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RESUMO

Evidéncias tém demonstrado um papel positivo da semente de linhaca no tratamento e
prevencdo da sindrome metabdlica (SM) e das complica¢des associadas a mesma. No entanto,
ndo hd um consenso sobre 0 componente responsavel por esses efeitos. Para esclarecer essa
questdo, o objetivo do presente estudo foi avaliar os efeitos do éleo de linhaca e da lignana da
linhaca secoisolariciresinol diglicosideo (SDG) em um modelo de sindrome metabolica em
ratos Wistar. Para isso, 48 ratos Wistar foram distribuidos em seis grupos (n=8): Os grupos |
(control), V (FO) e VI (SDG) receberam agua ad libitum, e os grupos Il (MS), 1l (MS + FO)
e IV (MS + SDG) receberam 30% de frutose na &gua de beber para inducdo da SM.
Concomitantemente, os animais receberam solucdo salina (grupos | e 1), 6leo de linhaca
(grupos 11l e V) e SDG (grupos IV e VI) por via oral. Apés 30 dias, os animais foram
sacrificados, sendo o sangue, o figado e os rins coletados para analises biogquimicas,
oxidativas, inflamatorias e histopatoldgicas. O peso corporal foi registrado semanalmente. A
pressdo arterial sistolica foi medida antes e apds o tratamento. Foi realizada analise do 6leo de
linhaca por cromatografia gasosa acoplada a espectrometria de massas, a qual indicou a
presenca predominante de acidos graxos, esterdides e tocoferdis. A solugdo de frutose foi
capaz de induzir SM, além de promover alteracdes oxidativas, inflamatorias e renais. O dleo
de linhaga e o SDG preveniram o desenvolvimento de SM, bem como as alteragdes
oxidativas, inflamatérias e renais. Assim, os resultados deste estudo demonstraram que o
tratamento com solucgéo de frutose a 30% durante 30 dias € um modelo eficaz para inducéo de
SM em ratos Wistar. Além disso, a suplementacdo com 6leo de linhaca e SDG foi capaz de
prevenir de maneira semelhante as alteracGes pressoricas, oxidativas, bioguimicas e
inflamatdrias observadas neste transtorno, o que demonstrou que ambos podem ser utilizados

na prevencéo do desenvolvimento de SM e de suas complicagbes em ratos.

Palavras-chave: Oleo de linhaga. Secoisolariciresinol diglicosideo. Sindrome metabdlica.



ABSTRACT

Evidence has shown a positive role for flaxseed in the treatment and prevention of metabolic
syndrome (MS) and the associated complications. However, there is no consensus on the
component responsible for such effects. To clarify this issue, the objective of the present
study was to evaluate the effects of flaxseed oil and flaxseed lignan secoisolariciresinol
diglycoside (SDG) in a metabolic syndrome model in Wistar rats. Forty-eight Wistar rats
were allocated into six groups (n = 8): Groups I (control), V (FO) and VI (SDG) received
water ad libitum, and groups Il (MS), Il (MS + FO) and IV (MS + SDG) received 30%
fructose in drinking water for MS induction. Concomitantly, the animals received saline
(groups I and 1), flaxseed oil (groups Il and V) and SDG (groups IV and VI) orally. After 30
days, the animals were sacrificed, and blood, liver and kidneys were collected for
biochemical, oxidative, inflammatory and histopathological analyzes. Body weight was
recorded weekly. Systolic blood pressure was measured before and after treatment. Flaxseed
oil analysis was performed by gas chromatography-mass spectrometry, which indicated the
predominant presence of fatty acids, steroids and tocopherols. Fructose solution induced MS,
besides promoting oxidative, inflammatory and renal changes. Flaxeed oil and SDG prevented
the MS development as well as oxidative, inflammatory and renal changes. Thus, the results
of this study demonstrated that treatment with 30% fructose solution for 30 days is an
effective model for MS induction in Wistar rats. In addition, supplementation with flaxseed
oil and SDG prevented similarly the pressure, oxidative, biochemical and inflammatory
changes observed in this disorder, which demonstrated that both can be used to prevent the

MS development and its complications in rats.

Keywords: Flaxseed oil. Secoisolariciresinol diglycoside. Metabolic syndrome
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APRESENTACAO

A presente tese foi dividida em trés partes principais. Na parte | encontram-se a
INTRODUCAO, os CONCEITOS GERAIS E REVISAO DA LITERATURA e os
OBJETIVOS. As se¢cbes MATERIAL E METODOS, RESULTADOS e DISCUSSAO e
as respectivas REFERENCIAS estido apresentadas sob a forma de um artigo e um
manuscrito, os quais compdem a parte Il deste trabalho e representam a integra deste estudo.
As secbes CONCLUSAO e REFERENCIAS encontram-se na parte 111 desta tese, sendo
que as referéncias referem-se somente as citagcdes utilizadas na introdugdo e nos conceitos

gerais e revisdo da literatura da mesma.
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PARTE |

1 INTRODUCAO

A crescente compreensdo da relagdo entre a dieta e a saude tem levado os
consumidores a uma tendéncia para o consumo de alimentos nutritivos com funcdes
adicionais de promocdo da salde no tratamento e prevencdo de doencas, 0s quais Sdo
chamados de alimentos funcionais (OLMEDILLA-ALONSO et al.,2013). Estes alimentos
apresentam, em sua maioria, compostos como acidos graxos poli-insaturados (AGPI), fibras
dietéticas, vitaminas e polifendis, os quais sdo bastante conhecidos por reduzir lipidios e
acucares sanguineos além de apresentarem, entre outras, atividade antioxidante (ANWAR &
PRZYBYLSKI, 2012).

A Sindrome Metabdlica (SM) é caracterizada por um conjunto de alteracdes
metabdlicas, com alto custo sdcio-econdmico e que € considerada uma epidemia global. Este
distarbio é definido por um conjunto de fatores interligados que aumentam o risco de DCV e
diabetes mellitus tipo 2 (DM2) (KASSI et al., 2011). Seus principais componentes sdo a
obesidade abdominal, a dislipidemia, a hipertensdo, a hiperglicemia e a resisténcia a insulina,
0s quais contribuem para o0 aumento da morbidade e mortalidade cardiovascular (NAGAO &
YANAGITA, 2010). Além disso, estudos ja demonstraram que a SM esta associada a um
estado pro-inflamatdrio, além de aumentar o risco de aparecimento de doencas hepéticas e
renais (GLUBA et al., 2012; VOS & LAVINE, 2013; KRAJA et al., 2014).

O tratamento da SM é complexo e inclui tanto mudancas no estilo de vida quanto
tratamento medicamentoso (GRUNDY et al., 2004), sendo que muitos estudos indicam que o
aumento da ingestdo de alimentos funcionais e suplementos antioxidantes esta inversamente
relacionado com a presenca dos fatores de risco associados a SM (FERNANDES et al., 2007,
PATTYN etal., 2013; PILAR et al, 2014).

A semente de linhaga (Linum usitatissimum L.) é um alimento funcional que tem
despertado crescente interesse dos pesquisadores por conter componentes biologicamente
ativos, tais como fibras dietéticas, proteinas vegetais, acidos graxos poli-insaturados (AGPI) e
lignanas, que desempenham funcdes benéficas no organismo, possibilitando a prevencéo de
diversas doencas (RUBILAR et al., 2010; TAYLOR et al., 2010; KAJLA et al., 2015).

A semente de linhaca apresenta aproximadamente 57% de &cido alfa-linolénico (ALA)

qguando na forma de 6leo, sendo uma das fontes mais ricas de ALA. Ja foi demonstrado em
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estudos anteriores que o acido eicosapentaendico (EPA) e o &cido docosahexandico (DHA),
que sdo formados no organismo a partir do ALA, reduzem o risco de muitas doengas crénicas,
como a aterosclerose, as doencgas cardiovasculares (DCV), o cancer e a hiperlipidemia. Além
disso, a semente de linhaca é rica em lignanas, fitoestrogenos comumente consumidos na
dieta humana, sendo o secoisolariciresinol diglicosideo (SDG) a principal lignana encontrada
(cerca de 1% do seu peso seco) (KHALESI et al., 2011). Apos seu metabolismo no intestino e
colon, o SDG é quebrado em moléculas de secoisolariciesinol (SECO), enterodiol (ED) e
enterolactona (EL). Estudos ja demonstraram efeitos benéficos desses metabolitos na reducéo
do estresse oxidativo e dos niveis de lipidios sanguineos (HU et al., 2007; ZHANG et al.,
2008).

