquecimento de 6mega-3 a dieta materna com alto
teor em acidos graxos saturados durante a gestacdo e lactacdo sobre o perfil
metabolico, resposta antioxidante, expressédo génica de marcadores inflamatorios e

0s parametros cardiorrespiratorios da prole de ratos.

4.2 OBJETIVOS ESPECIFICOS

Na prole de ratos provenientes de mées submetidas as dietas controle,
hiperlipidica com alto teor em acidos graxos e hiperlipidica com alto teor em &cidos

graxos saturados enriquecida com dmega-3 durante gestacao e lactacao:

e Analisar o consumo alimentar;

e Comparar medidas murinométricas durante o crescimento;

e Examinar o perfil bioquimico sérico em jejum;

e Analisar a tolerancia a glicose, ao piruvato e a sensibilidade a insulina;

e Avaliar metabdlitos relacionados ao estresse oxidativo e a atividade de

enzimas antioxidantes no figado;

e Investigar a expressdo génica de enzimas antioxidantes e marcadores

inflamatorios no figado;
¢ Identificar os pardmetros ventilatorios;

e Avaliar os parametros cardiovasculares basais;
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5 METODOS

5.1 ANIMAIS E DESENHO EXPERIMENTAL

Ratas albinas primiparas (n=30) da linhagem W.istar (Rattus norvegicus)
foram obtidas do biotério do Centro Académico de Vitoria, da Universidade Federal
de Pernambuco. Aos 85 a 90 dias de vida e peso corporal compreendido entre 220 e
260 g, as ratas foram colocadas para acasalamento na proporcdo de 1:3
(macho:fémea). A determinacdo da prenhez foi realizada a partir da observacéo da
presenca de espermatozoides no esfregaco vaginal, definindo-se o primeiro dia de
gestacdo. A partir do primeiro dia de gestacdo até o 21° dia de lactacdo, as ratas
progenitoras foram separadas e colocadas em gaiolas individuais e alocadas
aleatoriamente em suas respectivas dietas com agua e racao ad libitum, sendo
compostos 0s seguintes grupos: grupo dieta controle, C (n=10), grupo dieta
hiperlipidica com alto teor em &cidos graxos saturados, HL (n=10); e grupo dieta
hiperlipidica com alto teor em &cidos graxos saturados enriqguecida com émega-3, a
partir do 6leo de linhaca, HLw3 (n=10).

A temperatura e a umidade foram mantidas dentro dos limites de 22 a 24 °C e
55 a 65%, respectivamente, com 12h de claro e escuro (luzes acesas das 06:00 as
18:00h). A prole proveniente de cada fémea foi reduzida a 8 ratos machos por
ninhada. Nos casos da ninhada ter sido composta por menos de 8 ratos machos,
ratas fémeas foram utilizadas para padronizacdo do tamanho da ninhada até o
desmame. A quantidade da prole de animais por grupo experimental a partir da dieta
materna variou de 27 a 35 animais (Controle n=35; HL n=27; HLw3 n=27). A figura 1
demonstra o desenho experimental, conforme os periodos das avalia¢des funcionais
realizadas nos animais.

Os protocolos e procedimentos experimentais foram aprovados pelo Comité
de Etica de Uso Animal (CEUA) de n°® 23076.049500/2016-37 (Anexo A) e seguiu as

recomendac¢des do Colégio Brasileiro de Experimentacdo Animal (COBEA).
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Figura 1 - Desenho experimental de acordo com o periodo de avaliacdo da prole de machos
Wistar submetidos a dieta Controle (19% de lipidios), HL (33% de lipidios) e HLw3 (33% de
lipidios enriquecida com 6mega-3) durante a gestagao e lactagcdo. Um ndmero equivalente a 30
ratas foram colocadas para acasalar e ap6s a deteccdo da prenhez foram separadas em trés grupos
de acordo com a dieta consumida (controle, HL e HLw3), sendo submetidos a esta dieta até o
desmame. Aos 21 dias de vida, as proles foram desmamadas e receberam dieta comercial padréo
Presence® até os 300 dias de vida. As avaliagBes funcionais ocorreram no 1°, 7°, 14°, 21°, 30°, 90° e
300° dia de vida da prole. A quantidade de animais por grupo experimental variou de 27 a 35 animais.

Prenhez Lactagdo Desmame

Detecgdo 1°d 7°d 14°d 21°d 22°d 30°d 90°d 300" d
prenhez

Acasalamento

Dieta Controle (19%) Dieta
ou HL (33%) ou HLw3 (33% + 6mega 3) comercial padrdo Presence®

I - Avaliagdes funcionais

5.2 MANIPULACAO NUTRICIONAL

Para a manipulagéo nutricional foram definidas as seguintes dietas: grupo
controle recebeu uma dieta padrdo cuja composicéo estava de acordo com a AIN-93
(REEVES, NIELSEN e FAHEY, 1993) com 19% da energia proveniente das
gorduras, 20% das proteinas e 61% dos carboidratos; o grupo HL recebeu uma dieta
com alto teor em acidos graxos saturados adaptada a partir da composicao da dieta
utilizada no estudo de Ferro Cavalcante (FERRO CAVALCANTE, T. C. et al., 2013),
com 33% da energia proveniente das gorduras, 20% das proteinas e 47% dos
carboidratos; e o grupo HLw3 recebeu uma dieta com alto teor em acidos graxos
saturados, enriquecida com Omega-3 com 33% da energia proveniente das
gorduras, 20% das proteinas e 47% dos carboidratos (tabela 1). A dieta padréo
continha em torno de 3.5 quilocalorias por grama e as dietas hiperlipidicas em torno
de 4,5 quilocalorias por grama. As dietas hiperlipidicas apresentavam maior teor de
acidos graxos saturados e a dieta enriquecida com Omega-3 continha menor
quantidade de dmega 6 (tabela 2). Ap0s o desmame, aos 21 dias de vida, os
animais receberam dieta padrdao comercial para ratos (Presence®, Grupo Neovia,
Sédo Paulo, Brasil), formando trés grupos: prole das mées alimentadas com dieta

padrao (controle), prole das mées alimentadas com dieta hiperlipidica com alto teor
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acidos graxos saturados (HL) e prole das maes alimentadas com dieta hiperlipidica

com alto teor de 4cidos graxos saturados enriquecida com 6mega-3 (HLw3).

Tabela 1 - Composicéo quanto aos ingredientes das dietas experimentais

Ingrediente/quantidade  AIN-93 G Dieta Dieta Hiperlipidica
por 100g de dieta hiperlipidica enriquecida com
Omega 3
Amido de milho 39,7 15 15
Amido dextrinizado 13,2 - -
Farinha de trigo - 12 12
Biscoito maisena - 7 7
Farinha de soja - 6 6
Banha de porco - 2 2
Manteiga - 8 8
Caseina (>85%) 20 20 20
Goma guar - 0,5 0,5
Sacarose 10 18 18
Oleo de linhaca - - 3,5
Oleo de soja 7 7 3,5
Fibra (celulose) 5 0,3 0,3
Vitaminas 1 0,7 0,7
Mineral mix 3,5 2,5 2,5
DL-metionina 0,3 0,25 0,25
Bitartarato de colina 0,25 0,25 0,25
BTH 0,0014 0,014 0,014
Glutamato - 0,2 0,2
monossodico (12,3%)
Cloreto de sodio - 0,3 0,3
Total (g) 100 100 100
Kcal /100g 3,69 4,52 4,51
% Gorduras totais 18,6 33,6 32,3
% Proteinas 20,2 19,6 18,2
%Carboidratos 61 46,8 49, 4

AIN-93G de acordo com Reeves et al.,, 1993; dieta hiperlipidica adaptada de Ferro
Cavalcante et al., 2013; *Composi¢éo nutricional calculada a partir da analise centesimal
das dietas realizada no laboratério de Bromatologia do Centro Académico de Vitoria,
Universidade Federal de Pernambuco.
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Tabela 2 - Composicéo percentual de acidos graxos quanto a presenca de
duplaligacdo na cadeia carbdnica das dietas experimentais

Composicgdo percentual dos 4cidos graxos

Dietas
Acidos graxos AIN-93G Hiperlipidica H'pefllp'dlca
com Omega 3
Saturados
Acido octanoico (C8:0) 0 0 0
Acido decanoico (C10:0) 0 0,85 0,74
Acido laurico (C12:0) 0 1,16 1,15
Acido miristico (C14:0) 0 4,22 4,37
Acido pentadecanoato
(C15:0) 0 0,47 0
Acido palmitico (C16:0) 11,97 22,78 21,73
Acido heptadecanoato
(C17:0) 0 0 0
Acido estearico (C18:0) 4,62 7,53 8,07
Acido araquidico(C20:0) 0,36 0 0
Acido behénico(C22:0) 0,37 0 0
Total 17,32 37,01 36,06
Monoinsaturados
Acido miristoleico (C14:1) 0 0,46 0
Acido palmitoleico (C16:1) 0 0,95 0,87
Acido heptadecanoico
(C17:1) 0 0 0
Acido oleico (C18:1) 29,93 28,32 38,47
Total 29,93 29,73 39,34
Poli-insaturados
Acido linolénico (C18:3) 3,89 1,64 2,32
Acido linoleico (C18:2) 48,87 31,63 22,28
Total 52,76 33,27 24,6
Omega 3 (g/100g) 0,27 0,27 0,4
Omega 6 (g/100g) 3,42 5,73 3,78
Raz&do 6mega 6:3 12,66 21,22 9,45

Os acidos graxos foram identificados segundo padrdo externo (FAME Supelco™ mix C4-C24,
Bellefonte, PA, USA) e o percentual (%) calculado conforme normalizacdo das areas dos picos
pelo método de cromatografia gasosa no Laboratério de Fitoquimicos e procesos do Centro de
Tecnologias e Estratégias do Nordeste. A partir da determinagédo percentual de acido linolénico
(6bmega 3) e linoléico (bmega 6) foram calculadas as quantidades (g/100g de dieta) desses
acidos graxos e obteve se a razdo de 6mega 6 / 3. A nomenclatura dos 4cidos graxos seguiu a
classificacdo determinada pela | Diretriz sobre o consumo de gorduras e saude cardiovascular
(Santos et al., 2013).

5.3 CONSUMO ALIMENTAR DA PROLE
O consumo de racao foi avaliado em dias alternados no inicio do periodo
claro (as oito horas da manhda), pela diferenga entre a quantidade ofertada e a sobra

da gaiola. Foi utilizado para a pesagem da racdo, uma balanga semianalitica com
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capacidade méaxima de 5.000g e sensibilidade de 0,1g (GEHAKA®, S&o Paulo,
Brasil). Os filhotes foram acompanhados desde o desmame (aos 22 dias) até os 300
dias de vida. A partir da avaliacdo do consumo alimentar e do ganho ponderal por
meio da afericho da massa corporal foi calculado o coeficiente de eficiéncia
alimentar (CEA) segundo a equacdo: CEA = ganho de peso no periodo
avaliado/consumo alimentar no mesmo periodo. A quantidade de calorias
consumidas bem como de macronutrientes foi obtida a partir da composicao

centesimal das dietas utilizadas.

5.4 MEDIDAS MURINOMETRICAS

Foram realizadas as medi¢cdes murinométricas de peso corporal, comprimento
naso-anal e circunferéncia abdominal no 1°, 7°, 14°, 21°, 30°, 90° e 300° dia de vida.
Apos obtencdo das medidas, foi calculado o indice de Lee no 90° e 300° dia de vida
a partir da relacao entre a raiz cubica do peso corporal e o comprimento naso-anal
do animal. As medicbes foram realizadas de acordo com o estudo de Novelli
(NOVELLI et al., 2007).

5.5 ANALISE BIOQUIMICA

As proles aos 22, 30, 90 e 300 dias de vida foram submetidos ao jejum de 12
horas (overnight) e, em seguida, anestesiados com Ketamina (80mg/Kgi.p) e xilazina
(10mg/Kgi.p) para coleta de amostras de sangue através do rompimento do plexo
retro orbital. Ap6s coagulacdo, o sangue foi centrifugado a 3500 RPM por 10 minutos
para obtencéo do soro, o qual foi transferido para um tubo Eppendorf e armazenado
a -20°C até a realizacdo das andlises bioquimicas por meio do equipamento
Automatic Chemistry Analyzer (ver. 4e) (Pioway Medical Lab Equimament Co., Ltd.).
Os parametros analisados foram: proteinas totais (PT), albumina (ALB), glicemia de
jejum, triglicerideos (TG), colesterol total, alanina aminotransferase (ALT), aspartato
aminotransferase (AST) e colesterol de lipoproteina de alta densidade (HDL-c). Os
niveis de colesterol de lipoproteina de baixa densidade (LDL-c) e colesterol de
lipoproteina de densidade muito baixa (VLDL-c) foram obtidos por calculos de
Friedwald (SPOSITO et al., 2007).
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5.6 TESTE DE TOLERANCIA A GLICOSE (TTG)

Aos 90 e 300 dias de vida foi realizado o teste de tolerancia a glicose (TTG)
apos um jejum de 6 horas, os animais foram separados em gaiolas individuais e o
sangue foi coletado a partir de cortes nas extremidades da cauda do animal, sendo
mensurado a glicemia basal no tempo 0 ou TO ( em duplicatas), e em seguida, foi
administrada glicose a 20% (2mg/g de peso) através de gavagem e foi mensurada a
glicose (em duplicata) apos 15, 30, 60 e 120 minutos depois da administracdo da
glicose (BARQUISSAU et al., 2017).

5.7 TESTE DE TOLERANCIA AO PIRUVATO (TTP)

Aos 90 e 300 dias de vida foi realizado o teste de tolerancia ao piruvato (TTP)
apos um jejum de 12 horas (overnight), os animais foram separados em gaiolas
individuais. Em seguida, foi realizada a mensuracdo do nivel basal de glicose no
tempo 0 (TO), em duplicata, e injetado o piruvato de sédio a 50% (2g/kg de peso)
por via intraperitoneal, sendo depois mensurada a glicemia (em duplicata) aos 15,
30, 45, 60 e 120 minutos apos a administracdo do piruvato de sédio (Sigma-Aldrich
Brasil Ltda, P2256) (BARQUISSAU et al., 2017).

5.8 TESTE DE SENSIBILIDADE A INSULINA (TSI)

Aos 90 e 300 dias de vida foi realizado o teste de sensibilidade a insulina
(TSI) apds um jejum de 6 horas, os animais foram separados em gaiolas individuais.
Em seguida, foi realizada a mensuracao do nivel basal de glicose no tempo 0 (T0),
em duplicata, e injetada a insulina (1 mU/g de peso) por via intraperitoneal, sendo
depois mensurada a glicemia (em duplicata) aos 15, 30, 45, 60 e 120 minutos apés a
administracdo de insulina humana regular (HUMULIN R, 100Ul/ml) (BARQUISSAU
et al., 2017).

5.9 AVALIAQAO DO ESTRESSE OXIDATIVO NO FIGADO

O estresse oxidativo foi avaliado no tecido hepatico dos ratos, a partir de
biomarcadores como malondialdeido (MDA), carbonilas, sulfidrila e sistemas
enzimaticos antioxidantes: catalase, superéxido dismutase e glutationa transferase e
através da razdo GSH, GSSG e GSH / GSSG. Aos 90 e 300 dias, cinco animais de
cada grupo foram sacrificados por guilhotina ap6s jejum de 6 horas no periodo claro

(6h as 12h) para coleta do figado. Uma aliquota de aproximadamente 1 g do 6rgéo
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foi armazenada em Eppendorf a -80°C até o preparo da amostra. As analises de
estresse oxidativo foram realizadas no Laboratério de bioquimica geral, molecular e

do exercicio do Centro Académico de Vitéria, Universidade Federal de Pernambuco.

5.9.1 Preparo do homogeneizado do tecido hepatico

O tecido hepéatico foi homogeneizado em tampao de extracdo (Tris base 50
mM e EDTA 1mM, pH 7,4; com adi¢cdo de ortovanadato de sédio 1 mM e PMSF 2
mM). ApGs a homogeneizacao, as amostras foram centrifugadas a 1180xg, a 4° C,

por 10 minutos e os sobrenadantes submetidos a quantificacéo protéica.
5.9.2 Dosagem de proteina

A concentracdo de proteina foi determinada pelo método de Bradford
(BRADFORD, 1976). O principio do método baseia-se na determinacdo da
concentracéo de ligacdes peptidicas através da medida da absorbancia do complexo
proteina-corante. Este complexo absorve em comprimento de onda de 595 nm. A
absorbéancia € considerada diretamente proporcional a concentracdo de proteina na

solucéo analisada, onde uma solucéo de BSA (2mg/ml) foi utilizada como padrao.

5.9.3 Avaliacdo dos niveis de peroxidacdo lipidica pela metodologia da

substancia Reativa ao Acido Tiobarbitdrico

Para a dosagem de TBARS foi utilizada a técnica colorimétrica de Buege e
Aust (BUEGE e AUST, 1978), sendo uma técnica muito utilizada para avaliar a
lipoperoxidacado, pois o acido tiobarbitirico reage com os produtos da LPO, entre
eles o malondialdeido e outros aldeidos. Adicionou-se a uma aliquota (300 ug
proteina) do homogeneizado ao &cido tricloroacético (TCA) a 30%, o material foi
centrifugado a 1180xg por 10 minutos, o sobrenadante retirado e adicionado ao
acido tiobarbiturico a 0.73% que reage com o0s produtos da lipoperoxidagcao
formando um composto de coloragéo rosada. A mistura foi incubada por 15 minutos
a 100°C e em seguida resfriada, utilizada para a leitura da absorbéancia a 535nm em
espectrofotometro (Biochrom Libra S12 Visible, USA), utilizando cubetas de quartzo.

Os resultados foram expressos em uM/mg de proteina.
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5.9.4 Medida dos niveis de oxidacao de proteinas (Carbonilas)

A avaliacdo da oxidacdo de proteinas dar-se através da reacdo com o
composto 2,4-dinitrofenilhidrazina (DNPH) descrito por ZANATTA (ZANATTA et al.,
2013). As proteinas (300ug) foram precipitadas em TCA a 30% seguido de
centrifugacéo a 1180g por 15 minutos, o pellet foi ressuspenso e adicionado DNPH
10mM dissolvido em HCI 2.5 N e incubado em local livre de luz a temperatura
ambiente durante uma hora. Posteriormente, as proteinas precipitadas em adigdo ao
TCA 20% foram centrifugadas e passaram por uma seérie de lavagens com tampao
contando acetato de etila e etanol, até o precipitado ser ressuspenso em cloridrato
de guanidina e levado ao espectrofotometro (Biochrom Libra S12 Visible, USA) para
leitura em um comprimento de onda de 370nm (37°C). Os resultados foram

expressos em nmol/mg de proteina.
5.9.5 Avaliacdo do conteudo de sulfidrila-SH

O conteudo de sulfidrila foi determinado a partir da reacdo com 0 composto
DTNB (5,5'- dithiobis (2 nitrobenzoic acid) (ELLMAN, 1959). A aliquota do
homogenato (300 ug de proteina) foi incubada no escuro apds a adicdo de DTNB
10mM e o volume final foi de 1 mL completado com tampéao de extracdo pH 7.4 e
realizada a leitura com absorbancia (30°C) a 412nm em espectrofotdmetro
(Biochrom Libra S12 Visible, USA). Os resultados foram expressos em M/mg de

proteina.
5.9.6 Avaliacdo da atividade enzimatica da Superéxido dismutase (SOD)

A determinacao da atividade de SOD foi feita de acordo com Misra e Fridovich
(MISRA e FRIDOVICH, 1972). O homogenato de figado (80 ug de proteina) foi
incubado no tampéao carbonato de sédio (0,05 %, pH 10.2, 0.1 mM de EDTA) em
banho-maria a 37°C, antes da avaliagcdo da atividade enzimatica. A reacao teve
inicio pela adicdo de 20 uM de epinefrina (150 mM), em acido acético (0.05 %). A
absorbancia foi lida a 480nm por 3 min em espectrofotdmetro (Biochrom Libra S12
Visible,USA). Os resultados foram expressos em U/mg de proteina. Uma unidade de
SOD foi definida como a quantidade de proteina requerida para inibir a auto-

oxidacéo de 1umol de epinefrina por minuto.
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5.9.7 Avaliagao da atividade enzimética da Catalase

A atividade da catalase foi monitorada de acordo com AEBI (1984). O
principio do ensaio é baseado na determinagcéo da constante k de decomposicao de
H,O,, que nas nossas condicdes de temperatura e pH foi definido como 4.6 x 10",
Assim, 0,3M de H,0, foi adicionado a amostra (80ug de proteina), seguido de adicéo
do tampéo fosfato 50mM, pH 7.0 a 20°C, a absorcdo de decaimento foi monitorada
por 4 min a 240nm em espectrofotometro (Biochrom Libra S12 Visible, USA). Os
resultados foram expressos em U/mg de proteina (AEBI, 1984) . Uma unidade de
catalase foi definida como quantidade de proteina requerida para converter 1umol de

H.O, em H,O por minuto.
5.9.8 Avaliacdo da atividade enzimatica da Glutationa S-Transferase

A atividade da glutationa S- transferase é diretamente proporcional a taxa de
formacédo do composto DNP-SG (dinitro fenil S glutationa), podendo desta forma ser
medida por meio do monitoramento da taxa de formacdo do mesmo. Em uma cubeta
de quartzo de 1 mL, adicionou-se a amostra (80ug de proteina) ao tampéao fosfato
(0.1M) e EDTA (ImM), GSH (ImM) e CDNB (1mM). A absorbéancia (340mm) foi
registrada por um periodo de aproximadamente 3 min com controle da temperatura
(30°C), em espectrofotbmetro (Biochrom Libra S12 Visible, USA). Os resultados
foram expressos em U/mg proteina. Uma unidade de atividade enzimética da GST
foi definida como a quantidade necesséria para catalisar a formagdo de 1umol do
composto DNP-SG por minuto (HABIG, PABST e JAKOBY, 1974).

5.9.9 Quantificacdo do balanc¢o redox (razdo GSH/GSSG)

A razdo GSH/GSSG foi avaliava através da quantificacdo dos niveis de GSH
e GSSG segundo o método de HISSIN e HILF (1976). Em tampdo 0,1M fosfato
contendo 5mM de EDTA (pH 8.0) foi adicionado 100 ug do homogenato do figado e
o fluorescente ortoftaldeido (1uM), e entédo incubado a temperatura ambiente, por 15
minutos e lido em espectrofluorimetro modelo FLUOstar Omega (BMG Labtech,
USA), utilizando os comprimentos de onda de 350nm de excitacdo e 420nm de
emissdo. Para determinar os niveis de GSSG, a amostra foi incubada com 0.04M de
N-ethylmaleimide por 30 minutos, seguido da adicdo de tamp&do NaOH a 0.1M.

Quando os preparos estavam prontos, seguindo os mesmos passos de GSH foi
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executado para determinar GSSG. O estado redox foi determinado pela relagao
GSH/GSSG (HISSIN e HILF, 1976).

5.10 Ensaios moleculares
5.10.1 Coleta dos tecidos

Aos 90 e 300 dias de vida, um grupo de animais que nao passaram por
procedimentos cirargicos foram eutanasiados por decapitacdo para coleta do figado
para a realizacdo dos ensaios moleculares. Os presentes tecidos foram coletados,
congelados em nitrogénio liquido e imediatamente armazenados em freezer -80°C

para posterior realizacdo das andlises.
5.10.2 Extracdo de mRNA

O RNA total de cada amostra (figado) foi extraido utilizando o reagente
TRIzol™ Reagent (Ambion®) e cloroférmio hidratado com &agua DEPC, seguido de
precipitacdo com isopropanol, lavagem com etanol a 70%, centrifugacdo e
ressuspensdao com H,O DEPC, e posteriormente tratado com TURBODNAase
(Ambion), com o objetivo de eliminar contaminantes de DNA genOGmico. A
concentragéo e qualidade do RNA total foram determinadas por espectrofotometria
usando o espectrofotémetro NanoDrop® 2000. As amostras de RNA foram
quantificadas através de espectrofotometria (A= 260 nm) e andlise em gel de
agarose 1% em comparacdo com o marcador de peso molecular 1 Kb Plus DNA

Ladder® (Invitrogen).

5.10.3 Avaliacédo da expressao génica por RT-PCR quantitativo em tempo real
(gRT-PCR)

A gRT-PCR foi realizada com o kit Quantitect SYBR™ Green RT-PCR
(QIAGEN) e 100ng de RNA. Foi utilizado um controle negativo, com todos os
reagentes do kit, porém sem RNA, com o objetivo de verificar uma possivel
contaminagao dos reagentes. Cada amostra foi amplificada em um termociclador
Applied Biosystems® 7500, software v.2.0.6, programado para uma etapa de sintese
de cDNA, desnaturacdo a 94°C por 2 min, seguido de 40 ciclos a 94°C por 1 minuto,
55°C por 1 min e 72°C por 2 min, e uma etapa final de 72°C por 10 min. onde foram

utilizados os primers.
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Todas as reacdes de RT-PCR quantitativa foram realizadas em duplicata, no
sistema de PCR em tempo real da Applied Biosystems (ABI 7500). Para cada reacéo
foram usados: SYBR Green Master mix 1X, 0,2 uyM de cada primer (Forward e
Reverse), 0,2 U da enzima Transcriptase Reversa, 5 pl de cada amostra
normalizada para 100 ng e H,O para completar 25 pl de reagcdo. A sequéncia dos
primers que foram utilizados para a realizacdo dos experimentos de RT-PCR do

presente estudo encontram-se descritas na tabela 3.

Tabela 3. Sequéncia de primes que foi utilizado para a realizacdo do qRT-PCR.

Gene Forward/ Sequence Tm  Amplicon
Reverse 5 -3 (°C) Size

Actb F CCTGACCCTGAAGTACCCCATTG 60 205pb
R CATGGCTGGGGTGTTGAAGGTC

SOD1 F TGAAGAGAGGCATGTTGGAG 58 164pb
R CCACCTTTGCCCAAGTCATC

SOD2 F TCATGCAGCTGCACCACAGC 60 138pb
R CCATTGAACTTCAGTGCAGG

IL-1p F CTCTCCACCTCAATGGACAG 60 181pb
R TTGGGATCCACACTCTCCAG

TNF-a F CCAGACCCTCACACTCAGATC 58 78pb
R CTTGGTGGTTTGCTACGACG

5.11 MEDIDAS DE VENTILACAO PULMONAR

As medidas de ventilacdo foram obtidas por pletismografia de corpo inteiro,
em um sistema fechado (BARTLETT e TENNEY, 1970), no 1°, 7°, 14°, 21°, 30°, 90°
e 300° dia de vida da prole. Para aquisicdo dos sinais de ventilagdo os animais
foram mantidos dentro de uma caixa pletismogréafica de corpo inteiro. O volume
dessa caixa foi padronizado pelo nosso grupo de pesquisa de acordo com a idade
do animal. Para as idades de 1° e 7° dia de vida era utilizado uma caixa
pletismografica de 1 L e para as idades de 14°, 21° e 30°, 90° e 300° dia de vida foi
utilizado uma caixa de 5 L.

Durante a realizacdo de cada medida de ventilagdo, o fluxo de ar foi
interrompido e a camara do animal permaneceu totalmente vedada por curtos
periodos de tempo (~2 min). As oscilacbes causadas pela ventilacdo do animal
foram captadas por um dispositivo conectado a camara que contém o transdutor

diferencial de pressdo e o amplificador de sinais (ML141 spirometer, PowerLab,
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ADlInstruments). O sinal foi entdo enviado para o sistema de aquisi¢cao e analise dos
dados (LabChartTM Pro, PowerLab, ADInstruments), como demonstrado na figura 2.
A calibracdo do volume de ar foi obtida durante cada experimento, injetando-se um
volume conhecido de ar de 0.1 mL para a caixade 1 L e 1 mL para a caixade 5L
dentro da camara do animal com o uso de uma seringa graduada. Trés variaveis
respiratérias foram medidas: a frequéncia respiratéria (f), o volume corrente
(GOUBAU et al.) e a ventilagdo pulmonar (VE) (MALAN, 1973).

Figura 2 - Desenho esquematico da pletismografia de corpo inteiro de um animal, adaptado de
Penintente et al., 2007. Durante a realizagdo de cada medida de ventilagéo, o fluxo de ar da caixa foi
interrompido e a cAmara do animal permaneceu totalmente vedada por curtos periodos de tempo (~2
min). As oscila¢des causadas pela ventilacdo do animal foram captadas por um dispositivo conectado
a camara que contém o transdutor diferencial de pressdo e o amplificador de sinais. O sinal foi entédo
enviado para a placa de aquisi¢éo e analise dos dados (LabChartTM Pro, PowerLab, ADInstruments).

(&) Transdutor
(B) Amplificador
{C) Placa de aquisigao

B

v L] =
C & Ei’?f —

H

Powerlabd00 ) abChart vi

Fonte: Adapatado de Penintente et al. ( 2007).

5.12 PROCEDIMENTO CIRURGICO PARA IMPLANTE DE CATETER EM ARTERIA
FEMORAL

Na idade de 90 dias de vida, metade dos animais foram anestesiados com
ketamina (80 mg/kg, i.p.) e xilazina (10 mg/kg, i.p.), e em seguida, foi realizada uma
cirurgia para inser¢cdo de um cateter de polietileno na artéria femoral, para registro
da pressao arterial, como descrito por De-Brito-Alves et al. (2015). A outra metade
dos animais foi submetida a esse mesmo procedimento cirargico na idade de 300
dias. O cateter foi exteriorizado subcutaneamente até a altura do pescoco para

facilitar a conexdo dele ao transdutor de pressdo. Apds a cirurgia, 0s animais
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receberam uma dose de cetoprofeno (5 mg/kg ip, anti-inflamatério). O registro da PA
e da frequéncia cardiaca (FC) foi realizado 24 horas ap6s o procedimento cirtrgico
em animais nao anestesiados por meio da conexao do cateter da artéria femoral com
o transdutor mecanoelétrico de pressdo, cujo sinal foi devidamente amplificado
(ML866/P, ADInstruments, Power Lab, Bella Vista, NSW, Australia), digitalizado por
meio de uma interface analdgico/digital e amostrado a 2000 Hz em um
microcomputador equipado com um software apropriado (LabChartTM Pro vers. 8,
ADInstruments, Bella Vista, NSW, Australia), para posterior analise. A pressao
arterial média (PAM) e frequéncia cardiaca (FC) foram derivadas da pressao arterial

pulsatil (PAP) por meio deste sistema de aquisicao.

