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RESUMO

O consumo materno de dieta rica em &cidos graxos saturados durante a gestacdo e
lactacdo esta associado ao aumento do risco de desenvolvimento de doengas crénicas nédo
transmisssiveis na vida adulta da prole. Em contrapartida, o consumo de uma dieta
enriquecida com 6mega-3 durante o periodo de gestacdo e lactacdo reduz a adiposidade,
melhora a sensibilidade & insulina, tem efeito anti-inflamatorio e pode desempenhar um papel
hipotensor na prole. Diante dessas evidéncias, neste estudo testou-se a hipotese de que ratos
provenientes de maes que foram submetidas a dieta rica em &cidos graxos saturados no
periodo de gestacdo e lactacdo apresentam alteracdes na murinometria, dislipidemia,
hiperglicemia, intolerancia a glicose, diminuicdo na sensibilidade a insulina, desbalanco
oxidativo hepatico e prejuizo em pardmetros ventilatorios. Além disso, testamos a hipotese de
que o enriquecimento com Omega-3, a partir do 6leo de linhaca, pode interferir nestes
parametros e impedir as alteracdes decorrentes do consumo de dieta com alto teor de acidos
graxos saturados. Ratos Wistar foram alimentados com uma dieta controle (GC; 19% de
lipideos e razdo 6:®3=12,66) ou dieta rica em &cidos graxos saturados (HL; 33% de lipideos
e razdo ®6:®3=21,22) ou dieta com alto teor de &cidos graxos saturados enriquecida com
O0mega-3, a partir do 6leo de linhaca (HLW3; 33% de lipideos ¢ razdo 6:®3=9,45) durante a
gestacdo e lactacdo. Apds o desmame, 0s animais passaram a receber dieta padréo de biotério.
Foram avaliadas: as medidas murinométricas, analises bioquimicas; teste de tolerancia a
glicose (TTG), teste de tolerancia ao piruvato (TTP), teste de sensibilidade a insulina (TSI),
enzimas e marcadores relacionados ao estresse oxidativo no tecido hepatico e medidas de
ventilacdo pulmonar. Nossos resultados demonstram que as mées que consumiram dieta rica
em &cidos graxos saturados apresentaram maiores niveis de colesterol quando comparado ao
grupo controle e HLW3. Quanto aos parametros bioquimicos avaliados na prole, o grupo HL
apresentou dislipidemia e hiperglicemia aos 22 e 90 dias de vida, com o grupo HLW3
apresentando melhores valores no perfil lipidico e glicémico. Os animais do grupo HL
também apresentaram niveis elevados de ALT, enquanto a prole HLW3 apresentou menores
niveis de ALT aos 22 dias de vida. E aos 90 dias de vida, o grupo HLW3 apresentou menores
niveis de AST em relacdo ao grupo controle e HL. Foi verificado no grupo HL, um
desequilibrio oxidativo a nivel hepatico, com reducdo na atividade das enzimas antioxidantes
GST e SOD, néo sendo encontrada diferenca em relagdo ao grupo controle e HLW3 nestas
enzimas avaliadas. Desta forma, o presente estudo sugere que o consumo materno de dieta
rica em acidos saturados esta associado a prejuizos em alguns parametros bioquimicos e ao

desequilibrio oxidativo a nivel hepatico, com reducdo de enzimas que participam do sistema



de defesa antioxidante. Além disso, nossos achados confirmam que o consumo de 6mega-3, a

partir do 6leo de linhaca é capaz de atenuar estas alteracdes observadas nos animais que
receberam dieta rica em acidos graxos saturados.

Palavras-chave: Plasticidade fenotipica. Dieta hiperlipidica. Acido alfa-linolénico. Doencas

cronicas ndo transmissiveis.



ABSTRACT

Maternal dietary intake rich in saturated fatty acids during gestation and lactation is
associated with an increased risk of developing non-transmissible chronic diseases in adult
offspring. In contrast, studies have shown that consumption of an omega-3-enriched diet
during gestation and lactation reduces adiposity, improves insulin sensitivity, has an anti-
inflammatory action and may play a hypotensive role in the offspring. In light of this
evidence, in this study tested the hypothesis that rats from dams who were submitted to the
diet rich in saturated fatty acids in the gestation and lactation period present alterations in the
murinometry, dyslipidemia, hyperglycemia, glucose intolerance, decrease in insulin
sensitivity, hepatic oxidative imbalance and impairment in ventilatory parameters. In addition,
we tested the hypothesis that the enrichment with omega-3, from flaxseed oil, can interfere in
these parameters and prevent the alterations resulting from the consumption of diet with high
content of saturated fatty acids. Wistar rats were fed a control diet (GC, 19% of lipids and
ratio ®6:®3 = 12, 66) or diet rich in saturated fatty acids (HL, 33% lipids and ratio ®6: ®3 =
21.22) or diet high-saturated fatty acid enriched with omega-3, from flaxseed oil (HLWS3,
33% lipids and ratio @6: ®3 = 9.45) during gestation and lactation. After weaning, the animals
began to receive standard animal feed. Were evaluated: murinometric measurements;
biochemical analyzes; glucose tolerance test (GTT), pyruvate tolerance test (PTT), insulin
sensitivity test (IST), enzymes and markers related to oxidative stress in hepatic tissue and
measurement of pulmonary ventilation. Our results demonstrate that dams who consumed a
diet rich in saturated fatty acids had higher cholesterol levels when compared to the control
and HLW3 groups. As for the biochemical parameters evaluated in the offspring, HL group
presented dyslipidemia and hyperglycemia at 22 and 90 days of life, with the HLW3 group
presenting better values in the lipid and glycemic profile. Animals from the HL group also
had elevated ALT levels, whereas HLW3 offspring had lower ALT levels at 22 days of age.
At 90 days of age, the HLW3 group had lower levels of AST than the control group and HL.
An oxidative imbalance was observed in the HL group, with a reduction in the activity of the
antioxidant enzymes GST and SOD, and no difference was found in relation to the control
and HLW3 groups in these enzymes evaluated. Thus, the present study suggests that the
maternal consumption of a diet rich in saturated acids is associated to impair in some
parameters biochemical and imbalances oxidative to hepatic level, with reduction of enzymes
that participate in the antioxidant defense system. In addition, our findings confirm that
consumption of omega-3 from flaxseed oil is able to attenuate these changes observed in

animals that received a diet rich in saturated fatty acids.



Keywords: Phenotypic plasticity. Hyperlipid diet. Alpha-linolenic acid. Chronic non

transmissible diseases.
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1 INTRODUCAO

Na rapida alteracdo do modelo de morbimortalidade, caracterizado pela transi¢do
epidemioldgica, o fator nutricional tem um papel de grande importancia. Com a transico
nutricional, observa-se a prevaléncia principalmente entre a populacdo madura e os idosos,
das doencas crbnicas ndo transmissiveis: diabetes mellitus tipo 2 (DM2), obesidade,
hipertensdo arterial sistémica, comorbidades associadas a alimentagdo hipercaldrica, gorduras
trans, aos acidos graxos saturados, ao consumo exacerbado do agucar e sal, alcool, fumo, falta
de atividade fisica e outras praticas ndo saudaveis relacionadas ao estilo de vida ocidental
(BATISTA FILHO; BATISTA, 2010). Visto que a dieta ocidental tem como caracteristicas,
niveis elevados de gorduras saturadas, sodio, acUcares simples e baixos niveis de fibras
(POPKIN; GORDON-LARSEN, 2004; POPKIN; ADAIR; NG, 2012).

A Developmental Origins of Health and Disease (DOHaD) destacou a relagéo entre as
fases pré-concepcional, fetal e infantil precoce da vida e o desenvolvimento de obesidade e
doencas metabdlicas na vida adulta (VICKERS, 2014). A exposicdo precoce a dieta
hiperlipidica, independente de obesidade materna, induz a prole ao aumento de peso e maior
ingestdo caldrica, sem reducdo no consumo de leite materno, sugerindo um padrdo de
hiperfagia e propiciando o desenvolvimento de um fenotipo obeso (KOJIMA; CATAVERO;
RINAMAN, 2016). Na prole de ratos que foram submetidas a dieta hiperlipidica durante
gestacdo e lactacdo, foram verificadas alteracBes metabodlicas, tais como hiperglicemia,
hipertrigliceridemia, aumento dos niveis de LDL (low-density lipoprotein) e diminuicdo de
HDL (high density lipoprotein) (VIDAL-SANTOS et al., 2017).

O alto consumo de dieta materna rica em gordura aumenta 0s niveis de acidos
graxos livres circulantes e induz a ativacdo de vias inflamatdrias, aumentando o risco de
inflamagdo cronica na prole (GRUBER et al., 2015). E evidenciado que marcadores
circulantes de inflamacéo sistémica, tais como proteina C-reativa de alta sensibilidade (PCR-
as), tumor necrosis factor-alpha (TNF-a) e algumas interleucinas (IL-6, IL-1) sdo elevados
em individuos com hiperlipidemia e que se correlacionam com o aumento do risco de doengas
cardiovasculares (ESTEVE; RICART; FERNANDEZ-REAL, 2005).

E observado em ratos que sofreram um insulto nutricional, em periodos criticos da
vida (gestacdo e lactacdo), uma hiperatividade simpético-respiratoria e respostas

quimiorreceptoras periféricas amplificadas, que precedem o inicio da hipertensdo em ratos
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jovens (BRITO ALVES et al., 2014; COSTA-SILVA et al., 2015; BRITO ALVES et al.,
2015). Evidéncias experimentais também demostram que as altera¢cdes no padrao respiratorio,
induzidas pela hipoxia, desempenham um papel fundamental no aumento da atividade
simpatica e da pressdo arterial em ratos (ZOCCAL; MACHADO, 2011; MORAES et al.,
2014).

A ingestdo de gorduras tem um impacto importante durante a gestacéo e lactacéo,
interferindo no crescimento, desenvolvimento e satde da prole. Embora a gravidez seja um
periodo que requer um aumento da demanda energética, ndo ha evidéncias que suportem a
maior ingestdo dietética de lipidios nesta condicdo. Também ndo ha uma recomendacédo
diferente para gestantes e lactantes em comparac¢ao ao recomendado para populagcéo em geral,
em relacdo aos acidos graxos e seus diferentes tipos [SFA (saturated fatty acid), trans, MUFA
(monounsaturated fatty acids) e PUFA (polyunsaturated fatty acids)], com excecdo quanto ao
consumo dos PUFAs, linoleic acid (LA; 18:2), também conhecido como 6mega-6 e o alpha-
linolenic acid (ALA,; 18:3), conhecido como 6mega-3, e seus derivados, eicosapentaenoic
acid (EPA,; 20:5) e o docosaenoic acid (DHA; 22:6), considerados PUFAs de cadeia muito
longa (KOLETZKO et al., 2007). O Institute of Medicine recomenda uma Al (Adequate
Intake) de 13g/dia de acido linoléico (18:2) para gestantes e lactantes, 1,4g /dia de acido o-
linolénico (18:3) para gestantes e 1,3g /dia de acido o-linolénico (18:3) para lactantes
(MEDICINE, 2005). E sugerida uma recomendacéo de suplementagio em gestantes de 200mg
de &cido docosahexaenoico (DHA; 22:6), a partir de fontes seguras (ALMEIDA et al., 2014).
Alguns autores recomendavam a ingestdao 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 consumo de uma dieta enriquecida com dmega-3 durante o periodo de gestacdo e
lactacdo esta relacionado com a reducédo da adiposidade e melhora da sensibilidade a insulina
na prole (KOROTKOVA et al., 2002; SARDINHA et al., 2012). Os acidos graxos poli-
insaturados de cadeia muito longa (long chain polyunsaturated fatty acids ou LC-PUFA)
através de sua ligacdo ao PPARs (receptor ativado por proliferador de peroxissomas) podem
regular o metabolismo de lipidios, atuando na melhora da expressao de genes relacionados a
oxidacéo de &cidos graxos (KHAIRE; KALE; JOSHI, 2015).

Tem sido demonstrado também que a ingestdo de acido o-linolénico (ALA; 18:3),

também conhecido como 6mega-3, é capaz de desempenhar um papel hipotensor dose-
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dependente em individuos hipertensos (HOWE, 1997) devido, principalmente, a sua agao
anti-inflamatoria ao diminuir a sintese de derivados do acido araquidénico: prostaglandina E2,
tromboxano A2, prostaciclina e leucotrieno B4 (KREMER, 2000; KHATIB et al., 2016). Em
uma meta-analise, foi encontrada uma reducdo significativa nos niveis de pressao arterial
(entre 2.0 a 3.4 mmHg) em pacientes hipertensos que consumiram 5,6 g de acidos graxos
o0mega-3 por dia (MORRIS; SACKS; ROSNER, 1993). Da mesma forma, outro estudo
(APPEL et al., 1993) descobriu que a pressdo arterial de hipertensos ndo-tratados reduziu
entre 3,5-5,5 mmHg com o consumo diario de 3g de acidos graxos dmega-3. Além disso, 0
acido a-linolénico (ALA; 18:3) atua na reducdo de mediadores inflamatérios circulantes no
plasma: IL-6, TNF-a e PCR (OLLIVER et al., 2016).

E verificado que o 6mega-3 e seus derivados EPA e DHA, podem atuar como
citoprotetores, através da regulacdo positiva das enzimas antioxidantes e inibicdo da
expressao génica pro-inflamatéria (DOSSI et al., 2014).

Dessa forma, este estudo justifica-se pela necessidade de investigar se o émega-3
associado a dieta rica em acidos graxos saturados, no periodo da gestacdo e lactacdo, diminui
0 risco para o desenvolvimento de doencas crbnicas ndo transmissiveis na vida adulta da
prole, como a DM2, obesidade e hipertensao arterial sistémica, atenuando os efeitos deletérios
sobre a murinometria, pardmetros respiratorios e balan¢o oxidativo, o que pode ser uma

possivel estratégia na prevencao dessas doencas.
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2 REVISAO DE LITERATURA

2.1 Epigenética e Plasticidade Fenotipica

A epigenética € descrita como uma alteracdo reversivel e hereditaria que atinge a
expressao génica sem alterar a sequéncia de DNA (Deoxyribonucleic acid). Com o avango
das ferramentas epigenéticas e tecnoldgicas, tentativas tém sido feitas para descobrir 0s
mecanismos epigenéticos subjacentes a perturbacdo metabdlica e inflamagéo cronica causada
pela obesidade induzida pela dieta (YOON et al., 2017). Estudos sugerem que o periodo fetal
€ 0 mais sensivel a instalacdo das alteracGes epigenéticas, as quais podem influenciar a
expressdo génica celular, o dismorfismo sexual e a predisposicdo de distirbios e doencas ao
longo da vida (WEST-EBERHARD, 1986; WEST-EBERHARD, 2005; BOGDARINA et al.,
2007).

O conceito de “thrifty phenotype” ou “fenétipo poupador” fundamenta a hipdtese da
origem fetal da doenca no adulto, no qual o feto é capaz de se adaptar e sobreviver a um
ambiente de restricdo nutricional, ainda que seja preciso reduzir o seu crescimento somatico
(HALES; BARKER, 1992; 2001) A flexibilidade de ajustar a trajetoria de crescimento em
resposta as diferentes condigdes ambientais ¢ denominada ‘plasticidade fenotipica’, na qual
um Unico gendtipo pode ser capaz de produzir fendtipos variados em resposta ao ambiente
que se desenvolve (WEST-EBERHARD, 1989; HANSON et al., 2011). Estas adaptacoes
podem ser benéficas a curto prazo, garantindo a sobrevivéncia da espécie, no entanto 0s
custos dessa adaptacdo, pode ser verificada a longo prazo, com o aparecimento de doencas
cronicas, como diabetes tipo 2, hipertensdo e doenca coronariana (GLUCKMAN et al., 2009).

Os estudos epidemioldgicos de Barker e colaboradores foram os primeiros a
mostrarem claramente a relacdo entre baixo peso ao nascer, usado como modelo para nutri¢do
fetal prejudicada e riscos aumentados de doencas ndo transmissiveis, como diabetes e
hipertensdo (BARKER; OSMOND, 1986; HALES et al., 1991). A "programacéo fetal", agora
conhecida como Developmental Origins of Health and Disease (DOHaD), é demonstrada
como a consequéncia de perturbagdes induzidas pelo meio ambiente durante o
desenvolvimento, afetando ndo apenas os bebés pequenos para idade gestacional, mas
tambem os grandes para idade gestacional A prevaléncia de disturbios metabdlicos se elevou
consideravelmente nos ultimos anos. Apesar dos habitos e estilo de vida influenciarem

claramente essas epidemias, ha evidéncias crescentes que sugerem que o ambiente nutricional
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materno durante os estagios criticos do desenvolvimento no (tero ocasiona um maior risco de
doencas metabdlicas na vida adulta (ALFARADHI; OZANNE, 2011; CHAVATTE-
PALMER; TARRADE; ROUSSEAU-RALLIARD, 2016).

A presenca de obesidade materna e consumo de dieta hiperlipidica no periodo da
gestacdo e/ou lactacdo predispGe a prole ao aumento de adiposidade, obesidade, diminuicao
no percentual de massa magra e niveis elevados de triglicerideos, corticosterona, insulina e
glicose, além de hipertensdo, que sdo fortes fatores de risco para o desenvolvimento de
sindrome metabdlica na vida adulta (DESAI et al., 2014).

2.2 Dieta hiperlipidica, inflamacéo e alteraces metabdlicas

A obesidade é caracterizada por uma elevacdo excessiva de tecido adiposo branco, em
razdo do aumento da ingestao de alimentos, reducdo do gasto energético e alteracBes no estilo
de vida (MOKDAD et al., 2003). Segundo a Organizacdo Mundial da Satde, no ano de 2016,
mais de 1.900 milhdes de adultos de 18 anos ou mais tinham sobrepeso, dos quais mais de
650 milhdes eram obesos, com 39% dos adultos maiores de 18 anos classificados com
excesso de peso e 13% obesos. Em relacdo as criangas, 41 milhdes de criancas menores de
cinco anos apresentavam sobrepeso ou obesidade e havia mais de 340 milhdes de criancas e
adolescentes (5 a 19 anos) com excesso de peso ou obesidade (WORLD HEALTH
ORGANIZATION, 2016). E verificado que uma quantidade significativa de pessoas obesas
sdo resistentes a insulina e que a obesidade esta associada com inflamacéo sistémica de baixo
grau (BELKINA; DENIS, 2010), com o sistema imunoldgico relacionado no

desenvolvimento da resisténcia a insulina (CASTOLDI et al., 2017).

Em camundongos, foi observado que a obesidade induzida pela dieta materna leva a
hipertrofia dos adipocitos, hipertensédo e aumento dos niveis plasmaticos de insulina na prole
(SAMUELSSON; MATTHEWS; ARGENTON, 2008). A obesidade materna tem uma grande
influéncia na vida fetal intrauterina que se estende aos distirbios metabdlicos na infancia,
adolescéncia e vida adulta (CATALANO; EHRENBERG, 2006; ARMITAGE; POSTON;
TAYLOR, 2008). Os adipdcitos regulam os estoques de energia e secretam muitas adipocinas
gue 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



18

metabdlica, possivelmente através da programacdo metabdlica fetal tardia (MURABAYASHI
etal., 2013).