No entanto, apesar da semente de linhaca ja ter apresentado efeitos benéficos para a
salde, inclusive em pacientes com SM, ainda existe uma lacuna quanto ao componente
responsavel por tais efeitos, visto que alguns autores atribuem aos AGPI (como o ALA)
enquanto outros atribuem as lignanas (especialmente ao SDG). Dessa forma, este estudo se
propGe a comparar os efeitos do Oleo de linhaca e da lignana SDG na prevencdo das
alteracdes pressoricas, bioquimicas, inflamatorias e de estresse oxidativo associadas a SM em

ratos.



15

2 CONCEITOS GERAIS E REVISAO DE LITERATURA

2.1 Alimentos Funcionais e compostos bioativos

A crescente compreensdo da relacdo entre a dieta, os ingredientes alimentares
especificos e a salde estd levando a novas ideias sobre o efeito dos componentes dos
alimentos sobre a funcéo fisioldgica e a saude. Atualmente, os alimentos ndo sdo destinados
apenas para saciar a fome e fornecer os nutrientes necessarios para 0s seres humanos, mas
também para prevenir doencas relacionadas com a nutricdo e melhorar o bem-estar fisico e
mental dos consumidores (SIRO et al., 2008). Além disso, as pessoas tém se tornado mais
conscientes com relacdo a salde, conduzindo a uma tendéncia para 0 consumo desses
alimentos nutritivos e com funcdes adicionais de promocéo a salde, 0s quais sdo chamados de
alimentos funcionais (OLMEDILLA-ALONSO et al.,2013).

O termo " alimento funcional " em si foi usado pela primeira vez no Japéo, na década
de 1980, através de um programa de governo que tinha como objetivo desenvolver alimentos
saudaveis para uma populacdo que envelhecia e apresentava uma grande expectativa de vida
(MORAES & COLLA, 2006). Hoje, o Japao ja possui um sistema de regulamentacdo bem
definido e estabelecido e, seguindo seu exemplo, outros paises da Asia conseguiram
desenvolver regulamentos para a producdo e utilizacho de alimentos funcionais
(ZAWISTOWSKI, 2008). Na Europa, um alimento funcional é aquele no qual foram
demonstrados beneficios a uma ou mais funcdes alvo do corpo, além dos efeitos nutricionais,
de forma a contribuir para melhorar o estado de salde, bem-estar e/ou reducdo do risco de
doengas (GULATI & OTTAWAY, 2008).

Na América Latina, o Brasil € o Unico pais que possui uma legislacdo que inclui
alegacdes funcionais e de salde para componentes nutrientes ou ndo-nutrientes. Embora nédo
haja uma defini¢do oficial para o termo “alimentos funcionais” no Brasil, as normas sao
baseadas no conceito de que sdo alimentos e ndo drogas, e dessa forma fazem parte de uma
dieta normal com efeitos benéficos a salide (SOUZA, 2014). A Agéncia Nacional de
Vigilancia Sanitaria (ANVISA) regulamentou por meio da Resolucgdo n° 18, de 30 de abril de
1999 a definicdo de propriedades funcionais, na qual consta o papel metabdlico ou fisioldgico
que o nutriente ou ndo nutriente tem no crescimento, desenvolvimento, manutencéo e outras
fungdes normais do organismo humano (BRASIL, 1999). Os principais alimentos incluidos
neste grupo séo os de origem vegetal, como frutas, vegetais e gréos integrais, assim como 0s

alimentos marinhos e seus acidos graxos de cadeia longa (SHAHIDI, 2009).
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Além disso, a legislagdo brasileira também reconhece a nomenclatura de compostos
bioativos, através da RDC n° 2, a qual traz as diretrizes a serem adotadas para avaliacdo de
seguranca, registro e comercializacdo de substancias bioativas e probidticos isolados com
alegacdes de propriedade funcional e/ou para a salude. Estes produtos, entre outros, incluem os

carotenoides, os flavonoides e os polifendis (BRASIL, 2002).

2.2 Linhaca (Linum usitatissimum L.)

2.2.1 Origem

Os relatos mais antigos da semente de linhaca sdo datados de 5000 anos antes de
Cristo, na Mesopotamia. Até a década de 1990, a linhaca era utilizada principalmente para a
confeccdo de panos e papéis, no entanto seus beneficios nutricionais foram difundidos pelo
mundo todo, sendo seu consumo muito comum na América do Norte e em paises europeus
(MONEGO, 2009). Hoje, a linhaca é cultivada em mais de 2,6 milhdes de hectares e os mais
importantes paises produtores de linho sdo o Canada, a india, a China, os Estados Unidos e a
Etiopia. O Canada, com 840.000 metros produzidos nos anos 2015-2016, € o maior produtor
mundial de linhaca e representa cerca de 80% do comércio global da mesma (BERNACCHIA
etal., 2014; FLAX COUNCIL OF CANADA, 2017).

Na América do Sul, a maior producdo ocorre na Argentina e no Brasil, sendo que neste
ultimo a linhaca foi introduzida no século XVII em Santa Catarina. Atualmente, a maior
producdo de linhaga do Brasil ocorre no noroeste do Rio Grande do Sul, principalmente nas
cidades de ljui, Tupanciretd, Sdo Miguel das MissBes, Sdo Luiz Gonzaga, Girua, Santa Rosa,
Guarani das Missdes, Trés de Maio, Panambi, Santa Barbara do Sul, Santo Augusto e
proximidades. Nesta regido, a produgdo de linhaga vem apresentando um aumento de
aproximadamente 20% nos ualtimos anos devido a grande demanda pelas industrias de
alimentos e como alternativa de producdo no inverno. No entanto, grande parte da linhaga
consumida no Brasil, ainda é importada do Canada, Estados Unidos, China e Argentina
(MARQUES, 2008; REDLICH, 2016).

Segundo o relatorio de 2016 do Instituto Brasileiro de Geografia e Estatistica (IBGE)
sobre a produgdo agricola municipal, no Brasil foram produzidas 12.973 toneladas desta
semente, com um rendimento de 1.113 kg/ha. Com estes dados ficou registrado um aumento
produtivo de 6% em relagédo a 2015 (IBGE, 2016).
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2.2.2 Caracterizagdo

O linho é uma planta pertencente a familia Linaceae, tendo como nome cientifico
Linum usitatissimum. Esta planta é caracterizada por apresentar uma altura de 30 a 130 cm,
talos eretos, folhas estreitas lineares ou lanceoladas, alternando entre o verde e o verde claro,
além de flores com pétalas azuis (Figura 1) (MARQUES, 2008). Da casca da planta (caule) é
retirada a fibra do linho, utilizada para a fabricacdo de tecidos, e da capsula se obtém a
semente, chamada de linhaca (HALATENO, 2016).

Figura 1 — Linum usitatissimum L. (linho).

Fonte: https://fairdinkumseeds.com/products-page/flowers-and-ornamentals/linseed-linen-linum-usitatissimum-
seeds/, acessado em 08/05/2017.

A semente de linhaga é plana e oval com uma extremidade afunilada. E um pouco
maior do que a semente de gergelim, tendo entre 4 e 6 mm. A cor das sementes pode variar do
marrom escuro para o dourado, sendo esta cor determinada pela quantidade de pigmentos
externos da semente (Figura 2). A quantidade de pigmentos é determinada por fatores
genéticos e ambientais, podendo ser facilmente modificada através de técnicas simples de
cultivo (SILVA, 2014). A linhaca dourada desenvolve-se em climas muito frios, como no
Canadé e no norte dos Estados Unidos, e a linhaga marrom pode desenvolver-se em regides
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de clima quente e umido, como no Brasil (MOLENA-FERNANDES et al., 2010). Até 2005,
0 Brasil produzia somente a variedade marrom, mas, no final de 2006, ocorreu a primeira
colheita, de 100 toneladas, da variedade dourada (REDLICH, 2016).