5.13 ANALISE ESTATISTICA

Os resultados foram expressos em média + epm (erro padrdo da média). A
analise de normalidade da amostra foi realizada por meio do teste de Kolmogorov-
Sminorv. A comparacgao entre os grupos foi realizada por meio do teste ANOVA one-
way e ANOVA two-way (para os testes de tolerancia a glicose, teste de tolerancia ao
piruvato e teste de tolerancia a insulina), seqguido do pés-teste de Bonferroni. Os
dados foram analisados no programa Graph Pad Prism (GraphPad Software

Corporation, versao 5.0, 2007). O nivel de significancia considerado foi p<0,05.
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6 RESULTADOS
6.1 CONSUMO ALIMENTAR DA PROLE

O consumo alimentar foi verificado na prole com 22 a 30, 30 a 60, 60 a 90 e 90
a 300 dias de idade, obtendo-se o coeficiente de eficiéncia alimentar (CEA) nos periodos
avaliados (Tabela 4). No periodo de 22 a 30 dias, o grupo HL apresentou menor
consumo em gramas, calorias e macronutrientes quando comparados ao grupo C. Nao
houve diferenga entre os grupos no valor do CEA. Na idade de 30 a 60 dias, nao foi
observada diferengca no consumo entre os grupos, porém a prole HLw3 apresentou
valores de CEA maiores que o grupo C (p<0,05), sem diferenca na prole HL. Durante o
periodo de 60 a 90, ndo foram encontradas diferencas nos valores de consumo e CEA
entre os grupos. No entanto, entre 90 e 300 dias o consumo alimentar e as calorias
foram menores no grupo HL quando comparado ao C e o consumo do grupo HLw3 foi

maior que o HL (p<0,05).

Tabela 4. Consumo alimentar em gramas, calorias e macronutrients e o coeficiente de
eficiéncia alimentar ap6s o desmame da prole de ratos submetidos a dieta Controle (C),
Hiperlipidica (HL) e Hiperlipidica enriquecida com émega-3 (HLw3) durante a gestacdo e

lactacéo.
Periodo/ Grupo
Nutriente
C HL HLw3

M+EPM M+EPM M+EPM
22 a 30 dias
Consumo (g) 110,7 +1,3 100,8 +1,8 106,8 + 1,0
Calorias (Kcal) 380,8 + 4,6 346,8 +6,1° 367,5+35
Proteinas () 28,0+0,3 255+ 0,4 27,1+0,6
Carboidratos (g) 60,3+0,7 55,0 + 0,9 58,2+0,5
Lipidios (g) 3,01 +£0,03 2,72+ 0,05 2,95+0,02
Coeficiente de 0,4 + 0,009 0.4+0.01 0,4+0,01
eficiéncia
alimentar (CEA)
30a60dias
Consumo (g) 727,5+9,5 734,9 + 16,9 741,2+7,1
Calorias (Kcal) 2503,0£32,9 2528,0 + 58,0 2550,0 + 24,5
Proteinas (g) 1846 £2,4 186,5+4,3 1915+1,8
Carboidratos (g) 396,9+5,2 400,9+£9,2 404,4 + 3,8
Lipidios (g) 20,1+0,3 20,3+0,4 20,5+0,2
Coeficiente de 0,2 £ 0,009 0,2 £ 0,006 0,3+ 0,009
eficiéncia

alimentar (CEA)
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60 a 90 dias

Consumo (g) 618,6 + 30,7 597,6 + 14,1 614,9 +7,9
Calories (Kcal) 2128,2 +105,5 2056,0 £ 48,6 21154 £ 27,5
Proteinas (g) 157,0 £7,8 151,7+3,6 156,1+£2,0
Carboidratos (g) 337,5+16,7 326,0 +7,7 335,5+4,3
Lipidios (g) 17,1+0,8 16,5+0,4 17,0+£0,2
Coeficiente de 0,1 £ 0.008 0,1+£0,01 0,09 + 0,007
eficiéncia

alimentar (CEA)

90 a 300 dias

Consumo (g) 10218 + 5,7 8259 + 2,7 10611 + 5,1*
Calorias (Kcal) 35149+24 28410 +1,6 36501 + 2,3
Proteinas (g) 740,8 £0,3 607,0 £ 0,2 779,9+0,3
Carboidratos (g) 1609,3+0.5 1300,7 £ 0,3 1671,2+0,4
Lipidios (g) 86,2+0,1 69,71 + 0,08 89,6 +0,1
Coeficiente de 0,1+0,01 0,1+0,01 0,1+0,01
eficiéncia

alimentar (CEA)

As proles foram submetidas durante a gestacao e lactagdo as dietas controle (C, 19% de lipidios) ou
hiperlipidica, (HL, 33% de lipidios) ou hiperlipidica enriquecida com émega-3 (HLw3, 33% de lipidios
e 3,5% de 6leo de linhaga), de acordo com o grupo experimental. Os valores foram expressos como
média + EPM. As analises foram feitas com a utilizacdo de teste estatistico ANOVA one-way e pos-
teste de Bonferroni (N = 12-17). * p<0,05 vs. Controle; # p<0,05 vs. HL.

6.2 AVALIACAO DAS MEDIDAS MURINOMETRICAS

O grupo HL apresentou maior peso corporal com 1 dia de idade quando
comparado ao C e HLw3 (Tabela 5). Os grupos HL e HLw3 apresentaram maior peso
corporal no 7° (p<0,0001) e 14° (p<0,0001) dia. O grupo HLw3 apresentou maior peso
corporal quando comparado aos demais grupos aos 21 dias (p = 0,002). Nao foram

encontradas diferencas entre os grupos aos 30, 90 e 300 dias.

Tanto o grupo HL quanto o HLw3 apresentaram circunferéncia abdominal
maior no 1° dia de idade (p = 0,002) quando comparado ao C. Apenas 0 HL mostrou
circunferéncia aumentada aos 7 dias (p = 0,005) e 14 dias (p = 0,0009) de idade.
Nenhuma diferenca foi encontrada entre os grupos aos 21 dias de idade. Porém, o HL
apresentou circunferéncia abdominal aumentada quando comparada aos outros grupos
aos 30 dias (p = 0,004). Nenhuma diferenca foi encontrada entre os grupos aos 90 e 300

dias de idade.

O grupo HL apresentou comprimento naso-anal aumentado em relagdo ao C e
HLw3 com 1 dia (p = 0,004) e 7 dias (p<0,0001) de idade. Nenhuma diferenca foi
encontrada entre os grupos aos 14 dias de idade. O comprimento naso-anal dos grupos
HL e HLw3 foram maiores em relagcéo a C aos 21 dias de idade (p <0,0001). No entanto,

na prole HL, o comprimento naso-anal foi maior aos 30 dias de idade (p <0,0001)
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gquando comparado com o0s demais grupos. Os animais apresentaram crescimento

corporal semelhante aos 90 e 300 dias de idade.

Quanto ao indice de Lee aos 90 e 300 dias, nenhuma diferenca foi encontrada
entre os grupos.
Tabela 5. Parametros murinométricos da prole de ratos cujas méaes foram alimentadas com

dieta controle (C), dieta hiperlipidica (HL) e dieta hiperlipidica enriquecida com 6mega-3
(HLw3) durante a gestacéo e lactagéo.

Idade/ Variaveis Grupos
C HL HLw3

M = EPM M = EPM M = EPM
1°dia de vida
Peso corporal (g) 6,5+0,1 74+0,1 6,7+0,1%
Circunferéncia abdominal (cm) 44+0,1 46+0,1 45+0,1
Comprimento naso-anal (cm) 51+0,1 54+0,1 5,2 +0,1"
7°dia de vida
Peso corporal (g) 18,1 +0,2 20,8+0,1° 20+0,5
Circunferéncia abdominal (cm) 6,2+0,1 6,6+0,1 6,4+0,1
Comprimento naso-anal (cm) 71+0,1 75+0,1 73+0,1"
14° dia de vida
Peso corporal (g) 32,2+0,3 34,7+0,5 36,1+ 0,6
Circunferéncia abdominal (cm) 8,1+0,1 84+0,1 8,3+0,1
Comprimento naso-anal (cm) 8,7+0,1 8,8+0,1 85+0,1
21°dia de vida
Peso corporal (g) 53,9+0,6 54,3+0,8 576+0,7"
Circunferéncia abdominal (cm) 10,2+0,1 10,2+0,1 10,1+£0,1
Comprimento naso-anal (cm) 10,6 + 0,1 11,7+0,1 11,5+0,2"
30° dia de vida
Peso corporal (g) 93,3+24 97 +2.3 100,2+ 2,6
Circunferéncia abdominal (cm) 12,0+ 0,1 12,7+0,2 11,8 + 0,2"
Comprimento naso-anal (cm) 13,4 +0,18 15,7+0,3 13,8 +0,1%
90° dia de vida
Peso corporal (g) 370,1+6,6 358,1+4,3 380+7,1
Circumferéncia abdominal(cm) 19,2+ 0,3 18,6+ 0,3 19,9+ 0,3
Comprimento naso-anal (cm) 222+0,5 22,8+0,4 22,8+0,4
indice Lee (g/cm®) 0,32 + 0,007 0,31 + 0,005 0,32 + 0,005
300° dia de vida
Peso corporal (g) 472,8 £ 14,5 498,2 + 16,6 511,1+15,2
Circunferéncia abdominal (cm) 19,9 +0,5 21,1+0,4 21,0+ 0,4
Comprimento naso-anal (cm) 245 +11 26,21 +0,3 256+1,0
indice Lee (g/cm®) 0,33+£0,01 0,30 + 0,005 0,32+ 0,017

As proles de ratos foram separadas em trés grupos de acordo com suas dietas dadas as maes
durante a gestacédo e lactacdo: dieta controle, grupo C, (19% de lipidios) ou dieta hiperlipidica, grupo
HL, com 33% de lipidios, ou dieta hiperlipidica enriquecida com émega-3, grupo HLw3, com 3,5% de
Oleo de linhaga. Os valores foram expressos como média + EPM. As analises foram feitas com a
utilizac@o de teste estatistico ANOVA one-way e pos-teste de Bonferroni (N = 12-17). * p<0,05 vs.
Controle; # p<0,05 vs. HL.
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6.3 AVALIACAO BIOQUIMICA DA PROLE AOS 22, 30, 90, 300 DIAS DE VIDA

Aos 22 dias de idade (Tabela 6), ndo foram encontradas diferencas nos niveis
séricos de ALB, PT, HDL-c, LDL-c e AST entre os grupos. Em relacdo a GLI, apenas o
HL apresentou niveis mais elevados (p = 0,02) quando comparado ao C. O HL também
apresentou niveis séricos mais elevados de CT (p = 0,003), ALT (p = 0,001) e niveis
mais baixos em relacdo a razdo AST /ALT (p = 0,004) quando comparado aos demais
grupos. O grupo HLw3, entretanto, apresentou niveis inferiores de TG (p = 0,02) e

VLDL-c (p = 0,01) quando comparado ao grupo C.

Aos 30 dias de idade (Tabela 6), diferencas foram encontradas apenas nos
niveis séricos de LDL-c, com o grupo HL apresentando niveis mais elevados (p =

0,001) quando comparado ao grupo C.

Aos 90 dias de idade (Tabela 6), ndo foram encontradas diferencas nos niveis
séricos de ALB, PT, HDL-c, LDL-c e ALT entre os grupos. Em relacédo ao GLI, o grupo
HL apresentou niveis superiores (p<0,0001) quando comparado aos demais grupos. O
HL também apresentou maiores niveis séricos de CT (p = 0,01), TG (p = 0,02) e VLDL-
c (p = 0,02) em relacéo ao C. O grupo HLw3 apresentou niveis mais baixos de AST (p
=0,0007) e razdo AST/ALT (p = 0,0002) quando comparada ao grupo C e HL.

Aos 300 dias de idade (Tabela 6), ndo foram encontradas diferencas nos niveis
séricos de GLI, PT, HDL-c, LDL-c e ALT entre os grupos. Em relacdo ao ALB, o HL
apresentou niveis mais elevados (p = 0,01) quando comparado ao C. Tanto o grupo HL
quanto o grupo HLw3 apresentaram niveis séricos mais elevados de CT (p = 0,008),
TG (p = 0,0002) e VLDL-c (p = 0,002) qguando comparado ao grupo C. E o grupo HL e
HLw3 apresentaram menores niveis de AST (p = 0,0001) e relacdo AST / ALT (p =
0,0001) quando comparados ao C.
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Tabela 6. Perfil bioquimico em jejum da prole de ratos cujas maes foram alimentadas com
dieta controle (C), dieta hiperlipidica (HL) e dieta hiperlipidica enriquecida com 6mega-3
(HLw3) durante a gestacao e lactacao.

Idade/ Variaveis Grupos
C HL HLw3

M + EPM M + EPM M + EPM
22 dias de vida
Albumina (g/dL) 4,0+ 0,02 4,1+0,01 4,1+0,02
Proteinas totais (g/dL) 5,2+ 0,02 5,2+ 0,03 5,2+ 0,03
Triglicerideos (mg/dL) 138,5+6,1 124,2 + 6,8 116,3+4,2°
Colesterol total (mg/dL) 116,4 + 1,6 126,8 + 3,04’ 117,3+2,1%
HDL-c (mg/dL) 23,6+ 3,6 28,45 + 3,2 31,6 +4,4
LDL-c (mg/dL) 51,2+75 63+9 61,3+ 6,6
VLDL-c (mg/dL) 28,4+ 1,4 248+1,3 23,2+0,8
Glicose (mg/dL) 108,6 + 3,3 119,3+3,3 117+1,5
ALT (U/L) 17,3+ 0,7 22,5+1,81 16,9 + 0,6"
AST (U/L) 152,2 + 4,7 137,8 +3,8 142,4 + 4.4
AST/ALT 85+0,7 55+0,8 8,6 +0,4"
30 dias de vida
Albumina (g/dL) 4,2 +0,02 4,1+0,03 4,2+0,03
Proteinas totais (g/dL) 5,3+£0,03 5,3+£0,03 5,4 +£0,05
Triglicerideos (mg/dL) 162,5+ 11,4 151,6 + 10 183,5+ 15,1
Colesterol total (mg/dL) 1199+2,1 123,4+2,6 125,5+2,9
HDL-c (mg/dL) 265+1,4 26,9+29 31,1+25
LDL-c (mg/dL) 64,7+2,8 78,7+3,9 60,3+ 2,5
VLDL (mg/dL) 28,7+2,6 223+2,7 24 +3,8
Glicose (mg/dL) 90,5+5,1 88,4+3 100,5+4,3
ALT (U/L) 30,8+1,3 34+27 38,1+2,4
AST (U/L) 149 + 4,4 143,3+6,7 141,7 + 0,04
AST/ALT 49+0,3 4,4+0,6 3,8+0,4
90 dias de vida
Albumina (g/dL) 4,4+ 0,03 45+ 0,04 4.4+ 0,04
Proteinas totais (g/dL) 5,3+0,04 51+0,1 5,2+ 0,09
Triglicerideos (mg/dL) 96,9+ 1,8 110,3+15 108,5+ 4,4
Colesterol total (mg/dL) 80,8+ 1,5 87,2+15 82,7+1,6
HDL-c (mg/dL) 13,6 +0,5 12,7+1 10,3+ 0,7
LDL-c (mg/dL) 47+ 1 52,2+29 46,3+ 3,5
VLDL (mg/dL) 19,3+0,3 22+1,1 21,7+0,8
Glicose (mg/dL) 120,8 + 3,1 142 +3,6° 126,3 + 2,9
ALT (U/L) 439+1,8 44 +1,8 452 +1,1
AST (U/L) 143+ 4,6 134,2+6,1 115 + 3,8™
AST/ALT 34+0,1 31+0,1 2,5+0,08"
300 dias de vida
Albumina (g/dL) 4,5+ 0,06 4,8+0,04 4,6 + 0,04
Proteinas (g/dL) 6,2+ 0,04 6,3+ 0,04 6,3+ 0,04
Triglicerideos (mg/dL) 59,8+ 3,8 83+4,1 86,4+5,1
Colesterol total (mg/dL) 779+29 87,8+24 88,8+23
HDL-c (mg/dL) 52,3+ 6,2 54,5+ 6,5 58,9 + 3,9
LDL-c (mg/dL) 254+55 21+39 255+ 4
VLDL (mg/dL) 11,9 +0,7 16,6 + 0,8’ 16,4+ 1,2
Glicose (mg/dL) 125,9+9,9 135,6 + 7,2 1352 + 4,6
ALT (U/L) 55,2 + 3,4 52,9+7 62+ 4,7
AST (U/L) 1754 +7,7 139,4+9,2° 114,9+51
AST/ALT 32+0,1 24+02 1,9+0,1
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As proles de ratos foram separados em trés grupos de acordo com as dietas dadas as maes durante
a gestacdo e lactacdo: dieta controle, grupo C, (19% de lipidios) ou dieta hiperlipidica, grupo HL, com
33% de lipidios, ou dieta hiperlipidica hiperlipidica enriquecida com émega-3, grupo HLw3, com 3,5%
de 6leo de linhaca. Os valores foram expressos como média =+ EPM. As andlises foram feitas com a
utilizacdo de teste estatistico ANOVA one-way e pds-teste de Bonferroni (N = 12-17). * p<0,05 vs. C;
# p<0,05 vs. HL.

6.4 TESTE DE TOLERANCIA A GLICOSE AOS 90 E 300 DIAS DE VIDA

No teste de tolerancia a glicose aos 90 e 300 dias de vida, conforme
mostrado na figura 3A e 3C, ndo foram encontradas diferencas nos niveis de
glicemia entre os grupos no tempo 0 (antes da administracdo de glicose),15, 30, 60
e 120 minutos (p>0,05) ap6s a administracdo de glicose. Em relacdo a area sob a
curva (ASC) para a glicose também nao foram encontradas diferencas significativas
entre os grupos aos 90 (p = 0,9717) (Fig. 3B) e 300 (p = 0,6890) (Fig. 3D) dias.

Figura 3. Teste de tolerancia a glicose e area sob a curva (ASC) para glicose aos 90 e 300 dias
de proles cujas mées foram submetidas a dieta controle, HL ou HLw3 durante a gestacédo e
lactacéo. A glicose foi mensurada no tempo 0 antes da administracdo de glicose e nos tempos 15,
30, 60 e 120 minutos apds a administracdo de glicose (graficos A e C). A ASC para a glicose foi
calculada pela regra trapezoidal (graficos B e D). A linha ou barra preta representa o grupo controle, a
linha tracejada ou barra preta representa o grupo HL e a linha ou barra cinza representa o grupo
HLw3. Os valores foram expressos como média + EPM, apos o teste ANOVA two-way (graficos A e
C) ou teste ANOVA one-way (graficos B e D) seguido do pos-teste de Bonferroni (n = 12-17).
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6.5 TESTE DE TOLERANCIA AO PIRUVATO AOS 90 E 300 DIAS DE VIDA

No teste de tolerancia ao piruvato aos 90 e 300 dias de vida, conforme
mostrado na figura 4A e 4B, nenhuma diferenca na glicemia foi encontrada entre os
grupos no tempo 0 (antes da administracdo do piruvato) e no tempo 15, 30, 45, 60 e
120 (p>0,05) minutos ap6s a administragéo de piruvato. Em relacdo a &rea sob a
curva (ASC) para a glicose (Fig. 4B) também n&o foram encontradas diferencas
significativas entre os grupos aos 90 (p = 0,5157) (Fig. 4B) e 300 (p = 0,5562) (Fig.
4D) dias.

Figura 4. Teste de tolerancia ao piruvato e area sob a curva (ASC) para glicose aos 90 e 300
dias de proles cujas mées foram submetidas a dieta controle, HL ou HLw3 durante a gestacéo
e lactacéo. A glicose foi mensurada no tempo 0 antes da administracdo do piruvato e nos tempos 15,
30, 45, 60 e 120 minutos apés a administracdo do piruvato (graficos A e C). A ASC para a glicose foi
calculada pela regra trapezoidal (graficos B e D). A linha ou barra preta representa o grupo controle, a
linha tracejada ou barra preta representa o grupo HL e a linha ou barra cinza representa o grupo

HLw3. Os valores foram expressos como média + EPM, apds o teste ANOVA two-way (graficos A e
C) ou teste ANOVA one-way (graficos B e D) seguido do pos-teste de Bonferroni (n = 12-17).
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6.6 TESTE DE SENSIBILIDADE A INSULINA AOS 90 E 300 DIAS DE VIDA

Em relacédo ao teste de sensibilidade a insulina aos 90 e 300 dias de vida,
conforme mostrado na figura 5A e 5B, ndo foram encontradas diferencas na glicemia
entre 0s grupos no tempo 0 (antes da administracdo de insulina) e no tempo 15, 30,
45, 60 e 120 minutos (p > 0,05) ap6s a administracdo de insulina. Em relacdo a area
sob a curva (ASC) para a glicose também nao foram encontradas diferencas
significativas entre os grupos aos 90 (p = 0,9737) (Fig. 5B) e 300 (p = 0,9789) (Fig.
5D) dias.

Figura 5. Teste de sensibilidade a insulina e area sob a curva (ASC) para glicose aos 90 e 300
dias de proles cujas mées foram submetidas a dieta controle, HL ou HLw3 durante a gestacéo
e lactacédo. A glicose foi mensurada no tempo 0 antes da administracdo da insulina e nos tempos 15,
30, 45, 60 e 120 minutos apos a administracéo de insulina (graficos A e C). A ASC para a glicose foi
calculada pela regra trapezoidal (graficos B e D). A linha ou barra preta representa o grupo controle, a
linha tracejada ou barra preta representa o grupo HL e a linha ou barra cinza representa o grupo
HLw3. Os valores foram expressos como média + EPM, apds o teste ANOVA two-way (graficos A e
C) ou teste ANOVA one-way (graficos B e D) seguido do pos-teste de Bonferroni (n = 12-17).
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6.7 AVALIACAO DO ESTRESSE OXIDATIVO E DA RESPOSTA ANTIOXIDANTE
DO FIGADO AOS 90 E 300 DIAS DE VIDA

O estresse oxidativo foi avaliado no tecido hepatico dos ratos aos 90 e 300
dias de vida, a partir de biomarcadores como malondialdeido (MDA), sulfidrila e
sistemas enzimaticos antioxidantes: catalase, superdxido dismutase e glutationa
transferase e através de GSH, GSSG e relacdo GSH/GSSG (Fig 6).

O grupo HL aos 90 dias apresentou niveis mais elevados de MDA quando
comparado ao grupo HLw3 (p = 0,0398) (Fig 6A) e niveis mais altos de carbonila em
relacdo aos demais grupos (p = 0,0128) (Fig 6B). Niveis mais baixos de sulfidrila
também foram encontrados no grupo HL quando comparado ao grupo controle (p =
0,0186) (Fig 6C). Quanto aos sistemas enzimaticos, nao foi observada diferenca na
atividade da catalase entre os grupos (p = 0,8426) (Fig 6D). No entanto, o grupo HL
apresentou menor atividade de SOD em relagao ao grupo controle (p = 0,0225) (Fig
6E) e GST (p = 0,0095) (Fig 8F). O grupo HL e HLw3 apresentaram niveis mais
baixos quando comparado ao grupo controle de GSH (p<0,0001) (Fig 6G) e GSSG
(p<0,0001) (Fig 6H) e o grupo HLw3 apresentou maiores niveis quando comparado
ao grupo HL. Em relacdo a relacdo GSH/GSSG, os grupos HL e HLWS3
apresentaram valores menores quando comparados ao grupo controle (p=0,0011)
(Fig 6l).

Aos 300 dias, o grupo HL apresentou niveis mais elevados de MDA (p =
0,0003) (Fig 6J) e de carbonila (p = 0,0177) (Fig 6K) quando comparado aos demais
grupos . Niveis mais altos de sulfidrila foram encontrados no grupo HLw3 quando
comparado ao grupo controle (p = 0,0219) (Fig 6L). Quanto aos sistemas
enzimaticos, nao foi observada diferenca na atividade da catalase entre os grupos (p
= 0,6786) (Fig 6M). No entanto, o grupo HL apresentou menor atividade de SOD em
relacdo ao grupo HLw3 (p = 0,0281) (Fig 6N) e GST comparado ao demais grupos
(p = 0,0046) (Fig 60). Em relacéo aos niveis de GSH (p = 0,8869) (Fig 6P) e GSSG
(p = 0,1833) (Fig 6Q) e razdo GSH/GSSG, nao foi encontarada diferenca
significativa (p=0,5041) (Fig 6R).
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Figure 6. Avaliacdo do estresse oxidativo e da resposta antioxidante do figado de ratos
submetidos a dieta Controle, HL ou HLw3 durante a gestacao e lactacdo aos 90 e 300 dias de
vida. Niveis de MDA (gréafico A e J), carbonila (grafico B e K ') sulfidrilas (grafico C e L) e atividade
enzimatica antioxidante de catalase (grafico D e M), SOD (grafico E e N), GST (gréfico F e O), niveis
de GSH (grafico G e P), GSSG (grafico H e Q) e razdo GSH/GSSG (gréafico | e R), do figado de
ratos, com idade de 90 dias. Os ratos foram submetidos durante a gestacéo e lactacdo a dieta C,
controle (19% lipidios) ou HL, hiperlipidica (rica em acidos graxos saturados - 33% lipidios), ou HLw3,
hiperlipidica (rica em acidos graxos saturados - 33% lipidios) enriquecida com édmega-3, de acordo
com o grupo experimental. As barras brancas representam o grupo controle, as barras pretas o grupo
HL e as barras cinza o grupo HLw3. Os graficos foram expressos como média + EPM, apds o teste
ANOVA one-way e pés-teste de Bonferroni (* p<0,05 vs. C, # p<0,05vs. HL; n =5 - 6).
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6.8 AVALIACAO DA EXPRESSAO GENICA POR RT-PCR QUANTITATIVO
(qQRT-PCR) DO FIGADO AOS 90 E 300 DIAS DE VIDA

A prole HL e HLw3 aos 90 dias apresentaram uma dimunui¢do da expressao
de SOD1 (p < 0,0001) (Fig 7A) e SOD2 (p = 0,0414) (Fig 7B) comparado ao grupo
controle, mas o grupo HLw3 apresentou maior expressdo de SOD2 quando
comparado ao HL. Em relacdo aos marcadores inflamatérios, houve um aumento da
expressdo de TNF-a (Fig 7C) (p = 0,0016) na prole HL quando comparado aos
demais grupos e uma dimininui¢cao de IL-18 (Fig 7D) (p = 0,0212) na prole HLw3
comparado ao HL.

Aos 300 dias ndo foram encontradas diferencas nas expressfées das enzimas
antioxidantes SOD1 (Fig 7E) (p > 0,05) e SOD2 (Fig 7F) (p > 0,05). Na comparacao
dos marcadores inflamatoérios, ndo houve diferenca na expressédo de TNF-a (Fig 7G)
entre 0s grupos, mas houve um aumento na expressdo de IL-1B (Fig 7H) (p =
0,0099) no grupo HL em relacao ao controle.

Figura 7. Avaliagdo da expressao génica por RT-PCR quantitativo em tempo real (QRT-PCR) do
figado de ratos submetidos a dieta Controle, HL ou HLw3 durante a gestacédo e lactacao aos 90
e 300 dias de vida. Expressdo génica de SOD1 (graficos A e E), SOD2 (graficos B e F), TNF-a
(graficos C e G) e IL-1B (graficos D e H) do figado de ratos, com idade de 90 e 300 dias. Os ratos
foram submetidos durante a gestacao e lactagéo a dieta C, controle (19% lipidios) ou HL, hiperlipidica
(rica em acidos graxos saturados - 33% lipidios), ou HLw3, hiperlipidica (rica em acidos graxos
saturados - 33% lipidios) enriquecida com 6mega-3, de acordo com o grupo experimental. As barras
brancas representam o grupo controle, as barras pretas o grupo HL e as barras cinza o grupo HLw3.