O aumento de &cidos graxos durante a obesidade podem atuar nos macrofagos,
alterando a relacdo celular M1 (pro-inflamatoria) / M2 (anti-inflamatoria). Os &cidos graxos
saturados estimulam o desenvolvimento de células M1, enquanto os tipos insaturados ajudam
a elevar as células M2 no tecido adiposo. Durante o desenvolvimento da obesidade e
hipertrofia dos adipdcitos, ocorre infiltracdo no tecido adiposo de macrofagos pro-
inflamatorios M1 e subconjuntos de células T. Enquanto a obesidade se desenvolve acontece
uma elevacdo, tanto no tecido adiposo como sistemicamente, de muitas citocinas pro-
inflamatdrias, como interleucina-1p (IL-1B), TNF-a, interleucina-17 (IL-17) e interleucina-6
(IL-6) que estdo relacionadas a progressao do fendtipo obeso ligado a sindrome metabdlica. O
estabelecimento do fendtipo pré-inflamatério € caracterizado como a relagdo entre o
desenvolvimento da obesidade, a evolucdo desta para a resisténcia a insulina,

consequentemente ao DM2 e doenca cardiovascular associada (PIROLA; FERRAZ, 2017).

A obesidade leva a hipertrofia de adipdcitos pela acumulo de triglicerideos. Os
adipocitos hipertrofiados liberam a chemotactic monocyte protein (MCP-1) (KANDA et al.,
2006), esta ativa os mondcitos sanguineos através do chemokine receptor type 2 (CCR2) e
induz a migracdo de mondcitos para o tecido adiposo e diferenciacdo em macréfagos. O
CCR2 tem um papel fundamental no recrutamento de mondcitos / macrofagos e na resposta
inflamatoria dependente de macréfagos (BORING et al., 1998). Os macréfagos no tecido
adiposo sdo ativados em resposta aos free fatty acid (FFA), liberados a partir de adipocitos
hipertrofiados, produzindo maiores quantidades de mediadores inflamatdrios, como TNF-q,
IL-6, MCP-1 (SUGANAMI; NISHIDA; OGAWA, 2005). O nivel de expressdo de RNAm do
TNF- o no tecido adiposo é significativamente elevado na obesidade e fortemente
correlacionado com o nivel de hiperinsulinemia (HOTAMISLIGIL et al., 1995).

E observado hiperinsulinemia e menor tolerancia a glicose, alteragdes nos niveis de
mediadores inflamatdrios e adipocinas em camundongos gestantes obesas alimentadas com
dieta hiperlipidica (KEPCZYNSKA et al., 2013; MURABAYASHI et al., 2013). A
diminuigdo de adiponectina materna encontrada pode estar relacionada a um maior peso fetal
devido a diminuicdo da sensibilidade a insulina e elevacdo dessa no plasma. Também foi
encontrada uma reducéo de resistina plasmatica (KEPCZYNSKA et al., 2013) e aumento nos

niveis de TNF-a e maior expressaio de RNAm de CD-68 (cluster of differentiation 68 -
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glicoproteina transmembranar, altamente expressa por mondcitos e macrofagos de tecidos
humanos, considerado assim um marcador de macrofagos), MCP-1, CCR2 no tecido adiposo
materno (MURABAYASHI et al., 2013). O tecido adiposo subcutaneo fetal (aos 17 dias de
gestacdo) apresentou hipertrofia e infiltracdo de macrofagos, com aumento na expressao de
marcadores inflamatérios como o TNF-a, aumento da expresséo de RNAm de CCR2 e
diminuicdo na expressdo de glucose transporter, type 4 (GLUT-4), associando-se ao
desenvolvimento de resisténcia a insulina na prole. Essas mudangas podem estar relacionadas
ao aumento do risco de obesidade na adolescéncia e disturbios metabolicos
(MURABAYASHI et al., 2013).

Uma dieta materna rica em long chain saturated fatty acid (SFA- LC) (com 15,7%
de acido palmitico e 13,8% de &cido estearico do total de acidos graxos), contendo também
12% de acidos graxos trans, com uma razdo de PUFA: SFA de 0,86, no periodo da gestacao e
lactacdo leva a inflamacdo hipotalamica na prole de roedores (PIMENTEL et al., 2012). A
ingestdo materna de dieta rica em gordura (35% de calorias provindas de gordura) também
demonstrou induzir inflamacéo na prole em primatas ndo humanos (GRAYSON et al., 2010).
Dentro de alguns dias, ao ingerir uma dieta rica em calorias e gorduras (60% de calorias
provindas das gorduras), uma quantidade aumentada de SFA da periferia cruza a BHE
(barreira hematoencefalica) e induz uma resposta inflamatéria nos neurénios hipotalamicos,
sendo um evento precoce no desenvolvimento da obesidade (THALER et al., 2012),
envolvendo a ativacdo da microglia, os macrofagos teciduais residentes no SNC (TIMPER,;
BRUNING, 2017).

Foi verificado em roedores que uma dieta materna com alto teor de gordura, contendo
SFA-LC, mostrou prejudicar a sinalizacdo de leptina a nivel do nucleo arqueado, levando a
uma atenuacdo da acdo da leptina na supressdo do apetite (KIRK et al., 2009). A alimentacao
materna com elevado teor de gordura, 35,5% de gorduras (55,2% de calorias provindas de
gorduras) durante a lactacdo em camundongos altera as projecdes dos neurdnios pro-
opiomelanocortina (POMC) e agouti-related peptide (AgRP) para neurdnios de segunda
ordem, resultando em aumento da obesidade e diminui¢do da homeostase da glicose na prole
(VOGT et al., 2014). A inflamacdo local no hipotalamo (que engloba o ndcleo arqueado, a
parte anterior do paraventricular nucleus (PVN) e a eminéncia mediana) promove 0 estresse
no reticulo endoplasmatico dos neurdnios hipotalamicos, levando a resisténcia a insulina e
leptina (KLEINRIDDERS; KONNER; BRUNING, 2009; PIMENTEL; GANESHAN;
CARVALHEIRA, 2014). A ativacdo constitutiva da via pré-inflamatoria c-Jun N-terminal
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kinase 1 (JNK1) nos neurbnios AgRP aumenta o disparo espontdneo nessas ceélulas,
juntamente com a resisténcia neuronal e sisttmica da leptina, resultando em hiperfagia ,
aumento de peso e ganho de adiposidade (TSAOUSIDOU et al., 2014).

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

2.3 Estresse oxidativo e 6mega 3

O estresse oxidativo € decorrente da existéncia do desequilibrio entre compostos
oxidantes e antioxidantes, devido a geracdo excessiva ou em detrimento da velocidade de
remocdo de radicais livres. Esse processo conduz a oxidacdo de biomoléculas e
consequentemente perda de suas funcBes biologicas e/ou desequilibrio homeostatico,
causando dano oxidativo potencial em células e tecidos (HALLIWELL; WHITEMAN, 2004).
As espécies reativas de oxigénio (EROS) conhecidas como radicais livres, sdo produzidas a
partir das reagGes quimicas e pela cadeia transportadora de elétrons nas mitocéndrias
(BETTERIDGE, 2000; BIRBEN et al., 2012), contém elétrons desemparelhados que reagem,
podendo levar a reacBes em cadeias, oxidando biomoléculas e contribuindo para o
desenvolvimento de patologias como cancer, aterosclerose, hipertensao, diabetes (BIRBEN et
al., 2012) e complicacGes na doenca hepatica gordurosa nao alcoolica (VALENZUELA et al.,
2012; DOSSI et al., 2014). Diversos estudos tém demonstrado que o excesso de lipideos esta
associado com a formacédo de espécies reativas e 0 processo de estresse oxidativo, sendo um
fator importante na fisiopatologia da obesidade, esteatose hepatica, aterosclerose e doencas
cardiovasculares (FURUKAWA et al., 2004; PELUSO et al., 2012; ESTADELLA et al.,
2013).

Alguns exemplos de radicais livres sdo: OH" (ion hidroxila), HOH" (ion peroxil), Oz

(&nion superdxido), NOz™ (Oxido nitrico) e O (oxigénio molecular) (MAGDER, 2006;
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CAROCHO; FERREIRA, 2013) e metais de transicdo como ferro e cobre (PRUCHNIAK;
ARAZNA; DEMKOW, 2016). Os antioxidantes naturais ou sintéticos atuam na prevencdo da
oxidacdo ocasionada pelos radicais livres, pois possuem elevada estabilidade oxidativa devido
sua estrutura molecular. Os sistemas antioxidantes podem ser classificados em enzimaticos e
ndo enziméticos. Do sistema antioxidante ndo enziméatico fazem parte a glutationa, &cido
urico, compostos obtidos diretamente da dieta como o a-tocoferol (vitamina-E), p-caroteno
(pro-vitamina-A), acido ascorbico (vitamina-C) (BIRBEN et al., 2012) . O sistema
antioxidante enzimatico integra a superédxido dismutase (SOD) que atua na remog¢édo do anion
superoxido (02Y), glutationa peroxidase (GSH-PX) que atua na remocao dos hidroperdxidos
organicos, glutationa redutase (GSH-Rd) e catalase (CAT) que atuam na remocao do peréxido
de hidrogénio (H202) (YU, 1994; PIETTA, 2000) e a glutationa transferase (GST) que
participa da inativacdo de metabolitos secundarios como aldeidos insaturados, epdxidos e
hidroxiperoxidos (BIRBEN et al., 2012)

A SOD, acoplada ao cobre e zinco (Cu-Zn-SOD), encontrada no citosol e contendo
manganés (Mn-SOD) presente na matriz mitocondrial. A SOD dismuta o radical O2-,
formando H202 e O.. O H202 é uma molécula menos instavel, mas produz danos celulares
guando produzidos em excesso, podendo reagir com metais de transicdo como ferro e cobre,
produzindo o radical hidroxila, no qual o organismo ndo dispde de mecanismos de defesa. A
glutationa peroxidase encontrada no citosol neutraliza o peréxido de hidrogénio pela oxidacgéo
da glutationa (GSH). A GSH é um tripeptideo com fungdes essenciais, posssui acado de cofator
da familia de enzimas glutationa peroxidases (GSH-PX), em que desempenha papel protetor
contra o estresse oxidativo, com sua oxidacao a dissulfeto de glutationa (GSSG). Ja a catalase
(CAT) presente nos peroxissomos, atua na decomposicdo do peréxido de hidrogénio a O e
H.O (BETTERIDGE, 2000; BIRBEN et al., 2012)

A afericdo das EROs e das das lesdes oxidativas pode ser realizada através da medicao
da atividade enzimatica (superdxido dismutase - SOD, catalase, glutationa peroxidase - GSH-
Px e glutationa redutase - GSH-Rd) e/ou a concentracdo de tripeptideos (glutationa reduzida-
GSH) e aldeidos (malondialdeido - MDA) e o estresse oxidativo, por dosagens de GSSG
(forma oxidada da glutationa) e/ou pelo calculo 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 celula contra danos oxidativos, o
rompimento dessa razdo leva a ativacdo de fatores de transcri¢do sensitivos redox, como NF-

kB, que atua na resposta inflamatéria (BIRBEN et al., 2012).
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O estresse oxidativo pode ser mensurado, atraves dos produtos finais das reacGes de
peroxidacéo lipidica, oxidacio de proteinas e oxidacdo do DNA (BETTERIDGE, 2000). E
verificado que o 6mega 3 e seus derivados EPA e DHA, podem atuar na integridade deste
sistema, como citoprotetores, atraves da regulacdo positiva das enzimas antioxidantes e
inibicdo da expressdo génica pro-inflamatéria (DOSSI et al., 2014). Os &cidos 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 oxidagédo
(VALENZUELA et al., 2012).

Foi encontrado gque 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 inflamatorias (IL-6, IL-1p e TNF-a) ¢ recuperou
0s niveis de GSH hepatico e glutationa (VALENZUELA et al., 2012). Outro estudo verificou
que a suplementacdo 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 ndo
recebeu a suplementacdo, com diminuicdo também dos niveis de glicose, insulina, colesterol

total, transaminases, depdsito de colesterol e triglicerideos hepatico (HIROTANI et al., 2015).

2.4 Dieta hiperlipidica e alteracdes cardiorrespiratorias

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

Alguns estudos indicam uma relagéo entre processos inflamatérios e disfuncdes no
sistema nervoso autonémico, por demonstrarem que a condicdo inflamatdria em algumas
regides do cérebro responsaveis pelo controle da atividade nervosa simpatica, como o nucleo
do trato solitario (NTS), a regido rostral ventrolateral medula (RVLM) e o paraventricular
nucleus (PVN) podem contribuir para o estabelecimento de patologias, como a hipertensao
arterial (PATON; WAKI, 2009; ADLAN et al., 2014), demonstrando que alteracbes no
sistema imunoldgico sdo um dos fatores contribuintes para o desenvolvimento do aumento de

pressdo arterial (TIMPER; BRUNING, 2017). Estudos relatam que em resposta a inflamacao,
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as celulas de defesa do organismo, como os macrofagos e linfocitos, residentes na area lesada
liberam citocinas pré-inflamatorias na circulacdo [interleucina 1-Beta (IL- 1B), IL-6 e TNF-
o], as quais sdo capazes de aumentar a atividade simpatica e promover o aumento de pressao
arterial (PATON; WAKI, 2009; WAKI et al., 2010). Sugerindo que na inflamacao, o aumento
da aderéncia de leucocitos na microvasculatura do tronco encefélico ou especificadamente do
NTS (regido fundamental no controle da pressao arterial), pode levar a liberacdo de espécies
reativas de oxigénio e citocinas pro-inflamatdrias pelos leucdcitos, que alteram a atividade
neuronal. A inflamacdo e o acumulo dos leucdcitos nesta microvasculatura do tronco
encefalico podem elevar a resisténcia vascular. A acumulacdo de leucécitos nos capilares
pode obstruir parcialmente o fluxo sanguineo, diminuindo a perfusdo sanguinea e resultando
em uma hipdxia localizada, levando consequentemente ao aumento da atividade simpética e
da presséo arterial (PATON; WAKI, 2009). Dentro da RVLM, regido geradora de atividade
destinada aos neurbénios motores pre-ganglionares simpaticos, hd neurénios intrinsecamente
sensiveis a hipéxia (WANG et al., 2001). Fornecendo um mecanismo de transduc¢do pelo qual
a baixa perfusdo do tronco encefélico resulta em excitacdo simpética para tentar assegurar
uma perfuséo adequada (PATON; WAKI, 2009).

O desbalanco do sistema nervoso autonémico, com predominancia do ténus simpatico,
constitui importante fator de risco para o desenvolvimento da hipertenséo arterial em modelos
de restricdo proteica (BARROS et al., 2015; BRITO ALVES et al., 2015; ALVES et al.,
2016). Estudos demonstram que a dieta hiperlipidica também pode ter um impacto
significativo na regulacdo da atividade simpatica em neurdnios de regiGes-chave do controle
cardiorrespiratorio, como o NTS (BARDGETT ; SHARPE; TONEY, 2014). No NTS
ocorrem as primeiras sinapses das aferéncias periféricas relacionadas ao controle
cardiorrespiratério (CIRIELLO et al., 1994). Ratos provenientes de maes que consumiram
dieta hiperlipidica (rica em &cidos graxos saturados) durante gestacdo e lactacdo apresentaram
alteracdes hemodinamicas como hipertensdo arterial, com reducdo da sensibilidade
barorreflexa, associada ao desbalango autonémico e evidente aumento no tonus do sistema
nervoso simpatico para o coracdo. Sugerindo que as alteragbes decorrentes do consumo
excessivo de lipidios, através de uma dieta com 32% de energia fornecida pelos lipidios (68%
de acidos graxos saturados, 16% monoinsaturados e 16% poli-insaturados) consumida pelas
mées favorecem a instalacdo da hipertensdo arterial em ratos deste modelo experimental.

Foram verificadas também nesses animais, alteracfes metabdlicas, tais como hiperglicemia,
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hipertrigliceridemia, aumento dos niveis de LDL e diminui¢do do HDL (VIDAL-SANTOS et
al., 2017).

Em ratos adultos que consumiram dieta hiperlipidica durante um periodo de 3 ou 6
semanas, foi encontrado um aumento dos niveis pressoricos associado a uma maior ativacao
de citocinas pré-inflamatdrias e ao aumento da expressdo génica de componentes do sistema
renina-angiotensina no NTS, com a expresséo diferindo de acordo com o tempo de exposicéo
ao insulto nutricional (SPERETTA et al., 2014). Tem sido proposto que modificacBes na
geracdo e modulacéo do ritmo respiratério basal (MORAES et al., 2014; COSTA-SILVA et
al., 2015) e alteragBes na quimiossensibilidade periférica e central ao O e CO2 podem
desencadear a hiperativacdo do sistema nervoso simpético e, consequentemente, a hipertensao
arterial (COSTA-SILVA; ZOCCAL; MACHADO, 2012; MORAES et al., 2014; COSTA-
SILVA et al., 2015), sugerindo que mecanismos respiratérios também podem estar
envolvidos no processo de instalacdo dessa patologia.

Estudos do nosso laboratdrio, verificaram que animais submetidos a restricdo proteica
durante a gestacdo e lactagdo apresentaram aumento de frequéncia respiratoria aos 30 dias de
vida, permanecendo na vida adulta, associada com elevacdo da pressao arterial aos 90 dias de
vida. Também foi encontrado maior sensibilidade ao O, e CO2 em condic¢des de hipoxia e
hipercapnia nesses animais, com elevacdo da resposta ventilatoria aos 30 e 90 dias (BRITO
ALVES et al., 2014), sendo observada a participacdo do sistema respiratorio nos mecanismos
relacionados ao desenvolvimento da hipertensdo arterial relacionada a desnutri¢cdo durante a
gestacdo e lactacdo. Em relacdo ao controle autonémico vascular, foi sugerido um aumento da
atividade simpaética nesses animais, pois foi verificada uma elevagdo da razdo entre as low
frequency bands e high frequency bands (LF/HF) aos 90 dias de vida, que contribui para o
aumento da pressdo arterial relacionada a um desbalanco no controle autondémico
cardiovascular (BARROS et al., 2015).

Foram encontrados também em ratos que foram submetidos a um insulto nutricional
durante a gestacédo e lactagdo, niveis mais elevados de malondialdeido, acompanhado com a
diminuicdo das atividades das enzimas superdxido dismutase e catalase na medula ventral.
Sugerindo que a elevagdo da pressdo arterial encontrada nesses ratos também esté associada a
disfuncéo oxidativa medular a nivel transcricional e funcional da capacidade antioxidante na
medula ventral (BRITO ALVES et al., 2016).