Figura 2 — Sementes de linhaga dourada e marrom.

Fonte: https://www.deilataylor.com/golden-flaxseed-vs-brown-flaxseed/, acessado em 08/05/2017.

2.2.3 Composic¢ao Nutricional

Em virtude da presenca de componentes alimentares fisiologicamente ativos que
podem proporcionar beneficios a saude, aléem da nutri¢do basica, a linhaga é considerada um
alimento funcional (HERCHI et al., 2012). A composicdo desta semente é caracterizada por
um alto teor de proteinas vegetais, fibras sollveis e insoltveis, AGPI e compostos fenolicos
(KAJLA et al., 2015).

2.2.3.1 Proteinas vegetais

O conteudo de proteinas oscila, na semente seca, entre 21 e 26%, se destacando nao s
pela quantidade, mas pela qualidade, pois a linhaca € rica e equilibrada em trés aminoacidos
diretamente ligados ao desempenho fisico e atlético: valina, leucina e isoleucina. As
principais proteinas encontradas sdo a alboumina e a globulina, correspondendo a cerca de 20 a
42% do teor proteico total da linhaca (TRUCOM, 2006). Além da qualidade nutricional, essas
proteinas apresentam boa absor¢do de &gua e Oleo, atividade emulsionante e estabilidade
(MONEGO, 2009).
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2.2.3.2 Fibras alimentares

As fibras alimentares presentes na linhaga correspondem a 28% do Sseu peso seco,
sendo que um terco (6 a 11% da semente seca) sdo fibras solUveis, as quais absorvem a agua e
se transformam em uma substancia gelatinosa que envolve a gordura e impede a sua absorgao.
Dessa forma, as fibras sollveis contribuem para a melhora da sensibilidade a insulina,
reducdo do colesterol e do risco de DCV. Além disso, as fibras solGveis retardam o tempo de
transito intestinal e aumentam o volume das evacuacdes, auxiliando no tratamento da
obesidade (TRUCOM, 2006; BLOEDON et al., 2008; REDILICH, 2016).

J& as fibras insolUveis diferem das solGveis por ndo absorverem &gua. A funcao dessas
fibras € acelerar o trabalho intestinal e aumentar o bolo fecal, também contribuindo para o
tratamento da constipacdo intestinal e da obesidade. Além disso, as fibras insolGveis sdo
importantes na prevencdo do cancer intestinal por protegé-lo do contato com substancias
nocivas (REDLICH, 2016).

2.2.3.3 Oleo de linhaca e &cidos graxos poli-insaturados

A semente de linhaca é uma oleaginosa e, portanto, apresenta elevado teor de lipidios
(32 a 38%). O ¢6leo de linhaca é pobre em &cidos graxos saturados (9%), moderado em &cidos
graxos monoinsaturados (18%) e rico em acidos graxos poli-insaturados (73%). Dentre os
lipideos no 6leo de linhaca, o ALA, pertencente a familia 6mega-3, é o &cido graxo principal
(39 a 60%) (Figura 3), seguido pelos acidos oleico (13,4 a 19,4%), linoleico (familia ®-6;
12,2 a 17,4%), palmitico (4,9 a 8%) e estearico (2,2 a 4,6%), 0 que proporciona uma excelente
razdo de acidos graxos ®-6: ®-3 de aproximadamente 0,3:1. Embora o 6leo de linhaca seja
naturalmente rico em antioxidantes como tocoferdis e betacarotenos, 0 mesmo se torna
facilmente oxidavel apos ser extraido e purificado. A biodisponibilidade do ALA depende do
tipo de linhaca ingerida, tendo maior biodisponibilidade no 6leo do que nas sementes moidas
ou inteiras (GOYAL et al., 2014; COSTA, 2016).

Figura 3: Estrutura do acido a-linolénico (ALA).

0

HO 3

Fonte: http://www.chemspider.com/Chemical-Structure.4444437.html, acessado em 27/11/2017.
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Uma das mais importantes funcGes dos &cidos graxos dmega-3 e 6mega-6 estd
relacionada a sua conversdo enzimatica em eicosanoides, principalmente em EPA e DHA.
Posteriormente, estes eicosanoides sdo transformados em prostaglandinas e leucotrienos, 0s
quais desempenham diversas atividades no organismo, como a modulacdo das respostas
inflamatoria e imunolégica e contribuicdo na agregacdo plaquetéria, no crescimento e na
diferenciacéo celular (MARQUES, 2008; CUPERSMID et al., 2012).

A ingestdo de ALA também provoca alteracGes estruturais e funcionais na membrana
fosfolipidica, aumentando a fluidez da membrana celular, permitindo maior mobilidade das
proteinas e favorecendo maior troca de sinais de transducéo, interacdo hormonio-receptor e
transporte de substratos entre os meios intra e extracelular. Além disso, 0 ALA também ¢é
capaz de reduzir os niveis de triglicerideos plasmaticos por inibicdo da secrecdo hepatica de
VLDL e por diminui¢do da atividade de vérias enzimas hepaticas responsaveis pela sintese de
triglicerideos (CUPERSMID et al., 2012).

2.2.3.4 Compostos fenolicos

A semente de linhaca também é rica em compostos fenolicos, tais como &cidos
fendlicos, flavonoides e lignanas. Os principais acidos fendlicos presentes na linhaca sdo 0s
acidos cafeico, galico e clorogénico (SCALBERT & WILLIAMSON, 2000), os quais
apresentam atividade antisséptica, anticarcinogénica e antioxidante (V1ZZOTTO et al., 2010).
Os flavonoides sdo um grupo amplamente distribuido de metabolitos secundarios de plantas
que apresentam potenciais efeitos antioxidantes, tanto inibindo a deterioracdo oxidativa de
alimentos, quanto provocando efeitos metab6licos benéficos em animais (OOMAH et al.,
1996). A linhaca contém de 35-70mg de flavonoides / 100g de semente (TRUCOM, 2006).

Apesar da alta quantidade de &cidos fendlicos e flavonoides, os principais compostos
fendlicos presentes na linhaca s&o as lignanas. As lignanas vegetais sdo compostos fenolicos
formados pela unido de dois residuos de &cido cindmico e que atuam como antioxidantes e
fitoestrogenos. A linhagca contém até 800 vezes mais lignanas do que outros alimentos
vegetais, sendo seu teor composto principalmente por SDG (294-700mg / 100g) (Figura 4),
matairesinol (0,55mg / 100g), lariciresinol (3,04mg / 100g) e pinoresinol (3,32mg / 100g)
(GOYAL et al., 2014). Os beneficios para a salde das lignanas estdo na sua capacidade
antioxidante, como sequestradores de radicais hidroxila, e como compostos estrogénicos,
devido a sua semelhanca estrutural com o 17-B-estradiol. A capacidade antioxidante da SDG
estd relacionada a supressdo das condi¢fes oxidantes provocada pelas espécies reativas de

oxigénio (ERO). O SDG e sua aglicona, secoisolariciresinol, exibem uma capacidade
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antioxidante muito alta e atuam como protetores contra danos ao DNA e aos lipossomas
durante o metabolismo das bactérias do colon que as transformam nas lignanas mamiferas ED
e EL (ADLERCREUTZ, 2007; RUBILAR et al., 2010). Além de sua atividade antioxidante e
estrogénica, estudos tém demonstrado que o SDG apresenta efeito antitumoral, antiviral,
bactericida, inseticida e fungistético, além de proteger contra doengas coronarianas (SMEDS
etal., 2007; GOYAL etal., 2014).

Figura 4: Estrutura do secoisolariciresinol diglicosideo (SDG).