Os graficos foram expressos como média + EPM, apdés o teste ANOVA one-way e poés-teste de
Bonferroni (* p<0,05 vs. C, # p<0,05 vs. HL; n = 5).
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300 dias de vida
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6.9 AVALIACAO DOS PARAMETROS VENTILATORIOS BASAIS

Os parametros respiratorios basais da prole foram analisados no 1°, 7°, 14°,
21°, 30°, 90° e 300° dia de vida em relacdo a frequéncia respiratéria (FR), obtendo-
se também os valores de volume corrente (VT) e ventilacdo pulmonar (VE). No 1°
dia de vida, o grupo HL apresentou maiores valores de FR em relacdo aos demais
grupos (p = 0,03) (Fig. 8A). No 7° dia, o grupo HLw3 teve um FR menor quando
comparado ao grupo HL (p <0,001) (Fig. 8B). No 14° dia, o grupo HL apresentou
valores de FR aumentados em comparag¢do com o grupo controle (p = 0,007) (Fig.
8C). No entanto, ndo foram encontradas diferencas no FR entre os grupos no 21° dia
(p = 0,42) (Fig. 8D), 30° (p = 0,09) (Fig. 8E), 90° (p = 0,07) (Fig. 8F) e 300° (p = 0,38)
(Fig. 8G) dia de vida.
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Figura 8. Avaliacao da frequéncia respiratéria no 1°, 7°, 14°, 21°, 30° e 90° e 300° dia de vida de
proles cujas maes foram submetidas as dietas controle, HL e HLw3 durante a gestacdo e
lactacdo. As ratas foram submetidas durante a gestacao e lactagéo a dieta controle (19% lipidios), C,
ou hiperlipidica (rica em acidos graxos saturados - 33% lipidios), HL, ou hiperlipidica (rica em acidos
graxos saturados - 33% lipidios) enriquecida com 0mega-3, HLw3, de acordo com o grupo
experimental. As barras brancas representam o grupo controle, as barras pretas o grupo HL e as
barras cinza o grupo HLw3. Os graficos foram expressos como média £ EPM, apds o teste ANOVA
one-way e pos-teste de Bonferroni (* p<0,05 vs. C, # p<0,05 vs. HL; n = 12-17).
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Em relacdo a analise de VT, nao foi encontrada diferenca significativa no 1°
(p = 0,09) (Fig. 9A) e 7° (p = 0,50) (Fig. 9B) dia de vida. No 14° dia, o grupo HLw3
apresentou um menor VT quando comparado ao HL (p = 0,007) (Fig. 9C). Além
disso, nenhuma diferenca foi encontrada no 21° (p = 0,13) (Fig. 9D), 30° (p = 0,08)
(Fig. 9E), 90° (p = 0,61) (Fig. 9F) e 300° (p = 0,34) (Fig. 9G) dia de vida.
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Figura 9. Avaliacdo da ventilacdo corrente no 1°, 7°, 14°, 21°, 30° e 90° e 300° dia de vida de
proles cujas médes foram submetidas as dietas controle, HL e HLw3 durante a gestacdo e
lactacdo. As ratas foram submetidas durante a gestacao e lactagéo a dieta controle (19% lipidios), C,
ou hiperlipidica (rica em acidos graxos saturados - 33% lipidios), HL, ou hiperlipidica (rica em acidos
graxos saturados - 33% lipidios) enriquecida com Omega-3, HLw3, de acordo com o0 grupo
experimental. As barras brancas representam o grupo controle, as barras pretas o grupo HL e as
barras cinza o grupo HLw3. Os graficos foram expressos como média £ EPM, apds o teste ANOVA
one-way e pos-teste de Bonferroni (* p<0,05 vs. C, # p<0,05 vs. HL; n = 12-17).
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Na analise do VE, ndo foram encontradas diferencas entre os grupos do 1°
(p = 0,21) (Fig. 10A) e 7° (p = 0,42) (Fig. 10B) dia de vida. No 14° dia de vida,
menores valores de VE foram observados no grupo HLw3 quando comparado ao HL
(p = 0,001) (Fig. 10C). Da mesma forma, no dia 21° o HLw3 também apresentou
valores mais baixos quando comparado ao grupo HL (p = 0,04) (Fig. 10D). Nao
foram encontradas diferencas entre os grupos nas outras idades avaliadas, ou seja,
30° (p = 0,07) (Fig. 10E), 90° (p = 0,43) (Fig. 10F) e 300° (p = 0,88) (Fig. 10G) dia de

vida.
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Figura 10. Avaliacédo da ventilacdo pulmonar no 1°, 7°, 14°, 21°, 30° e 90° e 300° dia de vida de
proles cujas maes foram submetidas as dietas controle, HL e HLw3 durante a gestacdo e
lactacdo. As ratas foram submetidas durante a gestacao e lactacao a dieta controle, C (19% lipidios)
ou hiperlipidica, HL (rica em acidos graxos saturados - 33% lipidios) ou hiperlipidica (rica em acidos
graxos saturados - 33% lipidios) enriquecida com Omega-3, HLw3, de acordo com o0 grupo
experimental. As barras brancas representam o grupo controle, as barras pretas o grupo HL e as
barras cinza o grupo HLw3. Os graficos foram expressos como média £ EPM, apds o teste ANOVA
one-way e pos-teste de Bonferroni (* p<0,05 vs. C, # p<0,05 vs. HL; n = 12-17).
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6.10 AVALIACAO CARDIOVASCULAR AOS 90 E 300 DIAS DE VIDA

O grupo HL apresentou aos 90 dias de vida um aumento da pressao arterial
sistélica (PAS) basal (p =0,0007) (Fig 11B) e PAM (p = 0,001) (Fig 11C) quando
comparado aos demais grupos, sem alteragdes na FC (p = 0,144) (Fig 11D).
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Figura 11. Avaliacdes cardiovasculares basais da prole de ratas submetidas a dieta Controle,
HL ou HLw3 durante a gestacdo e lactacdo aos 90 dias de vida. Tracados representativos da
pressao arterial pulsatil basal (PAP), pressado arterial média (PAM), frequéncia respiratéria (FR) e
frequéncia cardiaca (FC) do grupo controle, HL e HLw3 (A). Valores da pressao arterial sistdlica
(PAS) (gréafico B), pressao arterial média (PAM) (grafico C) e frequéncia cardiaca (FC) (grafico D) no
momento de repouso do grupo Controle (barras brancas), Hiperlipidico (HL, barras pretas) e
Hiperlipidico enriquecidocom édmega-3 (HLw3, barras cinzas) aos 90 dias de vida. Os gréficos foram
expressos como média + EPM, apos o teste ANOVA one-way e pos-teste de Bonferroni (* p<0,05 vs.
C, # p<0,05 vs. HL; n = 9-19).
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No entanto, aos 300 dias de vida, tanto o grupo HL quanto HLw3
apresentaram aumento da PAS (p = 0,01) (Fig 12A) e aumento da PAM (p = 0,005)
(Fig 12B). N&ao foi encontrada diferenca na FC (p = 0,85) (Fig 12C) entre 0s grupos.
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Figura 12. Avaliacdes cardiovasculares basais da prole de ratas submetidas a dieta Controle,
HL ou HLw3 durante a gestacdo e lactacdo aos 300 dias de vida. Tracados representativos da
pressao arterial pulsatil basal (PAP), pressado arterial média (PAM), frequéncia respiratéria (FR) e
frequéncia cardiaca (FC) do grupo controle, HL e HLw3 (A). Valores da pressao arterial sistdlica
(PAS) (gréafico B), pressao arterial média (PAM) (grafico C) e frequéncia cardiaca (FC) (grafico D) no
momento de repouso do grupo Controle (barras brancas), Hiperlipidico (HL, barras pretas) e
Hiperlipidico enriquecidocom émega-3 (HLw3, barras cinzas) aos 300 dias de vida. Os graficos foram
expressos como média + EPM, apos o teste ANOVA one-way e pos-teste de Bonferroni (* p<0,05 vs.

C, # p<0,05 vs. HL; n = 9-19).
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7 DISCUSSAO

Neste estudo, os para@metros metabdlicos da prole de ratos foram avaliados
no inicio da vida, apdés a exposicao perinatal as dietas expermentais e na idade
adulta. Demonstramos que 0s ratos expostos a uma dieta materna com alto teor em
AGS enriquecida com w-3 mostraram consideravel atenuacdo das consequéncias
metabdlicas adversas até o inicio da idade adulta, no entanto ndo houve diferencas

observadas posteriormente a longo prazo.

O consumo materno didrio em gramas durante a gestacéo nédo diferiu entre os
grupos na nossa pesquisa. Os animais geralmente apresentam redu¢do no consumo
de racdo ao receber dieta com maior densidade calérica em regime ad libitum, pois
tendem a consumir uma quantidade constante de calorias (CARVALHO et al., 2013).
As dietas hiperlipidicas tém menor teor de carboidratos e maior teor de lipidios em
comparacdo com a AIN-93. Isso contribuiu para a diminuigdo do consumo de
carboidratos em maes alimentadas com dieta hiperlipidica enriquecida com émega-
3, bem como contribuiu para o maior consumo de lipidios entre os dois grupos em
relacdo ao controle (FERRO CAVALCANTE, T. et al., 2013).

Também neste estudo, as ratas prenhes alimentadas com dieta hiperlipidica
também apresentaram maior consumo de lipidios na ultima semana de gestacdo em
detrimento do consumo de carboidratos. Na avaliacdo do consumo alimentar das
proles, foi observada menor ingestao alimentar na prole HL. Porém, alguns estudos
encontraram maior consumo alimentar na prole de ratas submetidas a dieta HL
durante a gestacao e lactacdo. Animais submetidos a dieta HL podem apresentar
uma alteracdo na sinalizacdo das vias de saciedade com maior consumo caldrico
por meio da alimentacdo, mesmo apoOs a ingestdo de leite materno (DESAI et al.,
2014; KOJIMA, S., CATAVERO, C. e RINAMAN, L., 2016). No entanto, também ¢é
relatado que os animais que receberam dieta HL durante a prenhez apresentam
menor ingestdo alimentar em comparacdo com aqueles que receberam uma dieta
normolipidica. Foi encontrada uma reducdo de 30% no consumo de dieta HL com
maior teor de gordura saturada quando comparada a dieta padrdo (CARVALHO et
al., 2013). O aumento da densidade calorica da dieta reduz a ingestdo alimentar,
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pois na dieta ad libitum os animais consomem uma quantidade constante de calorias
(LLOPIS et al., 2014).

Em concordancia com um estudo anterior, 0 grupo HL apresentou aumento
do peso corporal quando comparado ao C (KOJIMA, SAYURI, CATAVERO,
CHRISTINA e RINAMAN, LINDA, 2016). Da mesma forma, o grupo HLw3
apresentou maior peso que o C na maioria das idades avaliadas. Tomados em
conjunto, esses achados sugerem que o aumento do consumo materno de 6mega-3
durante a gestacdo nao foi capaz de atenuar o aumento de peso corporal no inicio
da vida das proles alimentadas com dieta rica em acidos graxos saturados. Isso
pode ser devido ao efeito soprepujante dos &cidos graxos saturados, que foram
relatados como associados ao aumento da massa corporal na prole (MENNITTI et
al., 2015). No inicio da vida, o grupo HL mostrou circunferéncia abdominal maior do
que o C. Foi proposto que o consumo materno de dieta rica em acidos graxos
saturados leva ao aumento da gordura visceral na prole (VOLPATO et al., 2012). No
entanto, a partir do 7° dia de vida, o grupo HLwW3 apresentou circunferéncia
abdominal semelhante aos ratos do grupo controle nas idades avaliadas. Também
foi demonstrado em animais que a suplementacdo materna de DHA durante a
gestacdo e lactacdo reduz o tecido adiposo visceral e subcutaneo, que esta

associado ao risco de desenvolvimento de obesidade (BAGLEY et al., 2013).

Nossos dados corroboram com outros estudos que utilizaram dieta
hiperlipidica durante a gestacdo e lactacdo e encontraram alteracdes metabdlicas,
como hipertrigliceridemia, aumento dos niveis de colesterol total e LDL-c (VIDAL-
SANTOS et al., 2017). Estudos tém demonstrado que o 6mega-3 pode melhorar o
perfil lipidico por meio da reducdo dos niveis de triglicerideos, colesterol total e
fracdo LDL-C (WADDELL, ZULKAFLI e MARK, 2013). A expressao de PPAR através
de 6mega-3 € acompanhada por supressdo de SREBP (sterol regulatory element-
binding proteins), inibindo a lipogénese com reducé&o na expressédo de acido graxo
sintetase (fatty acid synthase, FAS) e acetil CoA carboxilase (acetyl CoA carboxylase
, ACC), e consequentemente promovendo a diminuigdo nos niveis séricos de acidos
graxos, triacilglicerois e VLDL (KHAIRE, KALE e JOSHI, 2015). Também reduz a
expressdo de enzimas envolvidas na sintese de colesterol e na sintese de
triglicerideos hepaticos, como fosfatase de &cido fosfatidico e diacilglicerol

aciltransferase e aumento da expressao de lipase de lipoproteina para capturar
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triglicerideos circulantes de lipoproteina: VLDL e quilomicrons (BACKES et al.,
2016). Esses estudos podem justificar os melhores parametros lipidicos observados

no grupo HLw3.

O consumo de dieta rica em gorduras saturadas aumenta a expressao
génica de Scdl (stearoyl-CoA desaturasel) e FadS2 (fatty acid desaturase 2) que
sinalizam vias adipogénicas no figado (LEIKIN-FRENKEL et al., 2015), além de
induzir e / ou agravar a lesdo hepatica com consequente aumento dos niveis
plasmaticos das transaminases (KAl et al., 2017; TAIN et al., 2017). Isso pode
explicar os altos niveis de ALT no HL aos 22 dias de idade. Em contraste, a ingestao
de 6mega-3 reduz os niveis de transaminases, principalmente ALT em individuos
com doenca hepética gordurosa ndo alcoodlica (HE et al., 2016; YU, YUAN e WANG,
2017).

Porém, em nosso estudo aos 300 dias de vida, ndo foi encontrado melhora
no perfil lipidico e nos niveis de transaminases hepéticas no grupo HLw3, quando
comparado ao grupo HL. Uma disfuncdo do tecido adiposo é verificada com o
envelhecimento, os mecanismos ainda ndo estéo claros, mas a inflamagéo tem um
papel importante. A inflamacao sistémica de baixo grau € comumente observada no
envelhecimento, com aumento de citocinas pré-inflamatérias, como o TNF-alfa,
capaz de levar a supressdo da diferenciacdo dos adipdcitos (LIO et al., 2002;
BARTLETT et al., 2012). Uma diminuicdo € encontrada na atividade da CCAAT /
enhancer binding protein a (C/EBPa) e do PPAR-y gque sdo responsaveis pelos
processos de diferenciacao e maturacdo de pré-adipécitos em adipdcitos (WU et al.,
1999; ZUO, QIANG e FARMER, 2006) e aumento de supressores adipogénicos
C/EBP-B-LIP e CHOP (C/EBP- Homologous Protein) (KARAGIANNIDES et al., 2001;
KARAGIANNIDES et al., 2006). Como ja visto anteriormente, o PPAR-y também
participa do metabolismo de lipidios (KHAIRE, KALE e JOSHI, 2015). Esses estudos
podem justificar a sobreposicdo dos efeitos dos AGS sobre o enriquecimento de
Omega-3 no perfil bioquimico lipidico do grupo HLw3 aos 300 dias de idade,
sugerindo que o enriquecimento com émega-3 foi capaz de atenuar os efeitos dos
AGS até os 90 dias, ndo sendo capaz de atenuar em longo prazo, com o
envelhecimento, como visto aos 300 dias de idade desses animais.

Neste estudo, o grupo HL apresentou maiores niveis de glicemia de jejum

aos 22 e 90 dias. Além de seu papel hipolipemiante, a ingestdo de dmega-3 esta
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associada ao aumento da sensibilidade a insulina, reduzida com a idade, conforme
observado na prole de ratos (SARDINHA et al., 2012). Estudos encontraram na prole
de ratos adultos de maes que receberam dieta rica em dmega-3 um aumento no
namero de ilhotas pancreéaticas, sem alterar o volume do pancreas (SIEMELINK et
al., 2002).

A progresséo da DM passa por estagios intermediarios, desde alteracéo da
glicemia de jejum e intolerancia a glicose, e esses estagios sdo decorrentes da
resisténcia a insulina associada a disfungao das células B pancreaticas. Embora nao
tenhamos encontrado diferenca nos testes TTG, TTP e TSI, nosso estudo verificou
tendéncia de desenvolver DM2 no grupo HL. A hiperglicemia de jejum nesses
animais pode fornecer evidéncias de disfuncdo das células beta (DAVIES et al.,
2000). Nesse caso, € possivel que em uma idade mais avancada, um
comprometimento da tolerancia a glicose, piruvato e sensibilidade a insulina possa
ser encontrado nesses animais. Porém, aos 300 dias de vida desses animais, ndo
verificamos diferenca entre 0s grupos nestes testes, nem nos parametros
bioquimicos da glicemia de jejum, sugerindo que a dieta rica em AGS utilizada neste
estudo nao foi capaz de levar ao desenvolvimento de DM2 até essa idade avaliada.

O aumento dos niveis de MDA e carbonilas, associado com a diminui¢ao
de sulfidrilas no grupo HL, pode ser uma evidéncia de dano oxidativo. A diminuicéo
dos niveis de MDA também estd envolvido com a gordura visceral, por ser um
preditor de peroxidacéo lipidica (LEE et al., 2015), é considerado um indicador de
dano celular pelo aumento de espécies reativas de oxigénio (ROS) (FRANCA et al.,
2013). A melhor capacidade antioxidante que o grupo HLw3 apresentou em relagao
grupo HL, com normalizacéo da atividade da SOD e GST corrobora também com o
estudo de Ramaiyan et al. (2016) que encontraram uma melhora na atividade
antioxidante no tecido hepatico da prole de maes submetidas a dieta hiperlipidica
enriquecida com 6mega-3.

Esse aumento de biomarcadores do estresse oxidativo, em conjunto com a
diminuicdo da expressdo das enzimas antioxidantes (SOD1 e SOD2) e com o
aumento da expressdo de marcadores inflamatérios no grupo HL aos 90 dias, pode
ser um indicativo também do desenvolvimento ou risco de esteato-hepatite néo
alcoodlica (NASH). A DHGNA tem como fatores de risco niveis plasmaticos elevados
de TGL, LDL e HDL reduzido, pressao alta e hiperglicemia em jejum (ALBERTI,
ZIMMET e SHAW, 2005) (JUMP et al., 2015) e pode progredir a NASH, que é
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definida como hepatoesteatose com inflamacéo e lesdo hepatica (CHALASANI et al.,
2012; GARCIA-JARAMILLO et al.,, 2019). O estresse oxidativo hepatico também
aumenta com a NASH (DEPNER, PHILBRICK e JUMP, 2013).

A NASH esta associada a um grande enriquecimento do plasma e do figado
com AGS e deplecdo de PUFAs w-3 hepaticos (DEPNER, C. M. et al.,, 2012;
DEPNER, PHILBRICK e JUMP, 2013; DEPNER et al., 2013). O desenvolvimento
desse fenotipo (NASH) foi atribuido a uma dieta rica em gordura saturada, trans,
sacarose e colesterol (WOUTERS et al., 2008; DEPNER, C. et al., 2012; NOMURA e
YAMANOUCHI, 2012; TERATANI et al., 2012; DEPNER, PHILBRICK e JUMP, 2013;
WALENBERGH et al.,, 2013). No entanto, 0 aumento da expressdo de SOD2 e a
diminuicdo de marcadores inflamatorios no grupo HLw3 em relacdo ao HL,
demonstra o efeito antioxidante e antiflamatorio do 6émega-3. Diversos estudos
demonstram que dietas suplementadas com 6Oleo de peixe, EPA ou DHA previnem
NASH induzida por dieta rica em gordura em graus variados (DEPNER, PHILBRICK
e JUMP, 2013; DEPNER et al., 2013; JUMP, TRIPATHY e DEPNER, 2013).

A inflamacao sistémica € o principal fator de NASH. A suplementacdo de
dieta ocidentalizada com EPA ou DHA em camundongos nao atenuou a
endotoxinemia induzida por dieta ocidentalizada em longo prazo (DEPNER et al.,
2013). No entanto, apesar da auséncia do efeito do 6mega-3 em marcadores de
inflamacéo sistémica em longo prazo, como a endotoxina, as analises de expressao
génica sugerem que o EPA e o DHA atenuam a resposta hepatica celular aos
fatores inflamatérios plasmaticos, regulando negativamente os principais mediadores
celulares da inflamacdo, como TLRs, CD14 (liga-se a endotoxina), NF-kB-p50 e
citocinas (IL-18) (DEPNER, PHILBRICK e JUMP, 2013; DEPNER et al., 2013).
Esses estudos podem justificar a diminuicdo da expressdo da IL-18 no figado do
grupo HLw3 que se mantém em idade mais tardia.

Quanto a avaliacdo dos parametros respiratérios, nas primeiras idades de
vida (1° e 14° dias) o grupo HL apresentou aumento da frequéncia respiratéria
quando comparado ao controle. Porém, nas demais idades, houve normalizacdo
dos valores de FR do grupo HL, sem diferenca entre os grupos. Vale ressaltar que
nessas primeiras idades de vida, o sistema respiratorio ainda esta em processo de
maturacdo, apresenta ritmo diferente do adulto, o que demonstra que a maturacao
desse sistema ocorre no periodo pés-natal (PATON, RAMIREZ e RICHTER, 1994),

sugerindo que o periodo de lactacdo tem um papel importante no seu
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desenvolvimento. E reconhecido que a desnutricio protéica materna esta associada
ao aumento da frequéncia respiratéria entre 30 e 90 dias de vida, como mecanismo
subjacente ao desenvolvimento da HAS (DE BRITO ALVES et al.,, 2014). No
entanto, pouco se sabe sobre os efeitos da dieta rica em gordura materna neste

processo de maturagdo, bem como o papel do 6mega-3.

Semelhante ao nosso estudo, Guimardes et al. (2017) também néo
mostraram diferencas nos valores basais de frequéncia respiratéria, volume corrente
e ventilagdo pulmonar aos 90 dias de animais submetidos a dieta hiperlipidica
durante a gestacdo e lactacdo. Porém, quando esses animais foram expostos a
condicdo de hipercapnia (7% COZ2), houve aumento da frequéncia respiratoria e da
ventilacdo pulmonar em resposta ao evento adverso, demonstrando maior
sensibilizacdo dos quimiorreceptores (GUIMARAES et al., 2017). Enquanto isso, o
feto pode produzir respostas adaptativas preditivas a partir dos sinais recebidos pelo
ambiente intrauterino, como meio de protecdo contra agressfes ambientais,
possibilitando sua adaptacdo pos-natal (KHAN et al., 2005b), o que poderia explicar

a auséncia de alteracdes na frequéncia respiratéria na idade adulta.

E bem estabelecido que o alto consumo de dieta hiperlipidica pode causar
inflamacéo sistémica de baixo grau (DUAN, Y. et al., 2018). Paton e Waki (2009)
sugeriram que na inflamacdo pode ocorrer aumento da aderéncia leucocitaria na
microvasculatura do tronco encefélico ou especificamente no NTS, que pode levar a
liberacdo de espécies reativas de oxigénio e citocinas pro-inflamatoérias pelos
leucdcitos, que alteram a atividade neuronal. A inflamacéo e o acumulo de leucécitos
nesta microvasculatura do tronco cerebral podem aumentar a resisténcia vascular.
Um acumulo de leucdcitos nos capilares pode obstruir o fluxo sanguineo, diminuir a
perfusdo sanguinea e resultar em hipoéxia localizada, causando, consequentemente,
um aumento da atividade simpéatica e da pressao arterial (PATON e WAKI, 2009).
Dentro da RVLM, regido geradora de atividade destinada aos neurdnios motores
pré-ganglionares simpaticos, ha neurbnios intrinsecamente sensiveis a hipdxia
(WANG et al., 2001). Fornecendo um mecanismo de transducéo pelo qual a baixa
perfusdo do tronco encefalico resulta em excitacdo simpética para tentar assegurar
uma perfusdo adequada (PATON e WAKI, 2009). Esses estudos podem justificar
nossos resultados de aumento da presséo arterial no grupo HL aos 90 dias e tanto

no HL quanto no HLw3 aos 300 dias de vida. Semelhante ao nosso estudo, Vidal et
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al. (2017) também encontraram aumento da pressao arterial na prole de maes que
receberam dieta hiperlipidica durante a gestacao e lactacao.

Porém, em nosso estudo, aos 90 dias de vida o grupo HLw3 apresentou
pressdo arterial semelhante ao controle, sugerindo que o dmega-3 parece ter acao
cardioprotetora, prevenindo o aparecimento precoce da hipertenséo. Isso pode ser
devido ao consumo adequado da relacdo d6mega-6/6mega-3 de reduzir a formacgéo
de acido araquidbnico a partir do acido linoléico, aumentando a disponibilidade de
acido eicosapentaendico (EPA) e acido docosahexaenodico (DHA) e,
consequentemente, a formacdo de mediadores antiinflamatérios via COX e LOX. A
absorcdo e incorporacdo de acido linolénico (ALA; 18:3) em fosfolipidos de
membrana tem também acao de inibir a utilizacdo da via da COX e LOX no &cido
araquidénico (ARA; 20:4), reduzindo assim a sintese de metabdlitos pro-
inflamatorios: prostaglandina E, (PGE;), o tromboxano A, e leucotrieno B4 (KHATIB
et al., 2016). O acido a-linolénico (ALA; 18:3) também atua na reducdo de
mediadores inflamatérios circulantes no plasma: IL-6, TNF-a e PCR (OLLIVER et al.,
2016).

No entanto, o risco de desenvolver doengas cardiovasculares aumenta com a
alta distribuicdo adiposa visceral, que tende a ocorrer com 0 envelhecimento
(PARARASA, BAILEY e GRIFFITHS, 2014). O tecido adiposo torna-se disfuncional,
com a diferenciacdo de pré-adipoécitos para adipocitos maduros ficando prejudicado
(KIRKLAND et al., 2002), o que resulta em adipdcitos disfuncionais menos capazes
de armazenar gordura e ocorre subsequente redistribuicdo de gordura para locais
ectopicos (SLAWIK e VIDAL-PUIG, 2006). Além do aumento da adiposidade
ectdpica, a funcéo prejudicada do tecido adiposo pode causar aumento dos acidos
graxos livres sistémicos (AGLs) (PARARASA, BAILEY e GRIFFITHS, 2014), uma
caracteristica comum de muitos disturbios metabdlicos (PILZ et al., 2006; SAMUEL,
PETERSEN e SHULMAN, 2010). Os acidos graxos saturados podem ser
considerados os mais prejudiciais dos AGLS, sendo capazes de induzir resisténcia a
insulina e o desenvolvimento de aterosclerose por meio de mediadores lipidicos
como ceramidas e diacilglicerois. A elevacdo dos AGLs, em particular acidos graxos
saturados, pode ser um fator determinante para o aumento da resisténcia a insulina,
risco de doenca cardiovascular e inflamagcdo em adultos idosos (PARARASA,
BAILEY e GRIFFITHS, 2014). Esses estudos podem justificar 0 aumento da pressao
arterial apresentado também no grupo HLw3 em idade mais tardia.
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8 CONSIDERACOES FINAIS

Assim, o presente estudo demonstra que o enriguecimento de émega-3 em
dieta materna hiperlipidica rica em AGS € capaz de prevenir o aparecimento precoce
de doencgas cardiometabdlicas na prole. O consumo materno de dieta hiperlipidica
enriquecida com 6mega-3 preveniu a dislipidemia, prejuizos murinométricos a curto
prazo e conduziu uma melhor resposta antioxidante enzimatica e menor expressao
génica de marcadores inflamatérios no figado da prole. Além disso, o
enriguecimento com 6mega-3 mitigou os efeitos deletérios da dieta rica em &cidos
graxos saturados sobre os parametros ventilatorios durante o periodo de maturagéo
da rede neural e o0 desenvolvimento da instalacéo precoce da HAS na prole adulta.

Em geral, os beneficios cardiometabdlicos do dGmega-3 foram a curto prazo e
insuficientes para contraprogramar as consequéncias adversas da dieta materna
hiperlipidica rica em AGS a longo prazo. Entdo, nosso estudo sugere que o 6mega-3
pode servir como estratégia de prevencao primaria para doencas cardiometabdlicas,
mas nao a Uunica. Portanto, mais estudos sdo necessarios para avaliar 0s
mecanismos relacionados as alteracdes cardiometabdlicas causadas pelo consumo
de dieta hiperlipidica materna, bem como o papel do émega-3 durante o periodo
perinatal. Uma compreensdo completa desses mecanismos e do papel do 6mega-3
pode contribuir com o desenvolvimento de estratégias terapéuticas nao
farmacoldgicas e politicas governamentais para melhorar a saude publica. Como a
implementacgé&o de politicas publicas que visem a disponibilizacé@o e o facil acesso do
Omega-3, a exemplo da suplementacéo gestacional. Essas podem configurar como
possiveis estratégias na prevencdo e controle de doencas cardiometabdlicas na

populacao.
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Tratamento com Betaina e Glicina
Hipoteses:

e A restauracdo da circulagdo dos niveis de betaina e glicina melhoram a
sensibilidade hepéatica a insulina e esteatose através das MAMs
(Mitochondria-Associated Membranes).

e Proteinas chaves que regulam a integridade das MAMs séo reguladas por
modificagcdes epigenéticas.

Objetivo:

e Avaliar in vitro o tratamento da glicina e betaina na resposta a insulina atravées
da fosforilacdo da AKT e nas MAMs por meio dos pontos de contato entre
VDAC e IP3R1.

Tratamento com ATR-101
Hipotese:

e O ATR-101 inibe a SOAT1 (sterol O-acyltransferase 1), uma enzima
localizada na membrana do reticulo endoplasmatico que catalisa a
esterificacdo do colesterol livre intracelular e que faz parte da estrututura das
MAMs. Diminuindo desta maneira, a sensibilidade a insulina, com reducéao da
fosforilacdo da AKT.

Objetivo:

e Avaliar in vitro o tratamento do ATR-101 na resposta a insulina através da
fosforilacdo da AKT e nas MAMSs por meio dos pontos de contato entre VDAC
e IP3R1.
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Técnicas:
1.Cultura celular:

Os experimentos foram realizados em células de carcinoma hepatocelular
HuH7. Esta linha celular foi estabelecida por Nakabayshi em 1982 (Nakbayaski H. et
al., 1982). As células foram cultivadas em meio de Eagle modificado por Dulbecco
(DMEM, PAA Laboratories) contendo 1g/L de glicose (5,5 mM) a 37°C e em uma
atmosfera Uumida com 5% de CO2. O DMEM foi suplementado com 2mM de
glutamina, 2mM de antibi6tico/antimicético e 10% de soro fetal de vitela (FBS),
constituindo o meio padrdo. Células em crescimento exponencial (cerca de 80%
confluentes) foram usadas para todos os experimentos. Para isso, aproximadamente
0,5x10° células foram semeadas em frasco de 75cm?, 2x10° em placas de 6 pocos
(9,6cm?/poco), 0,8x10° e 5x10* nas placas de cultura de fundo de vidro para geracéo
de imagens (MatTek Corporation®). Em todas as experiéncias, as células foram
primeiro cultivadas durante 24 horas em meio padrédo antes de qualquer tratamento

ser iniciado.
Tratamento com Betaina e Glicina:

As células foram incubadas por 18h em meio de cultura com BSA (200uM) ou
Palmitato (200uM). Em cada condicdo, as células foram tratadas com betaina
(5mM) e glicina (5mM). Foi realizada a deplecdo em FBS (soro fisiologico humano)
de 3h e apos a estimulagdo a insulina (100nM) durante 15 minutos. Os experimentos
foram realizados em triplicata para cada condigao.