25

2.5 Efeitos da ingestio de 6mega-3 em parametros metabolicos e cardiorrespiratérios

Estudos tém demonstrado que a ingestdo de acidos graxos a-linolénico (ALA; 18:3)
tem acdo anti-inflamatdria (SALTIEL, 2010; INOUE et al., 2017). Os eicosanoides que s&o
uma grande variedade de produtos lipidicos bioativos de 20 carbonos, classificados em
prostandides, leucotrienos e lipoxinas (O'DONNELL; MASKREY; TAYLOR, 2009), sdo
moléculas altamente potentes e de curta duracdo, que atuam localmente e tém sido
relacionados a uma variedade de processos fisiologicos e patoldgicos, incluindo céncer,
doencas inflamatdrias, cicatrizacdo de feridas, etc. (TUNCER; BANERJEE, 2015). Os
PUFAs acido a-linolénico (ALA,; 18:3) e &cido linoleico (LA; 18:2) séo clivados a partir de
fosfolipidos de membrana celular pela fosfolipase A>. Em seguida, as enzimas ciclooxigenase
(COX) e lipoxigenase (LOX) metabolizam os PUFAs. Alem de produzir eicosanoides pro-
inflamatorios, que incluem prostaglandina E> (PGE2), tromboxano A: e leucotrieno B4, a
partir do acido araquidénico (ARA; 20:4 PUFA derivado do acido linoleico, LA; 18:2), a acdo
das COX e LOX também produz mediadores anti-inflamatdrios, como as resolvinas e
protectinas que sdo originados a partir do acido eicosapentaenodico (EPA; 20:5) e &cido
docosahexaenoico (DHA; 22:6). Um consumo adequado da razdo de 6mega-6: dmega-3 reduz
a formacdo de &cido araquiddnico (ARA; 20:4) a partir do &cido linoleico (LA; 18:2),
aumentando assim, a disponibilidade de acido eicosapentaendico (EPA; 20:5) e é&cido
docosahexaenoico (DHA; 22:6) e consequentemente, a formacdo de mediadores anti-
inflamatorios via COX e LOX. A absorcdo e incorporacdo de acido linolénico (ALA; 18:3)
em fosfolipidos de membrana tem também acéo de inibir a utilizacdo da via da COX e LOX
no é&cido araquidénico (ARA; 20:4), reduzindo assim a sintese de metabdlitos pré-
inflamatorios: prostaglandina E> (PGE2), o tromboxano Az e leucotrieno B4 (KHATIB et al.,
2016). O acido o-linolénico (ALA; 18:3) também atua na reducdo de mediadores
inflamatorios circulantes no plasma: IL-6, TNF-a e PCR (OLLIVER et al., 2016).

O ultimo trimestre da gestacdo e os primeiros seis meses de vida pds-natal apresentam
maiores necessidades de acido docosahexaenoico (DHA; 22:6), 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 ndo tem capacidade de sintetizar
acidos graxos poli-insaturados de cadeia longa a partir dos precursores acido a-linolénico
(18:3) e acido linoléico (18:2). O figado também ainda ndo tem atividade biossintética de
elongacdo e dessaturacio para a formacdo de PUFA-LC (SILVA; MIRANDA JUNIOR;
SOARES, 2007). E nesse periodo que acontece um maior pico na velocidade de crescimento e
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desenvolvimento do sistema nervoso central. O acido docosahexaendico (DHA; 22:6) e o
acido araquiddnico (ARA; 20:4) sdo componentes estruturais do SNC e a deficiéncia desses
acidos graxos essenciais durante esse periodo critico pode acarretar em danos irreparaveis. O
acido docosahexaenoico (DHA; 22:6) também mantém a fluidez da membrana das células
nervosas, participa da propagagdo do impulso nervoso e transmissdo sinaptica e, sinalizagdo
para expressao de genes (DUTTAROQOY, 2009).

O consumo materno de acido docosahexaenoico (DHA,; 22:6) através de pescados e/ou
suplementacdo com o6leo de pescados tem uma acdo importante no desenvolvimento do
sistema nervoso central, na gestagdo de alto risco, no aumento do peso ao nascer,
comprimento e circunferéncia da cabeca, acuidade visual, coordena¢do méos-olhos, atencéo,
resolucdo de problemas e processamento de informagdes, na imunidade e na resposta do
sistema nervoso autbnomo (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
(18:3) e &cido linoléico (18:2), através da placenta, como: a proteina de ligacdo de &cidos
graxos (placental membrane fatty acid binding protein, p-FABPpm) que possui alta afinidade
por PUFA-LC, principalmente o acido docosahexaendico (DHA,; 22:6); translocase de acidos
graxos altamente glicosilada (highly glycosylated fatty acid translocase, FAT/CD 36), com
maior atividade na captacdo de acidos graxos livres; proteinas de transporte de &cidos graxos
(fatty acid transport proteins, FATP), acilCoA sintetase (fatty acylCoA synthetase, ACS) e
proteinas intracelulares de ligacdo de &cidos graxos (intracellular fatty acid binding proteins,
FABPs) (WEN-JU LIN; JAMES; DARRELL, 1984; AKERELE; CHEEMA, 2016). Ocorre
no terceiro trimestre da gravidez um aumento na expressao e atividade da lipase lipoproteica
placentaria que hidrolisa triacilglicerois de baixa densidade (LDL) e muito baixa densidade
(VLDL) presentes no plasma materno a acidos graxos livres que sdo transportados ao feto e
utilizados principalmente como fonte de energia. Outra enzima atuante no citosol de células
placentérias é a fosfolipase citosolica A2 que participa da liberagdo de acidos graxos livres
para a sintese de prostaglandinas (DUTTAROQY, 2009).

O American Institute of Nutrition preconiza por meio da AIN-93 a oferta de 4,89/Kg
de dieta do acido a-linolénico (ALA; 18:3) e 35,7 g/Kg de acido linoléico (LA; 18:2) para
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fase de crescimento e reproducédo de roedores. Na fase de manutencao esses valores sdo de 2,7
g/kg e 10,4 g/kg, respectivamente (REEVES; NIELSEN; FAHEY, 1993). Em relacdo as
recomendacdes para razdo de consumo 6mega 6: 6mega 3 existe um conflito na literatura,
havendo uma tendéncia para uma razdo de 4:1 a 5:1. Alguns autores recomendam as razoes
2:1 a 3:1 pela sugestdo de maior conversdo do &cido a-linolénico (ALA; 18:3) em acido
docosahexaenoico (DHA,; 22:6), alcangando um valor maximo em torno de 2,3: 1. A razdo 1:1
ndo é recomendada por inibir a transformacdo de acido a-linolénico (ALA; 18:3) em &cido
docosahexaenoico (DHA; 22:6) ou &cido eicosapentaendico (EPA; 20:5). Em humanos é
verificado um maior nivel de conversdo 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 &cido a-linolénico (ALA; 18:3), no periodo da
gestacdo e lactacdo foi relacioanada com a diminui¢do da adiposidade, do tamanho do
adipdcito e dos niveis séricos de leptina na prole (KOROTKOVA et al., 2002). Além da
reducdo da adiposidade, a ingestdo de acido a-linolénico (ALA; 18:3) est4 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 alteracdes metabdlicas na
vida adulta. Foi observado que o nimero de ilhotas pancreéticas foi maior na prole de ratos
adultos que as mdes receberam uma dieta rica em &cido o-linolénico (ALA; 18:3), sem
alteracdo no volume do péancreas. Uma dieta rica em gorduras saturadas (contendo uma
grande quantidade de &cido laurico (12:0), medium chain saturated fatty acid — SFA-MC)
parece diminuir o desenvolvimento de ilhas, enquanto que uma dieta rica em gorduras poli-
insaturadas demonstrou promover o desenvolvimento das ilhotas pancreéticas. A plasticidade
e o turnover das ilhotas e células beta pancreaticas sdo diminuidos ap6s o desmame, o que
mostra a importancia do periodo perinatal no desenvolvimento pancreatico (SIEMELINK et
al., 2002).

Os PUFAS-LC através de sua ligacdo ao PPARs (peroxisome proliferator-activated
receptor) podem regular o metabolismo de lipidios, atuando na modulacdo da expressdo de
genes relacionados a oxidacdo de &cidos graxos. Os PPARs tém acdo na regulacdo da
expressao de genes criticos para o metabolismo de lipidios, na oxidacdo dos acidos graxos, no
desenvolvimento dos adipocitos e metabolismo das lipoproteinas. A expressdao de PPAR
através de PUFA é acompanhada de supressdo de SREBP (sterol regulatory element-binding

proteins), inibindo a lipogénese com reducdo na expressao de acido graxo sintetase (fatty acid
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synthase, FAS) e acetii CoA carboxilase (acetyl CoA carboxylase , ACC), e
consequentemente promovendo a diminuicdo nos niveis séricos de &cidos graxos,
triacilglicerdis e VLDL (KHAIRE, KALE e JOSHI, 2015). A suplementacdo materna de
acido docosahexaentico (DHA; 22:6) durante a gravidez e lactacdo proporciona a
normalizacgéo das alteragdes na deposicao de tecido adiposo que sdo provocadas pela restri¢éo
do crescimento intrauterino (RCIU), a expressao no tecido adiposo visceral de PPAR-gama,
aumento nos niveis séricos de adiponectina e a expressdo dos receptores dessa adipocina no
tecido adiposo de ratos que sofreram RCIU (BAGLEY et al., 2013).

O aumento da proporcdo materna 6mega-3 / 6mega-6 é importante, uma vez que o
PUFA, é&cido a-linolénico (ALA; 18:3), percussor do DHA, séo nutrientes essenciais para o
desenvolvimento do feto (CRAWFORD, 2000). Em modelos de camundongos transgénicos
Fat-1 (capaz de converter endogenamente o PUFA dmega-6 (LA; 18:2) em PUFA 6mega-3
(ALA; 18:3)) que consumiram dieta hiperlipidica, com 45% de calorias provenientes das
gorduras, aumentaram a proporcdo materna de PUFA 0mega-3 / dmega-6 e reduziram a
inflamacdo metabdlica materna. Verificando através da exposicao lipidica fetal e placentaria
associada a 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 deposicdo lipidica fetal-placentaria. A protecdo materna do excesso de
inflamacdo levou a melhores resultados metabolicos na prole desses animais (HEERWAGEN
etal., 2013).

Estudos tém demonstrado que o &cido a-linolénico (ALA; 18:3) est4 associado com a
reducdo de triglicerideos (SMITH et al., 2011; PIEPOLI et al., 2016) e um menor risco de
doencas cardiovasculares (HARRIS; CONNOR; LINDSEY, 1984; KRIS-ETHERTON et al.,
2002). No entanto, os mecanismos subjacentes ainda ndo estdo esclarecidos. Nao se sabe ao
certo se o efeito cardioprotetor é exercido pelo acido a-linolénico (ALA; 18:3) ou pelos
produtos metabdlicos eicosanoides. Embora, o acido docosahexaenoico (DHA; 22:6) pareca
ser mais eficaz na diminuicdo da pressdo arterial quando comparado ao acido
eicosapentaendico (EPA; 20:5) (MORI et al., 2000). Um estudo com acido eicosapentaendico
(EPA,; 20:5) e acido docosahexaendico (DHA; 22:6) em células endoteliais da aorta humana
com dano de DNA induzido por peroxido de hidrogénio (H202), demonstraram que estes, 0
acido eicosapentaendico (EPA; 20:5) e o acido docosahexaenoico (DHA; 22:6) reduziram
significativamente as espécies reativas de oxigénio intracelular em condi¢bes basais e a

estimulagdo por H202. Os niveis de RNAm de moléculas antioxidantes, como heme
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oxigenase-1, tioredoxina redutase 1, cadeia leve de ferritina, cadeia pesada de ferritina e
superoxido dismutase de manganés, aumentaram significativamente com o &cido
eicosapentaenoico (EPA; 20:5) e o &cido docosahexaenoico (DHA; 22:6) (SAKAI et al.,
2017).

Tem sido demonstrado que a ingestdo de &cido a-linolénico (ALA; 18:3) é capaz de
desempenhar um papel hipotensor dose-dependente em individuos hipertensos (HOWE,
1997) devido, principalmente, a sua acdo anti-inflamatdria ao diminuir a sintese de derivados
do acido araquidénico: prostaglandina E2, tromboxano A2, prostaciclina e leucotrieno B4
(KREMER, 2000). Em uma meta-analise, foi encontrada uma reducéo significativa nos niveis
de pressao 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; ROSNER, 1993). Da mesma forma, outro
estudo (APPEL et al., 1993) descobriu que a pressdo arterial de hipertensos nao-tratados
reduziu entre 3,5-5,5 mmHg com o consumo diario de 3g de acidos graxos dmega-3.

A suplementacdo em camundongos com O6leos dietéticos de peixe, fonte de &cido
eicosapentaendico (EPA; 20:5) e acido docosahexaenoico (DHA; 22:6) podem diminuir a
expressao génica pro-inflamatoria e aumentar a expressdo anti-inflamatéria e de adiponectina
(IM, 2016). O acido a-linolénico (ALA; 18:3) pode estimular a polarizacdo M2 (o0 aumento de
macrofagos anti-inflamatorios) relacionada a desregulacdo de mediadores pro-inflamatorios
em tecido adiposo inflamado de camundongos obesos (TITOS et al., 2011). Em adi¢do, acido
a-linolénico (18:3) pode ser metabolizado em moléculas bioativas: resolvinas, protectinas e
maresinas (PIROLA; FERRAZ, 2017). Essas moléculas ndo se assemelham aos eicosandides
classicos, sdo novas estruturas que funcionam exclusivamente através de alvos celulares e
moleculares (BANNENBERG; SERHAN, 2010). A resolvina D1 pode reduzir a producéo de
interferon-y (IFNy), elevando a expressao de arginase-1 (marcador de macréfagos M2), em
macrofagos 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 (EROS) e citocinas pro-inflamatérias [IL-1, TNF-a, IL-6, IFN-y] e promoveu a
regulacdo positiva da expresséo do RNAm 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 prevencdo e tratamento de obesidade, DM2 e
numerosas doencas relacionadas a inflamagéo (1M, 2016).

As gorduras poli-insaturadas podem reduzir a inflamacéo hipotaldmica induzida por

uma dieta rica em acidos graxos saturados, a partir da presenga e funcdo da resolvina
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produzida a partir de DHA, como mostra um estudo com camundongos. As enzimas
envolvidas na sintese de resolvinas foram detectadas no hipotdlamo e foram moduladas em
resposta ao consumo de gorduras saturadas, causando uma reducdo da resolvina
hipotaldamica. GPR18, o receptor para resolvina, que foi encontrado em neurdnios POMC e
NPY (Neuropeptideo Y), também foi modulado por gorduras dietéticas. A substituicdo 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 expressdo das
enzimas sintéticas resolvinas e de citocinas anti-inflamatérias, adiposidade reduzida, com um
melhor feno6tipo metabolico (PASCOAL et al., 2017).

Quando administrados via dieta ou injecdo diretamente no hipotadlamo, em ratos
alimentados com uma dieta hiperlipidica, os PUFAs (6mega-3), acido a-linolénico (18:3),
foram capazes de aumentar a neurogénese hipotalamica, grande parte da atividade
neurogénica induzida por PUFAs levou um aumento do ndmero de neurdnios POMC, mas
ndo de NPY. Sendo acompanhada por aumento da expressdo do BDNF (brain derived
neurotrophic fator) que induz a neurogénese e GPR40 (G-protein-coupled
receptor receptores acoplados a proteina G 40) (NASCIMENTO et al., 2016). Demonstrando
que os PUFAs (6mega-3) também estdo relacionados com a neurogénese, através da ligacdo
aos recepoteres GPR40 que sdo associados a neurogénese no hipotdlamo e em outras regides
do cérebro (BONEVA NADEZHDA; YAMASHIMA, 2011).
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3 HIPOTESES

= Ratos provenientes de maes que foram submetidas a dieta rica em acidos graxos
saturados no periodo de gestagdo e lactacdo apresentam alteragdes na murinometria,
dislipidemia, hiperglicemia, intolerancia a glicose, diminuicdo na sensibilidade a

insulina, desbalancgo oxidativo hepatico e prejuizo em parametros ventilatorios.

= O enriquecimento desta dieta com 6mega-3, a partir do 6leo de linhaca, pode interferir
nestes parametros e impedir as alteracGes decorrentes do consumo de dieta com alto

teor de acidos graxos saturados.
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4 OBJETIVOS

4.1 Objetivo geral

Avaliar as alteracbes na murinometria, metabolismo e parametros ventilatérios na prole

de ratas submetidas a dieta com alto teor em &cidos graxos saturados durante a gestacdo e

lactacdo. Além disso, avaliar se estas alteragdes sdo atenuadas na prole de ratas submetidas a

uma dieta com alto teor de acidos graxos saturados enriquecida com dmega-3.

4.2 Obijetivos especificos

Nas maes:

Avaliar os parametros bioquimicos aos 19 dias de gestacao.

Na prole:

Avaliar 0 ganho de peso e a murinometria;
Obter os niveis séricos em jejum de glicose, triglicerideos, colesterol,

albumina, proteinas totais e transaminases hepéticas;

Avaliar o teste de tolerancia a glicose (TTG), teste de tolerancia ao piruvato
(TTP) e o teste de sensibilidade a insulina (TSI);

Analisar a frequéncia respiratdria e a ventilacdo pulmonar.

Avaliar enzimas e metabdlitos relacionados ao estresse oxidativo no tecido

hepaético.



33

5 METODOS

5.1 Animais

Ratas albinas primiparas (n=20) da linhagem Wistar (Rattus norvegicus) foram obtidas
do biotério do Centro Académico de Vitoria. Aos 85 a 90 dias de vida e peso corporal
compreendido entre 220 e 260 g, as ratas foram colocadas para acasalamento na proporcao de
1:3 (macho:fémea). A determinacdo da prenhez foi realizada a partir da observacdo da
presenca de espermatozdides 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 &gua e racdo ad libitum, sendo compostos 0s seguintes grupos: grupo dieta
controle (n=35), grupo dieta com alto teor acidos graxos saturados, HL (n=27); e grupo dieta
com alto teor de acidos graxos saturados enriquecida com &mega-3, a partir do 6leo de
linhaga, HLW3 (n=27).

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 padronizagéo do
tamanho da ninhada até o desmame. A figura 1 demonstra o desenho experimental, conforme
os periodos das avaliacdes 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 recomendacoes
do Colégio Brasileiro de Experimentacdo Animal (COBEA).
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Figura 1 - Desenho experimental de acordo com o periodo de avaliagdo de ratas Wistar e sua prole de machos
submetidos a dieta controle (19% de lipidios), HL (33% de lipidios) e HLW3 (33% de lipidios enriquecida com
Omega-3) durante a gestacdo e lactacdo e da prole de machos submetidos a dieta comercial padrdo ap6s
desmame.

Prenhez Lactacio Desmame
~21 dias 21dias
| - I
l T
1 L
I 1
Acasalamento 1°dia 19°dia 1°dia 7°dia 14°dia 21° dia 22°dia 30°dia 90° dia
prenhez prenhez vida vida vida vida vida vida vida
| |
Dieta controle (19%) Dieta
ou HL (33%) ou HLW3( 33% + ®3) comercialpadrio Presence®

- Avaliacdes funcionais

e e e e e e e e e

: Avaliagdes funcionais: :
1 - Murinometria (1.7, 14, 21, 30 e 90 dias de vida) I
1 - Andlise bioquimica (19 dias de gestagdo: 22, 30 & 90 dias de vida da prole) |
I - Teste de tolerénciad glicose , piruvato e teste de sensibiidade & insulina (90 dics de vida)
I - Avaliag@odo estresse oxidativo no tecido hepdtfico (90 dics de vida) 1
I - ventilag&o pulmonar (90 dias de vida) 1

Um numero equivalente a 20 ratas foram colocadas para acasalar e apds a detec¢do 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
padrdo Presence® até os 90 dias de vida. As avaliagdes funcionais ocorreram aos 19 dias de prenhez das
maes e no 1°, 7°, 14°, 21°, 30° e 90° dia de vida da prole. A quantidade de animais por grupo experimental
variou de 27 a 35 animais.