Fonte: http://www.chemicalbook.com/ChemicalProductProperty EN CB3506992.htm, acessado em 27/11/2017

2.2.4 Atividades bioldgicas ja descritas

Nos ultimos anos, a semente de linhaca e seus componentes isolados tém sido
amplamente estudados com o objetivo de elucidar suas principais atividades bioldgicas e os
mecanismos envolvidos. A fim de avaliar o efeito antioxidante da semente de linhaga, Rajesha
e colaboradores, em 2006, avaliaram o efeito do pré-tratamento com 0,75 e 1,59 de linhaga /
kg, durante 14 dias, sobre a toxicidade do tetracloreto de carbono (CCl,) em ratos. A linhaca
foi capaz de prevenir a reducdo na atividade das enzimas antioxidantes provocada pela toxina.

Em 2008, Zhang e colaboradores demonstraram que o tratamento com 600mg / dia de
SDG, durante 8 semanas, reduziu os niveis de colesterol total e LDL e a glicemia de jejum em
individuos hipercolesterolémicos. Este estudo também demonstrou um aumento nos niveis de
SECO, ED e EL, constatando uma correlacdo negativa entre esses metabdlitos e os niveis de
colesterol plasmatico.

Em 2010, Molena-Fernandes e colaboradores avaliaram o efeito das farinhas de

linhaca marrom e dourada sobre o perfil lipidico e a evolugdo ponderal em ratos Wistar,
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demonstrando que ambas as variedades promoveram reducdo significativa nos niveis de
triglicerideos séricos e na razdo colesterol total / colesterol HDL ap6s 35 dias de
suplementacdo. No mesmo ano, Moniem e colaboradores avaliaram o efeito do 6leo de
linhaca na protecao contra o estresse oxidativo induzido por chumbo em ratos, demonstrando
protecdo contra a peroxidacdo lipidica e o dano ao DNA, além de promover aumento nos
niveis de glutationa reduzida (GSH) e enzimas antioxidantes, como catalase (CAT),
superdxido dismutase (SOD), glutationa redutase (GR), glutationa-S-transferase (GST) e
glutationa peroxidase (GPx).

Em 2011, Couto e Wichmann demonstraram que a suplementacdo com 20g de linhaca
triturada durante 60 dias foi eficaz na reducéo do indice de massa corporal (IMC) e da CA de
mulheres com IMC superior a 25mg/kg?, alem de reduzir os niveis de colesterol total,
colesterol LDL e triglicerideos. Ainda em 2011, Abdel-Moneim e colaboradores
demonstraram que o 6leo de linhaca foi eficiente na protecdo contra o dano renal induzido por
acetato de chumbo em ratos. Tal protecdo foi demonstrada pela melhora na estrutura
histoldgica do rim, assim como pela reducdo nos niveis de creatinina, uréia, acido urico,
peroxidacdo lipidica e producéo de 6xido nitrico, com concomitante elevacédo na atividade das
enzimas antioxidantes CAT, SOD, GR, GST e GPx. No mesmo ano, Rhee & Brunt
demonstraram que a suplementacdo com 40g diarias de semente de linhaca, durante 12
semanas, reduziu a peroxidacdo lipidica e a resisténcia a insulina de individuos obesos
intolerantes a glicose.

Um estudo realizado por Poudyal e colaboradores, realizado em 2013, avaliou o efeito
da suplementagéo, durante 8 semanas, com ALA, EPA e DHA em um modelo de SM em
ratos. Este estudo demonstrou respostas fisioldgicas diferentes destes compostos na melhora
dos fatores de risco para a SM. O ALA induziu a redistribuicdo lipidica para longe da area
abdominal, melhorou a tolerancia a glicose e a sensibilidade a insulina e atenuou a
dislipidemia, hipertensdo e dimensdes, contratilidade, volumes e rigidez do ventriculo
esquerdo. O EPA e o DHA aumentaram a ativacdo simpatica e reduziram a adiposidade
abdominal e, portanto, a gordura corporal total e atenuaram a resisténcia a insulina, a
dislipidemia, a hipertensdo e a rigidez do ventriculo esquerdo. Além disso, os trés compostos
reduziram a fibrose cardiaca, a esteatose hepatica e a inflamacéo tanto no coragcdo como no
figado.

Egert e colaboradores demonstraram, em 2014, que uma intervencdo dietética rica em
ALA (3-4g/ dia) por 6 meses é eficiente na melhora da fungdo vascular e da inflamagdo em

pacientes com SM, e sugeriram que este efeito estaria relacionado a perda de peso. Outro
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estudo, realizado em 2014 por Pilar e colaboradores, demonstrou que a suplementagdo com
40g / dia de semente de linhaca dourada durante 28 dias foi capaz de melhorar o perfil lipidico
e glicémico, promover protecdo hepaética, renal e cardiaca, além de reduzir o dano oxidativo a
lipidios e proteinas e aumentar as defesas antioxidantes enzimaticas e ndo-enzimaticas em
pacientes com SM.

Em 2015, um estudo de Zuravski e colaboradores avaliou o efeito da suplementacéo
com 40g / dia de semente de linhaca dourada, durante 14 dias, sobre parametros de estresse
oxidativo em individuos saudaveis. Os resultados deste estudo demontraram uma reducao do

dano oxidativo a lipidios e proteinas, além de uma melhora nas defesas antioxidantes.

2.3 Sindrome Metabdlica

2.3.1 Origem

A sindrome metabdlica (SM), também conhecida como sindrome da resisténcia a
insulina, sindrome X, sindrome plurimetab6lica ou quarteto mortal, corresponde a um
distarbio metabdlico complexo conhecido ha quase 100 anos (PORTELA, 2010). Este
distarbio foi descrito pela primeira vez em 1923 quando Kylin, um cientista alemé&o, observou
pacientes com o agrupamento de hipertenséo, hiperglicemia e gota (KYLIN, 1923). Em 1947,
Vague destacou a adiposidade corporal superior como o fendtipo de obesidade que era
comumente associada a alteracdes metabdlicas associadas com DM2 e DCV (VAGUE, 1947).

Quatro décadas depois, em 1988, Reaven descreveu este disturbio de forma mais
precisa, reconhecendo-o como o agrupamento de dislipidemia, hipertensdo e hiperglicemia, e
destacando a resisténcia a insulina como o principal mecanismo etiolégico, sendo estas outras
alteracdes secundarias a esta anormalidade. A partir dai esta sindrome recebeu a denominacao
de sindrome X e foi reconhecida como um fator de risco para DCV (REAVEN, 1988).

2.3.2 Critérios para o diagnéstico

Embora o conceito de SM tenha sido aceito hd bastante tempo, até o ano 2000
nenhuma instituicdo teve a iniciativa de desenvolver uma definigdo reconhecida
internacionalmente. Na tentativa de chegar a algum acordo sobre a definicdo, e de fornecer

uma ferramenta para clinicos e pesquisadores, uma consulta da Organizacdo Mundial da
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Saude (OMS) propbs um conjunto de critérios. Subsequentemente, o National Cholesterol
Education Program Adult Treatment Panel 111 (NCEP-ATP I1IlI) e a Federacdo Internacional
de Diabetes (FID) também formularam defini¢cbes. Essas definicdes concordam com os
componentes essenciais (intolerancia a glicose, obesidade, hipertensdo e dislipidemia), mas
diferem nos detalhes e critérios (ECKEL et al., 2005).

A primeira definigdo, criada pela OMS em 2000, considerou a resisténcia a insulina e
a intolerancia a glicose como componentes essenciais, juntamente com, pelo menos, outros
dois fatores: aumento da pressdo arterial, hipertrigliceridemia e/ou HDL reduzido, obesidade
(medida pela relacéo cintura-quadril e IMC) e microalbuminuria (WHO, 2000). No entanto, o
que dificulta a utilizacdo desta definicdo é o fato de considerar como ponto de partida a
avaliacdo da resisténcia a insulina e da intolerancia a glicose. Entdo, a medida que mais
informacdes se tornaram disponiveis esta defini¢do foi sendo substituida.