Tratamento com ATR-101:

As células foram tratadas por 24h com DMSO ou ATR-101 (8 uyM). Foi feita a
deplecdo em FBS (soro fisiolégico humano) de 3h e apds a estimulacdo a insulina
(100nM) durante 15 minutos. Os experimentos foram realizados em triplicata para

cada condicao.
2. Expresséo de proteinas
Extracdo e dosagem de proteinas:

As proteinas das células HuH7 foram extraidas em mistura Ripa+ (1% de

desoxicolato de sodio, 0,1% SDS, 1% NP-40, em PBS suplementado imediatamente
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antes da extracdao com 1mM DTT, 5mM EDTA, 20mM NaF, 1mM NasVO, e Inibidor
de Protease 1X (1/1000)). ApGs incubacgédo por 30 min em gelo, as amostras foram
centrifugadas (15 min, 13.000 rpm, 4°C) e os sobrenadantes foram recuperados. A
concentracdo de proteina foi avaliada usando o método de Bradford (Amersham 11
Biosciences). A densidade éptica foi medida com um espectrofotbmetro a 595nm
(MultiskanGO, ThermoScientific©).

Mensuracdo da expresséao de proteina por Western Blot:

Pouco antes do estagio de migracdo, a solucdo de tampao Laemmli 6x (Tris
HCL 1M pH 7,4, Glycreol, SDS10%, B Mercapto, BBP) foi adicionada a 10ug de
proteina que foi entdo termicamente desnaturada (10 min a 75°C). As amostras de
proteina foram depositadas nos respectivos pogcos de géis de
acrilamida/bisacrilamida a 10%. Os geéis foram transferidos em membranas por
transferéncia semi-seca usando o equipamento TransBlot Turbo Blotting (BioRad).
Em seguida, as membranas foram bloqueadas em BSA 4% por 2 horas a
temperatura ambiente e incubadas durante a noite com o anticorpo primario
especifico. No dia seguinte, as membranas foram lavadas (tampéo de lavagem: 10%
TBS 1x, 0,3% Tween20) e incubadas por 2 horas com o anticorpo secundario. O
sinal da membrana foi detectado utilizando a solucdo Luminata Classico
(LuminataTM) e o equipamento ChemiDoc Cam (Biorad). Finalmente o sinal foi
quantificado usando o software ImagelLab (Biorad).

Tratamento com Betaina e Glicina:

3 BSA
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B S S S

P-Akt (60kDa) g el B - == =
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Tratamento com ATR-101:
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Duolink in situ Proximity Ligation Assay:

Resumidamente, usamos o Duolink in situ PLA para detectar, visualizar e
quantificar a interacdo proteica entre VDAC1 e IP3R1. Os anticorpos primarios
reconhecem proteinas e 0s anticorpos secundarios exibem um pequeno pedaco
terminal de DNA complementar (PLUS e MINUS). Quando duas proteinas estdo em
contato proximo (<40nm), a ligacdo e amplificacdo do DNA dos anticorpos ocorre
criando um sinal de ponto fluorescente vermelho detectavel por microscopia. O PLA
in situ Duolink foi realizado de acordo com o protocolo do fabricante (Duolink®
Fluorescence Protocol Il, Olink Bioscience). As células HuH7 foram lavadas com
PBS, fixadas com formaldeido a 10% (10 min a temperatura ambiente, sob
agitacdo). A reacdo foi interrompida com glicina 1M e as células foram lavadas com
glicina 100mM. Em seguida, as células foram permeabilizadas com triton 0,1% (15
min a temperatura ambiente, sob agitacdo) e saturadas com uma solugcdo comercial
de PBS-BSA (1%) (1 h a 37°C).

Em seguida, as células foram incubadas overnight a 4°C com uma mistura
binaria de anticorpos primarios anti-IP3R1 (diluicdo 1/500, Coelho, sc-28614) e
VDACL1 (diluicdo 1/500, Rato, abl14734). A partir dai, todas as reacbOes foram
realizadas usando produtos quimicos fornecidos pelo kit PLA. ApGs vérias lavagens
com TBS-Tween 0,3%, as células foram incubadas (1h a 37°C) com o anticorpo
secundario complementar (Rabbit PLUS e Mouse MINUS) acoplado a um
fluorocromo (Alexa Fluor), diluido em um diluente de anticorpo (1:5 ). Em seguida,

foram aplicadas sucessivamente “solucdo de ligacao (1:5)” com ligase (1:40) e
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“solucdo de amplificagdo estoque” (1:5) com polimerase (1:80). Outra série de
lavagem foi realizada usando SSC 1x (cloreto de sddio 0,15M, citrato de sddio
0,015M) e SSC 0,01x. As células foram entdo montadas com meio de montagem
Duolink contendo DAPI. Os sinais de pontos de fluorescéncia foram quantificados
usando o software BlobFinder (centro de analise de imagens, Universidade de

Uppsala). Os resultados foram expressos em numero de pontos por nucleo.
Imagem de fluorescéncia:

Todas as imagens foram adquiridas por microscopia de fluorescéncia inversa
(Zeiss®, com equipamento ApoTome e programa Axio Vision). Um minimo de 10

imagens foram tomadas para cada condicao.

Tratamento com Betaina e Glicina
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Tratamento com ATR-101
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ABSTRACT

In last decades, a phenomenon named nutrition transition has been observed in many countries
around the world. It has been characterised by increased consumption of fat-rich diets, predis-
posing to cardiometabolic diseases and high prevalence of the obesity. In the dietary recommen-
dations cited to prevent metabolic diseases, there is a consensus to decrease intake of saturated
fatty acids (SFA) to less than 10% of total energy intake, as recommended by the Food Safety
Authorities. However, fatty acids of different chain lengths may exhibit different cardiometabolic
effects. Thus, our major aim was to review the cardiometabolic effects of different classes of SFA
according to carbon chain length, i.e. short-, medium- and long-chains. The review emphasises
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that not all SFA may have harmful cardiometabolic effects since short- and medium-chain SFA
can provide beneficial health effects and participate to the prevention of metabolic disorders.

Introduction

With the nutritional transition, the prevalence of
non-transmissible chronic diseases associated with
hypercaloric diets, trans fats, saturated fatty acids, and
exacerbated consumption of sugar and salt, lack of
physical activity and other unhealthy practices related
to western lifestyle are observed worldwide (Batista
Filho and Batista 2010). Characteristics of western
diets include high levels of saturated fats, sodium,
simple sugars and low levels of fibre (Popkin and
Gordon-Larsen 2004; Popkin et al. 2012; Batal
et al. 2018).

In the dietary recommendations cited to prevent
metabolic diseases, there is a consensus to decrease
intake of saturated fatty acids (SFA) to less than 10%
of total energy intake (EFSA Panel on Dietetic
Products and N. and Allergies 2010). However, a
meta-analysis found essentially null associations
between total saturated fatty acids and coronary risk
in studies using food intake and those using circulat-
ing biomarkers. The pattern of findings of this ana-
lysis did not produce clearly supporting evidence for
the current cardiovascular guidelines that encourage
low consumption of saturated fats. The study suggests
that nutritional guidelines on fatty acids and

cardiovascular guidelines may require a reassessment
to reflect current evidence (Chowdhury et al. 2014). It
is found that fatty acids of different chain lengths may
exhibit different cardiometabolic effects (Iggman and
Risérus 2011). As for chain size, fatty acids can be
classified into short chain fatty acids (containing from
2 to 5 carbon atoms, SC), medium chain (with 6-12
carbon atoms, MC), long chain (with 12-18 carbon
atoms, LC) and very long chain (with 19 or more car-
bon atoms, VLC) (Silva and Mura 2007). According
to the origin, saturated fatty acids (SFA) can be div-
ided into animal or vegetable origin. Good examples
are vegetable oils, such as palm and coconut oils,
which are sources of SFA. However, there is a consid-
erable variety in this category. Coconut oil is rich in
lauric acid (12: 0) and also in caprylic (8:0), decanoic
(10:0) and myristic (14:0) acids. Palm oil consists
mainly of palmitic acid (16:0) and oleic acid (18:1n-
9), the last one being a monounsaturated fatty acid. In
general, the most common dietary SFA are palmitic
acid (16:0) and stearic acid (18:0) found in animal fats
and also in plants. Palmitic acid (16:0) is one of the
major fatty acids in plasma and human tissues, reflect-
ing the consumption of moderately high fat diets
(Iggman and Risérus 2011). Milk fat, from humans
(Garwolinska et al. 2018) as well as from farm animals
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(cow, goat) (Vieitez et al. 2016), has a very character-
istic composition, since it contains SC, MC and LC
SFA, as well as monounsaturated fatty acids (MUFAs)
and polyunsaturated fatty acids (PUFAs). Still, in
most dairy products, the main fatty acid is palmitic
acid (16:0) (Iggman and Risérus 2011).

The aim of this manuscript was to review the main
cardiometabolic effects of different classes of SFA
according to carbon chain length, i.e. short-, medium-
and long-chains. Highlighting harmful and beneficial
health effects of SFA according to carbon
chain length.

Physiological and cardiometabolic effects of
short-chain SFA

The consumption of SC SFA is uncommon in the
human diet, with the exception of dairy products
(Iggman and Risérus 2011). Fat from goat milk has
approximately a percentage of 20% SC SFA and that
from cow milk on average 11% (Vieitez et al. 2016).
Dietary carbohydrates, specifically resistant starches
and dietary fibres, are substrates for fermentation by
the intestinal microbiota that produce SC SFA, such
as acetic acid (2:0), propionic acid (3:0) and butyric
acid (4:0). It is assumed that most SC SFA are prod-
ucts of colonic fermentation in humans (Cummings
1981; Iggman and Risérus 2011). SC SFA are used by
enterocytes as an energy source or are transported
through the intestinal epithelium into the bloodstream
where they can interact with peripheral cells and tis-
sues as signalling molecules. The concentrations of SC
SFA in the peripheral circulation are very low, conse-
quently due to hepatic metabolism (Peters et al. 1992;
Li et al. 2018). The daily concentration of SC SFA in
humans is approximately 100-200 mM (Cook and
Sellin 1998; Topping and Clifton 2001). The concen-
trations of SC SFA estimated in the proximal colon
varies from 70 to 140 mM (Cook and Sellin 1998;
Topping and Clifton 2001) and reduce to 20-70 mM
in the distal colon (Topping and Clifton 2001). The
concentrations of SC SFA are influenced by diet, por-
tion of the intestine and type of microbiota present
(Hooper et al. 2002). The predominant SC SFA found
in plasma is acetic acid in acetate form (2:0) in con-
centrations ranging from 58 to 230 uM. Serum con-
centrations of 3-15pM and 1-28 M have been
reported for propionic acid (3:0, propionate) and
butyric acid (4:0, butyrate), respectively (Wolever
et al. 1997, 2002; Vogt et al. 2004). It has been pro-
posed that serum levels of SC SFAs may be positively
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associated with the quantity of fibre habitually con-
sumed (Hashemi et al. 2017).

In general, SC SFAs can activate G protein-coupled
receptors (GPCR41 and GPCR43) in colon epithelial
and enteroendocrine cells, leading to the release of the
peptide YY (PYY) and glucagon-like peptide 1 (GLP1)
which are intestinal anorectic hormones (Everard and
Cani 2014; Byrne et al. 2015). The hormones GLP-1
and PYY can reduce motility and gastric emptying,
and decrease pancreatic secretions (Brereton et al.
2015; Steinert et al. 2017). These hormones also
inhibit orexigenic neurons as the neuropeptide Y
(NPY) and Agouti-related peptide (AgRP), while stim-
ulating anorexigenic neurons such as the POMC
(proopiomelanocortin) of the CNS (central nervous
system), reducing appetite (Halatchev and Cone 2005;
De Silva et al. 2011; Alhabeeb et al. 2021). In Figure 1
are illustrated the mechanisms of the SC SFAs related
to reducing food intake and protecting individuals
against obesity and related metabolic disorders, based
on evidence reported by studies in humans
and animals.

Acetic acid (2:0) is easily absorbed and transported
to the liver, so it is less metabolised in the colon and
penetrates the peripheral circulation. The presence of
acetyl-CoA synthetase in the adipose cells and mam-
mary glands allows the use of acetic acid (2:0) for
lipogenesis, and in the muscle cells to generate energy
from its oxidation. Acetic acid also increase cholesterol
synthesis (Wong et al. 2006). Lactulose (18-25g/d for
2weeks), a disaccharide that is rapidly fermented in
the colon, caused higher serum cholesterol levels
when compared to the control diet in humans. It is
suggested that this was caused by the hepatic uptake
of acetate through colonic fermentation of lactulose
and that these increased acetate concentrations caused
an increase in liver lipogenesis (Jenkins et al. 1991).
However, polyfructans fibres (inulin and oligofruc-
tose) in combination with viscous fibres (oat bran)
can lower serum cholesterol (Wong et al. 2006)
although acetic acid production is enhanced. This is
due to the fact that the parallel increase in propionic
acid (3:0) production from polyfructans is able to
counteract the impact of acetic acid, thus reducing the
risk of cardiovascular diseases (Wong et al. 2006). The
propionic acid (3:0) has been shown to decrease chol-
esterol synthesis in the liver and consequently blood
cholesterol (Anderson et al. 2009). Studies in rats sug-
gest that the hypolipidemic action caused by propionic
acid may be related to an induction of hydroxyme-
thylglutaryl-CoA (HMG-CoA) reductase, the limiting
enzyme of cholesterol synthesis (Levrat et al. 1994).
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Figure 1. The dietary consumption of short-chain saturated fat acids can activate G protein-coupled receptors (GPCR41 and
GPCR43) in colon epithelial and enteroendocrine cells, leading to the release in the bloodstream of the peptide YY (PYY) and glu-
cagon-like peptide 1 (GLP1), which are intestinal anorectic hormones. The hormones GLP-1 and PYY can reduce motility and gastric
emptying, and decrease pancreatic secretions. These hormones also increase the activity of Pro-opiomelanocortin (POMC) and
decrease the activity of Neuropeptide Y (NPY) and Agouti related-protein (AgRP). This could contribute to reducing food intake
and protecting individuals against obesity and related metabolic disorders.

Indeed, propionic acid (3:0) has been suggested to
have anti-inflaimmatory actions and beneficial effects
for prevention of obesity, type 2 diabetes (T2DM) and
cardiocvascular diseases (Al-Lahham et al. 2010;
Iggman and Risérus 2011). In humans, supplementa-
tion of 10g/day of inulin propionate ester for
24 weeks decreased weight gain, intra-abdominal fat,
intra-hepatocellular lipids and prevented the deterior-
ation in insulin sensitivity (Chambers et al. 2015).
First, propionic acid (3:0) has moderate inhibitory
activity on cyclooxygenase (COX), an important
enzyme in the production of pro-inflammatory eicosa-
noids (Bos et al. 2004). Although inflammation acts in
the defense of the host, chronic inflammatory condi-
tion is a pathological characteristic observed in the
metabolic syndrome, non-alcoholic fatty liver disease,
T2DM and cardiovascular diseases (Libby et al. 2002;
Hotamisligil 2006). Second, propionic acid is exten-
sively absorbed by the liver and has been shown to
inhibit cholesterol synthesis (Galisteo et al. 2008).
Studies in rodents also suggest that propionic acid
(3:0) has effects on the reduction of fatty acid concen-
tration in the liver (Nishina and Freedland 1990;
Demigné et al. 1995) and plasma (Chen et al. 1984;
DiCostanzo et al. 1999). Finally, propionic acid (3:0)
is probably able to favour adipogenesis in white adi-
pose tissue (Hong et al. 2005; Ge et al. 2008). Indeed,

in vitro model, propionic acid (3:0) was found to
inhibit in a dose-dependent manner the isoproterenol-
induced lipolysis in differentiated adipocytes 3T3-L1
of mice. (Hong et al. 2005 Ge et al. 2008).
Furthermore, propionic acid was shown to dose-
dependently induce the expression of the glucose
transporter type 4 (GLUT-4) in human adipose tissue
(Al-Lahham et al. 2010) thus enhancing glucose capta-
tion for favouring triglycerides synthesis. The mechan-
ism appointed for the induction of adipogenesis
includes the binding of propionic acid (3:0) to the G
protein-coupled receptor (GPCR43), which is an
important receptor in cellular function (Hong et al
2005). GPR43 belongs to a subfamily of GPCRs,
including GPR40 and GPR41, which have been identi-
fied as receptors for fatty acids (Covington et al
2006). GPCR43 is induced during the differentiation
process of adipocytes and its expression is increased
in white adipose tissue of rodents fed a high-fat diet
(Hong et al. 2005), suggesting that GPCR43 partici-
pates to the regulation of adipocyte functions.

Butyric acid (4:0), which is found in milk (Iggman
and Risérus 2011), is the primordial source of energy
of the colonocytes (Wong et al. 2006). It plays major
role in colonic mucosa nutrition and in the preven-
tion of colon cancer (Young et al. 2005; Sengupta
et al. 2006). The mechanisms include inhibition of the



4 (& A M.N.DL G.BLOISE ET AL.

nuclear factor kappa B (NF-kB) and of the histone
deacetylase enzyme (Chen et al. 2006), which has
been shown to induce apoptosis in Ehrlich ascites
tumour cells (Belakavadi et al. 2007). Butyric acid
(4:0) has also been shown to play a role in preventing
intestinal inflammation, through binding to the
GPR43 receptor (also present in cells of the colon,
neutrophils and eosinophils) which blunts the inflam-
matory responses. Butyric acid (4:0) may help pre-
venting atherosclerosis and heart failure through
inhibition of the NF-kB pathway (Aguilar et al. 2014).
Hence, diet with 1% butyrate-supplemented for
10 weeks suppressed atherosclerotic lesions in apolipo-
protein E (apoE) knockout mice (Aguilar et al. 2014).
Butyric acid (4:0) reduces monocyte chemotactic pro-
tein-1 (CCL2/MCP-1), the vascular cell adhesion mol-
ecule 1 and the matrix metalloproteinase 2 production
at the lesion site, leading to decreased macrophage
migration and increased collagen deposition and ath-
erosclerotic plaque stability (Aguilar et al. 2014; Ohira
et al. 2017). In a co-culture system with adipocytes
and macrophages, 0.1-1.0mM of butyric acid (4:0)
significantly reduced production of TNF-z, IL-6,
MCP-1, and release of glycerol and free fatty acids.
This suggested that butyric acid (4:0) is able to blunt
inflammation and to inhibit triglyceride lipolysis
through its binding to GPCR43 and GPCR41 present
in adipocytes (Ohira et al. 2013, 2017).

Physiological and cardiometabolic effects of
medium chain SFA

The MC SFA are found in dairy products and coconut
and palm kernel oil (Iggman and Risérus 2011). MC
SFA are also found in human milk and colostrum
(Isaacs 2005). Medium-chain triglycerides (MCTs) are
a family of triglycerides, composed of caproic (6:0),
caprylic (8:0), capric (10:0), and lauric (12:0) fatty
acids (Bach and Babayan 1982). MCTs are partially
hydrolysed by gastric lipase in the stomach and there-
after by pancreatic lipase within the intestinal lumen,
allowing the direct absorption of MC SFA through the
portal vein to the liver, instead of being absorbed
through the lymphatic system, which is the conven-
tional pathway for the absorption of LC SFA (Bach
and Babayan 1982; Traul et al. 2000). In comparison
with the consumption of different proportions of MC
SFA: LC SFA for 16 weeks, it was found in mice that
the MC SFA group (MC SFA: LC SFA ratio of 1.1)
had a different lipid signature than the LCSFA group
(MC SFA: LC SFA ratio 0.04), prevented the elevation
of pro-inflammatory ceramides, but showed high
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concentrations of some lipids associated with an
increased risk of cardiovascular disease (Zacek et al.
2019). Few studies showed that they raise the basal
metabolic rate and thermogenesis (Seaton et al. 1986;
Iggman and Risérus 2011). Beacause MC SFA are
more easily absorbed and transported through the
portal circulation, which become adequate in states of
intestinal malabsorption, pancreatic insufficiency,
impaired chylomicron lymphatic transport, total par-
enteral nutrition. MC SFA are also used in premature
infant formula (Marten et al. 2006).

In chicken embryo hepatocytes in culture, caproic
acid (6:0) and caprylic acid (8:0) have been shown to
significantly decrease the expression and activity of
fatty acid synthase (FAS) induced by insulin and T3
(triiodothyronine) (Akpa et al. 2010). FAS is a key
enzyme of de novo lipogenesis. It is positively regu-
lated in the postprandial state and is suspected to con-
tribute to obesity and non-alcoholic fatty liver diseases
(NAFLD) (Berlanga et al. 2014; Sanders and Griffin
2016). In cultured hepatocytes, caprylic acid (8:0) and
capric acid (10:0) inhibited the induction of cell stea-
tosis induced by oleic acid (18:1) and palmitic acid
(16:0), both LC SFA (Wang et al. 2016).

It has been shown that MC SFA can prevent endo-
toxic lipopolysaccharide (LPS)-mediated endotoxemia.
For survival analysis, the rats were fed either MC SFA
or corn oil (source of LC fatty acids), with 5g/kg per
day by gavage during 1week before they received an
acute intravenous dose of LPS. Injection of LPS
caused mortality in animals fed with oil, but no mor-
tality occurred in MC SFA fed rats. In LPS treated
groups, liver lesions and markers of inflammation
(CD14, endotoxin receptor involved in inflammation;
TNF-, tumour necrosis factor alpha) were lower in
MC SFA fed rats than in those which received corn
oil. For the analysis of intestinal permeability, another
group of MC SFA/LPS animals was used, which
received a dosage of 5mg/kg of MC SFA per gavage
for 1 week compared to those treated with oil/LPS. An
improvement in intestinal permeability was observed
in the MC SFA/LPS group. This study thus demon-
strated that MC SFA supplementation was able to
limit endotoxemia-induced inflammation and lesions,
which are associated with obesity and the metabolic
syndrome (Kono et al. 2003). In mice fed a diet rich
in cholesterol and supplemented with either medium
chain triglycerides [caprylic acids (C8:0) and capric
acids (C10:0)] (CR-MCT) or long chain triglycerides
(CR-LCT) for 16weeks, MCT supplementation
decreased body weight and serum levels of total chol-
esterol (TC) and low-density lipoprotein cholesterol
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Figure 2. The medium chain saturated fatty acids (MC SFA) prevent liver injury and risk of obesity and metabolic syndrome by
inhibiting TNF- production due to endotoxin-mediated activation of Kupffer cells via CD14. It is observed that MC SFA decrease
levels of total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C) by increase in primary bile acid and secondary bile
acid concentrations in faeces and secondary bile acids in bile and reduction of ileal bile acid binding protein (I-BABP) gene expres-
sion in the small intestine. The MC SFA also acts in the improve pemeability and gut injury.

(LDL-C) and increased serum high-density lipoprotein
(HDL)/LDL ratio. An increase in primary bile acid
and secondary bile acid concentrations in faeces and
secondary bile acids in bile was found with reduction
of ileal bile acid binding protein (I-BABP) gene
expression in the small intestine in the CR-MCT
group. This suggests that caprylic acid (C8:0) and cap-
ric acid (C10:0)-induced reduction in serum choles-
terol levels may be mediated through increased bile
acid excretion, probably thanks to the reduction of
bile acid reabsorption in the small intestine (Li et al.
2018). In Figure 2 are illustrated the mechanisms of
MC SFAs in the preventing of inflammation induced
by endotoxemia and consequently in the development
of liver injury, furthermore is demonstrated its action
in the reducing CT, LDL and intestinal protection.

By contrast with other MC SFA, lauric acid (12:0)
is classified in the literature as MC SFA, and some-
times as LC SFA (Iggman and Risérus 2011). It can be
absorbed through both the portal and lymphatic sys-
tem. MC SFA monoglycerides, and specifically lauric
acid monolaurin (12:0) (Li et al. 2009). Lauric acid
(12:0) is found in coconut oil, palm kernel oil, dairy
products and some margarines. It was shown to
increase the risk of cardiovascular diseases, by increas-
ing TC and LDL-C, suggesting the oils sources of lau-
ric acid would be very damaging to cardiovascular
health. Findings from meta-analyzes provide evidence
that ingestion of lauric acid (12:0) elevates HDL levels

to a higher degree than LDL, thus improving the
TCHDL-C ratio when compared to carbohydrates
(Mensink et al. 2003; Micha and Mozaffarian 2010).
However in rabbits, an isocaloric diet rich in coconut
oil (at either 15 or 26% of total energy) in comparison
with standard feeding (4.2% fat derived from soybean)
induced the development of atherosclerosis and
marked metabolic disorders, even without body
weight gain (Wagqar et al. 2010). In humans, the con-
sumption of a meal rich in coconut oil (composition
of fatty acids: 89.6% saturated fats, 5.8% monounsatu-
rated and 1.9% polyunsaturated) compared to a meal
rich in safflower oil (composition of fatty acids: 75%
polyunsaturated fats, 13.6% monounsaturated and
8.8% saturated) decreased the anti-inflammatory
action of HDL and promoted atherogenic factors.
Furthermore, expression of the intracellular adhesion
molecules (ICAM)-1 and vascular cell adhesion mole-
cules (VCAM)-1 was increased in human umbilical
vein endothelial cells incubated with HDL from indi-
viduals who had consumed a meal rich in coconut oil,
whereas it was decreased following incubation with
HDL from individuals who had consumed a meal rich
in safflower oil (Nicholls et al. 2006). These data sug-
gest that lauric acid (12:0) despite of its impact on
increased plasma HDL, is not favourable to cardiovas-
cular protection. This conclusion is supported by a
review study which evidenced that the consumption
of coconut oil, compared to the consumption of
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unsaturated oils and other saturated fats, does not
help improving plasma lipid and lipoprotein profiles,
and does not help reducing the risk of cardiovascular
diseases (Eyres, Eyres et al. 2016). Two longitudinal
cohort studies have confirmed previous results that
longer chain saturated fatty acids (12:0-18:0) increase
the risk of cardiovascular disease (Zong et al. 2016).

Physiological and cardiometabolic effects of
long chain SFA

The human plasma of healthy subjects after an over-
night fast contains on average 214mM of free fatty
acids, with approximately 63.8mM of palmitic acid
(16:0) and 22.1 mM of stearic acid (Quehenberger
et al. 2010). In humans, palmitic acid (16:0) consump-
tion increases serum TC, LDL-C, and HDL-C concen-
trations in comparison to diets rich in carbohydrate
and it is accepted that this SFA increases the risks of
cardiovascular diseases (Iggman and Risérus 2011). By
contrast, involvement of stearic acid (18:0) in the
increased risk of cardiovascular diseases are less con-
sensual (Hunter et al. 2010). In a systematic review
and meta-analysis involving 51 dietary intervention
trials, it was found that substitution of palmitic acid
(16:0) for stearic acid (18:0) induced higher concen-
trations of various biomarkers of coronary heart dis-
ease and cardiovascular disease, both unfavourable
(TC, LDL-C, apolipoprotein B and LDL-C/HDL-C)
and favourable (HDL-C), whereas most of the bio-
markers were significantly lower when compared with
diets rich in myristic (14:0)/lauric (12:0) acids (Fattore
et al. 2014). Meta-analyses of studies demonstrated
that postprandial lipaemia was highly increased after
consumption of stearic acid (18:0) in comparision to
SC SFA and MC SFA (Sanders 2009), but plasma LDL
levels were lower in comparison to other LC SFA
such as palmitic acid (16:0) (Kris-Etherton and Yu
1997). Furthermore, stearic acid (18:0) consumption
had similar impacts on plasma lipoproteins (LDL and
HDL) compared to a diet rich in carbohydrates (Kris-
Etherton and Yu 1997). However when compared to a
high-fat milk diet (for 5 weeks), characterised by high
content of palmitic acid (16:0), a diet rich in stearic
acid (18:0) (33% of energy from fat [9.3% of energy as
stearic acid]), has been shown to increase levels of
lipoprotein A (+ 10%), a risk factor for cardiovascular
disease (Aro et al. 1997). In addition in men, stearic
acid (18:0) intake for 5weeks increased levels of
plasma fibrinogen compared to high-carbohydrate
diets and other SFA [palmitic acid (16:0) and lauric
acid (12:0)), trans fatty acids and oleic acid (18:1n-9]
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(Baer et al. 2004). However, other studies failed to evi-
dence the prothrombotic effect of stearic acid com-
pared to palmitic acid (16:0) (Thijssen et al. 2005) or
even showed beneficial effects in relation to thrombo-
genic risk profiles (Kelly et al. 2001). Stearic acid
(18:0) has been shown to influence further death and
inflammation of endothelial cells in humans. It indu-
ces apoptosis of human coronary artery endothelial
cells by activating the inhibitor of kB kinase (IKK)
and NF-kB. The role of stearic acid in the activation
of NF-KB was also demonstrated in comparison to
other LC SFAs in an in vitro study (Harvey
et al. 2010).

A maternal diet rich in LC SFA (with 15.7% pal-
mitic acid and 13.8% stearic acid from total fatty
acids), also containing 12% trans fatty acids, with a
PUFA: SFA ratio of 0.86, in the period of gestation
and lactation leads to hypothalamic inflammation in
rodent offspring (Pimentel et al. 2012). Within a few
days, by eating a diet rich in calories and fat, an
increased amount of SFA from the periphery crosses
the blood-brain barrier and induces an inflammatory
response in hypothalamic neurons, being an early
event in the development of obesity (Thaler et al.
2012), involving the activation of microglia, tissue
macrophages resident in the CNS (Timper and
Bruning 2017).

Studies have shown that specific SFAs such as pal-
mitic acid, a fatty acid produced by adipose tissue and
acquired through diet, may play a role in the apop-
tosis in various nonadipose cells, including pancreatic
beta cells (Chu et al. 2010), cardiac myocytes (Miller
et al. 2005), and granulosa cells (Mu et al. 2001), as
well as the CNS cells neurons (Almaguel et al. 2009)
and astrocytes (Blazquez et al. 2000).