5.2 Manipulacéo nutricional

Para a manipulacdo nutricional foram definidas as seguintes dietas: grupo controle
recebeu uma dieta padrdo cuja composicdo estava de acordo com a AIN-93 (REEVES;
NIELSEN; 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 &cidos graxos
saturados adaptada a partir da composicdo da dieta utilizada no estudo de Ferro Cavalcante
(FERRO CAVALCANTE et al., 2013), com 33% da energia proveniente das gorduras, 20%
das proteinas e 47% dos carboidratos; e 0 grupo HLW3 recebeu uma dieta com alto teor em
acidos graxos saturados, enriquecida com 6mega-3 com 33% da energia proveniente das
gorduras, 20% das proteinas e 47% dos carboidratos (tabela 1). A dieta padrdo 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 6mega-3 continha menor quantidade de 6mega 6 (tabela 2). Apds o



35

desmame, aos 21 dias de vida, os animais receberam dieta padrdo comercial para ratos
(Presence®, Grupo Neovia, S&o Paulo, Brasil), formando trés grupos: prole das maes
alimentadas com dieta padrdo (controle), prole das mées alimentadas com dieta com alto teor
acidos graxos saturados (HL) e prole maes alimentadas com dieta com alto teor de acidos

graxos saturados enriquecida com dmega-3 (HLW3).

Tabela 1 - Composi¢do quanto aos ingredientes das dietas experimentais

Ingrediente/quantidade AIN-93 G Dieta Dieta Hiperlipidica
por 100g de dieta hiperlipidica enriquecida com
O0mega 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  monossodico - 0,2 0,2
(12,3%)
Cloreto de sédio - 0,3 0,3
Total (g) 100 100 100
Kcal /1009 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¢do nutricional calculada a partir da anélise centesimal das dietas realizada no
laboratério de Bromatologia do Centro Académico de Vitoria, Universidade Federal de
Pernambuco.
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Tabela 2 - Composic¢éo percentual de &cidos graxos quanto a presenca de dupla ligacao
na cadeia carboénica das dietas experimentais

Composicéo percentual dos acidos graxos

Dietas
Acidos graxos AIN-93G Hiperlipidica Hlpe[hpldlca
com O6mega 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
Razdo 6mega 6:3 12,66 21,22 9,45

Os &cidos graxos foram identificados segundo padréo 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 determinacdo percentual de acido linolénico (6mega 3) e linoléico (dmega 6) foram
calculadas as quantidades (g/100g de dieta) desses acidos graxos e obteve se a razdo de 6mega 6 / 3. A
nomenclatura dos acidos graxos seguiu a classificacdo determinada pela | Diretriz sobre o consumo de
gorduras e salde cardiovascular (Santos et al., 2013).

5.3 Avaliacao das medidas murinométricas

Foram realizadas as medi¢des murinométricas (peso corporal, comprimento naso-anal
e circunferéncia abdominal) no 1°, 7°, 14° 21° 30° e 90° dia de vida. ApOs obtencdo das

medidas, foi calculado o indice de Lee no 90° dia de vida a partir da relagdo entre a raiz
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cubica do peso corporal e 0 comprimento naso-anal do animal. As medi¢des foram realizadas
de acordo com o estudo de Novelli (NOVELLI et al., 2007).

5.4 Analise bioquimica

As mées aos 19 dias de prenhez e a prole aos 22 (subsequente ao desmame) e 90 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 coagulagdo, o sangue foi centrifugado a 3500 RPM
por 10 minutos para obtencdo do soro, o qual foi transferido para um tubo Eppendorf e
armazenado a -20°C até a realizacdo das analises bioquimicas por meio do equipamento
Automatic Chemistry Analyzer (ver. 4e) (Pioway Medical Lab Equimament Co., Ltd.). Foram
analisados nas maes: a glicemia, triglicerideos, proteinas totais, aloumina e colesterol total.
Na prole foram analisados: a glicemia, triglicerideos, proteinas totais, albumina, alanina
aminotransferase (ALT), aspartato aminotransferase (AST) e colesterol total aos 22 e 90 dias.
A partir da dosagem de triglicerideos foi obtido o valor de VLDL-colesterol pela formula de
Friedewald = TG/5, conforme estabelecido na IV Diretriz Brasileira sobre Dislipidemias e
Prevengdo da Aterosclerose: Departamento de Aterosclerose da Sociedade Brasileira de
Cardiologia (SPOSITO et al., 2007).

5.5 Teste de tolerancia a glicose (TTG)

Aos 90 dias de vida foi realizado o teste de tolerancia a glicose (TTG) apds 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) ap6s 15, 30, 60 e 120 minutos depois da
administracdo da glicose (BARQUISSAU et al., 2017).

5.6 Teste de tolerancia ao piruvato (TTP)

Aos 90 dias de vida foi realizado o teste de tolerdncia ao piruvato (TTP) apds um
jejum de 12 horas (overnight), os animais foram separados em gaiolas individuais. Em
seguida, foi realizada a mensuracéo do nivel basal de glicose no tempo 0 (T0), em duplicata, e
injetado o piruvato de sodio a 50% (2g/kg de peso) por via intraperitoneal, sendo depois
mensurada a glicemia (em duplicata) aos 15, 30, 45, 60 e 120 minutos ap6s a administracdo
do piruvato de sodio (Sigma-Aldrich Brasil Ltda, P2256) (BARQUISSAU et al., 2017).
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5.7 Teste de sensibilidade a insulina (TSI)

Aos 90 dias de vida foi realizado o teste de sensibilidade a insulina (TSI) ap6s um
jejum de 6 horas, os animais foram separados em gaiolas individuais. Em seguida, foi
realizada a mensuracdo do nivel basal de glicose no tempo 0 (TO), em duplicata, € 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 apds a administracdo de insulina humana regular
(HUMULIN R, 100Ul/ml) (BARQUISSAU et al., 2017).

5.8 Avaliacao do estresse oxidativo no tecido hepatico

O estresse oxidativo foi avaliado no tecido hepatico dos ratos, a partir de
biomarcadores como malondialdeido (MDA), sulfidrila e sistemas enzimaticos antioxidantes:
catalase, superoxido dismutase e glutationa transferase e através da razdo GSH, GSSG e GSH
/ GSSG. Aos 90 dias, cinco animais de cada grupo foram sacrificados por guilhotina apds
jejum de 6 horas no periodo claro (6h as 12h) para coleta do figado. Uma aliquota de
aproximadamente 1 g do o6rgao foi armazenada em Eppendorf a -80°C até o preparo da
amostra. As analises de estresse oxidativo foram realizadas no Laboratorio de bioguimica
geral, molecular e do exercicio do Centro Académico de Vitoria, Universidade Federal de

Pernambuco.

5.8.1 Preparo do homogeneizado do tecido hepatico

O tecido hepético foi homogeneizado em tampdo de extracdo (Tris base 50 mM e
EDTA 1mM, pH 7,4; com adicdo de ortovanadato de sédio 1 mM e PMSF 2 mM). Apés a
homogeneizacdo, as amostras foram centrifugadas a 1180xg, a 4° C, por 10 minutos e 0s

sobrenadantes submetidos a quantificacdo protéica.

5.8.2 Dosagem de proteina

A concentracdo de proteina foi determinada pelo método de Bradford (1976). O
principio do método baseia-se na determinacao da concentracdo de ligacOes peptidicas através
da medida da absorbancia do complexo proteina-corante. Este complexo absorve em
comprimento de onda de 595 nm. A absorbancia é considerada diretamente proporcional a
concentragdo de proteina na solugdo analisada, onde uma solucdo de BSA (2mg/ml) foi

utilizada como padréo.



39

5.8.3 Avaliagdo dos niveis de peroxidacao lipidica pela metodologia da substancia Reativa ao
Acido Tiobarbitarico

Para a dosagem de TBARS foi utilizada a técnica colorimétrica de Buege e Aust
(1978), sendo uma técnica muito utilizada para avaliar a lipoperoxidacdo, pois o &cido
tiobarbiturico reage com os produtos da LPO, entre eles 0 malondialdeido e outros aldeidos.
Adicionou-se a uma aliquota (300 ug proteina) do homogeneizado ao acido tricloroacético
(TCA) a 30%, o material foi centrifugado a 1180xg por 10 minutos, o sobrenadante retirado e
adicionado ao &cido tiobarbitirico a 0.73% que reage com os produtos da lipoperoxidacao
formando um composto de coloragdo rosada. A mistura foi incubada por 15 minutos a 100°C
e em seguida resfriada, utilizada para a leitura da absorbancia a 535nm em espectrofotémetro
(Biochrom Libra S12 Visible, USA), utilizando cubetas de quartzo. Os resultados foram

expressos em puM/mg de proteina.

5.8.4 Avaliacdo do contetdo de sulfidrila-SH

O contetido de sulfidrila foi determinado a partir da reagdo com o composto DTNB
(5,5'- dithiobis (2 nitrobenzoic acid) (ELLMAN, 1959). A aliquota do homogenato (300 pg de
proteina) foi incubada no escuro apés a adicdo de DTNB 10mM e o volume final foi de 1 mL
completado com tampédo de extracdo pH 7.4 e realizada a leitura com absorbéancia (30°C) a
412nm em espectrofotdmetro (Biochrom Libra S12 Visible, USA). Os resultados foram

expressos em M/mg de proteina.

5.8.5 Avaliacdo da atividade enzimatica da Superdxido dismutase (SOD)

A determinacdo da atividade de SOD foi feita de acordo com Misra e Fridovich
(1972). O homogenato de figado (80 pg de proteina) foi incubado no tampao carbonato de
sodio (0,05 %, pH 10.2, 0.1 mM de EDTA) em banho-maria a 37°C, antes da avaliacdo da
atividade enzimatica. A reacdo teve inicio pela adicao 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-

oxidacdo de 1umol de epinefrina por minuto.
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5.8.6 Avaliagdo da atividade enzimética da Catalase

A atividade da catalase foi monitorada de acordo com AEBI (1984). O principio do
ensaio é baseado na determinacdo da constante k de decomposicdo de H>O2, 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 adi¢do do tampéo fosfato 50mM, pH 7.0
a 20°C, a absorcéo de decaimento foi monitorada por 4 min a 240nm em espectrofotémetro
(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 H202 em H20 por minuto.

5.8.7 Avaliacdo da atividade enzimatica da Glutationa S-Transferase

A atividade da glutationa S- transferase é diretamente proporcional a taxa de formacéo
do composto DNP-SG (dinitro fenil S glutationa), podendo desta forma ser medida por meio
do monitoramento da taxa de formagdo do mesmo. Em uma cubeta de quartzo de 1 mL,
adicionou-se a amostra (80ug de proteina) ao tampéo fosfato (0.1M) e EDTA (1mM), GSH
(ImM) e CDNB (1ImM). A absorbancia (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 enziméatica da GST foi definida como a quantidade necessaria para
catalisar a formacdo de lumol do composto DNP-SG por minuto (HABIG; PABST,;
JAKOBY, 1974).

5.8.8 Quantificagcdo do balango redox (razéo GSH/GSSG)

A razdo GSH/GSSG foi avaliava através da quantificacdo dos niveis de GSH e GSSG
segundo o0 método de HISSIN e HILF (1976). Em tampédo 0,1M fosfato contendo 5mM de
EDTA (pH 8.0) foi adicionado 100 pug do homogenato do figado e o fluorescente
ortoftaldeido (1uM), e entdo 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 excitagdo e 420nm de emissédo. Para determinar os niveis
de GSSG, a amostra foi incubada com 0.04M de N-ethylmaleimide por 30 minutos, seguido
da adicdo de tampdo NaOH a 0.1M. Quando os preparos estavam prontos, seguindo os
mesmos passos de GSH foi executado para determinar GSSG. O estado redox foi determinado
pela relagdo GSH/GSSG (HISSIN; HILF, 1976).
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5.9 Avaliacao dos parametros ventilatorios

As medidas de ventilacdo foram obtidas por pletismografia de corpo inteiro, em um
sistema fechado (BARTLETT; TENNEY, 1970), no 90° dia de vida da prole. Durante a
realizacdo de cada medida de ventilacdo, o fluxo de ar foi interrompido e a cdmara do animal
permaneceu totalmente vedada por curtos periodos de tempo (~2 min). As oscilacdes
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, ADInstruments). O sinal foi entdo enviado para o sistema de aquisi¢do e analise
dos dados (LabChartTM Pro, PowerLab, ADInstruments). Trés variaveis respiratorias foram
medidas: a frequéncia respiratdria (FR), o volume corrente (VT) e a ventilacdo (VE)
(MALAN, 1973).

Figura 2 - Desenho esquematico da pletismografia de corpo inteiro de um animal, adaptado de Penintente et al.,
2007.

(A) Transdutor
(B) Amplificador
(C) Placa de aquisicao

B
A—

A 00—

C ”»2{ o

| PowerLab/400 LabChart v7

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

Durante a realizacdo de cada medida de ventilagdo, o fluxo de ar da caixa foi interrompido e a cdmara do animal
permaneceu totalmente vedada por curtos periodos de tempo (~2 min). As oscilagdes causadas pela ventilagdo
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 entdo enviado para a placa de aquisi¢do e analise dos dados (LabChartTM
Pro, PowerLab, ADInstruments).

5.10 Andlise 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
comparacdo entre os grupos foi realizada por meio do teste ANOVA one-way e ANOVA two-
way (para os testes de tolerdncia a glicose, teste de tolerancia ao piruvato e teste de

sensibilidade a insulina), sequido do pds-teste de Bonferroni. Os dados foram analisados no
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programa Graph Pad Prism (GraphPad Software Corporation, versdo 5.0, 2007). O nivel de
significancia considerado foi p<0,05.
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Abstract

Purpose: Maternal dietary intake rich in saturated fatty acids during gestation and lactation is associated with an
increased risk of developing non-transmissible chronic diseases in adult offspring. In contrast, studies have
shown that consumption of an omega-3-enriched diet during gestation and lactation reduces adiposity, improves
insulin sensitivity, has an anti-inflammatory action and may play a hypotensive role in the offspring. In light of
this evidence, in this study tested the hypothesis that rats from dams who were submitted to the diet rich in
saturated fatty acids in the gestation and lactation period present alterations in the murinometry, dyslipidemia,
hyperglycemia, glucose intolerance, decrease in insulin sensitivity, hepatic oxidative imbalance and impairment
in ventilatory parameters. In addition, we tested the hypothesis that the enrichment with omega-3, from linseed
oil-3, can interfere in these parameters and prevent the alterations resulting from the consumption of diet with
high content of saturated fatty acids. Methods: Females wistar rats were mated and, after pregnancy detection,
were placed in individual cages and randomly allocated in their respective diets with water and ad libitum ration:
control diet group (GC, 19% of lipids and ratio ®6:@3 = 12, 606), a diet group rich in saturated fatty acids (HL,
33% lipids and ratio ®6: ®3 = 21.22) and a high-saturated fatty acid diet group enriched with omega-3, from
linseed oil-3 (HLW3, 33% lipids and ratio ®6: @3 = 9.45). After weaning, the animals began to receive standard
animal feed. Were evaluated: murinometric measurements; biochemical analyzes; glucose tolerance test (GTT),

pyruvate tolerance test (PTT), insulin sensitivity test (IST), enzymes and markers related to oxidative stress in
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hepatic tissue and measurement of pulmonary ventilation. Results: Our results demonstrate that dams who
consumed a diet rich in saturated fatty acids had higher cholesterol levels when compared to the control and
HLW3 groups. The maternal dietary intake rich in saturated fatty acids also is associated with a higher body
weight at the age of 1, 7 and 14 days of life when compared to the control group. The HLW3 group presented
lower body weight in relation to the HL group in the first day of life. But, on the 71, 14™ and 21% days of life, the
HLWS3 group also presented higher body weight when compared to the control group. However, we found no
difference in weight among offspring at 30 days of life. At 90 days of life also no difference in body weight and
Lee index was found between groups. Regarding the biochemical parameters evaluated, dams who consumed a
diet rich in saturated fatty acids had higher cholesterol levels when compared to the control and HLW3 groups.
HL offspring also presented dyslipidemia and hyperglycemia at 22 and 90 days of life, with the HLW3 group
presenting better values in the lipid and glycemic profile. Animals from the HL group also had elevated ALT
levels, whereas HLW3 offspring had lower ALT levels at 22 days of age. At 90 days of age, the HLW3 group
had lower levels of AST than the control group and HL. An oxidative imbalance was observed in the HL group,
with a reduction in the activity of the antioxidant enzymes GST and SOD, and no difference was found in
relation to the control and HLW3 groups in these enzymes evaluated. However, a decrease in sulfhydryl levels
and the GSH/GSSG ratio was found both in the HL group and in the HLW3 group. Regarding the ventilatory
parameters, no differences were found between groups. Conclusion: Thus, the present study suggests that the
maternal consumption of a diet rich in saturated acids is associated to impair in some murinometric parameters,
biochemical and imbalances oxidative to hepatic level, with reduction of enzymes that participate in the
antioxidant defense system. In addition, our findings confirm that consumption of omega-3 from flaxseed oil is
able to attenuate these changes observed in animals that received a diet rich in saturated fatty acids.

Keywords: Phenotypic plasticity, hyperlipid diet, alpha-linolenic acid, chronic non transmissible diseases.

1 Introduction

In the rapid change of the morbimortality model, characterized by the epidemiological transition, the
nutritional factor plays a major role. With the nutritional transition, prevalence is observed mainly among the
mature population and the elderly, of non-transmissible chronic diseases: type 2 diabetes mellitus (DM2),
obesity, systemic arterial hypertension, comorbidities associated with hypercaloric feeding, trans fats, saturated
fatty acids , the exacerbated consumption of sugar and salt and other unhealthy practices related to Western
lifestyle (1).

The high consumption of maternal diet rich in fats increases the levels of circulating free fatty acids
and induces the activation of inflammatory pathways, increasing the risk of low-grade chronic inflammation in
the offspring (2). Fatty acids act on macrophages to alter the cellular ratio M1 (pro-inflammatory) / M2 (anti-
inflammatory). Saturated fatty acids stimulate the development of M1 cells, while unsaturated types help to
elevate M2 cells in adipose tissue. While obesity develops, there is an increase in both adipose and systemic
tissue of many proinflammatory cytokines such as interleukins (IL-1p, IL-6) and tumor necrosis factor (TNF-a)
that are related to the progression of the obese phenotype metabolic syndrome. The establishment of the pro-
inflammatory phenotype is characterized as the relationship between the development of obesity, its evolution

towards insulin resistance, consequently DM2 and associated cardiovascular disease (3).
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In response to inflammation, the body's defense cells, such as macrophages and lymphocytes, living
in the injured area release pro-inflammatory cytokines into the circulation (IL-1p, IL-6 and TNF-a), which are
able to increase sympathetic activity and promote increased blood pressure (4, 5). Unbalance of the autonomic
nervous system, with predominance of sympathetic tone, is an important risk factor for the development of
arterial hypertension in protein restriction models (6-8). Studies also demonstrate that the hyperlipidic diet may
have a significant impact on the regulation of sympathetic activity in neurons in key regions of cardiorespiratory
control, such as the solitary tract nucleus (NTS) (9). Rats from mothers who consumed a hyperlipidic diet (rich
in saturated fatty acids) during pregnancy and lactation showed hemodynamic changes such as arterial
hypertension, reduced baroreflex sensitivity, associated with autonomic imbalance and evident increase in
sympathetic nervous system tone for the heart. Suggesting that the changes due to excessive lipid consumption
through a diet rich in saturated fatty acids consumed by the mothers favor the installation of arterial hypertension
in rats of this experimental model. Metabolic changes, such as hyperglycemia, hypertriglyceridemia, elevated
LDL levels and decreased HDL were also observed in these animals (10).

It has been proposed that modifications in the generation and modulation of the basal respiratory
rhythm (11, 12) and alterations in peripheral and central chemosensitivity to O2 and CO2 can trigger the
hyperactivation of the sympathetic nervous system and, consequently, arterial hypertension (11-13), suggesting
that respiratory mechanisms may also be involved in the process of establishing this pathology.