Em 2001, o NCEP-ATP IlI desenvolveu uma defini¢cdo que nédo exigia a comprovagéo
de resisténcia a insulina, facilitando a sua utilizacdo. Esta definicdo teve o foco no risco de
DCV e o seu objetivo especifico foi facilitar o diagndstico clinico de individuos de alto risco.
Segundo o NCEP-ATP Ill, o diagnostico da SM requer a presenca de trés dos cinco
componentes: obesidade central, hipertensdo arterial, triglicerideos elevados, colesterol HDL
reduzido e hiperglicemia de jejum (Tabela 1). Além de ser mais simples, segundo Lorenzo e
colaboradores (2003) a definicdo do NCEP detecta maior nimero de individuos em risco de
DM2 que a defini¢do da OMS.

Tabela 1 - Componentes da Sindrome Metabdlica segundo o NCEP-ATP II1.

Componentes Niveis

Obesidade abdominal por meio da CA

Homens

> 102cm
Mulheres

> 88cm
Triglicerideos > 150 mg/D1
HDL colesterol

<40 mg/dL
Homens

<50 mg/dL
Mulheres
Press&o arterial > 130mmHg ou > 85mmHg
Glicemia de jejum > 110 mg/dL

Adaptado de I-DBSM, 2005.
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No entanto, o principal problema das definicdes da OMS e do NCEP-ATP 1ll ¢ a
aplicabilidade das mesmas nos diferentes grupos étnicos, principalmente relacionado aos
pontos de corte para a obesidade, ao quais podem ser diferentes entre as populaces de
diferentes regides. Com o objetivo de tentar estabelecer uma definicdo unificada para a SM e
para destacar as areas onde sdo necessarias mais investigaces sobre a sindrome, um grupo de
especialistas foi convocado pela FID, em 2004, para elaborar uma nova definicéo, a qual tinha
o valor limite para a circunferéncia da cintura como obrigatorio, além de pontos de corte
especificos para regides ou paises (ALBERTI et al., 2005; ECKEL et al., 2010).

No Brasil, a | Diretriz Brasileira de Diagnostico e Tratamento da Sindrome Metabdlica
(I-DBSM) recomenda o uso da definicdo NCEP-ATP IIl devido a sua simplicidade e
praticidade. Segundo essa diretriz, deve ser realizada investigacdo clinica e laboratorial com
0 objetivo de confirmar o diagnostico da SM (pelos critérios do NCEP-ATP 111) e identificar
fatores de risco cardiovascular associados (I-DBSM, 2005).

2.3.3 Fisiopatologia

Apesar dos avan¢os na fisiopatologia e na delineacdo dos fatores de risco que
predispdem a SM, ha muitos aspectos-chave que permanecem obscuros. A grande variagao na
suscetibilidade e idade de inicio em individuos com perfil de risco muito similar sugere uma
grande interacdo entre fatores genéticos e ambientais. Embora a obesidade e a resisténcia a
insulina permanecam no cerne da fisiopatologia da SM, vaérios outros fatores como a
dislipidemia aterogénica, a suscetibilidade genética, a hipertensdo arterial, o estado
hipercoaguldvel, o aumento no estresse oxidativo celular e a atividade do sistema renina-
angiotensina-aldosterona podem também estar envolvidos na sua patogénese (KASSI et al.,
2011; KAUR, 2014).

Considera-se a obesidade central como um fator fundamental na patogénese da SM,
uma vez que o tecido adiposo visceral secreta uma variedade de substancias bioativas
denominadas adipocitocinas, tais como leptina, resistina, fator de necrose tumoral-a (TNF-a),
interleucina 6 (IL-6), angiotensina Il e inibidor do ativador do plasminogénio 1 (PAI-1)
(KASSI et al., 2011). As adipocitocinas integram os sinais enddcrinos para mediar maltiplos
processos, incluindo sensibilidade a insulina, estresse oxidativo, metabolismo energético,

coagulacdo sanguinea e respostas inflamatorias, as quais aceleram a aterosclerose e a
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aterotrombose (KAUR, 2014). Além disso, a adiponectina, uma adipocitocina importante que
protege contra o desenvolvimento de DM2, hipertensédo, inflamacdo e doencas vasculares
ateroscleroticas, estd diminuida em individuos com acumulo de gordura visceral, o que pode
estar causalmente relacionado a SM (KASSI et al., 2011).

Outros compostos produzidos pelo tecido adiposo, possivelmente implicados na
patogénese da SM, sdo os cidos graxos livres (AGL). Na presenca de resisténcia a insulina, o
processo de mobilizacdo dos AGL a partir dos triglicerideos do tecido adiposo é acelerado.
No figado, os AGL resultam (devido a resisténcia insulinica hepatica) no aumento da
producdo de glicose e triglicerideos e secrecdo de VLDL, mantendo um ciclo vicioso (KASSI
etal., 2011).

Além disso, a hipertensdo arterial é frequentemente associada a varias anormalidades
metabolicas, das quais a obesidade, a intolerancia a glicose e a dislipidemia sdo as mais
comuns. Estudos sugerem que tanto a hiperglicemia como a hiperinsulinemia ativam o
sistema renina-angiotensina-aldosterona, aumentando a expressdo do angiotensinogénio, da
angiotensina 1l e do receptor AT1, o que, em conjunto, pode contribuir para o
desenvolvimento de hipertensdo em pacientes com resisténcia a insulina. Ha também
evidéncias de que a resisténcia a insulina e a hiperinsulinemia levam a ativacdo do sistema
nervoso simpatico e, como resultado, os rins aumentam a reabsorcdo de sédio, o coragdo
aumenta o débito cardiaco e as artérias respondem com vasoconstricdo, resultando em
hipertensao arterial (KAUR, 2014).

A SM também esté associada a um aumento do estresse oxidativo celular, devido a
superproducdo de ERO, as quais podem induzir resisténcia a insulina, que é indispensavel
para a progressao deste disturbio. Além disso, as ERO ativam receptores mineralocorticdides
e 0 sistema nervoso simpatico, 0 que pode contribuir ainda mais para a progressdao da SM
(ANDO & FUJITA, 2009).

2.3.4 Prevencao e Tratamento

A identificacdo e o manejo clinico dos pacientes com SM sdo importantes para
implementar adequadamente os tratamentos e, assim, reduzir o risco de doengas subsequentes.
Abordagens preventivas eficazes incluem mudangas de estilo de vida, principalmente perda
de peso, com dieta e exercicio, e o tratamento compreende o0 uso adequado de agentes

farmacoldgicos e/ou cirargicos para reduzir os fatores de risco especificos (KAUR, 2014).
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O NCEP-ATP 11l recomenda que a obesidade seja o principal alvo de intervencdo para
a SM (NCEP-ATP Il1, 2001). A terapia de primeira linha deve ser a reducéo de peso, através
de uma alimentacdo saudavel e com o aumento da atividade fisica. A perda de peso reduz o
colesterol e os triglicerideos sericos, aumenta o colesterol HDL, reduz a pressdo arterial, a
glicemia e a resisténcia a insulina (GRUNDY et al., 2004).

A alimentacéo adequada para o tratamento da SM deve incluir uma dieta hipocalorica,
com reducdo da ingestdo de gorduras, substituindo o consumo de gorduras saturadas por
insaturadas e reduzindo o consumo de gorduras trans (hidrogenadas), aumento da ingestao de
frutas, hortalicas, leguminosas e cereais integrais e reducdo da ingestdo de acucares livres e
sodio. Ja a atividade fisica é determinante no gasto de calorias e fundamental para o balanco
energético e controle do peso. A atividade fisica regular diminui o risco relacionado a cada
componente da SM, uma vez que reduz a pressdo arterial, eleva o colesterol HDL e melhora o
controle glicémico. O exercicio fisico deve ter duracdo minima de 30 minutos,
preferencialmente diario, incluindo exercicios aerébicos e de fortalecimento muscular (I-
DBSM, 2005).

O tratamento farmacoldgico deve ser considerado para aqueles pacientes cujos fatores
de risco ndo sdo adequadamente reduzidos com as mudancas de estilo de vida. A gestdo
clinica da SM é dificil porque ndo existe um método reconhecido para prevenir ou melhorar a
sindrome como um todo. Assim, a recomendacdo é tratar cada componente separadamente,
colocando uma énfase particular sobre os componentes que sdo facilmente passiveis de
tratamento medicamentoso (KAUR, 2014).