Palmitic acid (16:0) is able to induce abnormal
ectopic lipid accumulation (called as lipotoxicity) and
enhance the risk of devellopment of insulin resistance
(Consitt et al. 2009; Samuel 2011). It has been estab-
lished that lipotoxicity plays an important role in the
development of heart failure in obesity and diabetes
(Wende and Abel 2010; Goldberg et al. 2012). A large
increase in free serum palmitate can lead to apoptosis
and dysfunction of pancreatic B-cells (Ruan et al
2018). A study of 8 week old mice injected intraperito-
neally with 100 mg/kg palmitic acid (16:0) five times a
day for 2weeks and after 2weeks were injected with
200 mg/kg palmitic acid (16:0) twice daily for another
2weeks, found in these mice T2DM characteristics.
Pancreatic sections of these mice showed a decrease in
the expression of Karp channels and pancreatic f-cell
apoptosis (Ruan et al. 2018). It has been shown that



FFAs increase endoplasmic reticulum (ER) stress in
B-cells, inducing to dysregulation of protein folding,
processing, trafficking, and calcium buffering. After
exposure to SFAs, such as palmitic acid (16:0), a sus-
tained depletion of ER Ca®’, followed by mitochon-
dria dysfunction and the production of nitric oxide
(NO) free radicals through the increased activity of
inducible nitric oxide synthase (iNOS), causing to
fB-cell apoptosis (Yang and Li 2012). Lipotoxicity leads
to insulin resistance in the liver and skeletal muscle,
reducing normal responses to insulin, decreasing glu-
cose uptake by skeletal muscle, increasing gluconeo-
genesis and providing glucose from the liver to the
circulation (Cusi 2009). The mechanisms pointing to
reduction of insulin signalling include reduction of
insulin receptor expression and activity, reduction of
phosphorylation of insulin receptor substrates on tyro-
sine (IRS) and activation of kinases such as c¢-Jun N-
terminal kinase (JNK), which phosphorylate the IRS
in serine residues, inhibiting its activity (Cusi 2009;
Martins et al. 2012) Lipotoxicity is also related to
insulin resistance through mechanisms of mitochon-
drial dysfunction (Martins et al. 2012).

Study in vitro with H9¢2 cells (embryonic cardiac
myoblasts) treated with palmitic acid (16:0) (100 mM)
induced a lipotoxicity, a gradual increase in intracellu-
lar lipid accumulation, as well as apoptotic cell death.
An increase in stress in the endoplasmic reticulum
(ER) was observed in these mice in response to pal-
mitic acid (16:0), which also induced resistance to adi-
ponectin, assessed via AMPK phosphorylation, by
decreasing the expression of APPL1 (Drosatos et al.
2011). Cardiomyocyte apoptosis is a component of
cardiac remodelling leading to heart failure (Drosatos
et al. 2011). Adiponectin is considered an important
cardioprotective adipokine, with effects anti-apoptotic,
anti-inflammatory, anti-fibrotic and beneficial meta-
bolic effects (Park and Sweeney 2013). A targeted
mechanism that may lead to adiponectin resistance
includes decreased expression of the components of
the adiponectin signalling pathway such as adaptor
protein, phosphotyrosine interacting with PH domain
and leucine zipper 1 (APPLI1). APPLI is vital for
many actions of adiponectin, involving metabolic and
antiapoptotic  effects (Fang et al. 2010; Park
et al. 2011).

There is an increasing concepts that LC SFAs act
on macrophages to alter the cellular ratio Ml(pro-
inflammatory)/M2(anti-inflammatory). These fatty
acids stimulate the development of M1 cells, while
unsaturated types help to elevate M2 cells. During the
development of obesity and adipocyte hypertrophy,
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infiltration of proinflammatory macrophages M1 and
subsets of T cells occurs in the adipose tissue (Pirola
and Ferraz 2017). Indeed, hypertrophied adipocytes
release monocyte chemotactic protein-1 (MCP-1)
(Kanda et al. 2006), this activates the blood monocytes
through the chemokine receptor 2 (CCR2) and indu-
ces the migration of monocytes into adipose tissue
and  differentiation  into  macrophages. = The
Macrophages in adipose tissue are activated in
response to SFA, such as palmitic acid (16:0), released
from hypertrophied adipocytes, thus producing larger
amounts of inflammatory mediators, such as TNF-a,
interleukin-6, MCP-1 (Suganami et al. 2005). In vitro
studies have also demonstrated that exposure of adi-
pocytes to high concentrations of palmitic acid (16:0)
increased TNF-o and IL-6 mRNA and protein expres-
sions (Kennedy et al. 2009). The chronic low-grade
inflammation is related to the development of several
pathologies associated with obesity, such as insulin
resistance, diabetes, cardiovascular disease and
NAFLD (Zhou et al. 2020). In Figure 3 is illustrated
the mechanism of action of the LC SFAs in increasing
inflammatory mediators and, consequently in the
development of cardiometabolic diseases.

The heptadecanoic acid (17:0), also called margaric,
is a saturated fatty acid present in bovine milk fat and
was the original component of margarine (hence,
margarine’s name) in the late 1800s (Mansson 2008)
and have been described as biomarkers of dairy con-
sumption (Jenkins et al. 2015). Within large observa-
tional human studies, this fatty acid correlate
moderately with their individual intake (Riserus and
Marklund 2017). However, within strictly controlled
animal models, there are significant differences, there
is convincing evidence showing that heptadecanoic
acid (17:0), does not directly relate to dietary intake.
Instead, heptadecanoic acid (17:0) endogenous biosyn-
thesis has a significant influence on its circulating lev-
els (Jenkins et al. 2018). Furthermore, the literature
suggests that heptadecanoic acid (17:0) may have a
significant pathophysiological relevance and could be
subject to in vivo homeostasis. Their circulating levels
show a significant association with a reduced risk of
cardiometabolic diseases (Khaw et al. 2012; Forouhi
et al. 2014). Higher erythrocyte membrane or plasma
phospholipid heptadecanoic acid (17:0) levels, among
other identified fatty acids, have been identified as
biomarkers of or potential protective factors against
development of metabolic syndrome, type 2 diabetes,
and associated inflammation in humans (Krachler
et al. 2008; Forouhi et al. 2014; Magnusdottir et al.
2014), supporting theses metabolic benefits.
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Figure 3. Long chain saturated fatty acids (LC SFAs) act on macophages to alter the cellular ratio M1 (pro-inflammatory)/M2
(anti-inflammatory). These fatty acids stimulate the development of M1 cells, while unsaturated types help to elevate M2 cells.
During the development of obesity and adipocyte hypertrophy, infiltration of proinflammatory macrophages M1 and subsets of T
cells occurs in the adipose tissue. Indeed, hypertrophied adipocytes release monocyte chemotactic protein-1 (MCP-1), this activates
the blood monocytes through the chemokine receptor 2 (CCR2) and induces the migration of monocytes into adipose tissue and
differentiation into macrophages. Macrophages in adipose tissue are activated in response to SFA, such as palmitic acid (16:0),
released from hypertrophied adipocytes, thus producing larger amounts of inflammatory mediators, such as TNF-o, intedeukin-6,
and MCP-1, The chronic low-grade inflammation is related to the development of several pathologies associated with obesity, such
as insulin resistance, diabetes, cardiovascular disease and non-alcoholic fatty liver diseases (NAFLD).

Recently, several prospective investigations have
consistently documented potentially-beneficial associa-
tions of a unique group of very-long chain saturated
fatty acids (VLCSFAs), saturated fats with a chain
length of 20 or more carbon atoms, in circulation
with atrial fibrillation, diabetes, and insulin sensitivity
(Fretts et al. 2014). While diet is unlikely the major
source of these fatty acids in the human body, the
VLCSFAs can be synthesised and serve as essential
constituents of sphingolipids that are found in cell
membranes throughout the body (Quehenberger et al.
2010). Evidence suggests that the VLCSFAs are
actively involved in human metabolism and cardiovas-
cular disease aetiology through modulating peroxi-
some-related functionality and interplay with PPARs
(Peroxisome proliferator-activated receptor)
(Yamazaki et al. 2014). The study show with circulat-
ing arachidic acid (20:0), behenic acid (22:0), and
lignoceric acid (24:0) are associated with a lower risk
of diabetes, and these associations may be mediated
by lower triglycerides and palmitic acid (Lemaitre
et al. 2015).

In the Cardiovascular Health Study (CHS) consist-
ing of 2,899 elderly participants, VLCSFAs in serum
were significantly associated with lower risk of devel-
oping atrial fibrillation (Fretts et al. 2014). In a small

nested case-control study of diabetes conducted in
Australia, lignoceric acid (24:0) in whole blood was
significantly associated with lower diabetes incidence
(Alhazmi et al. 2014). In the much larger EPIC-
InterAct case-cohort study, VLCSFAs in plasma phos-
pholipids were all inversely associated with lower type
2 diabetes risk (Forouhi et al. 2014). In contrast to
prospective results, evidence generated from cross-sec-
tional studies has been somewhat mixed. In healthy
adolescent girls, plasma lignoceric acid (24:0) was the
only individual fatty acid that was positively correlated
with adiponectin levels (Gallo et al. 2010). In Japanese
men 40 years and older, serum levels of behenic acid
(22:0) and lignoceric acid (24:0) were both correlated
with higher HDL-C levels and lower TG levels
(Yamazaki et al. 2014). However, in two other cross-
sectional studies, VLCSFAs levels in serum or whole
blood were positively associated with coronary artery
disease prevalence or insulin resistance (Fernandez-
Real et al. 2003; Miyazaki et al. 2014). Evidence
regarding erythrocyte VLCSFAs is sparse and exclu-
sively from cross-sectional studies. Interestingly, in
these studies erythrocyte lignoceric acid (24:0) or hex-
acosanoic acid (26:0) were consistently correlated with
atherogenic lipoprotein profiles or diabetes status
(Matsumori et al. 2013). The source of heterogeneity
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Figure 4. Saturated fatty acids have different cardiometabolic effects according to the size of your carbon chain. Short-chain satu-
rated fatty acids (SC SFA) act to inaease anorexigenic intestinal hormones, such as the peptide YY (PYY) and glucagon-like peptide
1 (GLP1). It also increases the activity of anorexigenic neurons like Pro-opiomelanocortin (POMC) and decreases the activity of
orexigenic neurons like Neuropeptide Y (NPY) and Agouti related-protein (AgRP). Consequently leading to decreased food con-
sumption and of the risk of obesity. Medium chain saturated fatty acids (MC SFA) are related with the reduction of inflammatory
mediators and with the reduction of the gene expression of ileal bile acid binding protein (I-BABP), thus leading to a decrease in
total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C) and liver injury. Long-chain saturated fatty acids (LC SFA) are
related to the increase in inflammatory mediators and the development of non-alcoholic fatty liver diseases (NAFLD), insulin resist-
ance and cardiovascular diseases. Very long chain saturated fatty acids (VLCSFAs) are related to activation of the peroxisome prolif-
erator-activated receptor (/6 (PPARS) and, consequently, to the increase in high-density lipoprotein (HDL-C) levels, reducing

triglyceride (TG) levels and improving insulin sensitivity.

among these cross-sectional studies is unknown,
although they all shared similar limitations.

The mechanisms underlying these observations are
not well established, although evidence from animal
experiments suggests that these fatty acids may
actively modulate lipid metabolism and insulin sensi-
tivity through multiple pathways. Unlike most other
fatty acids that are oxidised in mitochondria, the
f3-oxidation of very long-chain fatty acids occurs pri-
marily in peroxisomes (Kawamura et al. 1981; Malik
et al. 2015). Activated fatty acid-CoA can be utilised
in anabolic processes in peroxisomes, including the
synthesis of plasmalogen. Plasmalogens may serve as
anti-oxidants by being preferentially oxidised to spare
the oxidation of other lipids (Braverman and Moser
2012). Another unique feature that distinguishes
VLCSFAs from other fatty acids is that PPARa does
not play a pivotal role in regulating the p-oxidation of
VLCSFAs (Moser et al. 1999). Instead, PPARS may
modulate the metabolism of very long-chain fatty
acids by upregulating very long-chain acyl-CoA syn-
thetase, which is localised in peroxisome membranes
and plays an essential role in activating VLCSFAs to
facilitate downstream processes (Watkins 1997). A
study in humans (with 794 men and Women) inci-
dent coronary heart disease show strong favourable

correlations between VLCSFAs and blood lipids, as
well as insulin resistance, are in line with the effects
of PPARS activation on raising HDL-C levels, reduc-
ing TG levels, and improving insulin sensitivity (Reilly
and Lee 2008; Malik et al. 2015). In Figure 4, we sum-
marise the main cardiometabolic findings that we
found and presented of the different types of SFA,
according to the length of their carbon chain, based
on evidence reported by studies in humans
and animals.

Conclusion

We observed that the different types of saturated fatty
acids, classified according to carbon chain length,
exhibit different cardio-metabolic effects, from very
beneficial to harmful. SC SFA act in the increase of
anorexigenic intestinal hormones, in the increase of
the activity of anorexigenic neurons and in the
decrease of the activity of orexigenic neurons.
Consequently, leading to reduction in food consump-
tion and in the risk of obesity. The MC SFA are
related to the reduction of inflammatory mediators,
with the decrease of serum levels of CT, LDL-C and
liver damage. LC SFA are already related to the
increase in  inflammatory mediators and the
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development of NAFLD, insulin resistance and cardio-
vascular diseases. But VLCSFAs are associated with
increasing HDL-C levels, reducing triglyceride levels
and improving insulin sensitivity. Therefore, dietary
recommendations suggesting a general decrease of
SFA consumption need to be revised by government
agencies and new conceptions may be discussed.
Because it is consensus that some SFA, according to
the length of their carbon chain, have beneficial effects
on cardiometabolic parameters, acting in the preven-
tion of metabolic, cardiovascular diseases and anti-
inflammatory action.
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KEYWORDS Abstract Background and aims: High-fat diet (HFD) intake during gestation and lactation has
Phenotypic plasticity; been associated with an increased risk of developing cardiometabolic disorders in adult
High-fat diet; offspring. We investigated whether metabolic alterations resulting from the maternal consump-
Alpha-linolenic; tion of HFD are prevented by the addition of omega-3 (@3) in the diet.

Transmissible Methods and results: Wistar rat dams were fed a control (C: 19% of lipids and o6:@3 = 12), HF
chronic diseases (HF: 33% lipids and @6:@3 = 21), or HF enriched with @3 (HFw3: 33% lipids and o6:03 = 9) diet

during gestation and lactation, and their offspring food consumption, murinometric measure-
ments, serum levels of metabolic markers, insulin and pyruvate sensitivity tests were evaluated.
The maternal HFD increased body weight at birth, dyslipidemia, and elevated fasting glucose
levels in the HF group. The enrichment of @3 in the maternal HFD led to lower birth weight
and improved lipid, glycemic, and transaminase biochemical profile of the HFw3 group until
the beginning of adulthood. However, at later adulthood of the offspring, there was no improve-
ment in these biochemical parameters.

Conclusion: Our findings show the maternal consumption of high-fat @3-rich diet is able to atten-
uate or prevent metabolic disruption elicited by HFD in offspring until 90 days old, but not in the
long term, as observed at 300 days old of the offspring.
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Introduction

The advent of nutritional transition, markedly character-
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Organization, more than 1.9 billion adults had overweight
and approximately 650 million were obese in the year
2016. In addition, approximately 41 million children under
5 years of age and 340 million children and adolescents
(5-19 years old) had overweight or obesity, respectively
[4]. It is found that a major number of obese subjects are
resistant to insulin [5] and that obesity is associated with
low-grade systemic inflammation [6], with the immune
system related in the development of insulin resistance
[7].

The excessive consumption of high-fat diet (HFD) rich
in saturated fatty acid during pregnancy and/or lactation
has been described as an important risk factor for the
development of metabolic disorders, such as insulin
resistance, dyslipidemias, and cardiorespiratory dysfunc-
tion in offspring later in life [8]. These findings suggest that
nutritional strategies during pregnancy and breastfeeding
periods could be considered as an important intervention
window to prevent and reduce the risk of maternal lipid
disturbances, thus protecting the offspring against the
metabolic disorders later in life.

The consumption of diets enriched with @3 during preg-
nancy and lactation was associated with reduced adiposity,
decreased adipocyte size, and decreased serum leptin levels
in rat offspring [9]. @3 fatty acids have been shown anti-
inflammatory properties, for example, via the suppression
of the pro-inflammatory transcription factor nuclear factor
kappa B and activation of the anti-inflammatory transcrip-
tion factor peroxisome proliferator-activated receptor y [10],
having a positive effect in chronic non-communicable dis-
eases. Moreover, they significantly decrease the appearance
of metabolic and cardiovascular disease risk factors [11].

This survey focuses on the effects of pre- and early-
postnatal exposure to altered dietary fat content and fatty
acid ratio on rat offspring that have been weaned onto a
standard laboratory diet. Therefore, rat offspring are no
longer directly exposed to the maternal dietary interven-
tion postweaning. Thus, we hypothesized that @3 exposure
to the rat offspring in a maternal HFD may improve growth
and metabolic parameters, preventing the appearance of
metabolic and cardiovascular diseases. The aim of this
study was to investigate the effects of enrichment of @3 in
maternal HFD during gestation and lactation over mur-
inometric measurements, food consumption, and
biochemical profile in the rat offspring.

Methods
Animals and experimental groups

Virgin female albino rats (n = 30) from the Wistar strain
(Rattus norvegicus) were obtained from the experimental
animal room of the Academic Center of Vitéria (CAV),
Federal University of Pernambuco, Brazil. At 85—-90 days
old (-d-old) and body weight comprised between 220 and
260 g, the rats were placed for mating in the ratio of 1:3
(male:female). The determination of pregnancy was per-
formed from the observation of the presence of sperma-
tozoa in the vaginal smear, defining the 1st day of

pregnancy. From the 1st day of gestation until the 21st day
of lactation, the progenitor rats were separated and placed
in individual cages and randomly allocated according to
their diets: C (control; n = 10), HF (high in saturated fatty
acids content; n = 10), and HFw3 (high in saturated fatty
acids content enriched with @3; n = 10) with chow and
water ad libitum. After weaning, the male offspring were
feed with standard chow for rats (Presence®, Neovia
Group, Sdo Paulo, Brazil) and water ad libitum and they
were separated into three groups according to their dams’
diets: C(n = 35), HF (n = 27), and HFw3 (n = 27) groups.
Temperature and humidity were maintained within the
range of 22—24 °C and 55—65%, respectively, with 12 h
light and dark cycle (lights on from 06:00 to 18:00 h).
Offspring from each dam were reduced to 8 male rats per
litter. In cases where the litter was composed of less than 8
male rats, female rats were used to standardize litter size
until weaning.

All procedures contributing to this work comply with
the ethical standards of the relevant national guides on the
care and use of laboratory animals of Conselho Nacional de
Controle de Experimentacdo Animal (CONCEA, MCTI -
Brazil) and has been approved by the institutional com-
mittee of the Federal University of Pernambuco, Brazil
(protocol 23076.049500/2016-37).

Nutritional manipulation

The C group received a standard diet in accordance with
AIN-93G [12] with 19% of the energy coming from the fat,
20% of the proteins, and 61% of the carbohydrates, with
w6: w3 ratio = 12.66; the HF received a HFD, which 33%
energy from fat, 20% energy from protein and 47% energy
from carbohydrate, with 6:w3 ratio = 21.22; and the HFw3
received a HFD enriched with @3, which 33% of the energy
coming from the fats, 20% of the proteins, and 47% of the
carbohydrates, with w6:w3 ratio = 9.45. The standard diet
contained around 14.6 k]/g and the HFDs around 18.8 kj/g.
The HFDs had a higher content of saturated fatty acids and
the HFD enriched with @3 contained less o6 (Table 1).
After weaning, at 21-d-old, the animals received a com-
mercial standard diet for rats (Presence®, Neovia Group,
Sdo Paulo, Brazil) ad libitum.

Food consumption of dams and offspring

The water and food intake were evaluated on alternated
days at the beginning of the light cycle (at 8 o'clock in the
morning), by the difference between the quantity offered
and the remnant of the cage. Food consumption was per-
formed throughout the gestation and lactation period [13],
and the pups were followed since 22 until 300-d-old. From
the evaluation of dietary intake and weight gain by means
of body mass measurement, the food efficiency coefficient
(FEC) was calculated according to the equation:
FEC = weight gain in the period evaluated/food con-
sumption in the same period. The number of calories
consumed as well as macronutrients was obtained from
the centesimal composition of the diets used.
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Table 1 Composition regarding the ingredients and centesimal
composition of nutrients from formulated experimental diets.

Ingredient or AIN-93 G  High fat diet Omega-3

nutrient/quantity high-fat

per 100 g of diet diet with
flaxseed
oil 3.5%

Corn starch 39.70 15 15

Dextrinized corn starch ~ 13.20 - -

Wheat flour - 12 12

Corn flour biscuit - 7 7

Soy flour - 6 6

Lard - 2 2

Butter - 8 8

Casein (>85%) 20 20 20

Guar gum - 0.50 0.50

Sucrose 10 18 18

Linseed oil - - 3.50

Soybean oil 7 7 3.50

Fiber (cellulose) 5 0.30 0.30

Vitamin mix 1 0.70 0.70

Mineral mix 3.50 2.50 2.50

pi-methionine 0.30 0.25 0.25

Choline bitartrate 0.25 0.25 0.25

BTH 0.0014 0.014 0.014

Monosodium glutamate  — 0.20 0.20

Sodium chloride - 0.30 0.30

Total (g) 100 100 100

K 15 19 18

Kcal 3.69 4.52 451

Lipids 6.10 17 16.20

Proteins 18.60 22.30 21

Carbohydrates 68.60 53.20 55.90

% Total fat 18.60 33.60 3230

% Proteins 20.20 19.60 18.20

% Carbohydrates 61 46.80 49.40

% Omega-3 0.27 0.27 0.40

% Omega-6 342 5.73 3.78

Omega 6:3 ratio 12.60 21.20 9.40

The AIN-93G diet was adapted as recommended by Reeves et al.,
1993; The hyperlipid diet was adapted from the study of Ferro
Cavalcante et al., 2013; the nutritional composition of calories and
caloric percentage of fats, proteins, and carbohydrates was deter-
mined from the centesimal analysis of the diets carried out in the
Laboratory of Bromatology of the Academic Center of Vitoria of the
Federal University of Pernambuco.

Murinometric measurements of the offspring

They were measured the body weight, naso-anal length,
and abdominal circumference in the 1st, 7th, 14th, 21st,
30th, 90th, and 300th-d-old. After obtaining measure-
ments, Lee index was calculated on the 90th and 300th-d-
old from the relation between the cubic root of the body
weight and the naso-anal length of the animal [14].

Biochemical analysis of dams and offspring

Dams at 19 days of pregnancy and offspring at 22 (sub-
sequent to weaning), 30, 90, and 300-d-old were fasted
overnight and then anesthetized with ketamine (80 mg/kg
i.p) and xylazine (10 mg/kg i.p.) for collection of blood
samples through the rupture of the retro-orbital plexus.
After coagulation, the blood was centrifuged at 1372 g for

10 min to obtain the serum, which was transferred to an
Eppendorf tube and stored at —20° until the accomplish-
ment of the biochemical analyzes by means of the equip-
ment Automatic Chemistry Analyzer (Pioway Medical Lab
Equipment Co., Ltd.). The parameters analyzed were total
proteins (TP), albumin (ALB), glycemia (GLY), triglycerides
(TRI), total cholesterol (TC), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and high-density
lipoprotein cholesterol (HDL-c). Levels of low-density li-
poprotein cholesterol (LDL-c) and very-low-density lipo-
protein cholesterol (VLDL-c) were obtained by Friedwald
calculations [15].

Glucose tolerance test (GIT), pyruvate tolerance test
(PTT), and insulin sensitivity test (IST) of the offspring

At 90 and 300-d-old, the rat offspring were submitted to
GTT, PTT, and IST [16,17]. The GTT was performed in rats
after a 6-h fast. For GTT, glucose load 20% glucose (2 mg/g
by weight) was administered by oral gavage. Blood sam-
ples were taken from the tail vein before glucose admin-
istration (in duplicates) and, subsequently at T15, T30, T60,
and T120 min. The PTT was performed after overnight, the
animals were separated into individual cages. Glucose
measurement at time TO was performed in duplicate, and
then the sodium pyruvate to 50% (2 g/kg of weight) was
injected intraperitoneally, after this the blood glucose was
measured (in duplicate) at T15, T30, T45, T60, and
T120 min after administration sodium pyruvate (Sigma-
—Aldrich Brasil Ltda, P2256). And the IST was performed
after a 6-h fast, the animals were separated into individual
cages. Glucose measurement at time TO was performed in
duplicate, and then the insulin (1 mU/g of weight, i.v.) after
this the blood glucose was measured (in duplicate) at T15,
T30, T45, T60, and T120 min after administration of regular
human insulin (HUMULIN R, 100UI/ml).

Statistical analysis

The results were expressed as mean -+ se (mean standard
error). The analysis of sample normality was performed
using the Kolmogorov—Sminorv test. The comparison
among the groups was performed using the one-way
ANOVA and two-way ANOVA tests (for GTT, PTT, and
IST), followed by the Bonferroni post-test. The trapezoidal
rule was used to determine the area under the curve
(AUC). The data were analyzed in the Graph Pad Prism
program (GraphPad Software Corporation, version 5.0,
2007). The level of significance considered was p < 0.05.

Results

Food consumption evaluations of dams (gestation and
lactation) and offspring (22—300-d-old)

The food intake during pregnancy was similar among the
groups (Table 2), but the consumption of @3 was higher in
the HFw3 (p = 0.0007).
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Table 2 Food intake in grams, calories, and macronutrients and
coefficient of dietary efficiency of dams fed a control, high-fat diet
(HF), or high-fat diet enriched with omega-3-rich (HFw3) during
gestation and lactation.

Variables Group

C HF HFw3
Gestation (1 day)
Consumption (g) 14 + 1 1341 10.1 + 0.8
Calories (Kcal) 52+5 59 +4 46 + 4
Carbohydrates (g) 8.4 + 0.8 6.9 + 0.5 5.6 + 04*
Protein (g) 25+0.2 29+ 0.2 2.1+0.1
Lipids (g) 09 + 0.1 22+ 01" 1.6 +0.1°
Omega-3 (g) 0.037 + 0.001 0.035 = 0.001 0.040 = 0.001*
1st week of lactation (7 days)
Consumption (g) 162 =13 166 = 18 181 + 21
Calories (Kcal) 599 + 48 753 + 84 819 + 95
Carbohydrates (g) 96 + 7 88 + 10 101 = 11
Protein (g) 28 +2 37 +4 38 +4
Lipids (g) 11+1 28 +3* 29 +3°
Omega-3 (g) 043 £0.01 044 002 072 +0.04"
2nd week of lactation (14 days)
Consumption (g) 215 = 31 265 + 17 213+ 14
Calories (Kcal) 798 = 115 1201 £ 78 961 + 66
Carbohydrates (g) 127 = 18 141 £ 9 119+ 8
Protein (g) 3845 59 + 4* 44 + 3
Lipids (g) 14+2 45 + 3* 34 +2°
Omega-3 (g) 058 £0.03 071 +0.02 0.85=+0.03"
3rd week of lactation (21 days)
Consumption (g) 281 + 72 291 + 31 265 + 64
Calories (Kcal) 1089 =217 1319+ 140 1198 + 288
Carbohydrates (g) 166 £+ 42 155+ 16 148 £+ 35
Protein (g) 50 + 12 65+7 5513
Lipids (g) 19+5 49 + 5° 43 +10°
Omega-3 (g) 0.75+006 078003 1.00=+0.14*

The rats were fed during gestation and lactation to control diet (19%
lipids) or high content of saturated fatty acids diet, HF (33% lipids)
or high content of saturated fatty acids enriched with omega-3,
HFw3 (3.5% flaxseed oil), according to the experimental group.
Values were expressed as mean =+ se. There was no statistical dif-
ference after the application of one-way ANOVA and Bonferroni
post-test (N = 3) or Kruskal—-Wallis test and Dunn's post-test when
values of the variables did not present normal distribution.
*p < 0.05 vs. control; #p < 0.05 vs. HE.

In assessing consumption during lactation (Table 2), we
observed that in the first week there was no significant
difference among groups regarding consumption in grams,
carbohydrates, and proteins. The rats that received HF and
HFw3 had higher consumption of lipids (p = 0.005), and
HFw3 consumed more @3 (p = 0.0002). In the second week
of lactation, dams submitted to the HF diet had higher
protein intake than the control group (p = 0.03). However,
the food composition of the diets shows that the amount of
protein is higher in HFDs due to the addition of ingredients
that are sources of vegetable protein (Table 1). In this week,
there was also an increase in the consumption of lipids in
the HF and HFw3 compared to the C (p = 0.0004). HFw3
also consumed more @3 (p = 0.0002). No difference was
observed over food intake in grams, calories, and carbohy-
drates among the groups. In the third week, the rats that
received HF and HWw3 had higher consumption of lipids
(p = 0.04), and HFw3 consumed more @3 (p = 0.02). There

was no difference in consumption in grams, calories, and
others nutrients among groups.
Food consumption also was verified in the offspring at
22 to 30, 30 to 60, 60 to 90, and 90 to 300-d-old, obtaining
the FEC in the periods evaluated (Table 3). From 22 to 30
days, the HF had a lower intake of grams, calories, and
macronutrients when compared to the C. There was no
difference among the groups in the FEC value. From 30 to
60 days, no difference in consumption was observed among
the groups, however, the HFw3 presented FEC values higher
than the C (p < 0.05), with no difference in HF. At age 60 to
90 and 90300 days, no differences were found in the
consumption and FEC values among the groups.

Table 3 Food intake in grams, calories, and macronutrients and
coefficient of dietary efficiency of offspring of rats subjected to the
control (C), high-fat diet (HF), and high-fat diet enriched with
omega-3-rich (HFw3) after lactation.