The ingestion of a-linolenic acid (ALA, 18: 3), also known as omega-3, a polyunsaturated fatty acid,
is able to play a dose-dependent hypotensive role in hypertensive individuals (14) due mainly to its anti-
inflammatory action by decreasing the synthesis of arachidonic acid derivatives: prostaglandin E2, thromboxane
A2, prostacyclin and leukotriene B4 (15). In a meta-analysis, a significant reduction in blood pressure levels
(between 2.0 and 3.4 mmHg) was found in hypertensive patients who consumed 5.6 g/day of omega-3 fatty acids
(16). Similarly, other study (17) found that blood pressure in untreated hypertensive patients was reduced by 3.5-
5.5 mmHg with a daily intake of 3g/day of omega-3 fatty acids. Consumption of an omega-3-enriched diet
during gestation and lactation also reduces adiposity and improves insulin sensitivity in offspring (18, 19). The
very long chain polyunsaturated fatty acids (LC-PUFA) through their binding to PPARs (peroxisome
proliferator-activated receptor) can regulate lipid metabolism, acting in the modulation of the expression of
genes related to the oxidation of fatty acid (20).

It is verified that omega-3 and its derivatives eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), can act as cytoprotectors, through the positive regulation of the antioxidant enzymes and inhibition of
the pro-inflammatory gene expression (21). The very long chain polyunsaturated fatty acids can regulate the
expression of antioxidant enzymes (glutathione peroxidase, glutathione reductase, glutathione transferase and
catalase) through the activation of NF-E2-related Factor 2 by means of their oxidation products (22).

Therefore, the objective of the present study was to evaluate the changes in the biochemical profile,
murinometric, oxidative balance and respiratory parameters in the offspring of rats submitted to the diet with a
high content of saturated fatty acids during gestation and lactation. In addition, it was assessed whether these
changes are attenuated in the offspring of rats submitted to a diet high in saturated fatty acids enriched with

omega-3.
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2 Materials and methods
The experimental protocol was approved by the Ethical Committee (protocol 23076.049500/2016-37)
of the Federal University of Pernambuco, Brazil. The Guidelines for the Care and Use of Laboratory Animals

were followed and all efforts were made to minimize animal discomfort and the number of animals used.

2.1 Animals and experimental groups

Primparous albino rats (n = 20) from the Wistar line (Rattus norvegicus) were obtained from the
biotery of the Academic Center of Vitéria (CAV), Federal University of Pernambuco, Brazil. At 85 to 90 days of
life 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 performed from the observation of the presence of spermatozoa in
the vaginal smear, defining the first day of gestation. From the first day of gestation until the 21% day of
lactation, the progenitor rats were separated and placed in individual cages and randomly allocated in their
respective diets with water and chow ad libitum, the following groups were composed: control diet group (n =
35), diet group with high content of saturated fatty acids, HL (n = 27); and group with high saturated fatty acid
content enriched with omega-3, HLW3 (n = 27).

Temperature and humidity were maintained within the range of 22 to 24 ° C and 55 to 65%
respectively, with 12h light and dark cycle (lights on from 06:00 to 18:00h). Offspring from each female 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.

2.2 Nutritional manipulation

For the nutritional manipulation the following diets were defined: control group received a standard
diet whose composition was in accordance with AIN-93 (23) with 19% of the energy coming from the fats, 20%
of the proteins and 61% of the carbohydrates; the HL group received a diet high in saturated fatty acids adapted
from the composition of the diet used in the study of Ferro Cavalcante (24), with 33% of the energy coming
from the fats, 20% of the proteins and 47% of the carbohydrates; and the HLW3 group received a diet high in
saturated fatty acids, enriched with omega-3 with 33% energy from fats, 20% from proteins and 47% from
carbohydrates (Table 1). The standard diet contained around 14,64 kJ/g and the hyperlipid diets around 18,82
kJ/g. Hyperlipidic diets had a higher content of saturated fatty acids and the diet enriched with omega-3
contained less omega 6 (table 2). After weaning, at 21 days of age, the animals received commercial standard
diet for rats (Presence®, Neovia Group, Sdo Paulo, Brazil), forming three groups: offspring dams fed with
standard diet (control), offspring dams fed a diet high in saturated fatty acids (HL) and offspring dams fed a diet
high in saturated fatty acids enriched with omega-3 (HLW3).

2.3 Evaluation of murinometric measurements

Were mensured the body weight, naso-anal length and abdominal circumference in the 1%, 7, 14,
21%, 30™ and 90™ days of life. After obtaining measurements, the Lee index was calculated on the 90™ day of life

from the relation between the cubic root of the body weight and the naso-anal length of the animal (25).
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2.4 Biochemical analysis

Dams at 19 days of pregnancy and offspring at 22 (subsequent to weaning), 30 and 90 days of life,
were submitted to a 12-hour fast (overnight), and then anesthetized with Ketamine (80mg / Kgi.p) and xylazine
(10mg / Kgi.p) for collection of blood samples through the rupture of the retro orbital plexus. After coagulation,
the blood was centrifuged at 3500 RPM for 10 minutes to obtain the serum, which was transferred to an
Eppendorf tube and stored at -20 ° until the accomplishment of the biochemical analyzes by means of the
equipment Automatic Chemistry Analyzer (ver. 4e) (Pioway Medical Lab Equimament Co., Ltd.). In the dams
and offspring were analyzed: total proteins, albumin, glycemia, triglycerides, cholesterol, alanine
aminotransferase (ALT), aspartate aminotransferase (AST). From the triglyceride dosage the VLDL-cholesterol
value was obtained by the Friedewald formula = TG / 5, as established in the 1V Brazilian Guideline on
Dyslipidemias and Prevention of Atherosclerosis: Department of Atherosclerosis of the Brazilian Society of
Cardiology (26).

2.5 Glucose tolerance test

At 90 days of age, the glucose tolerance test (GTT) was performed after a 6-hour fast, the animals
were separated into individual cages and blood was collected from cuts at the tail ends of the animal, (in
duplicates), being measured baseline glycemia at time 0 or TO (in duplicates), and after that, 20% glucose (2mg /
g by weight) was given through gavage and glucose was measured (in duplicate) at 15, 30, 60 and 120 minutes

after administration of glucose (27).

2.6 Pyruvate tolerance test

At 90 days of life the sodium pyruvate tolerance test (PTT) was performed after a 12-hour fasting
(overnight), the animals was separated into individual cages. Glucose measurement at time 0 (T0) was
performed in duplicate, and then the sodium pyruvate to 50% (2g/kg of weight ) was injected intraperitoneally,
after this the blood glucose was measured (in duplicate) at 15, 30, 45, 60 and 120 minutes after administration
sodium pyruvate (Sigma-Aldrich Brasil Ltda, P2256) (27).

2.7 Insulin sensitivity test

At 90 days of life the insulin sensitivity test (IST) was performed after a 6-hour fast, the animals were
separated into individual cages. Glucose measurement at time 0 (T0) was performed in duplicate, and then the
insulin (1 mU / g of weight) was injected intraperitoneally, after this the blood glucose was measured (in
duplicate) at 15, 30, 45, 60 and 120 minutes after administration of regular human insulin (HUMULIN R,
100U1/ml) (27).

2.8 Evaluation of oxidative stress in hepatic tissue

At 90 days, five animals from each group were sacrificed by guillotine after 6 hours fasting in the
clear period (6h at 12h) for collection of the liver. An aliquot of approximately 1 g of the organ was stored in

Eppendorf at -80 ° C until sample preparation. The analyzes of oxidative stress were carried out at the
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Laboratory of General Biochemistry, molecular and of the exercise of the Academic Center of Vitoria, Federal

University of Pernambuco.

2.8.1 Preparation of homogenate of liver tissue

Hepatic tissue was homogenized in extraction buffer (50 mM Tris base and 1 mM EDTA, pH 7.4,
with addition of 1 mM sodium orthovanadate and 2 mM PMSF). After homogenization, the samples were

centrifuged at 1180xg, at 4 ° C, for 10 minutes and the supernatants were submitted to protein quantification.

2.8.2 Protein dosage

The protein concentration was determined by the method of BRADFORD (1976) (28). The principle
of the method is based on determining the concentration of peptide bonds by measuring the absorbance of the
protein-dye complex. This complex absorbs at wavelength 595 nm. The absorbance is considered directly
proportional to the protein concentration in the analyzed solution, where a solution of BSA (2mg / ml) was used

as standard.

2.8.3 Evaluation of the levels of lipid peroxidation by the methodology of the substance Reactive to
Thiobarbituric Acid

For the TBARS dosage, the colorimetric technique of BUEGE and AUST (1978) (29) was used,
being a technique widely used to evaluate the lipoperoxidation, since the thiobarbituric acid reacts with the LPO
products, among them malondialdehyde and other aldehydes. The aliquot (300ug protein) of the homogenate
was added to 30% trichloroacetic acid (TCA), the material was centrifuged at 1180xg for 10 minutes, the
supernatant removed and added to 0.73% thiobarbituric acid which reacted with the products of the
lipoperoxidation forming a pink colored compound. The mixture was incubated for 15 minutes at 100 ° C and
then cooled, used to read the absorbance at 535nm in a spectrophotometer (Biochrom Libra S12 Visible, USA),

using quartz cuvettes. The results were expressed as uM / mg protein.

2.8.4 Evaluation of sulfhydryl-SH content

The sulfhydryl content was determined from the reaction with DTNB (5,5'-dithiobis (2-nitrobenzoic
acid) (30). The aliquot of the homogenate (300 pg protein) was incubated in the dark after addition of 10 mM
DTNB and the final volume was 1 mL completed with pH 7.4 extraction buffer and read with absorbance (30°C)
at 412 nm in spectrophotometer (Biochrom Libra S12 Visible, USA) The results were expressed as M / mg

protein.
2.8.5 Evaluation of the enzymatic activity of Superoxide dismutase (SOD)

The determination of SOD activity was done according to MISRA and FRIDOVICH (1972) (31).
Liver homogenate (80 pg protein) was incubated in sodium carbonate buffer (0.05%, pH 10.2, 0.1 mM EDTA)
in a water bath at 37 ° C prior to evaluation of the enzymatic activity. The reaction was started by the addition of
20 uM epinephrine (150 mM) in acetic acid (0.05%). The absorbance was read at 480nm for 3 min in
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spectrophotometer (Biochrom Libra S12 Visible, USA). The results were expressed as U / mg protein. One unit
of SOD was defined as the amount of protein required to inhibit auto-oxidation of 1 pumol epinephrine per

minute.

2.8.6 Evaluation of the enzymatic activity of Catalase

The catalase activity was monitored according to AEBI (1984). The principle of the assay is based on
the determination of the decomposition constant k of H.O,, which in our temperature and pH conditions was set
to 4.6 x 107. Thus, 0.3M H,0, was added to the sample (80 pg protein), followed by addition of the 50 mM
phosphate buffer, pH 7.0 at 20 °C, the decay absorption was monitored for 4 min at 240 nm in a
spectrophotometer (Biochrom Libra S12 Visible, USA). The results were expressed as U / mg protein (32). A

catalase unit was defined as the amount of protein required to convert 1pmol H,O; to H,O per minute.

2.8.7 Evaluation of the enzymatic activity of Glutathione S-Transferase

The activity of glutathione S-transferase (GST) is directly proportional to the rate of formation of the
compound DNP-SG (dinitrophenyl S glutathione), which can be measured by monitoring the formation rate of
the compound. In a 1 mL quartz cuvette, the sample (80 ug protein) was added to the phosphate buffer (0.1M)
and EDTA (1mM), GSH (ImM) and CDNB (1mM). The absorbance (340mm) was recorded for a period of
approximately 3 min with temperature control (30°C) in a spectrophotometer (Biochrom Libra S12 Visible,
USA). The results were expressed as U / mg protein. One unit of GST enzymatic activity was defined as the

amount required to catalyze the formation of 1 pmol of the DNP-SG compound per minute (33).

2.8.8 Quantification of redox balance (GSH / GSSG ratio)

The GSH / GSSG ratio was assessed by quantifying the levels of GSH (reduced glutathione) and
GSSG (oxidized glutathione) according to the method of HISSIN and HILF (1976). In 0.1M phosphate buffer
containing 5 mM EDTA (pH 8.0) was added 100 pg of the liver homogenate and the orthophthaldeide
fluorescent (1 uM), and then incubated at room temperature for 15 minutes and read in a FLUOstar Omega
spectrofluorimeter (BMG Labtech , USA), using the 350nm excitation and 420nm emission wavelengths. To
determine GSSG levels, the sample was incubated with 0.04M N-ethylmaleimide for 30 minutes, followed by
the addition of 0.1M NaOH buffer. When the preparations were ready, following the same steps GSH was run to
determine GSSG. The redox state was determined by the GSH / GSSG ratio (34).

2.9 Evaluation of ventilatory parameters

Ventilation measurements were obtained by whole-body plethysmography, in a closed system (35),
on the 90™ day of the offspring life. During each ventilation measurement, airflow was interrupted and the
chamber of the animal remained fully sealed for short periods (~ 2 min). The oscillations caused by the
ventilation of the animal were captured by a device connected to the chamber containing the pressure differential

transducer and the signal amplifier (ML141 spirometer, PowerLab, ADInstruments). The signal was then sent to
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the acquisition system and data analysis (LabChartTM Pro, PowerLab, ADInstruments). Three respiratory

variables were measured: respiratory frequency (RF), tidal volume (V) and ventilation (VE) (36).

2.10 Statistical analysis

The results were expressed as mean + SEM (standard error of the mean). Normality analysis of the
sample was performed using the Kolmogorov-Sminorv test. The comparison between the groups was performed
using the one-way ANOVA and two-way ANOVA (for glucose tolerance tests, pyruvate tolerance test and
insulin sensitivity test), followed by the Bonferroni post-test. Data were analyzed in the Graph Pad Prism

program (GraphPad Software Corporation, version 5.0, 2007). The significance level considered was p <0.05.

3. Results

3.1 Biochemical evaluation of dams s at 19 days of gestation

At 19 days of gestation (Table 3), no significant differences were found in total proteins, albumin,
glycemia, triglycerides, cholesterol, VLDL, alanine aminotransferase (ALT), aspartate

aminotransferase (AST). However, only the HL group presented increased serum levels of total cholesterol
(Control: 73.29+1.74, HL: 90.01+3.27, HLW3: 64.34+4.73/ dL, n = 3-7, p = 0.0005) when compared to the other

groups.

3.2 Evaluation of murinometric measurements

At the ages of 1, 7, 14, 21, 30 and 90 days of life were evaluated: body weight, abdominal
circumference, naso-anal length and Lee index at 90 days of life. The HL offspring presented higher body mass
in the 1% day of life (Control: 6.53 + 0.15, HL: 7.41 + 0.17, HLW3: 6.78 + 0.11g, n = 25-35, p = 0.0003) (figure
1A) when compared to the group control and HLW3, and no difference was found between the control and
HLW3 groups. On the 7" (Control: 18.06+0.265, HL: 20.83+0.184, HLW3: 20.08+0.516g, n=26-34; p<0.0001)
(figura 1B) and 14" (Control: 32.22+0.396, HL: 34.72+0.522, HLW3: 36.17+0.611g, n=25-34; p<0.0001)
(figure 1C) days of life, the HL and HLW3 groups presented higher body mass when compared to the control
group. Already in the 21 (Control: 53.93+0.698, HL: 54.39+0.84, HLW3: 57.63+0.75g, n=23-31; p=0.0023)
(figure 1D) day of life, the HLW3 group had higher body mass when compared to the other groups. However at
30 (Control: 93.31+2.36, HL: 97+2.29, HLW3: 100.2+2.58g, n=25-35; p=0.1316) (figure 1E) and 90 (Control:
370.1+6.62, HL: 358.1+4.35, HLW3: 380+7.07g, n=27-35; p=0.0680) (figure 1F) days of life, no differences
were found between groups.

In the evaluation of the abdominal circumference, in the 1%t day of life the offspring HL and HLW3
presented greater abdominal circumference than the control group (Control: 4.38+0.042, HL:4.58+0.04, HLW3:
4.54+0.044cm, n=27-35, p=0.0029) (figure 2A). Alderady at 7 (Control: 6.24+0.50, HL:6.56+0.060, HLWS3:
6.38+£0.10cm, n=26-35, p=0.0056) (figure 2B) and 14 (Control: 8.13+0.055, HL:8.47+0.075, HLWa3:
8.316+0.057cm, n=25-34, p=0.0009) (figure 2C) days of life, only the HL group showed greater circumference
when compared to the control group. On the 21% day of life (Control: 10.18+0.085, HL:10.18+0.129, HLW3:
10.14+0.11cm, n=27-35, p=0.9707) (figure 2D) no difference was found between groups. However at 30
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(Control: 12.04+0.13, HL:12.67+0.209, HLW3: 11.83+£0.191cm, n=27-35, p=0.0046) (figure 2E) days of life,
the HL group had a greater abdominal circumference when compared to the other groups. And in the 90%
(Control: 19.17+0.29, HL: 18.64+0.28, HLW3: 19.18+0.27cm, n=7-12, p=0.4271) (figure 2F) day of life, there
was no difference between the groups.

In relation to the naso-anal length (figure 3), the animals of HL group were larger in relation to the
control group and HLWS3 in the 1%t (Control: 5.14+0.052, HL: 5.43+£0.074, HLW3: 5.19+0.068cm, n=25-34;
p=0.0041) (figure 3A) and 7% (Control: 7.13+£0.059, HL: 7.55+0.053, HLW3: 7.27+0.082cm, n=25-34;
p<0.0001) (figure 3B) days of life, no difference was found between the control group and HLW3. In the 14
(Control: 8.685+0.093, HL: 8.81+0.072, HLW3: 8.53+0.065cm, n=25-34; p=0.0771) (figura 3C) day of life no
difference was found between groups. Already at 21(Control: 10.58+0.12, n=34, HL: 11.75+0.111, n= 27,
HLW3: 11.47+0.18cm, n=25-34; p<0.0001) (figura 3D) days of life, group HL and HLW3 were higher in
relation to control. However, the animals of HL group were larger again at 30 days (Control: 13.37 + 0.183, HL:
15.67 £ 0.341, HLW3: 13.79 £ 0.13cm, n = 27-34; p <0.0001) (figure 3E) when compared to the other groups,
and no difference was found in relation to the control and HLW3 groups. Already at 90 days (Control:
22.17+0.54, HL: 22.83+0.38, HLW3: 22.80+0.43cm, n=7-12; p=0,5456) (figure 3F), the groups showed similar
body growth, and no difference was found between the groups.

As for Lee's index (figure 4) at the age of 90 days, no difference was found between groups (Control:
0.32+£0.007, HL: 0.31 £ 0.005, HLW3: 0.32 + 0.005cm, n = 7-12; p = 0.8768).