A obesidade pode ser tratada com medicamentos como dietilpropiona, femproporex,
mazindol, sibutramina e orlistat para pacientes com obesidade (IMC > 30 kg/m?) ou excesso
de peso (IMC entre 25 e 30 kg/m2). Para os pacientes com obesidade morbida (IMC > 40
kg/m?) é recomendada, sob algumas condi¢des, a cirurgia bariatrica (I-DBSM, 2005). O
tratamento da dislipidemia aterogénica pode ser realizado com o uso de estatinas ou fibratos,
sendo ambos capazes de reduzir o risco de DCV. Ja a hipertenséo arterial deve ser controlada
com o uso dos medicamentos anti-hipertensivos recomendados pela VI Diretrizes Brasileiras
de Hipertensdo, tais como diuréticos, betabloqueadores, antagonistas de calcio, inibidores da
enzima conversora de angiotensina e blogueadores dos receptores de angiotensina Il, sendo
que o recomendado é a utilizacdo da associacdo de farmacos (VI-DBH, 2010). Quando o
DM2 estd presente deve ser feita terapia com hipoglicemiantes, sendo recomendadas as
combinacdes terapéuticas de metformina e glitazonas, metformina e sulfoniluréias, e
glitazonas e sulfoniluréias (I-DBSM, 2005).
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Além das mudancas no estilo de vida e dos tratamentos medicamentoso e cirdrgico,
alguns estudos demonstraram efeitos benéficos de alimentos funcionais como adjuvantes no
tratamento e na prevencdo da SM (WU et al., 2010; BLAND, 2011; KHAN et al., 2013;
PILAR et al, 2014). De acordo com Bland (2011), os principais componentes responsaveis
por esses efeitos benéficos sdo os compostos fitoquimicos presentes nestes alimentos.
Especificamente, alguns compostos podem diferencialmente modular o perfil da expresséo
génica pods-prandial em pessoas com SM e ajudar a normalizar as funcdes metabdlicas
perturbadas associadas a esta condicdo. Além disso, estudos tém demonstrado que a ingestéo
dietética de &cidos graxos 6mega-3 presentes em muitos destes alimentos também diminui o
risco de doencas cardiacas. Os dados obtidos a partir de véarios ensaios indicam que a
suplementacdo dietética com esses acidos graxos reduz significativamente o risco de
sindromes como doencas cardiacas coronarias e insuficiéncia cardiaca subita, principalmente
pela capacidade dos mesmos em reduzir a hipertrigliceridemia (I-DBSM, 2005; KHAN et al.,
2013). Por fim, a presenga de compostos com atividade antioxidante nestes alimentos
funcionais tem demonstrado ter relacdo direta com a reducéo dos fatores de risco associados a
SM, visto que o estresse oxidativo € um fator de destaque na fisiopatologia deste distdrbio
(SANTOS et al., 2006).

2.3.5 Modelos animais

A ocorréncia disseminada de SM em humanos indica a necessidade urgente de estudar
as causas e a progressao dos sintomas desse distarbio. Estes estudos requerem modelos
animais viaveis que imitem adequadamente todos os aspectos da SM humana, especialmente
o desenvolvimento de obesidade, hiperglicemia, dislipidemia, hipertensdo, doenca hepatica
gordurosa e disfuncdo renal (PANCHAL & BROWN, 2011).

Ratos e camundongos tém sido utilizados hd muitos anos como modelos de doengas
humanas, visando a investigacdo da progressao dos sintomas dessas doencas. Varios modelos
ja foram descritos para o estudo da SM, entre eles é possivel destacar a utilizacdo de dietas
ricas em carboidratos, como a frutose e a sacarose, ou aquelas que incluam uma quantidade
significativa de gorduras de origem animal ou de 6leos vegetais (IYER et al., 2009).

No entanto, a utilizacdo de frutose é o modelo mais bem estabelecido para a inducéo de
SM em roedores, uma vez que € o modelo que modula de forma mais fidedigna a doenca
humana (CAMPOS & TAPPY, 2016; PANCHAL & BROWN, 2011). Ja foi demonstrado que
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uma dieta rica em frutose é capaz de provocar hipertensdo, resisténcia a insulina,
hipertrigliceridemia, aumento da producgéo hepética de VLDL e hiperglicemia (NAKAGAWA
et al., 2006; BARROS et al., 2007; RONCAL et al., 2009), apesar de haverem controvérsias
quanto a capacidade da mesma em provocar obesidade (PATEL et al., 2009; BOCARSLY et
al., 2010).

Uma das raz@es pelas quais a frutose provoca SM é porque ela ndo é capaz de estimular
a secrecdo de insulina das células B-pancreaticas, o que ocorre devido a auséncia de
transportador GLUT5 nestas células. Além disso, o0 metabolismo da frutose ignora a principal
via da glicdlise que converte a frutose-6-fosfato em frutose-1,6-bifosfato pela enzima
fosfofrutoquinase. Estes dois fatores contrariam o metabolismo da glicose, o qual estimula a
secregdo de insulina a partir da célula B-pancreatica, promovendo a conversdo de glicose em
glicogénio (MAMIKUTTY et al., 2014).

Quanto a forma de administragdo da frutose em animais experimentais, estudos ja
relataram que a adicao de 60% de frutose na ragdo padrdo ou de 10% a 20% na &gua de beber
sdo eficientes para a inducdo de SM (LEIBOWITZ et al., 2013; GUIMARAES et al., 2014).
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3 OBJETIVOS

3.1 Objetivo Geral

Avaliar os efeitos do 6leo de linhaga (OL) e da lignana da linhaga secoisolariciresinol

diglicosideo em um modelo de sindrome metabolica em ratos Wistar.

3.2 Objetivos especificos

e Avaliar a eficacia do tratamento com solucdo de frutose a 30% na indugdo de SM em
ratos Wistar;

e Analisar o efeito da suplementacdo com OL ou SDG durante este periodo na
prevencédo do desenvolvimento da SM;

e Determinar o efeito da solucdo de frutose e/ou da suplementagdo com OL ou SDG
sobre marcadores inflamatérios;

e Determinar o efeito da solucdo de frutose e/ou da suplementagdo com OL ou SDG
sobre a estrutura histopatoldgica e os marcadores sanguineos de funcdo renal e
hepaética.

e Avaliar a associacdo da SM com alteragcGes em parametros oxidativos;

e Avaliar o efeito do OL e/ou do SDG na protecdo contra o estresse oxidativo associado
a SM.
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Protective Role of Flaxseed Oil and Flaxseed
Lignan Secoisolariciresinol Diglucoside Against
Oxidative Stress in Rats with Metabolic Syndrome

Bruna Pilar

, Angélica Giillich, Patricia Oliveira, Deise Stroher, Jacqueline Piccoli, and Vanusa Manfredini

Abstract: This study evaluated the protective effect of flaxseed oil (FO) and flaxseed lignan secoisolariciresinol diglucoside
(SDG) against oxidative stress in rats with metabolic syndrome (MS). 48 rats were allocated into the following 6 groups:
Groups 1 (control), 5 (FO), and 6 (SDG) received water and were treated daily orally with saline, FO, and SDG,
respectively. Groups 2 (MS), 3 (MS+4FQ), and 4 (MS4SDG) received 30% fructose in drinking water for MS induction
and were treated daily orally with saline, FO, and SDG, respectively. After 30 d, animals were sacrificed, and blood was
collected for biochemical and oxidative analysis. Body weight was recorded weekly. Systolic blood pressure (SBP) was
measured before and after treatment. Fructose could produce MS and oxidative stress. FO and SDG prevented changes in
SBP, lipids, and glucose. FO and SDG prevented oxidative damage to lipids, and only FO prevented oxidative damage to
proteins associated to MS. FO and SDG improved enzymatic antioxidants defenses and reduced glutathione levels, which
was greater with SDG. Total polyphenol levels were enhanced in groups that received SDG. Thus, the results of this
study demonstrated that treatment with a 30% fructose solution for 30 d is effective for MS induction and the oxidative
stress is involved in the pathophysiclogy of MS induced by fructose-rich diets. Furthermore, we demonstrated that the
antioxidant effects attributed to flaxseed are mainly due to its high lignan content especially that of SDG, suggesting that
this compound can be used in isolation to prevent oxidative stress associated with MS.