Period/nutrient  Group
C HF HFw3
22 to 30-d-old
Consumption (g) 110 =1 100 + 2* 106 £ 1
Calories (Kcal) 380 + 4 346 + 6° 367 + 3
Proteins (g) 280+03 255 +04" 271 +06
Carbohydrates (g) 60.3 = 0.7 55.0 = 09* 582 + 05
Food efficiency  0.440 = 0.009 046 = 0.01 047 + 0.01
Consumption
(FEC)
30 to 60-d-old
Consumption (g) 727 =9 735 +17 741 £ 7
Calories (Kcal) 2503 + 33 2528 + 58 2550 + 24
Proteins (g) 184 =2 186 + 4 191 =1
Carbohydrates (g) 397 =5 401 £9 404 +3
Food efficiency  0.250 = 0.009 0.270 = 0.006 0.290 = 0.009*
Consumption
(FEC)
60 to 90-d-old
Consumption (g) 618 =30 597 + 14 615+ 8
Calories (Kcal) 2128 £ 105 2056 = 48 2115 £ 27
Proteins (g) 157+ 7 151 +3 156 + 2
Carbohydrates (g) 337 = 16 326 +7 335+ 4
Food efficiency  0.107 + 0.008 0.100 + 0.01 0.089 + 0.007
Consumption
(FEC)
90 to 300-d-old
Consumption (g) 10,218 +5 8259 + 2* 10611 + 5%
Calories (Kcal) 35149+ 2 28410+1* 36,501 +2
Proteins (g) 7400 =03 607.1 £02 780.0 %03
Carbohydrates (g) 16092 + 0.5 13003 03 1671.2 =04
Food efficiency 0.12+0.01 0.11 £0.01 0.12 + 0.01

Consumption
(FEC)

The rats were submitted during gestation to a control diet (19%
lipids) or with a high content of saturated fatty acids, HF, with 33%
lipids or with a high content of saturated fatty acids enriched with
omega-3 with 3.5% flaxseed oil, HFw3, according to the experi-
mental group. Values were expressed as mean + se. There was no
statistical difference after the application of one-way ANOVA and

Bonferroni post-test (N =

12—17) or Kruskal-Wallis Test and

Dunn's post-test when values of the variables did not present
normal distribution. *p < 0.05 vs. control; #p < 0.05 vs. HE.
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Evaluation of murinometric measurements of the

offspring

The HF had higher body weight at 1-d-old when compared
to the C and HFw3 (Table 4). At the 7-d-old (p < 0.0001)
and 14-d-old (p < 0.0001), the HF and HFw3 presented
higher body weight. At 21-d-old (p = 0.002), the HFw3
showed higher body weight when compared to the other
groups. At 30, 90, and 300-d-old, no difference was found
among the groups.

Both HF and HFw3 presented increased abdominal
circumference at the 1-d-old (p = 0.002) when compared
to the C. At 7-d-old (p = 0.005) and 14-d-old

Table 4 Murinometric parameters of rat offspring whose dams
were fed a control (C), high-fat diet (HF), or high-fat diet enriched
with omega-3-rich (HFw3) diets during gestation and lactation.

Days old/Variables Group
€ HF HFw3
1-d-old
Body Weight (g) 59401 71+£01° 72+01"
Abdominal 43 = 0.1 45+0.1* 43=0.1*
circumference (cm)
Naso-anal-length (cm) 4.9 = 0.1 52+01" 54+01"
7-d-old
Body Weight (g) 187+02 203 +01* 193 +05*
Abdominal 6.3 = 0.1 6.7+0.1* 6.5=0.1
circumference (cm)
Naso-anal-length (cm) 7.2 = 0.1 78 £0.1° 72 +01"
14-d-old
Body Weight (g) 324+ 03 346 +0.5" 36,6 =06"
Abdominal 8.1 0.1 83+01° 8301
circumference (cm)
Naso-anal-length (cm) 8.6 = 0.1 89+ 0.1 8.5 +0.1
21-d-old
Body Weight (g) 549 + 06 546+ 08 577 +0.7"
Abdominal 101 £0.1 96=0.1 95 = 0.1
circumference (cm)
Naso-anal-length (cm) 103 +£0.1 116 +=0.1% 12.1 =0.2*
30-d-old
Body Weight (g) 93+2 97 +2 100 = 2
Abdominal 125+0.1 124+02° 11.8+02"
circumference (cm)
Naso-anal-length (cm) 134 +0.1 158 + 03" 141 +0.1"
90-d-old
Body Weight (g) 370 £ 6 358 £43 380+7
Abdominal 199+03 18.1+£03 20.1+03
circumference (cm)
Naso-anal-length (cm) 226 +£0.5 223+04 226+04
Lee index (g/cm?) 0.300 0.300 0.300
+ 0.007 + 0.005 + 0.005
300-d-old
Body Weight (g) 472 + 14 498 + 16 511 £ 15
Abdominal 209+05 21.1+04 21.0+=04
circumference (cm)
Naso-anal-length (cm) 245 + 1 262+03 256=10
Lee index (g/cm?) 0.30 4+ 0.01 0.30 £ 0.01 030 £ 0.02

The offspring rats were separated into three groups according to
their dams' diets during gestation and lactation: control diet, C
group, (19% lipids) or high-fat diet, HF group, with 33% lipids, or
with high-fat diet omega-3-rich, HFw3 group, with 3.5% flaxseed oil.
Values were expressed as mean + se. There was no statistical dif-
ference after the application of one-way ANOVA and Bonferroni
post-test (N = 7-35). *p < 0.05 vs. C; #p < 0.05 vs. HE.

(p = 0.0009), only the HF showed increased circumfer-
ence. At 21-d-old, no difference was found among the
groups. However, at 30-d-old (p = 0.004), the HF showed
increased abdominal circumference when compared to the
other groups. At 90 and 300-d-old, no difference was
found among the groups.

The HF showed increased naso-anal length in relation
to the C and HFw3 at 1-d-old (p = 0.004) and 7-d-old
(p < 0.0001). At 14-d-old, no difference was found among
the groups. At 21-d-old (p < 0.0001), both HF and HFw3
were higher in relation to C. However, the HF was larger at
30-d-old (p < 0.0001) when compared to the other groups.
At 90 and 300-d-old, the animals showed similar body
growth.

As for Lee’s index at 90 and 300-d-old, no difference
was found among the groups.

Biochemical assessment in dams at 19 days of pregnancy

Serum levels of TP, ALB, GLY, TRI, CT, VLDL-c, ALT, and AST
were similar among the groups at 19 days of gestation
(Table 5). However, HF dams displayed increased serum
levels of TC when compared with C and HFw3 dams
(Table 5).

Biochemical assessment in male offspring

At 22-d-old (Table 5), no differences were found in serum
levels of ALB, TP, HDL-c, LDL-c, and AST among the groups.
In relation to GLY, only the HF presented higher levels
(p = 0.02) when compared to the C. The HF also had
higher serum levels of TC (p = 0.003), ALT (p = 0.001),
and lower levels relative to the ratio AST/ALT (p = 0.004)
when compared to the other groups. Already the HFw3
presented lower levels of TRI (p = 0.02) and VLDL-c
(p = 0.01) when compared to the C.

At 30-d-old (Table 5), differences were found only in
the serum levels of LDL-c, with the HF showing higher
levels (p = 0.001) when compared to the C.

At 90-d-old (Table 5), no differences were found in
serum levels of ALB, TP, HDL-c, LDL-c, and ALT among the
groups. In relation to GLY, the HF presented higher levels
(p < 0.0001) when compared to the other groups. The HF
also presented higher serum levels of TC (p = 0.01), TRI
(p = 0.02), and VLDL-c (p = 0.02) when compared to the
C. Already the HFw3 presented lower levels of AST
(p = 0.0007) and AST/ALT ratio (p = 0.0002) when
compared to the C and HE.

At 300-d-old (Table 5), no differences were found in
serum levels of GLY, TP, HDL-¢, LDL-¢, and ALT among the
groups. In relation to ALB, the HF presented higher levels
(p = 0.01) when compared to the C. Both HF and HFw3
presented higher serum levels of TC (p = 0.008), TRI
(p = 0.0002), and VLDL-c (p = 0.002) when compared to
the C. Already both HF and HFw3 presented lower levels of
AST (p = 0.0001) and AST/ALT ratio (p = 0.0001) when
compared to the C.
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Table 5 Fasting biochemical profile at 19 days of pregnant rats fed
a control (C), high-fat diet (HF), or high-fat diet enriched with
omega-3-rich (HFw3) diets during gestation and lactation and their
offspring at 22, 30, 90, and 300-d-old.

Age/variables Group
C HF HFw3
19 days of gestation
Albumin (g/dL) 4.8 + 0.1 4.7 + 0.1 45 + 0.1
Total protein (g/dL) 6.5 +0.2 6.2 + 0.1 59 +0.1
Triglycerides (mg/dL) 145 + 21 121 + 17 119 £ 17
Total cholesterol 73 +1 90 + 3* 34 + 4"
(mg/dL)
HDL-c (mg/dL) 9+1 9+2 16 =3
LDL-c (mg/dL) 22+ 11 56 + 7* 237
VLDL-c (mg/dL) 346 24 +3 23 =3
Glucose (mg/dL) 120 + 4 129 + 6 109 £ 10
ALT (U/L) 49 =19 54 + 10 37+6
AST (U/L) 95 + 24 131 +8 97 £ 12
AST/ALT 20+03 34+05 26 +07
22-d-old
Albumin (g/dL) 401 +£0.02 4.15+001 4.11+0.02
Total protein (g/dL) 538 £0.02 574 +0.03 5.60 = 0.03
Triglycerides (mg/dL) 138 =+ 6 124 £ 6 116 = 4*
Total cholesterol 116 £ 1 126 + 3* 117 £ 27
(mg/dL)
HDL-c (mg/dL) 23+3 28+3 31 =4
LDL-c (mg/dL) 51+7 63+9 61 =6
VLDL-c (mg/dL) 28 £ 1 24 £1 235 £ 0.8*
Glucose (mg/dL) 108 + 3 119 + 3* 117 1
ALT (U/L) 172+07 22+1* 17.3 + 0.6"
AST (U/L) 152 + 4 137+ 3 142 + 4
AST/ALT 85+0.7 59+ 08° 82=+04"
30-d-old
Albumin (g/dL) 427 £0.02 422 +003 429 +0.03
Total protein (g/dL) 532 £0.03 536 +£0.03 542 £ 0.05
Triglycerides (mg/dL) 162 + 11 151 £ 10 183 £ 15
Total cholesterol 120 + 2 123 +£2 125+ 3
(mg/dL)
HDL-c (mg/dL) 26 =1 27 +£3 312
LDL-c (mg/dL) 64 =2 78 £ 4* 60 =2
VLDL (mg/dL) 28 +£2 22+2 24 +£3
Glucose (mg/dL) 90 +5 88 +3 100 = 4
ALT (U/L) 30 £1 34+2 382
AST (U/L) 149 + 4 143 + 6 141.20 + 0.04
AST/ALT 49+03 42+06 37+04
90-d-old
Albumin (g/dL) 433 £0.03 436004 4.28 =004
Total protein (g/dL) 5.38 + 0.04 5.7 + 0.1 5.60 + 0.09
Triglycerides (mg/dL) 97 =1 110 +1° 108 = 4
Total cholesterol 80 =1 87+1° 82+1
(mg/dL)
HDL-c (mg/dL) 130+£05 12141 10.0 £ 0.7
LDL-c (mg/dL) 47 £1 52+3 46 =3
VLDL (mg/dL) 191+03 22+1* 215+08
Glucose (mg/dL) 120 + 3 142 £ 3° 126 = 3"
ALT (U/L) 44 £1 44 + 1 45 + 1
AST (U/L) 143 + 4 134 + 6 115 + 3*
AST/ALT 3.8 +£0.1 3.7 £ 01 2.85 + 0.08*"
300-d-old
Albumin (g/dL) 4.58 + 0.06 4.81 = 0.04" 4.66 + 0.04
Total protein (g/dL) 622 +0.04 6.38 + 004 6.32 +0.04
Triglycerides (mg/dL) 59 =3 83 +4* 86 = 5°
Total cholesterol 78+3 87 +2°* 88 = 2°
(mg/dL)
HDL-c (mg/dL) 52+ 6 54 + 6 55+4
LDL-c (mg/dL) 25+5 214 254
VLDL (mg/dL) 122+07 164+08" 16=1°
Glucose (mg/dL) 126 10 135+7 1354

Table 5 (continued )
Age/variables Group

€ HF HFw3
ALT (U/L) 55+ 3 53+ 7 62+ 4
AST (U/L) 175+ 7 139 + 9* 115 £ 5°*
AST/ALT 32+01 24 +£02° 19+0.1*

The pregnant rats and their offspring were separated into three
groups according to the dams’ diets during gestation and lactation:
control diet, C group, (19% lipids) or high-fat diet, HF group, with
33% lipids, or with high-fat diet omega-3-rich, HFw3 group, with
3.5% flaxseed oil. Values were expressed as mean =+ se. There was no
statistical difference after the application of one-way ANOVA and
Bonferroni post-test (N = 19-35). *p < 0.05 vs. C; #p < 0.05 vs. HE.

GTT, PTT, and IST of the offspring at 90 and 300-d-old

In the GTT at 90 (Fig. 1a) and 300 (Fig. 1¢)-d-old, no dif-
ference was found in glycemia levels among the groups at
TO, prior to glucose administration and in the T15, T30,
T60, and T120 min after administration of glucose, even as
no difference was found in the AUC for glucose at 90 (Fig
1b) and 300 (Fig. 1d)-d-old among the groups.

In the PTT at 90 (Fig. 2a) and 300 (Fig. 2¢)-d-old, no
difference was found in glycemia levels among the groups
at TO, prior to pyruvate administration and in the T15, T30,
T45, T60, and T120 min after administration of pyruvate,
even as no difference was found in the AUC for glucose at
90 (Fig 2b) and 300 (Fig. 2d)-d-old among the groups.

Regarding the IST at 90 (Fig. 3a) and 300 (Fig. 3c)-d-old,
no difference was found in glycemia among the groups at
TO, before administration of insulin and in the T15, T30,
T45, T60, and T120 min after administration of insulin,
even as no difference was found in the AUC for glucose at
90 (Fig 3b) and 300 (Fig. 3d)-d-old among the groups.

Discussion

In this study, the rat offspring metabolic parameters were
evaluated in early life and adulthood after perinatal
exposure to maternal control diet vs. high saturated fat
diet vs. High-fat @3-rich diet. We demonstrated that young
offspring exposed to maternal high-fat @3-rich diet
showed some mitigation of adverse metabolic conse-
quences, however, there were no differences seen in later
adulthood.

Daily maternal consumption in grams during gestation
did not differ among the groups in our survey. Animals
often show reduction in feed intake when they receive a
diet with higher caloric density under ad libitum regime, as
they tend to consume a constant amount of energy [18].
The composition of HFDs have lower carbohydrate content
and higher lipid content compared to AIN-93G, which
contributed to the reduction in carbohydrate consumption
in dams fed a HFD enriched with @3 and higher con-
sumption of lipids between two groups in relation to the
control group, according to Ferro Cavalcante et al. (2013)
[28] who also showed higher consumption of lipids in the
last week of pregnancy to the detriment of less
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Figure 1 Glucose tolerance test and area under the curve for glucose at 90 and 300 days of offspring of males whose dams were submitted to
control, HF and HFW3 diets during gestation and lactation. The rats were submitted during gestation and lactation to control diet (C, 19% lipids) or
high SFA (HF, 33% lipids) or high content lipid in SFA and enriched with omega-3 (HFW3, 33% lipids), according to the experimental group. Glucose
was measured at time 0 before glucose administration (after 6 h of fasting) at time 15, 30, 60 and 120 min after glucose administration (panels A and
C). The area under the curve (AUC) for glucose were calculated by using the trapezoidal rule (panels B and D). The black line or bar represents the
control group, the dashed line or black bar the HF group and the gray line or bar the HFW3 group. The values were expressed as mean + SEM, after
the two-way ANOVA test (panels A and C) or one-way ANOVA test (panels B and D) followed by Bonferroni post-test. (+p < 0.05 vs. Control,

#p < 0.05 vs. HF; n = 10-18).

consumption of carbohydrates in pregnant rats fed a
Westernized diet. In the assessment of offspring dietary
intake, there was no significant difference among the
groups, although lower food intake was observed in HF
offspring. It is reported that animals receiving HFD during
pregnancy show lower food intake compared to those
receiving normolipidemic diet. Carvalho et al. [19] found a
30% reduction in the consumption of HFD with higher
saturated fat content when compared to the standard diet.
Increasing the caloric density of the diet reduces food
intake, because in the ad libitum diet animals consume a
constant amount of energy [20].

In agreement with an early study, the HF exhibited
increased body when compared to the C [21]. Similarly, the
HFw3 had increased weight than the C in most of the ages
evaluated. Taken together, these findings suggest that
increased maternal @3 consumption during pregnancy
was not effective to reduce body in early life of the
offspring of dams feed with HFD. This may be due to the
overwhelming effect of the high saturated fatty acids

present in the HFDs, which it was reported to be associ-
ated with increased body mass in the offspring [8]. Ac-
cording to a systematic review carried with animal studies,
it is not clear whether increased o3 supply during the
perinatal period influences body fat mass in the offspring
yet [22]. At early life, the HF group showed a larger
circumference than the C. It has been proposed that
maternal HFD consumption leads to increased visceral fat
in offspring [23]. In all ages evaluated, the HFw3 showed
similar circumference of the control. It has also been
shown in animals that maternal supplementation of DHA
during pregnancy and lactation reduces visceral and sub-
cutaneous adipose tissue, which is associated with the risk
for the development of obesity [24].

Dams fed a HFD and their offspring exhibit hypercho-
lesterolemia and hypertriglyceridemia. Our data corrobo-
rate with other studies that used HFD during pregnancy
and lactation and found metabolic changes such as
hypertriglyceridemia, increased levels of TC, and LDL-c
[25]. Moreover, elevated cholesterol and triglycerides are
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Figure 2 Pyruvate tolerance test and area under the curve for glucose at 90 and 300 days of offspring of males whose dams were submitted
to control, HF and HFW3 diets during gestation and lactation. The rats were submitted during gestation and lactation to control diet (C, 19% lipids)
or high SFA (HF, 33% lipids) or high content lipid in SFA and enriched with omega-3 (HFW3, 33% lipids), according to the experimental group. Glucose
was measured at time 0 before glucose administration (after 12 h of fasting) at time 15, 30, 45, 60 and 120 min after pyruvate administration (panels
A and C). The area under the curve (AUC) for glucose were calculated by using the trapezoidal rule (panels B and D). The black line or bar represents
the control group, the dashed line or black bar the HF group and the gray line or bar the HFW3 group. The values were expressed as mean + SEM,
after the two-Way ANOVA test (panels A and C) or one-way ANOVA test (panels B and D) followed by Bonferroni post-test. (*p < 0.05 vs. Control,

#p < 0.05 vs. HF; n = 10-18).

risk factors for endothelial dysfunction [26] and athero-
sclerosis [27]. Our study found that HFw3 offspring
showed reduction in the TRI levels. It has been demon-
strated that @3 can improve lipid profile by lowering TRI
levels, TC, and LDL-c fraction [22]. Several epidemiological,
experimental, and clinical studies indicate that @3 is able
to decrease the risk of cardiovascular disease, in part, by
improving vascular function and preventing many steps of
the atherosclerotic process. Three @3 polyunsaturated
fatty acids (PUFA) have been found to show vasoprotective
action; eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA), and alpha-linolenic acid (ALA). In blood ves-
sels, @3 PUFA decrease arterial plaque buildup [28], in-
crease anti-inflammatory properties [29], improve
endothelial-dependent vasodilation [30], decreased blood
pressure [31], promote vasodilatation through relaxation
of smooth muscle cells [32], exert antioxidant, anti-
inflammatory, and antithrombotic actions [33,34], delay
development of plaques and increase their stability [35],
and decrease wall stiffening [36].

Fatty acids @3 may contribute to reduce systemic
chronic  inflammation, which is present in

hypercholesterolemia, diabetes, hypertension, and obesity,
both by reducing pro-inflammatory stimuli and by stimu-
lating the resolution of inflammation. These mechanisms
require specific enzymatic metabolism of fatty acids in
bioactive lipid mediators. It is known that the substrate
exchange for the formation of cyclooxygenase-dependent
thromboxane (TX) from fatty acid @6 arachidonic acid
(AA) to fatty acid 3 EPA will alter the enzymatic product of
the prothrombotic TXA2 for the inactive TXA3 metabolite
[37]. In addition, leukotrienes (another group of lipid me-
diators) exhibit less pro-inflammatory activity when
derived from lipoxygenase metabolism using EPA instead
of AA as a substrate. Since leukotrienes transduce pro-
atherosclerotic signaling [38] and leukotriene receptor
antagonism reduces cardiovascular risk [39], @3 has the
potential to decrease an important pro-inflammatory
pathway in the vascular wall [40].

The consumption of diet rich in saturated fats increases
the expression of genes that signal lipogenic pathways in
the liver [41], besides inducing and/or aggravating liver
injury with subsequent increase in plasma levels of
transaminases [42,43], which may explain the high levels
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Figure 3 Insulin sensitivity test and area under the curve for glucose at 90 and 300 days of offspring of males whose dams were submitted to
control, HF and HFW3 diets during gestation and lactation. The rats were submitted during gestation and lactation to control diet (C, 19% lipids) or
high SFA (HF, 33% lipids) or high content lipid in SFA and enriched with omega-3 (HFW3, 33% lipids), according to the experimental group. Glucose
was measured at time 0 before glucose administration (after 6 h of fasting) at time 15, 30, 45, 60 and 120 min after insulin administration (panels A
and C). The area under the curve (AUC) for glucose were calculated by using the trapezoidal rule (panels B and D). The black line or bar represents the
control group, the dashed line or black bar the HF group and the gray line or bar the HFW3 group. The values were expressed as mean - SEM, after
the two-Way ANOVA test (panels A and C) or one-way ANOVA test (panels B and D) followed by Bonferroni post-test. (¢«p < 0.05 vs. Control,

#p < 0.05 vs. HF; n = 10—18).

of ALT in the HF at 22-d-old. In contrast, ®3 ingestion re-
duces levels of transaminases, mainly ALT in individuals
with non-alcoholic fatty liver disease [44,45].

In this study, the HF presented higher fasting blood
glucose levels. In addition to its lipid-lowering role, @3
intake is associated with increased insulin sensitivity,
reduced with age, as observed in rat offspring [46]. Studies
have found in the adult rat offspring of dams who received
a diet rich in ®3 increase in the number of pancreatic is-
lets, without altering the volume of the pancreas [47]. The
progression of diabetes mellitus goes through interme-
diary stages, from altered fasting glycemia and glucose
intolerance, and these stages are due to insulin resistance
associated with pancreatic f-cell dysfunction. Although we
found no difference in GTT, PTT, and IST tests, our study
verified a tendency to develop diabetes mellitus in the HF.
Since fasting hyperglycemia in these animals may provide
evidence of beta-cell dysfunction [48], it is possible that in

a more advanced age impaired of tolerance to glucose,
pyruvate, and insulin sensitivity can be found in these
animals.

In conclusion, we demonstrated that improving the
quality of HFD does not overcome the adverse conse-
quences of overnutrition from maternal HFD; however, it
has been observed that @3 exposure to the offspring in a
maternal HFD may have some benefits during a short
period. This study elucidates that maintaining a low o6/a3
ratio could serve as a primary prevention strategy for
cardiometabolic diseases, but it should not be the only one
when eating a diet rich in saturated fatty acids concomi-
tantly, since it was observed in this survey that @3 benefits
are short-lived and insufficient to counterprogram the
adverse consequences of overnutrition. More studies are
needed to evaluate the mechanisms related to metabolic
changes elicited by the consumption of maternal HFD, as
well as the role of the @3 during the perinatal period. A
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complete understanding of these mechanisms and the role
of ®3 may lead to the development of therapeutic strate-
gies and government policies to improve public health.
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Abstract: Interactions between mitochondria and the endoplasmic reticulum, known as MAM, are
altered in the liver in obesity, which contributes to disruption of the insulin signaling pathway. In
addition, the plasma level of glycine is decreased in obesity, and the decrease is strongly correlated
with the severity of insulin resistance. Certain nutrients have been shown to regulate MAMs;
therefore, we tested whether glycine supplementation could reduce insulin resistance in the liver
by promoting MAM integrity. Glycine (5 mM) supported MAM integrity and insulin response
in primary rat hepatocytes cultured under control and lipotoxic (palmitate 500 uM) conditions
for 18 h. In contrast, in C57 BL/6 JOlaHsd mice (male, 6 weeks old) fed a high-fat, high-sucrose
diet (HFHS) for 16 weeks, glycine supplementation (300 mg/kg) in drinking water during the
last 6 weeks (HFHS-Gly) did not reverse the deleterious impact of HFHS-feeding on liver MAM
integrity. In addition, glycine supplementation worsened fasting glycemia and glycemic response to
intraperitoneal pyruvate injection compared to HFHS. The adverse impact of glycine supplementation
on hepatic gluconeogenesis was further supported by the higher oxaloacetate /acetyl-CoA ratio in
the liver in HFHS-Gly compared to HFHS. Although glycine improves MAM integrity and insulin
signaling in the hepatocyte in vitro, no beneficial effect was found on the overall metabolic profile of
HFHS-Gly-fed mice.

Keywords: dietary supplement; amino acid metabolism; obesity-related metabolic disorders; insulin
resistance; mitochondria

1. Introduction

Hepatic insulin resistance is a major metabolic disorder that causes a heavy burden
on the healthcare system as it affects 60-80% of obese and type 2 diabetic patients [1].
Interestingly, obese and type 2 diabetic patients show abnormal circulating amino acid pro-
files [2] that are particularly characterized by decreased plasma glycine concentration [3,4].
The decrease in circulating glycine concentration is associated with the severity of insulin
resistance [5,6]. Several prospective studies showed that a decrease in plasma glycine
concentration is a strong predictive factor for incident glucose intolerance and type 2 di-
abetes [7-9]. Glycine is a non-essential amino acid with many metabolic roles. However,
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the involvement of glycine in metabolic diseases associated with obesity is still poorly
understood, and part of the mechanisms responsible for its metabolic effects have not yet
been elucidated [10].

Hepatic insulin resistance is associated with metabolic inflexibility, mitochondrial dys-
function, and endoplasmic reticulum (ER) stress, which suggests a potential relationship
between hepatic metabolic disorders and impaired functions of both organelles. Mito-
chondria and ER communicate through contact points called mitochondria associated-ER
membranes (MAMs) which dynamically regulate cellular functions [11]. MAM integrity
has been associated with metabolic homeostasis in the liver [12]. Specifically, MAMs have
been identified as crucial platforms involved in the regulation of the hepatic insulin re-
sponse [13-16]. Furthermore, MAM integrity is disrupted and MAM flexibility is lost in
the liver of obese and type 2 diabetic mice [13]. Therefore, MAMs are now recognized as
crucial hubs of cell signaling, and targeting MAMs in the liver could be a novel strategy to
prevent hepatic insulin resistance.

Based on the alteration of MAMs and the variation of glycine concentration in the
serum of obese and diabetic patients, we hypothesized that glycine may be involved in the
regulation of hepatic MAM integrity, and we anticipated that restoring glycine availability
in obese mice may restore hepatic insulin resistance by supporting MAM integrity in the
liver. Indeed, glycine interacts with one-carbon metabolism through the enzyme glycine
N-methyltransferase (GNMT), thereby potentially regulating methylation processes which
can regulate gene and protein expression [10,17]. GNMT catalyzes the methylation of
glycine using S-adenosylmethionine to form sarcosine with the concomitant production
of S-adenosylhomocysteine. Therefore, it plays an important role in the balance of methyl
groups in the liver [10,17].

In this study, we explored in vitro, on primary rat hepatocytes, and in vivo, in diet-
induced obese mice, whether glycine supplementation could positively impact on the
hepatic insulin response by promoting MAM integrity, thus contributing to improved
glucose homeostasis.

2. Material and Methods
2.1. Primary Rat Hepatocytes

Primary hepatocytes were isolated using a modified collagenase perfusion method
according to Berry et al. [18] and Groen et al. [19]. Primary rat hepatocytes were plated on
collagen type I-coated culture plates and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, PAA Laboratories, Velizy-Villacoublay, France) with 3 g /L glucose at 37 °C and in
a humid atmosphere with 5% CO,. DMEM was supplemented with 2 mM glutamine, 2 mM
antibiotic /antimycotic, 1% penicillin streptomycin solution, 7.5 mM DL-sodium lactate,
and 10% fetal calf serum (FCS), which is the standard medium. The percentage of viability
was determined using the trypan blue exclusion method (on an average 85-90% of the
viable cells). After 4 h of adhesion, hepatocytes were cultured for 18 h in control (standard
medium + bovine serum albumin, BSA) or lipotoxic (standard medium + palmitate 500
uM) supplemented or not with glycine (5 mM).

2.2. Animal Study

This animal study was performed in accordance with the French guidelines for the
care and use of animals [20] and approved by the regional ethic committee (CECCAP
LS_2022_001). Thirty 5-week-old male C57 BL/6 JOlaHsd mice (Envigo, France) were
housed in groups of five on sawdust bedding in plastic cages in an enriched environment
up to the age 5 months. Artificial lighting was provided on a fixed 12 h light-dark cycle
with ad libitum access to standard chow and water. Mice were fed a standard chow diet
(SD, n =10, 35.6% carbohydrates, 10.2% fat by mass, Genobios, France) for 16 weeks or a
high-fat, high-sucrose diet (HFHS, n = 20, 36% fat and 17% sucrose by mass, Envigo, France)
for 10 weeks [21]. Then, the HFHS-fed mice were divided into 2 groups of 10 animals and
remained on the HFHS diet for an additional 6 weeks. The first group continued to receive
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water, while the second group received glycine in water (300 mg/kg/d). An oral glucose
tolerance test (OGTT, 1.5 g/kg body weight) was performed on 4 h-fasted mice one week
before the end of the protocol. Five days apart, a pyruvate tolerance test (1.5 g/kg body
weight, injected intraperitoneally, ipPTT) was performed on overnight-fasted mice. In both
tests, blood glucose was monitored with a glucometer for 2 h before and at 15, 30, 45, 60,
90, and 120 min after gavage or injection. Glucose and pyruvate tolerance were evaluated
based on the blood glucose area under the curve (AUC) [21]. Finally, overnight-fasted mice
were euthanized with elongation, and the liver and leg muscles were quickly removed,
weighted, and divided for further analyses.