3.3 Biochemical evaluations of offspring at 22, 30 and 90 days of life

At 22 days of life, shown in table 4, no differences were found in serum levels of albumin, total
proteins and AST / TGO between the groups. In relation to glucose, only the HL group presented higher levels
(Control: 108.6 £ 3.34, HL: 119.3 £ 3.34, HLW3: 117 + 1.59 mg / dL, n = 25-33, p = 0.0285) when compared to
the control group. The HL group also had higher serum levels of total cholesterol (Control: 116.4 + 1.66, HL:
126.8 + 3.04, HLW3: 117.3 + 2.18mg / dL, n = 23-33, p = 0.0030) ALT / TGP (Control: 17.37 £ 0.71, HL: 22.45
+ 1.81, HLW3: 16.99 + 0.62U / L, n = 24-34, p = 0.0016) and lower levels relative to the ratio AST / ALT
(Control: 8.56 + 0.72, HL: 5.52 + 0.85, HLW3: 8.63 + 0.47U / L, n =24-32, p = 0.004) when compared to the
other groups. Already the HLW3 group presented lower levels of triglycerides (Control: 138.5 £ 6.13, HL: 124.2
+ 6.88, HLW3: 116.3 £ 4.22mg / dL, n = 26-35, p = 0.0270) and VLDL (Control: 28.41 + 1.45, HL: 24.85 +
1.37, HLW3: 23.25 + 0.84 mg / dL, n = 26, p = 0.0156) when compared to the control group.

At the age of 30 days, shown in table 4, no differences were found between groups in the biochemical
parameters evaluated, albumin, glucose, total proteins, total cholesterol, triglycerides, VLDL, hepatic ALT
transaminase, AST and AST / ALT ratio.

At 90 days of life, shown in table 5, no differences were found again in serum levels of albumin, total
proteins and ALT/TGP between the groups. In relation to glucose, the HL group presented higher levels
(Control: 120.843.12, HL: 142+3.64, HLW3: 126.3 +2.94mg/dL, n=26-34, p<0.0001) when compared to the
other groups. The HL group also presented higher serum levels of total cholesterol (Control: 80.89 + 1.54, HL:
87.25 +£1.53, HLW3: 82.77 £1.66mg/dL, n = 25-35, p = 0.0165), triglycerides (Control: 96.92 +1.86, HL: 110.3
+1.55, HLW3:108.5+4.45mg/dL, n = 26-34, p = 0.0294) and VLDL (Control: 19.38+0.37+1.45, HL:
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22.07+£1.11, HLW3: 21.71+0.88mg / dL, n = 26-34, p =0.0294) when compared to the control group, without
difference between the control and HLW3 groups. Already the HLW3 group presented lower levels of AST /
TGO (Control: 143 +4.65, HL: 134.2 +6.14, HLW3: 115+3.86U/L, n = 25-34, p =0.0007) and AST / ALT ratio
(Control: 3.48+0.17, HL: 3.11+0.12, HLW3: 2.56+0.08mg / dL, n =23-34 , p = 0.0002) when compared to the

control and HL groups.

3.4 Glucose tolerance test

In the glucose tolerance test, as shown in figure 5, no difference was found in glycemia levels between
groups at time O (Control: 98.5+2.58, HL: 90.86+2.85, HLW3: 97.2+4.09mg/dL, n=10-18; p>0.05), prior to
glucose administration and in the time 15 (Control: 177.70+8.15, HL: 190.93+5.87, HLWS3:
195.55+11.41mg/dL, n=9-17; p>0.05), 30 (Control: 179.88+7.85, HL: 166.467+4.236, HLW3:
168.5+4.76mg/dL, n=10-18; p>0.05), 60 (Control: 166+6.90, HL: 160.6+7.20, HLW3: 170.90+9.34mg/dL,
n=10-18; p>0.05) and 120 (Control: 105.504+3.41, HL: 96.73+3.65, HLW3: 105.2+4.73mg/dL, n=10-18; p>0.05)

minutes after glucose administration.

3.5 Pyruvate tolerance test

In the glucose tolerance test, as shown in figure 6, no difference in glycemia was found between
groups at time O (Control: 99.27+3.73, HL: 98.2+3.27, HLW3: 93+2.42mg/dL, n=10-18; p>0.05), prior to
pyruvate administration and in the time 15 (Control: 119.16+5.44, HL: 116.93+6.05, HLW3: 134+8.11mg/dL,
n=9-18; p>0.05), 30 (Control: 123.33+4.87, HL: 126.06+5.66, HLW3: 141.2+9.33mg/dL, n=10-18; p>0.05), 45
(Control:  113.94+3.98, HL: 111.245.76, HLW3: 124.1+7.20mg/dL, n=10-18; p>0.05), 60 (Control:
106.61+3.36, HL: 100.86+5.02, HLW3: 116+6.53mg/dL, n=10-18; p>0.05) and 120 (Control: 93.55+3.43, HL:
84.86+4.75, HLW3: 93+5.02mg/dL, n=10-18; p>0.05) minutes after administration of pyruvate.

3.6 Insulin sensitivity test

Regarding the insulin sensitivity test, as shown in figure 7, no difference in glycemia was found between
groups at time 0 (Control: 79.50+2.32, HL: 85.64+3.68, HLW3: 91.50+4.03mg/dL, n=10-18; p<0.001), before
administration of insulin and in the time 15 (Control: 85.83+3.46, HL: 81.14+5.61, HLW3: 88.8+5.28mg/dL,
n=10-18; p>0.05), 30 (Control: 61.05+2.26, HL: 64.14+3.88, HLW3: 60.5+3.51mg/dL, n=10-18; p>0.05) , 45
(Control: 50.33+2.26, HL: 52.07+2.45, HLW3: 52.6+4.09mg/dL, n=10-18; p>0.05) , 60 (Control: 43.94+2.21,
HL: 40.92+2.43, HLW3: 41.9+4.00mg/dL, n=10-18; p>0.05) and 120 (Controle: 36.11+2.25, HL: 39.071+2.702,
HLW3: 38.1+4.023mg/dL, n=10-18; p>0.05) minutes after insulin administration.

3.7 Evaluation of oxidative stress in the hepatic tissue

Oxidative stress was evaluated in the hepatic tissue of the rats at 90 days of life, from biomarkers such as
malondialdehyde (MDA), sulfhydryl and antioxidant enzyme systems: catalase, superoxide dismutase and
glutathione transferase and through GSH, GSSG and GSH / GSSG ratio (figure 8). The HL group had higher
levels of MDA when compared to the HLW3 group (Control: 38.40 + 5.84, HL =52.23 + 5.61, HLW3 =33.40 +
4.22 uM [ mg protein, n = 3-4, p = 0.0398) (Figure 8A), and no difference was found between the control and
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HLW3 groups. Lower levels of sulfhydryl were found in the HL group when compared to the control group
(Control = 0.0115 + 0.001, HL = 0.0060 + 0.00004M / mg protein, n = 4-5, p = 0.0034) (Figure 8B). The HLW3
group also had reduced levels of sulfhydryl in relation to the control group (Control = 0.0115 + 0.001, HLW3 =
0.0066 + 0.0007 M / mg protein, n = 4-5, p = 0.0114) (figure 8B).

As for the enzymatic systems, no difference was observed in the catalase activity among the offspring
(Control = 8.305 + 0.94, HL = 8.148 + 1.25, HLW3 = 9.232 + 1.67U / mg protein, n = 4, p> 0.05) (Figure 8C).
However, the HL group presented a lower level of SOD in relation to the control group (Control = 0.853 + 0.07,
HL = 0.64 £ 0.01, HLW3 = 0.7405 £ 0.07U / mg protein, n = 5, p = 0.0225) and GST (Control = 27.94 + 1.38,
HL = 22.05 + 0.741, HLW3 = 25.38 + 1.21U / mg protein, n = 4, p = 0.0095) (Figure 8E), whereas the HLW3
group did not differ from the control group. In relation to GSH (Control: 1454+27.18, HL: 692.5+46.9, HLW3:
1018+32.18U/mg de protein, n=5; p<0.0001) (figure 8F) and GSSG (Control: 95.80+3.88, HL: 64.41+1.14,
HLW3: 80.89+2.70U/mg de protein, n=5; p<0.0001) (figure 8G), the HL group presented lower levels when
compared to the control group and HLW3 and the HLW3 group also presented lower levels when compared to
the control group. In relation to the GSH / GSSG ratio, the HL and HLW3 groups presented lower values when
compared to the control group (Control: 15.26+0.58, HL: 10.77+0.78, HLW3: 12.62+0.50, n=5; p=0.0011)
(figure 8H).

3.8 Evaluation of ventilatory parameters

The ventilatory parameters of the offspring were analyzed at the 90" day of life regarding the
respiratory frequency (figure 9), obtaining tidal volume values (figure 10) and ventilation (figure 11). In
respiratory frequency no difference was found between groups on the 90" (Control: 98.12 + 2.69, HL: 103.7 +
1.71, HLW3: 93.58 + 3.69cpm, n = 16-26, p = 0.0755) (figure 9) day of life.

In relation the V1 and VE analyzes, also no difference were found between groups in the V+ (Control:
8.33 £ 0.47, HL: 7.87 + 0.46, HLW3: 7.72 £ 0.35mL / kg, n = 16-28, p = 0.6126) (figure 10) and VE (Control:
837.2 £ 48.69, HL: 801.2 + 58.22, HLW3: 736.9 + 49.41mL / kg / min, n = 16-28, p = 0.4313) (figure 11) at 90
days of life.

4 Discussion

In the present study, we observed an increase in body weight at the age of 1, 7 and 14 days of life in
the group that received the diet rich in saturated fatty acids (HL) during gestation and lactation when compared
to control, as also found in the study in Kojima et al. (2016) (37), already the HLW3 group presented lower body
weight in relation to the HL group in the first day of life. It is verified that the ingestion of omega-3 during
gestation and lactation can reduce the corporal adiposity in the offspring (38), even in the presence of a
hyperlipidic diet (39). However, on the 71 and 14" days of life, the HLW3 group also presented higher body
weight when compared to the control and on the 21% day of life the HLW3 group had higher body mass when
compared to the other groups, demonstrating the predominant effect of the diet rich in saturated fatty acids, even
with the presence of omega-3. However, we found no difference in weight between groups at 30 days and in

adult life at 90 days of life. In relation to the abdominal circumference, we found an increase in the
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circumference at the age of 1 day of life in the offspring submitted to the hyperlipidic diets when compared to
the control, in the 7" and 14™ days of life, the HL group had a larger circumference than the control, without
difference between the HLW3 and control groups. At 21 days of life, no difference was found between the
groups and at the 30" day of life, the HL group again presented a larger circumference when compared to the
control and HLWS3 groups. It has also been shown in animals that maternal supplementation of DHA during
pregnancy and lactation reduces visceral and subcutaneous adipose tissue, which is associated with the risk for
the development of obesity (40). The animals of the HL group also presented bigger, with a greater naso-anal
length in the 1%t and 7™ days of life when compared to the other groups, on the 14" day no difference was found
between the groups, already in the 21% day of life the groups submitted to the hyperlipidic diets were higher than
the control and in the 30" day of life, again the offspring HL presented a longer length when compared to the
other groups. However, at 90 days of age, in adulthood, no difference was found in naso-anal length, body
weight, abdominal circumference and Lee index between groups, with normalization of anthropometric
indicators of adiposity in adult life.

As regards the biochemical parameters evaluated, dams who consumed a diet rich in saturated fatty
acids had higher cholesterol levels when compared to the control and HLW3 groups. The offspring of HL dams,
at 22 days of age, also presented higher cholesterol levels when compared to the other groups. And the
triglyceride levels of the HLW3 offspring were reduced in comparison to the control group. Regarding fasting
blood glucose levels, only the HL group presented higher values when compared to the control, the values of the
HLW3 group were similar to the control group. At 90 days of age, offspring HL also had higher cholesterol
levels than the control group and higher levels of triglycerides and VLDL were found in these animals in relation
to the control, without difference when compared to the control and HLW3 groups. At this age too, fasting blood
glucose levels were higher in the HL group when compared to the other groups. Since the hyperlipidic diet
during gestation and lactation can lead to metabolic alterations such as hyperglycemia, hypertriglyceridemia,
elevated LDL-cholesterol and decreased HDL-cholesterol (10) the results found in the biochemical parameters
evaluated in the HLW3 group can be justified by the action of the omega-3. Because omega-3 can improve lipid
profile by lowering triglyceride levels, total cholesterol and LDL-C fraction (39). Among the mechanisms of
action of omega 3, its effect on the decrease of hepatic lipogenesis by inhibition of SREBP (regulatory protein
binding to the sterol element) and reduction in the expression of enzymes involved in the synthesis of
cholesterol, fatty acids and triglycerides; inhibition of enzymes involved in the hepatic synthesis of triglycerides
such as phosphatidic acid phosphatase and diacylglycerol acyltransferase and increased expression of lipoprotein
lipase to capture triglycerides from circulating lipoproteins: VLDL and chylomicrons may justify their lipid-
lowering action (41). In addition to its lipid-lowering role, omega-3 intake is associated with impaired insulin
sensitivity, reduced with age, in the offspring of male rats (19). It was observed that the number of pancreatic
islets was higher in the offspring of adult rats than the mothers received a diet rich in omega-3, without alteration
in the volume of the pancreas (42).

The animals submitted to the diet rich in saturated fatty acids presented high levels of ALT, whereas
animals that received a high-saturated fatty acids diet enriched with omega-3 presented better levels of
transaminases at 22 days of life. Already at 90 days of age, the HLW3 group presented lower levels of AST than
the control group and HL.The consumption of diet rich in saturated fats increases the gene expression of Scdl

and FadS2 that signal adipogenic pathways in the liver (43), besides inducing and / or aggravating liver injury
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with subsequent increase in plasma levels of transaminases (44, 45). In contrast, omega-3 ingestion reduces
levels of transaminases, mainly ALT in individuals with non-alcoholic fatty liver disease (46, 47).

The glucose tolerance test, pyruvate and the insulin sensitivity test were performed. The pyruvate
tolerance test was performed to evaluate the hepatic production of fasting glucose from gluconeogenesis. Since
pyruvate is a common metabolite of the major precursors used in gluconeogenesis (lactate, amino acids and
gilcerol) (48). The pyruvate tolerance test also predicts the degree of hepatic insulin sensitivity. In the analyzes
of the glucose tolerance, pyruvate and insulin sensitivity tests, no differences were found between the groups at
the times evaluated. However, the progression of diabetes mellitus goes through intermediary stages, from
altered fasting glycemia and glucose intolerance, and these stages are due to insulin resistance associated with
pancreatic B-cell dysfunction. Although we found no difference in these tests, our study verified a tendency to
develop diabetes mellitus in the group submitted to a diet rich in saturated fatty acids. Since fasting
hyperglycemia at 22 and 90 days of life in these animals may provide evidence of both insulin resistance and
beta cell dysfunction (49) and that the oxidative imbalance presented in the HL group at 90 days may be an event
prior to the development of diabetes mellitus (50), it is possible that in a more advanced stage, the long term, a
impaired of tolerance to glucose, pyruvate and insulin sensitivity can be found in these animals.

In the evaluation of the impact of the diet rich in saturated fatty acids on the parameters of oxidative
stress in the liver and the effect of omega 3, we verified that the enrichment of the hyperlipid diet with omega-3,
decreased levels of MDA, that being involved with fat visceral, since it is a predictor of lipid peroxidation (51),
is also an indicator of cellular damage by the increase of reactive oxygen species (ROS) (52). Also, the
enrichment of the omega 3 diet improved the antioxidant capacity, impaired by the diet rich in saturated fatty
acids, with normalization of the levels of SOD and GST. No difference was found in relation to the control group
and HLWS3 in these evaluated enzymes, being these data according to the study of Ramaiyan et al (2016) (53)
who also found an improvement in the antioxidant activity in the hepatic tissue of the offspring of dams who
were submitted to a hyperlipidic diet with a higher amount of omega-3. In addition, GSH and GSSG levels were
higher in the HL group when compared to the control and HLW3 groups. It was found that supplementation with
EPA and DHA in mice submitted to the hyperlipid diet improved the levels of inflammatory cytokines (IL-6, IL-
1p and TNF-a) and recovered levels of hepatic GSH and glutathione (22). Another study, found that the
supplementation of EPA in mice submitted to a hyperlipid diet (32% of lipids) increased the activity of SOD and
GSH, which was found reduced in the group that did not receive the supplementation, with decreased also levels
of glucose, insulin, total cholesterol, transaminases, cholesterol deposition and hepatic triglycerides. The groups
that were submitted to hyperlipidic diets (rich in saturated fatty acids) had a lower GSH / GSSG ratio in relation
to the control group. A high proportion of GSH / GSSG protects the cell against oxidative damage, breaking that
ratio leads to the activation of redox sensitive transcription factors such as NF-xB, which acts on the
inflammatory response (50).

Little is known about the effects of the maternal hyperlipid diet and the omega-3 in the process of
maturation of the respiratory system. It has already been verified that maternal protein malnutrition is related to
an increase in respiratory rate at 30 and 90 days of life, as a mechanism underlying the installation of arterial
hypertension (54). The study by Guimaraes et al. (2017), like our findings, also found no differences in baseline
respiratory rate, tidal volume, and pulmonary ventilation at 90 days of life of animals receiving a hyperlipidic

diet during gestation and lactation. In contrast, when these same animals were exposed to the hypercapnia
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condition (7% CO2), there was an increase in respiratory rate and pulmonary ventilation, suggesting a greater
sensitization of chemoreceptors (55).

In conclusion, the present study demonstrates that maternal consumption of a diet rich in saturated
acids is associated with losses in some murinometric parameters, biochemical and oxidative imbalance, with
reduction of enzymes that participate in the antioxidant defense system. However, no changes were observed in
the animals that were submitted to this diet, in the tests of tolerance to glucose, pyruvate, insulin sensitivity and
in the respiratory parameters at 90 days of life, which could occur later, considering the risk factors found in
these animals as: dyslipidemia, hyperglycemia and oxidative imbalance. In addition, our findings confirm that
the consumption of omega 3 from flaxseed oil is able to attenuate some changes observed in animals that
received a diet rich in saturated fatty acids during gestation and lactation, which are present in the diseases
cardiovascular and metabolic. More studies are needed to evaluate the mechanisms related to metabolic and
respiratory changes caused by the intake of a hyperlipidic diet, as well as the role of the omega-3 during the
perinatal period. A complete understanding of these mechanisms and the role of omega-3 e do papel do dmega-3

sobre os mesmos may lead to the development of therapeutic strategies and government policies to improve

public health.
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Figure captions

Figure 1. Body mass on the 1°t, 7t 14t 215t 30™ and 90™ days of life of males whose dams were submitted
to control, HL and HLW3 diets during gestation and lactation. The rats were submitted during gestation and
lactation to control diet (19% lipids) or high-fat diet (rich in saturated fatty acids - 33% lipids), HL, or high in
saturated fatty acids enriched with omega-3 with 3.5% linseed oil, HLW3, according to the experimental group.
The white bars represent the control group, the black group HL and the gray group HLW3. The graphs were
expressed as mean + SEM, after the one-way ANOVA test and Bonferroni post-test for the evaluation periods of
1 day of life (A), 7 days of life (B), 14 days of life (C ), 21 days of life (D), 30 days of life (E) and 90 days of
life (F). (* p<0.05 vs. Control, # p<0.05 vs. HL; n=23-35).

Figure 2. Abdominal circumference on the 1%t, 71, 14t 215t 30t and 90" days of life of males whose dams
were submitted to control, HL and HLW3 diets during gestation and lactation. The rats were submitted
during gestation and lactation to control diet (19% lipids) or high-fat diet (rich in saturated fatty acids - 33%
lipids), HL, or high in saturated fatty acids enriched with omega-3 with 3.5% linseed oil, HLW3, according to
the experimental group. The white bars represent the control group, the black group HL and the gray group
HLW3. The graphs were expressed as mean + SEM, after the one-way ANOVA test and Bonferroni post-test for
the evaluation periods of 1 day of life (A), 7 days of life (B), 14 days of life (C ), 21 days of life (D), 30 days of
life (E) and 90 days of life (F). (* p<0.05 vs. Control, # p<0.05 vs. HL; n=7-35).