Keywords: antioxidant, flaxseed oil, metabolic syndrome, oxidative stress, secoisolariciresinol diglucoside

Practical Application: We report that the antioxidant effects attributed to flaxseed are mainly due to its high lignan
content, especially that of secoisolariciresinol diglucoside. This is significant because suggests that this compound can be
used in isolation to prevent oxidative stress associated with MS. Furthermore, this study was the only one to perform a
comparison of the abilities of 2 components of flaxseed to protect against oxidative stress in an MS model, which brings
a great advance in the medicine’s field, since it indicates another alternative for improve the health and the quality of life

of patients with this disorder.

Introduction

The term metabolic syndrome (MS) has been used by re-
searchers to define a set of risk factors of metabolic origin, which
has a high socioeconomic cost and is considered a worldwide epi-
demic. According to a more recent definition proposed by the
International Diabetes Federation, MS corresponds to a combi-
nation of at least 3 of the following risk factors: visceral obesity,
hypertension, increased triglyceride and glucose levels, and de-
creased high density lipoprotein (HDL) cholesterol levels (Kassi
and others 2011).

Furthermore, oxidative stress plays a central role in MS pathol-
ogy and can be a key factor in its progression. Reactive oxy-
gen species (ROS) are highly reactive derivatives of oxygen
metabolism. Under physiological conditions, a balance is main-
tained between ROS production and their removal by enzymatic
and nonenzymatic antioxidants. Under pathological states, such as

JFDS-2017-1207 Submitted 7/24/2017, Accepted 10/2/2017. Authors Pilar,
Giillich, Oliveira, Stréher, and Manfredini are with Postgraduate Program in Bio-
chemistry, Federal Univ of Pampa, Umignatana, Rio Grande do Sul, Brazil. Author
Piccoli is with Posigraduate Program in Pharmacewtical Sdences, Federal Univ of
Pampa, Umgnaiana, Rio Grande do Sul, Buzil. Direct inquiries to author Pilar
(E-mail: brunapilar{ 6(@hotmail.com).

© 2017 Institute of Food Technologists®
doi: 10.1111/1750-3841.13964

Further reproduction without permissicn is prohibited

in MS, an increase in oxidative capacity along with a decrease in
antioxidant capacity creates an imbalance that results in oxidative
stress, which has toxic effects on cells and tissues (Hutcheson and
Rocic 2012).

The high prevalence of MS and its associated health conse-
quences demonstrates the need to define strategies to prevent it,
and many studies indicate that increased intake of functional foods
and antioxidant supplements is inversely related to the presence of
risk factors associated with MS (Andresen and Fernandez 2013;
Pattyn and others 2013).

Flaxseed (Linum usitatissimum L.) is a functional food that has
attracted growing interest from researchers because it contains bi-
ologically active components such as dietary fibers, plant pro-
teins, polyunsaturated fatty acids (PUFAs), and lignans. which
play a beneficial role in the organism, enabling disease prevention
(Rubilar and others 2010; Taylor and others 2010; Kajla and oth-
ers 2015). Flaxseed oil (FO) contains approximately 57% alpha-
linolenic acid (ALA), being the richest ALA source. It has been
shown in previous studies that eicosapentaenoic acid and docosa-
hexaenoic acid, which are formed from ALA metabolism, reduce
this risk of chronic diseases, such as atherosclerosis, cardiovascular
disease, cancer, and hyperlipidemia (Rodriguez-Leyva and oth-
ers 2010). In addition, flaxseed is rich in lignans, phytoestrogens
commonly consumed in the human diet, and secoisolariciresinol
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diglucoside (SDDG) is the main lignan found (approximately 1% by
dry weight) (Khalesi and others 2011). After its metabolism in the
intestine and colon, SDG is broken down into secoisolariciesinol,
enterodiol (ED), and enterolactone (EL) molecules, which have al-
ready shown health beneficial effects (Hu and others 2007; Zhang
and others 2008).

Furthermore, studies have shown that flaxseed can reduce ox-
idative damage, including in MS patients (Pilar and others 2014;
Zuravski and others 2015). However, some studies attribute these
effects to FO and 1ts high ALA concentration (Karaka and Eraslan
2013; Badawy and others 2015), whereas other studies indicate
that the antioxidant effects of flaxseed are due to the presence
of its lignans, especially SDG (Hu and others 2007; Newary and
Abdou 2009). Thus, to clarify the component responsible for the
antioxidant effects attributed to flaxseed in MS, the main objec-
tive of this study was to evaluate the comparative effects of FO
and flaxseed lignan SDG on oxidative parameters in rats with this
disorder.

Materials and Methods

Chemicals
All the chemicals used were of analytical grade. All reagents
were obtained from Sigma Chemical Co. (St. Louis, Mo.. U.S.A.).

FO and sDG

FO was obtained from Mundo dos Oleos Company (Brasilia,
DE Brazil) in July 2015. According to the manufacturers in-
formation, it was obtained by cold pressing and fltration from
seeds. SDG was obtained from Sigma Chemical Co., with a pu-
rity 297% (high performance liquid chromatography). A solution

of 5 mg/mL SDG was prepared for administration in the rats.

Ethical standards

All experiments were approved by the Ethics Committee on
Animal Use of the Federal Univ. of Pampa, Uruguaiana, Rio
Grande do Sul, Brazil (Protocol 024/2014).

Gas chromatography-mass spectrometry analysis of FO
About 1 pL of an aliquot of FO was subjected to gas
chromatography—mass spectrometry (GC-MS) analysis that was
performed using a Shimadzu model GC/MS QP-2010Plus (Shi-
madzu Corporation, Kyoto, Japan). GC was equipped with an
RTX-5MS capillary column (30 m x 0.25 mm i.d. % 0.25 pm
film thickness) consisting of a stationary phase of 5% diphenyl and
95% dimethyl polysiloxane. The injector temperature was 250 °C,
and the split vent was closed for a minute (splitless operation). He-
lium gas was used as a carrier gas with a flow rate of 1.0 mL/min.
The oven temperature programming was as follows: the inital
oven temperature was maintained at 50 °C for 5 min and then
increased to 300 °C at a rate of 10 °C/min maintained for 30 min.
The temperature of the ion source and the transfer line was 290 °C.
Identification of the compounds was performed by comparing
their mass spectra with NIST library available in the instrument.

Experimental animals and diets

Forty-eight male Wistar rats, 30 d old, were lawfully acquired
from the Central Animal Laboratory of Univ. Federal of Santa
Maria, Rio Grande do Sul, Brazil, and acclimated for 30 d with
standard chow and water ad libitum. Animals were housed in cages
under standard conditions (22 = 1 °C, 55 £ 5% humidity, light-
dark cycle 12/12 h).

2 Journal of Food Science - Vol. 00, Nr. 0, 2017

Rats were randomly divided into 6 groups (n = 8). Groups 2 to
4 received a 30% fructose solution in drinking water during the
experimental period (30 d) for MS induction, while groups 1, 5,
and 6 received water ad libitum. Simultaneously, during these 30 d,
the animals received daily treatment by oral gavage, as described
below (Penumathsa and others 2008, Kaithwas and Majumdar
2012):

Group 1{control): 1 mL/kg body weight saline;
Group 2 (MS): 1 mL/kg body weight saline;

Group 3 (MS+FO): 1 mL/kg body weight FO;
Group 4 (MS4SDG): 20 mg/kg body weight SDG;
Group 5 (FO): 1 mL/kg body weight FO;

Group 6 (SDG): 20 mg/kg body weight SDG;

Twenty-four hours after the last administration, animals were
anesthetized and euthanized by decapitation and whole blood was
collected.