2.3. Exploration of the Insulin Signaling Pathway

In vitro, primary hepatocytes were depleted in serum for 3 h and then incubated in
DMEM without FBS in the absence or presence of insulin (10-7 M) for 15 min. In vivo,
overnight-fasted mice were injected with either NaCl or insulin (0.75 U/kg body weight)
15 min before the sacrifice. The liver and gastrocnemius muscles were rapidly removed and
frozen in liquid nitrogen. Insulin-stimulated Ser473 phosphorylation (#4060, Cell Signaling)
of protein kinase B (Akt, #4691, Cell Signaling) was assessed using western blotting in
primary rat hepatocytes, mouse liver, and gastrocnemius muscle.

Additional information was obtained from a preliminary study performed following
the same protocol (regional ethic committee approval, CECCAP LS_2017_004) in which
peripheral insulin response was evaluated in 4 h-fasted animals. Four hour-fasted mice
(n = 10 per group) were injected intraperitoneally with insulin (0.75 U/kg body weight).
Blood glucose was monitored with a glucometer before and at 15, 30, and 45 min after
injection. Insulin tolerance was evaluated based on the blood glucose area over the curve
(AOC) [21].

2.4. In Situ Proximity Ligation Assay (PLA)

ER-mitochondrial interactions were assessed using in situ PLA which targeted the
complex between the ER inositol 1,4,5-triphosphate receptor (IP3 R)-1 (ab5804, Abcam,
Paris, France) and the mitochondrial voltage-dependent anion channel (VDAC)-1 (ab14734,
Abcam, UK) as previously described [13]. In vitro, the assays were conducted on 4%
paraformaldehyde-fixed and 0.1% triton-permeabilized primary rat hepatocytes using a
green, fluorescent in situ PLA DUOLINK kit (Merck, Darmstadt, Germany). In situ, the
assays were carried on in 4 um paraffin sections of 4% paraformaldehyde-fixed and paraffin-
embedded mouse liver samples using a bright-field in situ PLA DUOLINK kit (Merck,
USA). Images were analyzed using a custom written Fiji macro on 10 images/sample in 3
to 5 independent series, and the number of VDAC1-IP3 R1 dots was expressed per nucleus.

2.5. Triglyceride and Glycogen Assay

Mouse liver samples were embedded in an optimal cutting temperature (OCT) com-
pound and frozen in liquid nitrogen. Oil Red O (ORO-k-250, Biognost) staining was per-
formed in 10 pm cryosections to quantify the liver triglycerides, and 4 um paraffin sections
were stained with PAS diastase (PAD-2-IFU, Clinisciences) to measure glycogen content.
Images were analyzed using a custom-written Fiji macro, and data expressed the percentage
of the area. Furthermore, liver triglyceride, oxaloacetate, and acetyl-CoA concentrations
were assayed using the commercial assay kits, including Triglycerides GPO Method (Bio-
labo, Maizy, France), Oxaloacetate Colorimetric/Fluorometric, and PicoProbe™Acetyl-CoA
Fluorometric (CliniSciences, Nanterre, France), respectively. Results were expressed relative
to the protein concentration, and the oxaloacetate to acetyl-CoA ratio was calculated.

2.6. Western Blot

Proteins of primary hepatocytes or mouse livers were lysed in a RIPA buffer (150
mM NaCl, 1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris,
pH 8.0). Protein concentration of the samples was quantified using the Bradford protein
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assay (BioRad, Marnes-la-Coquette, France). Protein content was quantified after SDS-
PAGE electrophoresis (10 or 15% acrylamide gels) migration using the following antibodies:
anti-Akt (4691 L, Cell signaling, USA), anti-S473-Phospho AKT (4060 L, Cell Signaling,
Saint-Cyr-L’Ecole, France), and anti-tubulin (T5168, Merck, USA). The signal was quan-
tified with ImageLab software (Biorad, USA). Data were expressed relative to tubulin
before calculating the phospho-Akt/Akt ratio and the insulin-induced fold-change in Akt
phosphorylation.

2.7. Gene Expression

Total RNA was extracted using a Trizol Reagent kit following the method of Chom-
czynski and Sacchi [22] as previously decribed [23]. RNA concentration was measured
using the Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA USA) according to the
manufacturer’s recommendations. Reverse transcription (RT) of RNA to complementary
DNA (cDNA) was performed using 1 ug of total RNA in 10 uL of total reaction volume of
PrimeScript reagents RT kit. Total RNA samples were treated with DNase to prevent the po-
tential contamination with genomic DNA. Gene expression of gnmt was explored by gPCR
(quantitative real time Polymerase Chain Reaction) using SYBR® Green mix and Rotor-Gene
6200 (Corbett Research, Gentaur, Paris, France) and normalized using TBP (TATA-binding
protein) mRNA. Primers sequences for gnmt were 5 GAAGGAGCCAGCCTTTGACA 3
and 3’ AGGTGAGCAAAACTGTTCCC 5’ for rats and 5 GGAAAGAGCCATCCTTTGAC
3" and 3 GCAAGTGAGCAAAACTGTTCC 5' for mice. Primers sequence for TBP were
5YTGGTGTGCACAGGAGCCAAG 3’ and 3' TTCACATCACAGCTCCCCAC 5’ for rats and
5 TGGTGTGCACAGGAGCCAAG 3’ and 3' TTCACATCACAGCTCCCCAC 5’ for mice.

2.8. Mice Liver and Muscle Endometabolome Analyses through ' H-NMR Spectroscopy

Metabolites were extracted using 100% methanol and a Precellys Homogeneizer as
previously described [24]. NMR spectra were obtained as previously described [24] on a
Bruker Avance III spectrometer operating at a ! H frequency of 800.14 MHz and equipped
with a 5 mm TXI probe. Identification of the metabolites was carried out based on the
1 H 1 D NMR data with ChenomX NMR Suite 8.0 software (ChenomX Inc., Edmonton,
Canada) and confirmed based on analyses of 2 D 1 H-1 H TOCSY, ! H-!3 C HSQC, and
J-Resolved NMR spectra. Metabolite concentrations were determined based on the ' H1 D
NOESY experiments using ChenomX. A pure lactate solution (1 g/L, Fisher) was used as
a concentration reference and exploited using the ERETIC2 utility from TopSpin to add a
digitally synthesized peak to a spectrum [25].

2.9. Statistical Analysis

Statistical analysis was performed using GraphPad Prism® software v8 (GraphPad
Software, San Diego, CA, USA). All data were presented as means + standard error of the
mean (SEM). The normality of the data was assessed using Shapiro-Wilk or Agostino and
Pearson omnibus normality tests, and homogeneity was assessed using Bartlett's test. Two-
way ANOVA followed by a Student post-hoc test were used to explore the effect of glycine
in control and lipotoxic conditions for the in vitro experiments. The three groups were
compared using one-way ANOVA followed by a Sidak’s post-hoc test or Kruskal-Wallis
test for the in vivo experiments. The level of significance was set at p < 0.05.

3. Results
3.1. Glycine Enhances MAM Contact Sites and Insulin Response in Primary Rat Hepatocytes

In primary rat hepatocytes, palmitate (500 M) for 18 h induced a 38.5% higher gnmt
mRNA content compared to BSA (p < 0.01), whereas glycine (5 mM) had no significant
impact in both the control and lipotoxic conditions (Figure 1A). Palmitate caused a 26.5%
lower number of VDAC1-IP3 R1 contact points per cell compared to BSA. In contrast,
glycine induced a 32.5 and 50.8% higher number of VDAC1-IP3 R1 contact points per cell
compared to untreated cells in both the control and lipotoxic conditions, respectively (p
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< 0.001, Figure 1B,C). As expected [13,16], these positive impacts were associated with an
improved insulin response, especially under control conditions (p < 0.05, Figure 1D,E).
We thus tested whether glycine supplementation could improve liver MAM integrity
and insulin response in diet-induced obese mice and contribute to improved glucose
homeostasis.
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Figure 1. The impact of glycine on MAM integrity and insulin response in primary rat hepatocytes.
Primary rat hepatocytes were treated with glycine (5 mM) for 18 h under basal (BSA) or lipotoxic
(Palmitate, 500 pM) conditions. (A) Glycine N-methyltransferase (Gnmt) mRNA expression relative to
TATA box binding protein (Tbp) mRNA, (B) representative images (scale = 10 um) and (C) quantitative
analysis of VDAC1 /IP3R1 interactions per cells using in situ Proximity Ligation Assay (n = 3 series
per group, n = 10 images/condition; VDACI: Voltage Dependent Anion Channel 1; IP3R1: Inositol
1,4,5-trisphosphate receptor typel). (D) representative images and (E) quantitative analysis of insulin
(10-7M)-induced Akt phosphorylation (n = 6 series per group). Comparison of all groups vs. BSA:
*p <0.05,** p <0.01, *** p < 0.0001; Comparison of palmitate + glycine vs. Palmitate: $$$ p < 0.001.

3.2. Characteristics of Diet-Induced Obese Mice

The HFHS diet induced 43.8% and 57.1% heavier body and liver weights compared to
SD at the end of the study, respectively (p < 0.01). These differences were not altered after
glycine supplementation, so HFHS-Gly animals evidenced similar body and liver weights
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as HFHS (Table 1). The liver triglyceride content was 81.4% higher and glycogen content
32.4% lower in HFHS compared to SD (p < 0.05, Figure 2A-E). Glycine supplementation
did not significantly alter these parameters (Figure 2A-E).

Table 1. Animal characteristics at sacrifice.

SD HFHS HFHS-Gly
(n=10) (n=10) (n=10)
Body weight (g) 288+05 415 £ 1.3 %+ 43.8 + 1.0+
Liver weight (g) 1.19 + 0.03 1.85 + 0.19 ** 191 +£0.16 *
Gastrocnemius muscles (mg) 399 +12 399 + 12 413+9

C57Bl6]JOlaHsd male mice were fed a standard diet (SD) or a high-fat high-sucrose diet (HFHS) for 16 weeks.
Glycine supplementation (300 mg/kg/day) was given in drinking water during the last 6 weeks to half of the
HFHS-fed mice (HFHS-Gly). Comparison of all groups vs. SD used ** p < 0.01 and *** p < 0.001.
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Figure 2. The impact of obesogenic diet and glycine on hepatic metabolism. C57Bl6JOlaHsd mice were
fed a standard diet (SD) or a high-fat high-sucrose diet (HFHS) for 16 weeks. Glycine supplementation
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(300 mg/kg/day) was given in drinking water during the last 6 weeks to half of the HFHS-fed mice
(HFHS-Cly). (A) representative images and quantitative analysis of liver (scale = 200um) (B) content
in triglycerides (TG) and (C) mean lipid droplet area (n = 5 mice per group, n = 10 images/mouse).
(D) representative images (scale = 200um) and (E) quantitative analysis of liver glycogen content
(n =5 mice per group, n = 10 images/mouse). Quantitative NMR analysis of liver (F) glycine concent
and (G) major metabolites (n =5 mice per group). HFHS and HFHS-Gly data were normalised to the
SD group. (H) Glycine N-methyltransferase (Gnmt) mRNA expression relative to TATA box binding
protein (Tbp) mRNA (n = 10 mice per group). Comparison of HFHS and HFHS-Gly vs. SD: * p < 0.05,
**p <0.01, ** p < 0.001.

The liver metabolic fingerprint was explored using ! H-NMR metabolomics. The HFHS
diet was associated with a 21.7% lower glycine concentration compared to SD (p < 0.01),
and HFHS-Gly tended to restore the value to the SD level (p = 0.068 vs. HFHS, Figure 2EG).
HFHS-Gly was associated with an 86.0% higher sarcosine concentration compared to SD (p
< 0.05, Figure 2G and Table S1). Related to the use of glycine for sarcosine synthesis, the liver
mRNA content in gnmt mRNA was 31.2% lower in HFHS compared to SD (p < 0.01) and
was not significantly altered by glycine supplementation (Figure 2H). Additionally, choline
and o-phosphocholine were 2 to 3-fold higher in both HFHS and HFHS-Gly compared to
SD (p < 0.01, Figure 2G). Finally, the HFHS diet was also associated with a 22.1% to 26.1%
lower concentration in N-acetylcysteine and glycerol compared to SD, respectively (p < 0.05,
Figure 2G). These alterations were no longer significant following glycine supplementation
compared to SD values (Figure 2G).

3.3. Glycine Supplementation Does Not Influence Liver MAM Integrity and Insulin Response in
Diet-Induced Obese Mice

As already described [13], liver MAM integrity assessed using in situ PLA was dis-
rupted in HFHS compared to SD. Indeed, the number of VDACI-IP3 R1 contact points per
nucleus was 33.3% lower in HFHS compared to SD (p < 0.05, Figure 3A,B). The difference
did not reach the level of significance for the VDAC1-IP3 R2 interaction (Figure 3C,D).
Glycine supplementation did not modify the HFHS-induced alterations (Figure 3B-D).
Exploration of insulin-induced Akt phosphorylation showed that HFHS was associated
with a 40.6% lower fold-change in Akt phosphorylation compared to SD (p < 0.05), while
HFHS-Gly tended to restore values to the SD level (Figure 3E,F).

3.4. Glycine Supplementation Worsens Glucose Homeostasis of Diet-Induced Obese Mice

We further investigated in vivo glucose homeostasis. Four-hour fasting glycemia was
23.2% and 25.3% higher in HFHS and HFHS-Gly compared to SD, respectively (p < 0.0001,
Figure 4C). In contrast, while the differences between HFHS and SD values did not reach
the level of significance regarding overnight-fasting glycemia, overnight-fasting glycemia
of HFHS-Gly was 41.4% higher than in SD (p < 0.001, Figure 4E). In vivo tests evidenced
a deterioration in glucose and pyruvate tolerance in HFHS-fed animals compared to SD
(Figure 4A-F). AUCocrT and AUCiPpTT were 110.2% (p < 0.001, Figure 4A,C) and 53.6%
(p <0.05, Figure 4D F) higher in HFHS compared to SD. In HFHS-Gly-fed animals, the
glycemia response to OGTT was similar to HFHS (Figure 4A); therefore, glycine supple-
mentation did not significantly alter AUCoGtT compared to HFHS (Figure 4C). In contrast,
glycemia response to jpPTT was 24.4% higher than that of HFHS 15 min after pyruvate
injection (p < 0.01) and remained higher than that of HFHS for the rest of the test (p = NS,
Figure 4D). However, overall, the impact of glycine supplementation on AUC;pprr did not
reach the level of significance compared to HFHS (Figure 4F). AUCpprr of HFHS-Gly-fed
animals was 87.5% higher compared to SD (p < 0.05, Figure 4F). We assessed the concen-
tration of oxaloacetate that drives gluconeogenesis to better understand the discrepancy
between ipPTT and insulin responses in the livers of HFHS-Gly-fed animals. The oxaloac-
etate to acetyl-CoA ratio was 96.7% higher in HFHS compared to SD (p < 0.0001, Figure 4G)
and a further 43.0% higher in HFHS-Gly compared to HFHS (p < 0.001, Figure 4G). This
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finding shows that the glycine supplementation enhanced gluconeogenesis activity in the
liver of HFHS-Gly-fed animals compared to HFHS.
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Figure 3. The impact of obesogenic diet and glycine on hepatic MAM integrity and insulin response.
C57Bl6]OlaHsd mice were fed a standard diet (SD) or a high-fat high-sucrose diet (HFHS) for 16 weeks.
Glycine supplementation (300 mg/kg/day) was given in drinking water during the last 6 weeks to
half of the HFHS-fed mice (HFHS-Gly). (A) representative images (scale = 10um) and (B) quantitative
analysis of VDAC1/IP3R1 contacts per nucleus (n = 5 mice per group, n = 10 images/mouse).
(C) representative images (scale = 10um) and (D) quantitative analysis of VDAC1/IP3R2 contacts per
nucleus (n =5 mice per group, n = 10 images/mouse). (E) Representative images and (F) quantitative
analysis of insulin (0.75 U/kg)-induced Akt phosphorylation (n = 5 unstimulated and 5 insulin-
stimulated mice per group). Comparison of HFHS and HFHS-Gly vs. SD: * p < 0.05.
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Figure 4. The impact of obesogenic diet and glycine on glucose and pyruvate tolerance tests. C57
Bl6 JOlaHsd mice were fed a standard diet (SD) or a high-fat, high-sugar diet (HFHS) for 16 weeks.
Glycine supplementation (300 mg/kg/day) was given in drinking water during the last 6 weeks
to half of the HFHS-fed mice (HFHS-Gly). (A) shows the glycemic response, while (B) highlights
4 h-fasting glycemia, and (C) displays the area under the curve (AUC) of the glycemic response
to glucose (1.5 g/kg) gavage (OGTT, n = 10 mice per group). (D) shows the glycemic response,
while (E) displays overnight-fasting glycemia, and (F) highlights the area under the curve (AUC)
of the glycemic response to pyruvate (1.5 g/kg) intraperitoneal injection (ipPTT, n = 10 mice per
group). Finally, (G) displays the oxaloacetate (OAA) ratio to acetyl-coA in the liver (n = 10 mice per
group). Comparison of HFHS and HFHS-Gly vs. SD used * p < 0.05, ** p <0.01, ** p < 0.001, and
% p < 0.0001. Comparison of HFHS-Gly vs. HFHS used $$ p < 0.01, $$$ p < 0.001.

3.5. The Impact of Glycine Supplementation on the Skeletal Muscle of Diet-Induced Obese Mice

We further phenotyped the gastrocnemius muscle status since skeletal muscles are key
tissues involved in glycine [26] and glucose [27] homeostasis. Glycine concentration in the
muscle was similar between HFHS and SD and 34.6% higher in HFHS-Gly compared to
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the other two groups (p < 0.001, Figure 5A). Interestingly, concentrations in sarcosine and
glutamate were 25.0% and 25.7% lower and alanine was 19.2% higher in HFHS compared
to SD, respectively (p < 0.01, Figure 5B and Table S2). In HFHS-Gly, leucine and glycerol
concentrations were 20.3% and 38.6% higher compared to SD, respectively (p < 0.05, Fig-
ure 5B and Table S2). Finally, alanine and lactate concentrations were 23.3% and 30.2%
lower in HFHS-Gly compared to HFHS, respectively (p < 0.001, Figure 5B and Table S2).
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Figure 5. The impact of obesogenic diet and glycine on muscle metabolism and insulin response.
C57 Bl6 JOlaHsd mice were fed a standard diet (SD) or a high-fat, high-sugar diet (HFHS) for 16
weeks. Glycine supplementation (300 mg/kg/day) was given in drinking water during the last
6 weeks to half of the HFHS-fed mice (HFHS-Gly). (A,B) show quantitative NMR analyses of
gastrocnemius muscle content in glycine and major metabolites (n = 5 mice per group), respectively.
HFHS and HFHS-GLY data were normalized to the SD group. (C) includes representative images,
and (D) highlights a quantitative analysis of insulin (0.75 U/kg)-induced Akt phosphorylation (n =
5 unstimulated and 5 insulin-stimulated mice per group). (E) displays four-hour fasting glycemia,
while (F) shows the glycemic response, and (G) includes the area over the curve (AOC) of the glycemic
response to insulin (0.75 U/ kg) intraperitoneal injection (ipITT, n = 10 mice per group). Comparison of
HFHS and HFHS-Gly vs. SD used * p < 0.05; ** p < 0.01; ** p <0.001, and **** p < 0.0001. Comparison
of HFHS-Gly vs. HFHS used $$$ p < 0.001.
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Exploration of insulin-induced Akt phosphorylation evidenced that HFHS and HFHS-
Gly both tended to decrease the insulin-induced Akt phosphorylation compared to SD,
but the difference did not reach the level of significance (Figure 5C,D). These results were
corroborated by the insulin tolerance test performed in a separate but similar protocol
(Figure 5E-G). Four-hour fasting glycemia was 17.5% and 25.0% higher in HFHS and
HFHS-Gly compared to SD, respectively (p < 0.05, Figure 5E). However, while both HFHS
and HFHS-Gly tended to decrease AOCjprrt compared to SD, neither reached the level of
significance (Figure 5EG). These results showed that skeletal muscle responded to glycine
supplementation, but these adaptations did not alter the insulin resistance.

4. Discussion

Our previous study on diet-induced obese mice showed that the lowest plasma glycine
concentration in obesity is also observed in the liver [24]. In that organ, this study showed
that the lower availability of glycine was partially compensated by glycine supplementation.
Although glycine positively impacted MAM integrity and insulin response in vitro, glycine
supplementation had little or no beneficial impact on these parameters in the liver of diet-
induced obese mice. It also had no apparent beneficial impact on skeletal muscle insulin
resistance associated with diet-induced obesity. Unexpectedly, glycine supplementation
promoted hepatic gluconeogenesis, thereby contributing to the worsening of overnight-
fasting glycemia.

Our work is the first to evaluate the impact of glycine on liver MAM integrity. In
situ PLA has proven its reliability for exploring VDACI-IP3 R contact points in vitro and
invivo [12,13,15,16]. The discrepancy between the in vitro and in vivo results suggests
that glycine implication may be context dependent and involve one or more of the multi-
ple metabolic [10]. In particular, as glycine metabolism has been shown to be important
for skeletal muscle in obesity [26], the discrepancy between the in vitro and in vivo re-
sults suggests that crosstalk between skeletal muscle and the liver may play a key role
in determining the availability and metabolic fate of glycine in the hepatocytes. The di-
vergence might also involve the expression of GNMT which is involved in the regulation
of S-adenosyl-methionine levels and methylation processes. Gnmt gene expression was
indeed enhanced by palmitate in vitro and reduced in obesity in vivo. In addition, the
mechanisms may be more complex than the regulation of S-adenosyl-methionine levels
as several compensatory mechanisms can be activated according to the gnmt gene expres-
sion level and the availability of metabolites interacting with the one-carbon cycle [28].
Given the correlation between low plasma glycine concentration and the severity of insulin
resistance in obesity and type 2 diabetes [10], we hypothesized that glycine might have
bioactive functions. Few studies have evidenced that liver MAM integrity can be regulated
by nutrients. The deciphered signaling pathways involve either glucose and the protein
phosphatase 2 A (PP2 A) [12] or arginine, the synthesis of nitric oxide (NO), and the protein
kinase G (PKG) [16]. Palmitate has also been identified to alter MAM integrity in vitro
in hepatocytes [13,14] and myotubes [29], but the exact mechanisms are still unknown.
Further studies are needed to follow up on these findings. However, the data collected in
our study do not encourage further work on glycine.

The present work is also the first that evaluated the impact of glycine on liver insulin
response, and it found no beneficial impact on nutritional dosage. It is the second work
that observed that glycine supplementation at a dose below 0.3 g/kg/d for 6 to 10 weeks
does not improve muscle insulin resistance and glucose tolerance in an animal model of
obesity [26]. No recent clinical interventions have been published using dietary glycine in
patients with obesity and/or cardiometabolic disorders. A former clinical work in elderly
patients with HIV evidenced that 0.1 g of glycine/kg/day for 14 days in association with
N-acetylcysteine improved insulin sensitivity [30], potentially due to improved glutathione
synthesis and antioxidant protection. Our data showed that glutathione content was not
altered following glycine supplementation in the liver and gastrocnemius muscle, which
contrasts with this clinical trial, potentially because our dosage was about four times
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lower (i.e., a human equivalent dose of 24.3 mg/kg/day, [31]) and not associated with
N-acetylcysteine. In addition, our study did not show a beneficial effect of glycine supple-
mentation on liver biochemistry, especially on triglyceride content, which contrasts with
Zhou et al. [32]. The authors used a 23-fold higher dose of glycine (i.e., 3.5 g/kg/d, the
human equivalent dose being 565 mg/kg/day, [31]) for 24 weeks in diet-induced obese
rats [32]. In this study, glycine supplementation decreased triglyceride levels and protected
against HFHS-induced non-alcoholic steatohepatitis, but the authors did not explore its im-
pact on glucose homeostasis. Therefore, it would be interesting to study the dose-response
to glycine supplementation in obesity starting from nutritional doses to therapeutic doses.
To complete the exploration, it would also be relevant to explore the impact of the form
of administration of glycine, i.e., administered in water or food as opposed to gavage.
Based on current knowledge, our work showed that in the liver, like glycerol, lactate, and
other amino acids, such as alanine, the carbon skeleton of glycine supplied at a nutritional
dosage can be metabolized to pyruvate to support gluconeogenesis through the synthesis
of phosphoenolpyruvate [33]. The present study provides evidence that gluconeogenesis is
strongly upregulated in obesity, which may imply that supplementary dietary glycine is in-
tegrated in gluconeogenesis and routed toward glucose synthesis. Interestingly, overnight
fasting glycemia and the early glycemic peak in response to the pyruvate tolerance test were
the most impacted following glycine supplementation compared to other measurements
(i.e., glucose and insulin tolerance tests and insulin response in tissues). This suggests that
providing glycine in drinking water chronically correlates with hepatic gluconeogenesis
induction but, as observed through Akt-phosphorylation assay, it does not worsen tissue
insulin resistance.

NMR exploration interestingly evidenced differences between liver and muscle
metabolic fingerprints in response to dietary manipulations. In the liver, HFHS was
associated with a lower glycine concentration which was restored close to SD values due
to glycine supplementation in parallel to enhanced sarcosine content. This may indicate
that glycine supplementation enhances its conversion to sarcosine through GNMT. In
contrast, in gastrocnemius muscle, HFHS did not alter glycine concentration, but it was
associated with lower content in sarcosine and glutamate and higher content in leucine
and alanine compared to SD. These observations corroborate a recent demonstration that
muscle glycine metabolism in obesity is shifted to provide carbon for the pyruvate-alanine
cycle in a manner regulated by branched chain amino acids [26]. Furthermore, HFHS may
divert glycine metabolism from GNMT activity. Interestingly, glycine supplementation
induced a strong increase in glycine content in gastrocnenius muscle, which contrasts with a
partial restoration of sarcosine and glutamate concentration, and it induced a significant de-
crease in alanine and lactate content. This raises two issues that need to be further assessed.
Firstly, a question arises whether glycine supplementation is sufficient to restore GNMT
activity in skeletal muscle. Secondly, it would be important to explore whether glycine
supplementation in obesity alters the Cori and Cahill cycles between skeletal muscle and
the liver, thereby contributing to increased hepatic gluconeogenesis.

In conclusion, the present study did not find a coherentimpact of glycine on hepatocyte
and liver MAM integrity, which supports the idea that glycine does not consistently interact
with pathways involved in the regulation of MAM integrity in the liver. Alternative or
compensatory mechanisms may contribute to loosening the link between glycine and
the signaling pathways involved in regulating MAM integrity. This could explain why
glycine can have positive impact on that parameter in vitro and not in vivo. In addition,
our observations do not support the beneficial impact of glycine supplementation in obesity
to prevent insulin resistance and improve glucose intolerance. This raises the question
whether glycine supplementation in obesity could alter alanine and lactate fluxes between
skeletal muscles and the liver, which would promote gluconeogenesis and hyperglycemia.
Therefore, the long-term effect of glycine supplementation on the risk of developing type 2
diabetes needs to be debated.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /nu15010096 /s1, Table S1: Metabolite concentrations measured
by NMR in the liver of SD, HFHS and HFHS-GLY-fed mice. Table S2: Metabolite concentrations
measured by NMR in the gastrocnemius muscle of SD, HFHS and HFHS-GLY-fed mice.
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Objective

To prepare a high fat diet rich in satured fatty acids and supplemented with omega 3 for experimental studies
in rodents.
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Methods

Purified industrial ingredients and flaxseed oil as a source of omega 3 at a concentration of 3.5% (v/w) were
used in the elaboration of the diets. Centesimal and nutritional compositions, fatty acids profile and dietary
intake were evaluated. Serum levels of total protein, albumin, cholesterol and glucose in pregnant rats were
verified. The offspring were assessed with regard to body mass and waist circumference. Statistical analysis was
performed using the Kolmogorov-Smirnov, Anova One-Way test and Bonferroni post-test.

Results

High fat and high fat with omega 3 diets presented, respectively, 37% and 36% saturated fat, and the lipid
amount was 80% higher than the American Institute of Nutrition 93G control diet. The omega 3 content was
50% higher in the high fat with omega 3 diet. There was no difference in consumption of diet types in weight
(grams). The dams that received the High fat diet developed hypercholesterolemia and their High fat offspring
exhibited higher body mass on the 1¢ day of life and increased abdominal circumference on the 30 day of life
compared to the control and the high fat with omega 3 offspring.

Conclusion

The formulated diets with a higher amount of saturated fatty acids meet the nutritional requirements of the
gestation and lactation period. The high fat diet with omega 3 was able to attenuate the changes observed in
dams and their offspring.

Keywords: Alpha-linolenic acid. Fatty acids. Nutritional requirements. Rats.

RESUMO

Objetivo
Elaborar uma dieta hiperlipidica rica em gorduras saturadas e suplementada com émega 3 para estudos
experimentais em roedores.

Métodos

Foram utilizados ingredientes industriais e purificados na elaboracéo das dietas, e o 6leo de linhaga como fonte
de 6mega 3 na concentracéo de 3,5% (v/im). As composicoes centesimal e nutricional, o perfil de &cidos graxos
e o consumo das dietas foram avaliados. Verificaram-se os niveis séricos de proteinas totais, albumina, colesterol
e glicose das ratas prenhas. A prole foi submetida a avaliacdo de massa corporal e circunferéncia abdominal.
Na anélise estatistica, utilizou-se o teste de Kolmogorov-Smirnov, Anova One-Way e o pos-teste de Bonferroni.

Resultados

As dietas hiperlipidica e hiperlipidica com 6mega 3 apresentaram, respectivamente, 37% e 36% de gorduras
saturadas, sendo a quantidade de lipidios 80% superior em relacéo a dieta controle 93G do American Institute
of Nutrition. O teor de émega 3 foi 50% maior na dieta hiperlipidica com émega 3. Nao houve diferenca no
consumo em gramas dos tipos de dieta. As maes que receberam dieta hiperlipidica tiveram hipercolesterolemia e
a prole hiperlipidica apresentou maior massa corporal no 1° dia de vida e aumento de circunferéncia abdominal
nos 30 dias de vida em relacao ao grupo controle e hiperlipidica com émega 3.

Conclusdo

As dietas formuladas atendem aos requerimentos nutricionais do periodo de gestacao e de lactacdo com uma
quantidade superior de acidos graxos saturados. A dieta hiperlipidica com émega 3 foi capaz de atenuar as
alteracoes observadas nas maes e na prole.

Palavras-chaves: Acido alfa-linoleico. Acidos graxos. Necessidades nutricionais. Ratos.