Figure 3. Naso-anal length on the 1%t, 7th, 14t 215t 30" and 90t days of life of male offspring whose dams
were submitted to control, HL and HLW3 diets during gestation and lactation. The rats were submitted
during gestation and lactation to control diet (19% lipids) or high-fat diet (rich in saturated fatty acids - 33%
lipids), HL, or high in saturated fatty acids enriched with omega-3 with 3.5% linseed oil, HLW3, according to
the experimental group. The white bars represent the control group, the black group HL and the gray group
HLW3. The graphs were expressed as mean + SEM, after the one-way ANOVA test and Bonferroni post-test for
the evaluation periods of the 1st day of life (A), 7th day of life (B), 14th day of life (C ), 21st day of life (D),
30th day of life (E) and 90th day of life (F). (* p<0.05 vs. Control, # p<0.05 vs. HL; n=7-34).

Figure 4. Lee index on the 90" day of life of male offspring whose dams were submitted to control, HL and
HLW3 diets during gestation and lactation. The rats were submitted during gestation and lactation to control
diet (19% lipids) or high-fat diet (rich in saturated fatty acids - 33% lipids), HL, or high in saturated fatty acids
enriched with omega-3 with 3.5% linseed oil, HLW3, according to the experimental group. The white bars
represent the control group, the black group HL and the gray group HLW3. The graphs were expressed as mean
+ SEM, after the one-way ANOVA test and Bonferroni post-test (* p<0.05 vs. Control, # p<0.05 vs. HL; n= 7-
12).

Figure 5. Glucose tolerance test at 90 days of offspring of males whose dams were submitted to control,
HL and HLW3 diets during gestation and lactation. The rats were submitted during gestation and lactation to
control diet (19% lipids) or high-fat diet (rich in saturated fatty acids - 33% lipids), HL, or high in saturated fatty
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acids enriched with omega-3 with 3.5% linseed oil, HLW3, according to the experimental group. Glucose was
measured at time O before glucose administration (after 6 hours of fasting) at time 15, 30, 60 and 120 minutes
after glucose administration. The black line represents the control group, the dashed line the HL group and the
gray line the HLW3 group.The graphs were expressed as mean = SEM, after the two-way ANOVA test and
Bonferroni post-test.(* p<0.05 vs. Control, # p<0.05 vs. HL; n= 10-18).

Figure 6. Pyruvate tolerance test at 90 days of offspring of males whose dams were submitted to control,
HL and HLW3 diets during gestation and lactation. The rats were submitted during gestation and lactation to
control diet (19% lipids) or high-fat diet (rich in saturated fatty acids - 33% lipids), HL, or high in saturated fatty
acids enriched with omega-3 with 3.5% linseed oil, HLW3, according to the experimental group. Glucose was
measured at time 0 before glucose administration (after 6 hours of fasting) at time 15, 30, 45, 60 and 120 minutes
after pyruvate administration. The black line represents the control group, the dashed line the HL group and the
gray line the HLW3 group.The graphs were expressed as mean £ SEM, after the two-Way ANOVA test and
Bonferroni post-test (* p<0.05 vs. Control, # p<0.05 vs. HL; n=10-18).

Figure 7. Insulin sensitivity test at 90 days of offspring of males whose dams were submitted to control,
HL and HLW3 diets during gestation and lactation. The rats were submitted during gestation and lactation to
control diet (19% lipids) or high-fat diet (rich in saturated fatty acids - 33% lipids), HL, or high in saturated fatty
acids enriched with omega-3 with 3.5% linseed oil, HLW3, according to the experimental group. Glucose was
measured at time 0 before glucose administration (after 6 hours of fasting) at time 15, 30, 45, 60 and 120 minutes
after insulin administration. The black line represents the control group, the dashed line the HL group and the
gray line the HLW3 group.The graphs were expressed as mean + SEM, after the two-Way ANOVA test and
Bonferroni post-test (* p<0.05 vs. Control, # p<0.05 vs. HL; n=10-18).

Figure 8. Evaluation of oxidative stress in hepatic tissue as to the concentration of malondialdehyde,
sulfhydryl, catalase, superoxide dismutase, glutathione transferase, reduced glutathione, oxidized
glutathione and reduced and oxidized glutathione ratio at 90 days of offspring whose dams were
submitted to the control diet, HL and HLWS3. The rats were submitted during gestation and lactation to
control diet (19% lipids) or high-fat diet (rich in saturated fatty acids - 33% lipids), HL, or high in saturated fatty
acids enriched with omega-3 with 3.5% linseed oil, HLW3, according to the experimental group. The white bars
represent the control group, the black group HL and the gray group HLW3. The graphs were expressed as mean
+ SEM, after the one-way ANOVA test and Bonferroni post-test. A = Malondialdehyde (MDA); B =
Sulfhydryl; C = Catalase; D = Superoxide dismutase; E = Glutathione S-Transferase (GST); F = reduced
glutathione (GSH); G= oxidized glutathione (GSSG) e and GSH/GSSG ratio (* p<0.05 vs. Control, # p<0.05 vs.
HL; n= 3-5).

Figure 9. Evaluation of the respiratory rate on the 90" day of life of males whose dams were submitted to
control, HL and HLW3 diets during gestation and lactation. The rats were submitted during gestation and
lactation to control diet (19% lipids) or high-fat diet (rich in saturated fatty acids - 33% lipids), HL, or high in

saturated fatty acids enriched with omega-3 with 3.5% linseed oil, HLW3, according to the experimental group.



61

The white bars represent the control group, the black group HL and the gray group HLW3. The graphs were
expressed as mean = SEM, after the one-Way ANOVA test and Bonferroni post-test (* p<0.05 vs. Control, #
p<0.05 vs. HL; n= 16-28).

Figura 10. Assessment of tidal volume on the 90" day of life of male offspring whose dams were submitted
to control, HL and HLW3 diets during gestation and lactation. The rats were submitted during gestation and
lactation to control diet (19% lipids) or high-fat diet (rich in saturated fatty acids - 33% lipids), HL, or high in
saturated fatty acids enriched with omega-3 with 3.5% linseed oil, HLW3, according to the experimental group.
The white bars represent the control group, the black group HL and the gray group HLW3. The graphs were
expressed as mean + SEM, after the one-Way ANOVA test and Bonferroni post-test (* p<0.05 vs. Control, #
p<0.05 vs. HL; n= 16-28).

Figure 11. Evaluation of pulmonary ventilation on the 90™ day of life of males whose dams were submitted
to control, HL and HLWS3 diets during gestation and lactation. The rats were submitted during gestation and
lactation to control diet (19% lipids) or high-fat diet (rich in saturated fatty acids - 33% lipids), HL, or high in
saturated fatty acids enriched with omega-3 with 3.5% linseed oil, HLW3, according to the experimental group.
The white bars represent the control group, the black group HL and the gray group HLW3. The graphs were
expressed as mean + SEM, after the one-Way ANOVA test and Bonferroni post-test (* p<0.05 vs. Control, #
p<0.05 vs. HL; n= 16-28).
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Tabela 1. Composition regarding the ingredients of experimental diets

69

Hyperlipid diet

Hyperlipidic diet
enriched with omega 3

Ingredient / quantity AIN-93 G
per 100g of diet

Cornstarch 39,7
Dextrinized cornstarch 13,2
Wheat flour -
Cornflour biscuit -
Soy flour -
Lard -
Butter -
Casein (>85%) 20
Guar gum -
Sucrose 10
Linseed oil -
Soybean oil 7
Fiber (cellulose) 5
Vitamin mix 1
Mineral mix 3,5
DL-methionine 0,3
Choline bitartrate 0,25
BTH 0,0014
Monosodium glutamate -
(12,3%)

Sodium Chloride -
Total (g) 100
kJ /100g 15,43
% Total fat 18,6
% Proteins 20,2
% Carbohydrates 61

15

2,5
0,25
0,25

0,014

0,2

0,3
100
18,91
33,6
19,6
46,8

15

12

2,5
0,25
0,25

0,014

0,2

0,3
100
18,86
32,3
18,2
49, 4

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 determined from the
centesimal analysis of the diets carried out in the Laboratory of Bromatology of the Academic Center of Vitdria of the Federal University of

Pernambuco.
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Tabela 2. Percent composition of fatty acids as for presence of double bond in the carbonic chain of

experimental diets

Percent composition of fatty acids

Diets
. - Hyperlipidic with
Fatty acids AIN-93G Hyperlipidic omega 3
Saturated
Octanoic acid (C8:0) 0 0 0
Decanoic acid (C10:0) 0 0,85 0,74
Lauric acid (C12:0) 0 1,16 1,15
Myristic acid (C14:0) 0 4,22 4,37
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
Avrachidic 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 38,47
Total 29,93 29,73 39,34
Polyunsaturated
Linolenic acid (C18:3) 3,89 1,64 2,32
Linoleic acid (C18:2) 48,87 31,63 22,28
Total 52,76 33,27 24,6
Omega 3 (g/1009) 0,27 0,27 0,4
Omega 6 (g/100g) 3,42 5,73 3,78
Omega 6:3 ratio 12,66 21,22 9,45

The fatty acids were identified according to external standard (FAME Supelco ™ mix C4-C24, Bellefonte, PA, USA) and the percentage (%)
calculated according to the normalization of the areas of the peaks by the gas chromatography method in the Laboratory of Phytochemicals
and processes of the Center of Technologies and Strategies of the Northeast. From the percentage determination of linolenic (omega 3) and
linoleic acid (omega 6) the amounts (g/100g of diet) of these fatty acids were calculated and the omega 6/3 ratio was obtained. The
nomenclature of fatty acids followed the classification determined by the | Guideline on the consumption of fats and cardiovascular health

(Santos et al., 2013).
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Table 3. Fasting biochemical profile at 19 days of gestation of the dams who were submitted to the control diets,

with a high content of saturated fatty acids and with a high content of saturated fatty acids enriched with 6mega-

3
Age / Variables Group P
Control HL HLW3

19 days of gestation

Albumin (g/dL) 4.82+0.11 4.76+0.13 4.58+0.19 0.5708
Total protein (g/dL) 6.56+0.27 6.27+0.11 5.98+0.12 0.1138
Cholesterol (mg/dL) 73.29+1.74 90.01+3.27" 34.64+4.73% 0.0005
Triglycerides (mg/dL) 145.7+21.31 121.5+17.61 119+17.58 0.6519
VLDL (mgL) 34.3616.17 24.30+3.52 23.80+3.51 0.2193
Glucose (mg/dL) 120.8+4.11 129.4+6.79 109+10.58 0.1943
ALT 49.33 +18.87 54.53 +10.69 37.8246.24 0.5626
AST 94.89+24.34 131.3+8.03 97.23+12.41 0.0688
AST/ALT 2.03+0.28 2.86+0.50 2.15+0.72 0.6212

The rats were submitted during gestation to a control diet (19% lipids) or with a high content of saturated fatty acids, HL, with 33% lipids or
with a high content of saturated fatty acids enriched with omega-3 with 3.5 % flaxseed oil, HLW3, according to the experimental
group..Values were expressed as mean = SEM. There was no statistical difference after the application of One-Way ANOVA and Bonferroni
post-test (N = 2-9).* p<0.05 vs. Control; # p<0.05 vs. HL.

Table 4. Fasting biochemical profile at 22 and 30 days of the offspring of males whose mothers were submitted

to control diets, with a high content of saturated fatty acids and with a high content of saturated fatty acids

enriched with omega-3 during gestation and lactation.

Age/ Variables Group P
Control HL HLW3

22 days of life

Albumin (g/dL) 4.06+0.02 4.1 £0.00 4.16+ 0.02 0.0660
Total protein (g/dL) 5.26 £0.02 5.27+0.03 5.29+ 0.03 0.7678
Cholesterol (mg/dL) 116.4 + 1.66 126.8 +3.04" 117.3 +2.18* 0.0030
Triglycerides (mg/dL) 138.5+6.13 124.2 +6.88 116.3 +4.22" 0.0270
VLDL (mg/dL) 28.41+1.45 24.85+1.37 23.25+0.84" 0.0156
Glucose (mg/dL) 108.6+3.34 119.3+3.34" 117 £1.59 0.0285
ALT 17.37 £0.71 22.45 +1.81" 16.99+0.62% 0.0016
AST 152.2 £4.75 137.8 £3.87 142.4+4.40 0.0755
AST/ALT 8.56+0.72 5.52+0.85" 8.63+0.47% 0.0040
30 days of life

Albumin (g/dL) 4.26+0.02 4.19+0.03 4.29+0.03 0.0547
Total protein (g/dL) 5.32+0.03 5.33+0.03 5.42+0.05 0.1597
Cholesterol (mg/dL) 119.9 +2.12 123.4+2.64 125.5+2.98 0.2828
Triglycerides (mg/dL) 162.5 +11.46 151.6 £10.08 183.5+15.17 0.2251
VLDL (mg/dL) 28.79+2.69 22.3+2.76 24.04+3.84 0.2872
Glucose (mg/dL) 90.58 £5.12 88.41+3.06 100.5+4.36 0.1623
ALT 30.83+1.38 34.08 £2.70 38.11+2.48 0.0615
AST 149+ 4.44 143.3£6.72 141.7 £0.04 0.5114
AST/ALT 4.96 £0.37 4.45 +0.62 3.88 +0.41 0.2569

The rats were submitted during gestation to a control diet (19% lipids) or with a high content of saturated fatty acids, HL, with 33% lipids or
with a high content of saturated fatty acids enriched with omega-3 with 3.5 % flaxseed oil, HLW3, according to the experimental group.
Values were expressed as mean = SEM. There was no statistical difference after the application of One-Way ANOVA and Bonferroni post-
test (N = 19-35). * p<0.05 vs. Control; # p<0.05 vs. HL.
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Table 5. A fasting biochemical profile at 90 days of offspring of males whose mothers were submitted to the

control diets, with a high content of saturated fatty acids and with a high content of saturated fatty acids enriched
with omega-3 during gestation and lactation.

Age/ Variables Group P
Control HL HLW3

90 days of life
Albumin (g/dL) 4.43%0.03 4.52 +0.04 441+ 0.04 0.1679
Total protein (g/dL) 5.39 +0.04 5.13+0.11 5.25+ 0.09 0.1864
Cholesterol (mg/dL) 80.89 + 1.54 87.25 +1.53" 82.77 £1.66 0.0165
Triglycerides (mg/dL) 96.92 +1.86 110.3 £1.55" 108.5 +4.45 0.0294
VLDL (mg/dL) 19.38+0.37 22.07+1.11" 21.71+0.88 0.0294
Glucose (mg/dL) 120.8+3.12 142+3.64" 126.3 +2.94* <0.0001
ALT 43.95+1.86 44.02 +1.88 45.28+1.10 0.8465
AST 143 +4.65 134.2 £6.14 115+3.86™ 0.0007
AST/ALT 3.48+0.17 3.11+0.12 2.56+0.08" 0.0002

The rats were submitted during gestation to a control diet (19% lipids) or with a high content of saturated fatty acids, HL, with 33% lipids or
with a high content of saturated fatty acids enriched with omega-3 with 3.5 % flaxseed oil, HLW3, according to the experimental group.
Values were expressed as mean + SEM. There was no statistical difference after the application of One-Way ANOVA and Bonferroni post-
test (N = 23-35). * p<0.05 vs. Control; # p<0.05 vs. HL.
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7 SUMARIO DOS RESULTADOS

Nossos resultados demonstram que o consumo materno de dieta rica em acidos graxos
saturados esta associado a um maior peso corporal na idade de 1, 7 e 14 dias de vida quando
comparado ao grupo controle. Ja o grupo HLW3 apresentou menor peso corporal em relacdo
ao grupo HL no 1° dia de vida. Porém no 7°, 14°, 21° dia de vida, o grupo HLW3 também
apresentou maior peso corporal quando comparado ao controle e aos 21 dias de idade
apresentou maior peso corporal quando comparado aos demais grupos, demonstrando o efeito
sobrepujante da dieta rica em &cidos graxos saturados, mesmo com a presenca do émega-3.
No entanto, ndo encontramos diferenca de peso entre as proles aos 30 dias de vida. Na vida
adulta, aos 90 dias de vida também ndo foi encontrada diferenca de peso coroporal e do indice

de Lee entre 0s grupos.

Quanto aos parametros bioquimicos avaliados, as maes que consumiram dieta rica em
acidos graxos saturados apresentaram maiores niveis de colesterol quando comparado ao
grupo controle e HLW3. A prole das mées HL, aos 22 dias de vida, também apresentaram
maiores niveis de colesterol, quando comparado aos demais grupos. E o0s niveis de
triglicerideos da prole HLW3 foram reduzidos em comparacéo ao grupo controle. Em relacédo
aos niveis de glicemia em jejum, apenas o grupo HL apresentou maiores valores quando
comparado ao controle, os valores do grupo HLW3 equipararam-se ao controle. Aos 90 dias
de vida, a prole HL também apresentou maiores niveis de colesterol que o grupo controle e
foram encontrados nesses animais maiores niveis de triglicerideos e VLDL em relacdo ao
controle, sem diferenca quando comparado o grupo controle e HLW3. Nesta mesma idade, 0s
niveis de glicemia em jejum foram maiores no grupo HL quando comparado aos demais
grupos. Demonstrando o papel do dmega-3 na melhora do perfil glicémico e lipidico. Os
animais submetidos também a dieta rica em acidos graxos saturados apresentaram niveis
elevados de ALT, indicando possivel injuria hepatocelular, enquanto que os animais que
receberam uma dieta com alto teor de acidos graxos saturados enriquecida com 6mega-3
apresentaram melhores niveis de ALT aos 22 dias de vida. E aos 90 dias de vida, o grupo

HLW3 apresentou menores niveis de AST em relacdo ao grupo controle e HL.

O enriquecimento da dieta com émega-3 também melhorou a capacidade antioxidante
a nivel hepético, prejudicada pela dieta rica em &cidos graxos saturados, com normalizacado
dos niveis de SOD e GST, ndo sendo encontrada diferenca em relagdo ao grupo controle e
HLWS3 nestas enzimas avaliadas. Além disso, o grupo HL apresentou reducdo dos niveis de
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GSH em relacdo ao grupo controle e HLW3. No entanto, foi encontrada uma diminuicdo dos
niveis de sulfidrilas e da razdo GSH/GSSG, considerada um indicador de estresse oxidativo,
tanto no grupo HL, como no grupo HLW3, observando o efeito da dieta rica em &cidos graxos

saturados, mesmo na presenca do 6mega-3.
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8 CONCLUSAO

Desta forma, o presente estudo sugere que o consumo materno de dieta rica em
acidos saturados estd associado a prejuizos em alguns pardmetros murinométricos,
bioquimicos e ao desequilibrio oxidativo a nivel hepéatico, com reducdo de enzimas que
participam do sistema de defesa antioxidante. No entanto, ndo foram encontradas alteracdes
nos animais que foram submetidos a esta dieta, nos testes de tolerancia a glicose, piruvato,
sensibilidade a insulina e nos parametros respiratorios aos 90 dias de vida, o que poderia
ocorrer mais tardiamente, considerando os fatores de riscos encontrados nesses animais como:
a dislipidemia, hiperglicemia e desbalango oxidativo. Além disso, nossos achados confirmam
gue o consumo de dmega-3, a partir do 6leo de linhaca é capaz de atenuar algumas alteracGes
observadas nos animais que receberam dieta rica em &cidos graxos saturados durante o
periodo de gestacdo e lactacdo, as quais estdo presentes nas doencas cardiovasculares e
metabdlicas. Mais estudos sdo necessarios para avaliar os mecanismos relacionados as
alteracdes metabolicas e respiratorias ocasionadas pela ingestdo de dieta hiperlipidica, além
do papel do Omega-3 durante o periodo perinatal. A compreensdo completa destes
mecanismos relacionados e do papel do O0mega-3 sobre os mesmos poderd levar ao
desenvolvimento de estratégias terapéuticas e politicas governamentais para melhorar a satde

publica.
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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 characterized by increased consumption of fat-
rich diets, predisposing to cardiometabolic diseases and high prevalence of the obesity. 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, as recommended
by the European Food Safety Authority (EFSA). 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 emphasizes 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.