INTRODUCTION

Consumption of high fat diets in pregnancy and lactation is associated with cardiometabolic
diseases in adulthood [1,2]. Fat content in high fat diets varies among experimental studies, reaching
65% of Total Energy Value (TEV) fat in some diets [1,3,4]. High fat rodent diets can be classified into:

Revista de Nutricdo Rev. Nutr. 2019;32:2180292

148



http://dx.doi.org/10.1590/1678-9865201932e180292 COMPOSITION OF MATERNAL HIGH FAT DIET | 3

high lipid diets with 30% to 50% TEV and very high lipid diets with over 50% TEV [5]; such values
are well above those recommended by the American Institute of Nutrition (AIN), which advocates the
supply of 7% lipids in the concentration of the soybean-based experimental diet, which corresponds
to 17% TEV, as safe for meeting the needs of essential fatty acids. during growth, reproduction and
lactation in rodents [6,7].

Pregnancy is a physiological state that requires adequate intake of essential fatty acids,
particularly Docosahexaenoic Acid (DHA), for the development of the fetal central nervous system
[8,9]. Supplementation of 200mg DHA from safe sources such as fish rich in this nutrient (herring, tuna
and salmon) or from seaweed-based nutritional supplements is recommended for pregnant women
to prevent heavy metal contamination such as mercury contamination [9]. Maternal consumption of
DHA may also reduce the risk of premature birth in high-risk pregnancies [10]. On the other hand,
the use of omega-3 enriched diets during pregnancy and lactation may decrease the expression of
genes related to increased adiposity in offspring [11]. A decrease in omega 3 intake with an increased
omega 6:3 ratio in the diet may also influence body composition at birth, increasing adiposity. [12].

Fatty acid profile in high fat diets during pregnancy and/or lactation may be a factor related to
the development of metabolic disorders in adulthood [13]. Consumption of a diet rich in saturated
fatty acids was associated with the development of hepatic steatosis with a higher degree of hepatic
impairment, unlike a diet rich in polyunsaturated fatty acids [14]. The excess of saturated fatty acids
resulted in altered endocrine pancreas morphometry with lower density of insulin-containing islets,
which was not observed in offspring of rats that received the flaxseed high fat diet [3].

Nutritional manipulation with high fat diets during the critical period may imply morphological
and functional changes in organs important for endocrine regulation with risk for the development
of metabolic diseases in adulthood [3,4,14]. The increased nutritional demands of rodents regarding
macronutrients (carbohydrates, proteins and lipids) and micronutrients (vitamins and minerals) during
pregnancy, lactation and growth [6,7] sometimes is not considered in the elaboration of experimental
diets or in the supply of food to animals by their breeders, especially when using commercial feed and
this fact can lead to potential deficiencies.

In the search for a high fat diet pattern with or without omega 3 supplementation, different
diets are available, either formulated or commercial diets. The high fat diet model used depends
on the type of experimental design, study objectives, research line (e.g., fetal programming or
phenotypic plasticity), among others. Nevertheless the diet must meet the demand of different
nutrients, considering the life stage of the animal. Conservation and presentation of diets should
also be considered. Reduction of dietary intake due to palatability may jeopardize animal growth and
development, resulting in lower birth weight and lower pregnancy rates among females [15].

Westernized high fat diet formulation should consider the nutritional requirements of rodents,
increasing lipid supply without hampering other nutrients. Diet development also involves steps, such
as: selection of ingredients, preparation and pelletization, which may impair quality and acceptance
of the feed by the animal, especially regarding the proper texture, jeopardizing the development of
research. Westernized experimental diets used in a study with rodents, the Cavalcante et al. [16] diet,
based on data from the Family Budget Survey of the Instituto Brasileiro de Geografia e Estatistica
(Brazilian Institute of Geography and Statistics/Brazil 2002-2003) and the recommendations of AIN
93G [6,7], demonstrates the consumption pattern of the Brazilian population, whose highest caloric
intake comes from refined cereals, simple sugars, vegetable oils and animal fats. The diet composition
is 49.3% carbohydrate, 31.5% lipid and 19.9% protein, rich in saturated fat. The authors observed

Rev. Nutr. 2019;32:¢180292 Revista de Nutricao

149



4 | LMLSIVA et al.

http://dx doi.org/10.1590/1678-9865201932¢180292

that the consumption of this diet during pregnancy and lactation promoted an early maturation in
puppies’ physical characteristics and neural reflexes.

Considering the repercussions of high fat diet in pregnancy and lactation on offspring and the
scarcity of studies that address the need for standardization of diets, the present work proposed to
elaborate a high fat diet rich in saturated fats, which could reflect the consumption of the Brazilian
population and a diet of saturated fats with omega 3, meeting the nutritional requirements of rodents
and acknowledging the importance of developing strategies that can reduce the effects of a high fat
diet, supporting further studies with animal models.

METHODS

The high saturated fatty acid diet with omega 3 (HFw3) was prepared using the basic ingredients
of the high fat diet (HF) described above. Flaxseed oil was used as a source of omega 3 (LinoOQil®,
Cisbra, Rio Grande do Sul, Brazil), hich was previously analyzed for determination of the lipid profile
in the Laboratdrio de Fitoquimicos e Processos da Central Andlitica (LAFIP/CEAN, Phytochemistry
and Processes Laboratory/Analytical Center) of the Centro de Tecnologias e Estratégias do Nordeste
(CETENE, Northeast Center for Strategic Technologies) (Recife, Pernambuco, Brazil). The HFw3 diet
also included in its composition soybean oil, besides flaxseed oil, with a total content of 7% vegetable
oil, similar to AIN 93G. Initially a formulation with 2.5% flaxseed oil had been proposed, but after
analysis of the dietary fatty acid profile, it was observed that a concentration of 3.5% flaxseed oil and
3.5% soybean oil supplied the required amounts of omega 6 indicated in AIN 93G. The preparation
of the diet followed the same procedure described above for the HF diet.

The dried ingredients were mixed and sieved three times. Then the fat-sourcing ingredients
were added, mixing and sieving again three times. Hot water was added to the end-product to obtain
a homogeneous solid mass. After this step, the dough was cut into pellets and dried at 70°C for 48
hours in a heating and ventilation oven. The diet was prepared at room temperature at 24°C at the
Dietetic Technique Laboratory of the Centro Académico de Vitéria (CAV) at the Universidade Federal
de Pernambuco (UFPE).

The high saturated fatty acid diet with omega 3 (HFw3) was prepared using the basic
ingredients of the High Fat Diet (HF) described above. Flaxseed oil was used as a source of omega 3
(LinoQil®, Cisbra, Rio Grande do Sul, Brazil), which was previously analyzed for determination of the
lipid profile in the Laboratério de Fitoquimicos e Processos da Central Andlitica (LAFIP/CEAN) of the
Centro de Tecnologias e Estratégias do Nordeste (CETENE) (Recife, Pernambuco, Brazil). The HFw3
diet also included in its composition soybean oil, besides flaxseed oil, with a total content of 7%
vegetable oil, similar to AIN 93G. Initially a formulation with 2.5% flaxseed oil had been proposed,
but after analysis of the dietary fatty acid profile, it was observed that a concentration of 3.5%
flaxseed oil and 3.5% soybean oil supplied the required amounts of omega 6 indicated in AIN 93G.
The preparation of the diet followed the same procedure described above for the HF diet.

The determination of the centesimal composition was performed in triplicate using the
Association of Official Analytical Chemists (AOAC) moisture, protein, lipid and ash determination
methods [17]. Results were expressed as g/100g diet according to the average of three sample
repetitions. The carbohydrate fraction was determined by the difference of the values found for
moisture, ether extract, proteins and ashes in 100g of the product, without dissociation between
total carbohydrates and fiber content [17]. The analysis was performed at CAV/UFPE Bromatology
Laboratory.
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The analysis was performed at the CETENE, LAFIP/CEAN Laboratory. The preparation of methyl
esters followed the AOAC methodology [17]. After obtaining the methyl esters, the fatty acid profile
was determined by Gas Chromatography with Flame lonization Detector (GC-FID), containing a
capillary column: DB-5ms (dimensions 30m longx250pm diameterx0.25um, FAME Supelco™ mix
C4-C24, Bellefonte, PA, USA). Chromatograph operating conditions were: 1.00mL/min column flow;
detector temperature 300°C; 300°C injector temperature, 150°C oven temperature for 4 minutes,
150-280°C (4°C/min); The carrier gas used was helium, and a 1pL aliquot of the samples was injected
into the apparatus. Fatty acid identification was performed by comparing sample peak retention
times with standard peak retention times. The results obtained were in % of area.

Primiparous albino rats (Rattus norvegicus) (n=20) Wistar strain, weighting 220 to 250
grams and at 90 days of life were placed for mating at a ratio of 1:3 (male:female). Pregnancy
was determined by observing the presence of sperm in a vaginal swab, defining the first day of
pregnancy. On the first day of gestation until the 215 day of lactation, female rats were separated
and placed in individual cages, randomly allocated to their relevant diets, with water and ration
ad libitum, composing the following groups: Control Diet (n=5), High Fat Diet (HF) (n=9) and
Omega 3 High Fat Diet (HFw3) (n=6).

Temperature and moisture were kept within the range of 22 to 24°C and 55 to 65%,
respectively, with 12h light and dark (lights on from 6 am to 6 pm). The offspring were reduced to
eight pups per litter for each dam. This reduction should occur after the first dark cycle from birth so
that the dam does not reject the remaining offspring and until the 3 day of life so as not to interfere
with milk production.

Feed intake was assessed between the second and third gestational week on alternate days at
the beginning of the light period (at eight o’clock in the morning), calculating the difference between
the amount offered on the previous day and the cage leftover. Data from some animals were excluded
due to difficulties during the food intake assessment test and therefore, only data from nine dam rats
were taken into account in this evaluation, three from each group. On the 21+ day of life, offspring
were weaned and they began to receive a standard Presence® commercial ration (Grupo Neovia, Sdo
Paulo, Brazil), which contained 25.4% protein, 2.8% lipids, 54.5 % carbohydrates, 8.5% ash and
8.8% moisture per 100g diet. The caloric supply of this diet was 3.44 Kcal per gram of diet; 29.4%
of the calories originated from protein, 7.6% from fat and 63% from carbohydrates.

At 19 days pregnancy, the rats were submitted to 12hour fasting (overnight). After this period,
the dams were anesthetized with ketamine (80mg/Kgi.p) and xylazine (10mg/Kgi.p) to collect blood
samples (1.0mL) through retro orbital plexus rupture. After coagulation, the blood was centrifuged
at 3500 RPM for 10 minutes to obtain the serum, which was stored at -20°C in an Eppendorf tube
until biochemical analyses could be performed using the Automated Biochemical Analyzer (version.4,
Pioway Medical Lab Equipment Co. Nanjing, China). Blood glucose, total cholesterol, total protein and
albumin were analyzed. Male offspring from each group of dams were submitted to murinometric
measurements of body mass on the 1%, 21 and 30" day of life and abdominal circumference on the
21% and 30" day of life.

Data were analyzed using the GraphPadPrism Software (GraphPad Software Corporation,
version 5.0, San Diego, CA Unided States, 2007). The normal distribution of the variables was
verified by the Kolmogorov-Smirnov Test. After analysis of the normal distribution, the comparison
between the groups was performed using the Anova One-way test, followed by the Bonferroni post
test. Results were expressed as mean +SEM (Standard Error of The Mean). The significance level
considered was p<0.05.
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RESULTS

The amount of casein was equivalent between diets. The main sources of fat in the high fat
diets were: butter, vegetable oil and lard. Monosodium glutamate was included as an ingredient, as
shown in Table 1. The concentration of Butylated Hydroxytoluene antioxidant was increased in high
fat diets due to changing fat sources. The HFw3 diet composition contains the ingredients in equal
amounts to the HF diet, except for flaxseed and soybean oils, which together make up 7% vegetable
oil according to the dietary composition of AIN 93G.

The analysis of centesimal composition, described in Table 2, showed a 20% increase in
protein content in the HF diet and 13% in HFw3 in relation to the AIN 93G control diet. There was
a 178% and 165% increase in lipid content in the HF and HFw3 diets, respectively. The amount of
carbohydrates was reduced by approximately 20% in high fat diets. The percentage energy from fat
was 80% higher in the HF diet and 74% in the HFw3 diet according to the nutritional composition
analysis, also shown in Table 2.

The Chromatography Qualitative Analysis (Table 3) indicated that fatty acids C16:0, C18:0,
C18:1, C18:2 and C18:3 were present in the three diets reviewed. Only the AIN 93G diet contained
no medium chain fatty acids (C8:0, C10:0 and C12:0). The quantitative analysis showed that the
three samples presented a lipid profile predominantly composed of unsaturated fatty acids, but with
different proportions of saturated, monounsaturated and polyunsaturated fatty acids between the
samples. The AIN 93G diet exhibited higher content of polyunsaturated fatty acids, followed by

Table 1. Composition of ingredients used in the formulation of experimental diets. Vitdria de Santo Antao (PE), Brazil, 2018.

Ingredient in g per 100g of diet AN 93G High fat diet Omega 3 high fat diet with flaxseed oil 3.5%
Corn starch 39.7000 15 15
Dextrinized starch 13.2000 - -
Wheat flour = 12 12
Cornmeal cookie - 7 7
Soy flour - 6 6
Lard o 2 2
Butter = 8 8
Casein (>85%) 20 20 20
Guar gum - 0.500 0.500
Sucrose 10 18 18
Flaxseed oil % - 3.500
Soybean oil 7 7 3.500
Fiber (cellulose) 5 0.300 0.300
Vitamins 1 0.700 0.700
Minerals mix 3.5000 2.500 2,500
DL-Methionine 0.3000 0.250 0.250
Choline Bitartrate 0.2500 0.250 0.250
Butylated hydroxytoluene 0.0014 0.014 0.014
Monosodium glutamate (12.3%) = 0.200 0.200
Sodium Chloride = 0.300 0.300
Total (g) 100 100 100

Note: The AIN-93G diet was adapted as recommended by Reeves et al. [6,7]. The high-fat diet was adapted from the Cavalcante et al. study [16].
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Table 2. Centesimal and nutritional composition of formulated experimental diets. Vitdria de Santo Antao (PE), Brazil, 2018.

Nutrient AIN 93G High fat diet Omega 3 high fat diet with flaxseed oil 3.5%
Moisture (g/100g) 3.50 4.00 3.8

Proteins (g/100g) 18.60 22.30 21

Lipids (g/100g) 6.10 17 16.20

Carbohydrates (¢/100g) 68.60 53.20 55.90

Ash (¢/1009) 330 3.50 3.10

Kcal/g 3.69 452 4.51

Total fat (%TEV) 18,60 33.60 32.30

Proteins (%TEV) 20.20 19.60 18.20

Carbohydrates (%TEV) 61 46.80 49.40

Note: The omega 3 high fat diet was made with 3.5% flaxseed oil in the composition of ingredients. The analysis of centesimal composition
was performed at the Bromatology Laboratory of the Academic Center of Vitoria de Santo Antao of the Federal University of Pernambuco,
following the Assodiation of Official Analytical Chemists determination methodology of moisture, proteins, lipids and ashes [17]. The amount
of carbohydrate present in the sample was obtained by difference. TEV: Total Energy Value; The nutritional composition regarding the amount
of calories and caloric percentage of fats, proteins and carbohydrates was determined from the centesimal analysis of diets performed at the
Bromatology laboratory of the Academic Center of Vitoria de Santo Antao of the Federal University of Pemambuco.

monounsaturated and saturated fatty acids; the HF diet had a higher amount of saturated fatty acids,
followed by polyunsaturated and monounsaturated; HFw3 presented higher monounsaturated fatty
acids content, followed by saturated and polyunsaturated fatty acids.

There was a 100% increase in saturated fatty acids in high fat diets compared to the AIN
93G control diet (Table 3). Palmitic acid was 90.0% and 81.5% higher in the HF and HFw3 diets,
respectively. The percentage of monounsaturated fatty acids was similar between the AIN 93G and
HF diets, and the HFw3 diet had a 33.0% increase in monounsaturated fats. The HF and HFw3
diets had a lower content of polyunsaturated fatty acids, namely 37.0% and 53.0%, respectively.
Although the AIN 93G diet had a higher percentage of omega 3, the HFw3 diet presented a 50.0%
higher content in 100g of the sample when compared to the other diets, which contained similar
amounts of this nutrient. The HFw3 diet also had lower omega 6:3 ratio. The omega 6 content was
higher in the HF diet, which also presented higher omega 6:3 ratio, being 1.7 times higher than the
AIN 93G diet.

In the evaluation of consumption by pregnant rats, shown in Table 4, there was no significant
difference between the amount of diet consumed by the rats receiving the AIN 93G diet and the ones
receiving the high fat diets (AIN 93G=14.3+2.3g; HF=13.1+1.9g; HFw3=10.2+1.8g, p=0.0697). Table
4 also shows that there were no significant differences in total protein, albumin and serum glucose
values. However, the cholesterol of pregnant rats that received the HFw3 diet was significantly lower
when compared to those receiving the HF diet alone, but these had values significantly higher than
the control.

In the murinometric evaluation of offspring, higher body mass was observed on the first day
of life in offspring receiving the HF diet, without significant difference between the offspring whose
mothers received the control diet and HFw3. However, at 21 days of life, HFw3 offspring presented
higher body mass in relation to control and HF offspring. At 30 days of life, there was no difference
between the groups, as shown in Table 5. The measurement of abdominal circumference showed
that at the end of the lactation period (21 day) there was no difference between the groups, but
after this period (on the 30" day of life), the offspring which maternal diet during pregnancy and
lactation was HF presented increased abdominal circumference when compared to the offspring of
maternal control diet and HFw3.
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Table 3. Fatty acid composition in diets regarding the presence of double bond in the carbon chain. Vitdria de Santo Antao (PE), Brasil,

2018.
Fatty acid percentage composition Diets
Fatty acid
AIN 93G High fat diet Omega 3 high fat diet with flaxseed oil 3.5%
Saturated
Octanoic acid (C8:0) 0 0 0
Decanoic acid (C:10) 0 0.85 0.74
Lauric acid (C12:0) 0 1.16 1.15
Myristic acid (C14: 0) 0 422 437
Pentadecanoate Acid (C15:0) 0 0.47 0
Palmitic acid (C16:0) 11.97 22.78 21.73
Heptadecanoate Acid (C17:0) 0 0 0
Stearic acid (C18:0) 4.62 7:53 8.07
Arachidic acid (C20:0) 0.36 0 0
Behenic acid (C22:0) 0.37 0 0
Total 17.32 37.01 36.06
Monounsaturated
Myristoleic acid (C14:1) 0 0.46 0
Palmitoleic acid (C16:1) 0 0.95 0.87
Heptadecanoic acid (C17:1) 0 0 0
Oleic acid (C18:1) 29.93 28.32 3847
Total 29.93 29.73 39.34
Polyunsaturated
Linolenic acid (C18:3) 3.89 1.64 232
Linoleic acid (C18:2) 4887 31.63 2228
Total 52.76 3327 24.60
Omega 3 (g/100g diet) 0.27 0.27 0.40
Omega 6 (g/100g diet) 342 5.73 3.78
Omega 6:3 ratio 12.60 21.20 9.40

Note: Fatty acids were identified according to external standard (FAME Supelco™ mix C4-C24, Bellefonte, PA, United States and the percentage
(%) calculated according to peak area nomalization by the gas chromatography method at the Phytochemical Laboratory and processes of the
Northeast Center for Technologies and Strategies. From the percentage determination of linolenic (omega 3) and linoleic (omega 6) acids, the
amounts (g/100g of diet) of these fatty acids were calculated and the omega ratio was obtained. 6/3.

DISCUSSION

In the formulation of the high fat diet, the amount of ingredients was modified to obtain a diet
rich in saturated fatty acids, with butter as the main source. The fatty acid profile of butter is 73.5%
saturated fatty acids, 19.8% monounsaturated and 3.9% polyunsaturated, differing from margarine
that contains 21.2% saturated fat, 23.8%. monounsaturated and 49.0% polyunsaturated fatty acids
[14]. Lard was kept in the formulation of the high-fat diet, since it is an ingredient that is frequently
found in the composition of high-fat diets in other studies [3,4,18]. Monosodium glutamate has
been added as it is a substance used in the development of experimental models of neuroendocrine
obesity [19].
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Table 4. Average food intake and serum levels of biochemical parameters at 19 days of gestation of Wistar rats fed with AIN 93G, high
fat diet and high fat diet supplemented with omega 3. Vitdria de Santo Antao (PE), Brazil (2018).

Group

Variables AIN 93G HF HFw3 p

M + SEM M + SEM M + SEM
Food consumption
g/day 142 = 14 131 + 1.1 10.1 + 09 0.0697
kcal/day 52.7 & 50 59.3 + 49 459 + 40 0.1784
Carbohydrates/day 84 + 0.82 6.9 + 0.6 56 + 0.4b 0.0424"
Proteir/day 25 = 0.24 29 = 0.24 2.7 + 02 0.0944
Lipids/day 09 =+ 012 22 % 0.2v 1.6 £ 01° 00022
kg 486 =+ 63 454 = 22 345 & 22 0.0648
kcal/kg 1800 £ 231 205.3 + 10.2 156.0 + 101 0.1210
Biochemical Parameters
Total protein (g/dL) 66 + 03 63 = 0.1 6.0 + 01 0.1138
Albumin (g/dL) 48 0.1 48 - 0.1 46 + 02 0.5708
Glucose (mg/dL) 1208 =+ 4.1 1294 =+ 6.80 109.0 + 106 0.1943
Total cholesterol (mg/dL) 733 = 1.72 9.0 =+ 3.30 64.3 + 47 0.0005""

Note: ®®Values with equal letters in the same line do not differ after statistical analysis; Pregnant rats received 18% lipid control diet (AIN-
93G), 33% lipid high fat diet (HF) or omega 3 supplemented high fat diet (HFw3) with 33% lipids with 3,5% flaxseed oil, according to the
experimental group, during pregnancy. Values were expressed as mean + SEM. Values with equal letters in the same line do not differ after
statistical analysis ("p<0.05 and **p<0.01, One-Way ANOVA and Bonferroni post test: control [N=3], HF [N=3], HFw3 [N=3] in the food intake
assessment and control [N=5], HF [N=9], HFw3 [N=5-6] for biochemical assessment).

Table 5.Body mass and abdominal circumference of offspring of Wistar rats fed AIN 93G diets, high fat diet and high fat diet
supplemented with omega 3 during pregnancy and lactation. Vitdria de Santo Antao (PE), Brazil (2018).

Group

Age/Nariables AIN 93G HF HFw3 p

M + SEM M + SEM M + SEM
Tt day
Body mass (g) 65 = 020 74+ o2° 68 + 012 0.0029™
21" day
Body mass (g) 539 = 07 544 = 0.8 576 = QO7* 0.0023™
Abdominal circumference (cm) 10.2 + 0.1 10.2 + 0.1 101 =+ 0.1 0.9707
30" day
Body mass () 933 = 23 970 + 23 1002 = 26 0.1316
Abdominal circumference (cm) 120 =+ 012 127+ 20 18 =+ 022 0.0046™

Note: *PValues with equal letters in the same line do not differ after statistical analysis; Pregnant rat received a 18% lipid control diet, a 33%
lipid high-fat (HF) diet, or an omega 3 supplemented high-fat diet (HFw3) with 33% lipids added with 3.5% flaxseed oil, according to the
experimental group during pregnancy. Values were expressed as mean + SEM. Values with equal letters in the same line do not differ after
statistical analysis ("p<0.05 and **p<0.01, One-Way ANOVA and Bonferroni post test: control [N=31-35], HF [N=25-27], HFw3 [N=23-27]).

The HFw3 diet was developed by partially replacing the fat source so as not to compromise the
omega 6 supply or cause its deficiency. Deficiency of essential fatty acids and particularly of omega
6 is associated with low weight and decreased adipose tissue and a change of both plasma lipid and
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plasma membrane of the adipocytes, with an increase in omega 9:6 ratio and alteration. of lipolytic
and lipogenic response in the adipose tissue [20]. The composition of the HFw3 diet provides the
amount of omega 6 as recommended by AIN 93G [6] with the aim of offering a higher omega 3 diet
but ensuring adequate amounts of other essential fatty acids.

Alpha-Linolenic Acid (ALA) from the omega 3 series is found mainly in flaxseed (Linun
usitatissimum L.), both in the seed and in the oil obtained by processing the seeds. Flaxseed oil
(Linun usitatissimum L.) contains 55 to 57% of ALA and 15 to 18% of alpha-linoleic (omega
6) acid [21], with no difference between golden and brown flaxseed oil [22] and is a low-cost
product. and easily found. The use of golden flaxseed oil is justified by the fact that such
flaxseed is grown without pesticides; therefore, it is organic. Studies show the beneficial effects
of using flaxseed oil in high fat experimental diets in the critical period of development [3,4]. In
young animals exposed to the high-fat diet, omega 3 supplementation from flaxseed decreased
hepatic inflammation and prevented steatosis [23]. Data published by our research group show that
the omega-3 high-fat diet was associated with lower triglycerides values at 21 days of life in the
offspring, and the high-fat diet was associated with elevated Alanine Aminotransferase levels during
the same period [24].

Studies using high fat diets to evaluate the effect of metabolic programming must meet the
nutritional requirements for rodents, ruling out possible biases due to misinterpretation of results.
According to some authors, studies to better evaluate the efficacy of a particular compound are
well developed when using a high fat diet over a very high fat diet [5,25]. High fat diets, about
60% TEV, exceed nutritional recommendations, both for rodents and humans, making it difficult to
extrapolate data beyond experimental research [25]. Given the macronutrient recommendations for
the reproduction and growth phase [6,7], very high fat diets should not be used in studies of fetal
programming and phenotypic plasticity, as this type of diet jeopardizes the necessary nutritional
intake, especially protein, and may cause perinatal malnutrition and potential results misinterpretation.
Control and high fat diets should ensure availability of the essential nutrients for development so that
the difference between them is only in terms of lipid content [25].

In the assessment of food intake, there was no significant difference between the groups,
although lower food intake was observed in pregnant rats of the HF and HFw3 groups. It is reported
that animals receiving high fat diet during pregnancy exhibit lower food intake compared to those
receiving normolipidic diet. Carvalho et al. [26] found a 30% reduction in the consumption of high
fat diet with higher saturated fat content when compared to the standard diet. Increasing the caloric
density of the diet reduces food intake, because in the ad /ibitum regime animals consume a constant
amount of energy [14]. The composition of high fat diets includes lower carbohydrate content and
higher lipid content in relation to AIN 93G, which contributed to the reduction in carbohydrate
consumption in dams fed with the HFw3 diet and higher lipid consumption between the two groups
in relation to the control group. Cavalcante et al. [16] also showed a higher lipid consumption in
detriment of lower carbohydrate consumption in pregnant animals that were on Western diet in the
last week of gestation.

In the present study, no difference was observed in serum total proteins and albumin was
observed. This fact is considered a biomarker of nutritional status and low levels are associated with
energy-protein malnutrition [27]. Animals submitted to perinatal malnutrition with a low protein diet
show lower levels of albumin [28]. Normal albumin values may infer adequate dietary intake without
nutritional impairment.
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Dams on HF diet had high cholesterol levels, which was not observed in those on the HFw3
diet. Omega 3 fatty acids can improve lipid profile by lowering triglycerides, total cholesterol, and
LDL cholesterol fraction levels. even in animals consuming the high-fat diet [29]. Some mechanisms
are proposed by which omega 3 decreases lipid levels such as: reduction of hepatic lipogenesis by
inhibiting Sterol Regulatory Element-Binding Proteins and expression of enzymes responsible for the
synthesis of cholesterol, fatty acids and triglycerides; inhibition of key enzymes for hepatic triglyceride
synthesis such as the phosphatidic acid phosphatase and diacylglycerol acyltransferase, and increased
lipoprotein lipase expression for uptake of triglycerides by circulating lipoproteins, such as very low
density lipoprotein and chylomicrons [30].

The HF offspring presented higher body mass on the 1% day of life and larger abdominal
circumference at 30 days of life. Consumption during pregnancy of a saturated fatty acid-rich high
fat diet has effects on offspring’s body composition, such as weight gain, increased visceral fat, and
long-term adipocyte hypertrophy [13].

A meta-analysis concluded that consumption of a high-fat diet during pregnancy is associated
with increased body fat, hyperleptinemia, hyperglycemia, hyperinsulinemia, dyslipidemia, and arterial
hypertension in the offspring, with risk of developing metabolic syndrome [31]. In addition, HFw3
offspring also exhibited increased body mass at weaning, which demonstrates the overwhelming
effect of a high fat diet early in life, even with omega 3 supplementation. Up to 42 days of life,
considered as early adolescence in animals, there may be changes in body composition deriving from
the nutritional environment, with repercussions on health in adulthood [32].

CONCLUSION

The formulated high fat diet may be indicated for experimental studies which objective is to
evaluate the effect of diets rich in saturated fatty acids when manipulated during pregnancy and
lactation, but that meet the recommended nutritional recommendations for rodents. Protein intake
remained ideal for the growth and reproduction phase, as well as carbohydrates, which represent the
main energy source, similar to the control diet, although in a lower percentage. Monounsaturated
fats were in the same proportions of the control diet. In contrast, the percentage of saturated fatty
acids was high, without impairing the supply of omega 3 and omega 6. The high fat diet with
omega 3 ensures the essential nutrients for growth and development of rodents from commercial
flaxseed oil as a source of alpha-linolenic acid, considering the feasibility, but with lower omega 6
content. The adequate supply of nutrients with modification only in the lipidic component allows
the reduction of biases by other types of nutritional imbalances. It was observed that there was no
statistical difference in the consumption analysis between diets, suggesting that the high-fat diet
and the high fat diet with omega 3 may be well accepted, so that the nutritional requirements are
met. The high-fat diet changed the dams’ cholesterol levels, which was not observed with omega 3
supplementation. In addition, the offspring which dams received this diet exhibited higher body mass
on the first day of life and increased abdominal circumference after weaning, which demonstrates
that the high-fat diet has short- and long-term effects on the mother and offspring, and omega 3
supplementation can mitigate these changes.
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