Keywords: Obesity; metabolic changes; cardiovascular diseases; dyslipidemia
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Introduction

In the rapid change of the morbimortality model, the nutritional factor plays a major
role. 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 (1). Characteristics of western diets include high
levels of saturated fats, sodium, simple sugars and low levels of fiber (2, 3).

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 (4). However, fatty acids of different chain lengths may exhibit different
cardiometabolic effects. (5). As for chain size, fatty acids can be classified into short chain
fatty acids (containing from 2 to 6 carbon atoms, SC), medium chain (with 8 to 12 carbon
atoms, MC), long chain (with 14 to 18 carbon atoms, LC) and very long chain (having 20 or
more carbon atoms, VLC) (6). According to the origin, saturated fatty acids (SFA) can be
divided into animal or vegetable origin. Good examples are vegetable oils sources of SFA,
such as palm and coconut oils. However, there is a considerable 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 fattyd 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, reflecting the
consumption of moderately high fat diets (5). Milk fat, from humans (7) as well as from farm
animals (cow, goat) (8), has a very characteristic 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) (5).

The aim of this study 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 (5). Fat from goat milk has approximately a percentage of 20% SC SFA and
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that from cow milk on average 11% (8). Dietary carbohydrates, specifically resistant starches
and dietary fibers, 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 products of colonic fermentation in humans (5, 9). 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 tissues as signaling molecules.
The concentrations of SC SFA in the peripheral circulation are very low, consequently due to
hepatic metabolism (10, 11). The daily production of SC SFA in humans is approximately
100-200 mM (12, 13). The concentrations of SC SFA estimated in the proximal colon varies
from 70 to 140 mM (12, 13) and reduce to 20 to 70 mM in the distal colon (13). These
concentrations of SC SFA are influenced by diet, portion of the intestine and type of
microbiota present (14). The predominant SC SFA found in plasma is acetic acid (2:0) in
concentrations ranging from 58 to 230 pM. Serum concentrations of 3 to 15 puM and 1 to 28
uM have been reported for propionic acid (3:0) and butyric acid (4:0), respectively (15-17). It
has been proposed that serum levels of SC FAs may be positively associated with the quantity
of fiber habitually consumed (18).

In general, SC SFAs can activate G protein-coupled receptors (GPCR41 and
GPCRA43) 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 (i.e.
they decrease the appetite) (19). This could contribute to reducing food intake and protecting
individuals against obesity and related metabolic disorders.

Acetic acid (2:0) is easily absorbed and transported to the liver, so it is less
metabolized in the colon and penetrates the peripheral circulation. The presence of acetyl-
CoA synthetase in the adipose cells and mammary 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 (20). Lactulose, a dietary fiber that is rapidly fermented in the
colon, caused higher serum cholesterol levels when compared to the control diet. (21).
However, polyfructans fibers (inulin and oligofructose) in combination with viscous fibers
(oat bran) can lower serum cholesterol (20) 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 (20).
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Indeed, propionic acid (3: 0) has been suggested to have anti-inflammatory actions and
beneficial effects for prevention of obesity, type 2 diabetes (T2DM) and cardiocvascular
diseases (5, 22). First, propionic acid (3: 0) has moderate inhibitory activity on
cyclooxygenase (COX), an important enzyme in the production of pro-inflammatory
eicosanoids (23). Although inflammation acts in the defense of the host, chronic inflammatory
condition is a pathological characteristic observed in the metabolic syndrome, non-alcoholic
fatty liver disease, T2DM and cardiovascular diseases (24, 25). Second, propionic acid is
extensively absorbed by the liver and has been shown to inhibit cholesterol synthesis (26).
Studies in rodents also suggest that propionic acid (3:0) has effects on the reduction of fatty
acid concentration in the liver (27, 28) and plasma (29, 30). Finally, propionic acid (3:0) is
probably able to favour adipogenesis in white adipose tissue (31, 32). Indeed, propionic acid
(3:0) was found to inhibit in a dose-dependent manner the isoproterenol-induced lipolysis in
differentiated adipocytes 3T3-L1 (31, 32). Furthermore, propionic acid was shown to dose-
dependently induce the expression of the glucose transporter type 4 (GLUT-4) in human
adipose tissue (22) thus enhancing glucose captation for favouring triglycerides synthesis.
The mechanism apointed 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 (31). GPR43 belongs to a subfamily of GPCRs, including GPR40 and
GPR41, which have been identified as receptors for fatty acids (33). 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 (31), suggesting that GPCR43 participates to the
regulation of adipocyte functions. A greater expression of the GPCR43 receptor was found in
vitro in four white adipose tissues (perirenal, mesenteric, epididimal and parametrial) of mice

after administration of propionic acid (3:0) (31).

In the context of control of cellular lipid content, some studies have suggested that
propionic acid (3:0) may modulate an important hormone secreted primarily by white adipose
tissue, i.e. leptin (34). Leptin levels correlate positively with adiposity and serve as an index
of body fat stores (35). Fasting decreases leptin level, whereas food intake restores its level
(34). This anorectic hormone penetrates the blood-brain barrier and exerts an effect on
receptors located in the hypothalamus, causing the release of mediators leading to anorexic
action and inhibiting appetite (36). Leptin expression in the white adipose tissue of rats (34)
and humans (37) was induced after treatment with propionic acid (3:0) potentially through
activation of GPCR41 (37, 38). The inhibitory effects of propionic acid (3:0) on inflammation
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and free fatty acid metabolism suggest that propionic acid may play a role as a therapeutic
agent to improve insulin sensitivity (22). Indeed, elevation of plasma free fatty acid
concentration has been shown to cause inflammation (39, 40) and vice versa (41, 42), and
both lead to insulin resistance (42-44).

Butyric acid (4:0), which is found in milk (5), is the primordial source of energy of
the colonocytes (20). It plays major role in colonic mucosa nutrition and in the prevention of
colon cancer (45, 46). The mechanisms include inhibition of the nuclear factor kappa B (NF-
kB) and of the histone deacetylase enzyme (47), which has been shown to induce apoptosis in
tumor cells (48). 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 inflammatory responses. Hence, rats deficient in
GPCR43 are models of exacerbated inflammation associated to colitis, arthritis and asthma
(49). Interestingly, germ-free mice, which are devoided of bacteria, evidence little or no
circulating SC SFA (49). They also demonstrated similar exacerbation in certain
inflammatory responses (49) as in GPR43 KO animals. Butyric acid (4:0) may help
preventing atherosclerosis and heart failure through inhibition of the NF-kB pathway (50).
Hence, dietary supplementation with butyric acid (4:0) suppressed atherosclerotic lesions in
apolipoprotein E (apoE) knockout mice (50). Butyric acid (4:0) reduces monocyte
chemotactic protein-1 (CCL2 / MCP-1), the vascular cell adhesion molecule 1 and the matrix
metalloproteinase 2 production at the lesion site, leading to decreased macrophage migration
and increased collagen deposition and atherosclerotic plaque stability (50, 51). In a co-culture
system with adipocytes and macrophages, 0.1 to 1.0 mM of butyric acid (4:0) significantly
reduced production of tumor necrosis factor alpha (TNF-a), interleukin-6 (IL-6), monocyte
chemotactic protein-1 (MCP-1), and release of glycerol and free fatty acids. This suggested
that butyric acid (4:0) is able to blunt inflammatory and to inhibit triglyceride lipolysis
through its binding to GPCR43 and GPCR41 present in adipocytes (51, 52).

Physiological and cardiometabolic effects of medium Chain SFA

The MC SFA are found in dairy products and coconut and palm kernel oil (5). MC
SFA are also found in human milk and colostrum, and are suggested to provide antimicrobial
protection on the mucosal surfaces of children (53). Medium-chain triglycerides (MCTSs) are a

family of triglycerides, composed of caproic (6:0), caprylic (8:0), capric fatty acids (10:0),
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and lauric (12:0) (54). MCTs are partially hydrolyzed by gastric lipase in the stomach and
thereafter 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 conventional pathway for the absorption of LC SFA (54, 55). Compared
to LC SFA, MC SFA are more favorable to B oxidation in the liver and are not stored as fat in
the same proportion as LC SFA (4, 61). Few studies showed that they raise the basal
metabolic rate and thermogenesis (5, 56). As previously mentioned, MC SFA are more easily
absorbed and transported to the liver through the portal circulation, which leaves them
adequate in states of intestinal malabsorption (condition that occurs when inflammation,
disease or injury reduces the ability of absorption of nutrients by the small intestine),
pancreatic insufficiency, impaired chylomicron lymphatic transport, total parenteral nutrition.
MC SFA are also used in premature infant formula (57).

In chicken embryo hepatocytes, 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 (trilodothyronine) (58). FAS is a key enzyme of de novo
lipogenesis. It is positively regulated in the postprandial state and is suspected to contribute to
obesity and non-alcoholic fatty liver diseases (NAFLD) (59, 60). In cultured hepatocytes,
caprylic acid (8:0) and capric acid (10:0) inhibited the induction of cell steatosis induced by
oleic acid (18:1) and palmitic acid (16:0) (61).

It has been shown that MC SFA can prevent endotoxic lipopolysaccharide (LPS)-
mediated endotoxemia. The rats were fed either MC SFA or corn oil (source of LC fatty
acids) by daily gavage during 1 week before they received an acute intravenous dose of LPS.
Injection of LPS caused mortality in animals fed corn oil, but no mortality occurred in MC
SFA fed rats. In LPS treated groups, liver lesions and markers of inflammation (CD14, cluster
of differentiation 14, cellular receptor involved in inflammation; TNF-a, tumor necrosis factor
alpha) were lower in MC SFA fed rats than in those which received corn oil (62).
Furthermore, intestinal permeability was improved in MC SFA/LPS animals compared to
those treated with corn oil/LPS (62). The MC SFA gavage also prevents intestinal atrophy (a
problem that occurs during parenteral nutrition) (62). This study thus demonstrated that MC
SFA supplementation was able to limit endotoxemia-induced inflammation and lesions,
which are associated with obesity and the metabolic syndrome.

In humans, a meta-analysis of randomized clinical trials (nine parallel studies)

showed that compared to LC SFA, MC SFA administered for 3 weeks or more significantly
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reduced body weight, waist circumference, hip circumference, total body fat, total
subcutaneous fat and visceral fat (63). Small reductions in adiposity were confirmed after
ingestion of 12 weeks of caprylic acid (8:0) and capric (10:0) in humans compared to the
group that consumed common edible oil, blended rapeseed oil and soybean oil used as source
LC SFA. The test diet containing LCT or MCT oil was offered in bread preparation, during
breakfast, the daily intake of the test oil was set at 10 g. (64). In mice fed a diet rich in
cholesterol and supplemented with medium chain triglycerides [capillary acids (C8:0) and
capric acids (C10:0)] (CR-MCT) of long chain triglycerides (CR-LCT) for 16 weeks, MCT
supplementation decreased body weight and serum levels of total cholesterol (TC) and low-
density lipoprotein cholesterol (LDL-C) and increased serum high-density lipoprotein
cholesterol (HDL-C) / LDL-C ratio (65). An increase in primary bile acid and secondary bile
acid concentrations in feces 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 capric acid (C10:0)-induced reduction in
serum cholesterol levels may be mediated through increased bile acid excretion, probably
thanks to the reduction of bile acid reabsorption in the small intestine (65).

By contrast with other MC SFA, lauric acid (12:0) is classified in the literature as MC
SFA, and sometimes as LC SFA (5). It can be absorbed through both the portal and lymphatic
system. MC SFA monoglycerides, and specifically lauric acid monolaurin (12:0),
demonstrated antimicrobial effects and protection against Helicobacter pylori (66). 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 increasing TC and LDL-C,
suggesting the oils sources of lauric acid would be very damaging to cardiovascular health.
Ingestion of lauric acid (12:0) elevates HDL levels to a higher degree than LDL, thus
improving the TC: HDL-C ratio when compared to carbohydrates (67, 68). 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 (69). In
humans, the consumption of a meal rich in coconut oil (composition of fatty acids: 89.6%
saturated fats, 5.8% monounsaturated 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-C and promoted

atherogenic factors (70). Furthermore, expression of the intracellular adhesion molecules
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(ICAM)-1 and vascular cell adhesion molecules (VCAM)-1 was increased in human umbilical
vein endothelial cells incubated with HDL-C from individuals 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 (71). These data suggest that lauric acid (12:0)
despite of its impact on increased plasma HDL-C, is not favourable to cardiovascular
protection. This conclusion is supported by a review study which evidenced that the
consumption of coconut oil, compared to the consumption of 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 (72).

Physiological and cardiometabolic effects of long chain SFA

The human plasma of healthy subjects after an overnight fast contains on average
214 mM of free fatty acids, with approximately 63.8 mM of palmitic acid (16:0) and 22.1mM
of stearic acid (18:0) (73). In humans, palmitic acid (16:0) consumption increases serum TC,
LDL-C, and HDL-C concentrations in comparision to diets rich in carbohydrate and it is
accepted that this SFA increases the risks of cardiovascular diseases (5). By contrast,
involvement of stearic acid (18:0) in the increased risk of cardiovascular diseases are less
consensual (74). 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 concentrations of various biomarkers of coronary heart disease and cardiovascular
disease, both unfavorable (TC, LDL-C, apolipoprotein B and LDL-C/ HDL-C) and favorable
(HDL-C), whereas whereas most of the biomarkers were significantly lower when compared
with diets rich in myristic (14:0)/lauric (12:0) acid (75). Postprandial lipemia was highly
increased after consumption of stearic acid (18:0) in comparision to SC SFA and MC SFA
(76), but plasma LDL levels were lower in comparison to other LC SFA such as palmitic acid
(16:0) (77). Furthermore, stearic acid (18:0) consumption had similar impacts on plasma
lipoproteins (LDL e HDL) compared to a diet rich in carbohydrates (77). However when
compared to a high-fat milk diet (for 5 weeks), characterized 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 induce levels of lipoprotein A (+ 10%), a risk factor for
cardiovascular disease (78). In addition in men, stearic acid (18:0) intake for 5 weeks was

shown to increase levels of plasma fibrinogen compared to high-carbohydrate diets, other
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SFA (palmitic acid (16:0) and lauric acid (12:0)), trans fatty acids and oleic acid (18:1n-9)
(79). However, other studies failed to evidence the prothrombotic effect of stearic acid
compared to palmitic acid (16:0) (80) or even showed beneficial effects in relation to
thrombogenic risk profiles (81). Stearic acid (18:0) has been shown to influence further death
and inflammation of endothelial cells in humans. It induces 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 (82).

Palmitic acid (16:0) induces lipotoxicity. When the absorption of free fatty acids
(FFA) more active than the metabolism of FFA occurs an accumulation of fatty acids and
deposition of lipids in peripheral tissues such as liver, muscle and pancreas (83). This
abnormal ectopic lipid accumulation (lipotoxicity) is enough associated with insulin
resistance (84, 85). It has been established that lipotoxicity plays an important role in the
development of heart failure in obesity and diabetes (86, 87). A large increase in free fatty
acids can lead to apoptosis and dysfunction of pancreatic p-cells (83). Insulin secretion is
related to sequential ionic events following glucose stimulation. ATP-sensitive potassium
channels (Katp) serve as glucose sensors and initiate insulin secretion through the stimulation
of glucose (88). A study of 8 week old mice injected intraperitoneally with 100 mg / kg
palmitic acid (16: 0) five times a day for 2 weeks and after 2 weeks were injected with 200
mg / kg palmitic acid (16:0) twice daily for another 2 weeks, found in these mice T2DM
characteristics. Pancreatic sections of these mice showed a decrease in the expression of Katp
channels and pancreatic (-cell apoptosis (83). 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 saturated FFAs, such as
palmitic acid (16:0), a sustained depletion of ER Ca?*, followed by mitochondria dysfunction
and the production of nitric oxide (NO) free radicals through the increased activity of
inducible nitric oxide synthase (iNOS), causing to -cell apoptosis (89). Lipotoxicity leads to
insulin resistance in the liver and skeletal muscle, reducing normal responses to insulin,
decreasing glucose uptake by skeletal muscle, increasing gluconeogenesis and providing
glucose from the liver to the circulation (90). The mechanisms pointing to reduction of insulin
insulin signaling include reduction of insulin receptor expression and activity, reduction of
phosphorylation of insulin receptor substrates on tyrosine (IRS) and activation of kinases such

as c-Jun N-terminal kinase (JNK), which phosphorylate the IRS in serine residues, inhibiting
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its activity (90, 91) Lipotoxicity is also related to insulin resistance through mechanisms of
mitochondrial dysfunction (91).

Study in vitro with H9c2 cells (embryonic cardiac myoblasts) treated with palmitic
acid (16:0) (100 mM) induced a lipotoxicity, a gradual increase in intracellular 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 palmitic acid (16:0), which also
induced resistance to adiponectin, assessed via AMP-activated protein kinase (AMPK)
phosphorylation, by decreasing the expression of adaptor protein, phosphotyrosine interacting
with PH domain and leucine zipper 1 (APPL1). Cardiomyocyte apoptosis is a component of
cardiac remodeling leading to heart failure (92). Adiponectin is considered an important
cardioprotective adipokine, with effects anti-apoptotic, anti-inflammatory, anti-fibrotic and
beneficial metabolic effects (93) . A targeted mechanism that may lead to adiponectin
resistance includes decreased expression of the components of the adiponectin signaling
pathway such as APPL1. APPLL1 is vital for many actions of adiponectin, involving metabolic
and antiapoptotic effects (94, 95).

There is an increasing concepts that LC SFAs act on macrophages 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 (96). Indeed,
hypertrophied adipocytes release monocyte chemotactic protein-1 (MCP-1) (97), 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-a, interleukin-6, MCP-1 (40). In vitro studies have also demonstrated
that exposure of adipocytes to high concentrations of palmitic acid (16:0) increased TNF-a.

and IL-6 messenger RNA (mMRNA) and protein expressions (98).

To finish, a maternal diet rich in LC SFA (with 15.7% palmitic 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 (99). Maternal fat-rich dietary intake (35% of calories from fat) has also been

shown to induce inflammation in offspring in non-human primates (100). Within a few days,
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by eating a diet rich in calories and fat (60% of calories from 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 (101), involving
the activation of microglia, tissue macrophages resident in the central nervous system (CNS)
(102).

Conclusion

We observed that the different types of saturated fatty acids, classified according to
carbon chain length, exhibit different cardiometabolic effects, from very beneficial to
harmful. Dietary recommendations that suggest a general decrease of SFA consumption need
to be weighed and new conceptions may be discussed by as some SFA, according to the
length of their carbon chain, have beneficial effects on cardiometabolic parameters, acting in

the prevention of metabolic, cardiovascular diseases and anti-inflammatory action.
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