Characterization of MS

For characterization of MS, body weight; blood pressure; and
glucose, triglyceride, and HDL cholesterol levels were evaluated.
Body weight was recorded weekly. Systolic blood pressure (SBP)
was measured by noninvasive tail-cuff plethysmography (AD In-
struments Pty Led, Bella Vista, NSW, Australia) before and after
supplementation in conscious rats. Before measurement, the rats
were kept at 30 °C for 10 min, in an acrylic containment appara-
tus (Insight - Equipment, Research and Teaching, Ribeirdo Preto,
SP, Brazil) to make the pulsations of the tail artery detectable. To
establish the SBP value, 10 measurements were taken. and the
average was obtained. To minimize stress-induced variations in
blood pressure, all measurements were taken by the same person
in the same peaceful environment. Moreover, to guarantee the
reliability of the measurements, we established a training period
of 1 wk before the actual trial time, and during this period, the
rats were accustomed to the procedure. Glucose, triglyceride, and
HDL cholesterol measurements were carried out in triplicate us-
ing the A25 Biosystems automatic analyzer (Barcelona, Spain) for
in vitro diagnostics

Oxidative damage

For evaluation of oxidative damage to lipids, proteins and DNA,
lipid peroxidation, and protein carbonyls were determined in
plasma, and the micronucleus rate and comet assay were eval-
uated in whole blood leukocytes. Lipid peroxidation was per-
formed using a thiobarbituric acid-reactive substances (TBARS)
assay as described by Ohkawa and others (1979). This method
involves the reaction of a degradation product of lipid peroxi-
dation, malondialdehyde (MDA), with TBA under conditions of
high temperature and acidity to generate a colored adduct that
is measured spectrophotometrically. Protein carbonyls were mea-
sured using a spectrophotometric method described by Levine
and others (1990), which involves the reaction of plasma samples
with 2,4-dinitrophenylhydrazine (DNPH) in 6 M guanidine hy-
drochloride, which binds selectively to protein carbonyl groups.
The micronucleus test was performed according to Schmid (1975).
For this analysis, blood smears were produced and stained by hema-
tological staining. After drying, the smears were analyzed under
an optical microscope to establish the frequency of micronuclei.
The alkaline comet assay was carried out as described by Singh
and others (1988). A suspension of leukocyte cells was spread
on a glass slide and, after lysis, electrophoresis was performed for
20 min (25V, 300 mA). The shides were stained with silver nitrate
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Figure 1-Body weight gain of rats during the experimental period.
There was no significant difference in body weight gain between
groups. MS, metabolic syndrome; FO, flaxseed oil; SDG, secoisolariciresinol
diglucoside.

and analyzed under an optical microscope. Cells were scored visu-
ally according to tail length from 0 (no migration) to 4 (maximum
migration), and the damage index ranged from 0 (all cells without

migration) to 400 (all cells with maximum migration). All assays
were carried out in triplicate.

Antioxidant defenses

Nonenzymatic antioxidant defenses were measured by total
polyphenol and reduced glutathione (GSH) levels. Plasma samples
were analyzed for total polyphenol (TP) content using a modi-
fied Folin-Ciocalteu colorimetric method (Singleton and others
1999). TP content was standardized against gallic acid and ex-
pressed as gallic acid equivalents (GAE). GSH levels were mea-
sured in erythrocytes according Akerboom and Sies (1981). In
this method, GSH is measured by reaction with 5.5"-dithiobis
(2-nitrobenzoic acid) (DTINB) to form the vellow derivative, 5'-
thio-2-nitrobenzoic acid (TNB), which can be measured spec-
trophotometrically.

In addition, enzymatic antioxidant defenses were evaluated
by determining the activity of the enzymes catalase (CAT), su-
peroxide dismutase (SOD) and glutathione peroxidase (GPx).
CAT activity was assayed spectrophotometrically in erythrocyte
samples by the method of Aebi (1984), which involves mon-
itoring the disappearance of H20: in the presence of CAT.
SOD activity in erythrocytes was determined using a RAN-
SOD kit (Randox Brazil LTDA, Belo Horizonte, MG, Brazil),

which uses xanthine and xanthine oxidase to generate superox-
ide radicals that react with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-
phenyltetrazolium chloride (I.N.T)) to form a red formazan dye,
which is assessed spectrophotometrically. GPx activity in erythro-
cytes was achieved using the RANSEL kit (Randox LTIDA Brazil,
Belo Horizonte, MG, Brazil). This kit 1s based on the reaction of
GPx with GSH, which is oxadized to oxidized glutathione (GSSG)
and, in the presence of glutathione reductase (GR), GSSG is con-
verted back to GSH at the expenses of NADPH. NADPH decline
1s then monitored spectrophotometrically. All assays were carried
out in triplicate.

Statistical analysis

Data were expressed as mean £ standard deviation (SD). SBP
and body weight data were analyzed by two-way analysis of vari-
ance (ANOVA) followed by Bonferronis multiple comparisons
test for post hoc analysis. For the remaining data, the comparison
between groups was performed using one-way ANOVA followed
by Bonferroni’s post hoc test. Reesults were considered statistically
significant when P < 0.05. Statstical analyses were performed

using GraphPad Prism software (version 5.0, GraphPad Software,
Inc., La Jolla, San Diego, Calif.,, US.A.).

Results

GC-MS analysis of fO

GC-MS analysis of FO identified the following fatty acids:
palmitic, C16:0 (1.33%); stearic. C18:0 (0.95%); oleic, C13:1
(5.36%); linoleic, C18:2 (3.9%); and linolenic, C18:3 (13, 8%)
acids. In addition, steroids (cholesterol, stigmasterol, sitosterol, fu-
costerol and lanosterol), tocopherols (@ and ). and other less
abundant constituents such as aldehydes, ketones, alcohols, esters,
alkanes, and heterocyclic compounds were identified.

Body weight

Figure 1 shows the animal’s body weight during the treatment
period. There was no significant difference in body weight gain
between the groups during the treatment period.

Systolic blood pressure

Treatment with fructose solution for 30 d significantly increased
(P = 0.05) SBP in the group that received fructose solution (MS).
In addition, treatment with FO and SDG could prevent this alter-
ation caused by the fructose solution. In healthy rats, FO and SDG

g

—

Systolic pressure (mmHg)

EZ Before treatment
E3 After treatment

Figure 2-Systolic blood pressure in different study groups
before and after 30 d of FO and SDG supplementation.
Data are expressed as mean £ SD. (3) P < 0.05 compared
to control group. (b) P < 0.05 compared to MS group. MS,
metabolic syndrome; FO, flaxseed oil; SDG,
secoisolariciresinol diglucoside. 10 measurements were
taken to establish the SBP value.
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Table 1-Biochemical parameters in different study groups.

Glucose Triglycerides HDL cholesterol

(mg/dL) {mg/dL) {mg/dL)
Control 109.7 + 20.7 107.7 + 103 483 + 04
MS 151.6 + 14.8° 3128 + 252 244 + 1.9
MS+FO 144.0 £ 10855  172.8 4 303%b< 415 4 5200«
MS+5DG 107.8 £ 10.6° 196.0 £ 657404 313 & 1.00d
FO 115.6 + 10.6 110.8 + 145 493 £+ 5.5
SDG 104.6 £ 17.9 108.2 £+ 10.9 47.1 £ 1.8

Values expressed as mean & S.D.

*P = 0.05 compared to control group.

bp 2005 compared to MS group.

P = 0.05 compared to FO group.

4p = 0.05 compared to SDG group. MS, metabolic syndrome; FO, Hawseed oil; SDG,
secoisolariciresinol diglucoside. All experiments were performed in triplicate.

did not cause significant changes in SBP increase when compared
to the control group (Figure 2).

Biochemical analysis

Table 1 shows the results for glucose, triglyceride, and HDL
cholesterol levels in different groups. Treatment with 30% fruc-
tose solution for 30 d significantly increased (P < 0.05) glucose
and triglycerides levels, and produced a statistically significant

reduction (P = 0.05) in HDL cholesterol levels compared with
the control group. Treatment with FO and SDG prevented the
reduction in HDL levels and the increase in triglycerides levels.
The increase in glucose levels was prevented just in groups that
received SDG, with no significant differences in the group that
received FO when compared with the MS group. Furthermore,
FO and SDG did not promote statistically significant changes in
the healthy rats when compared to the control group.

Oxidative stress parameters

Figure 3 shows the results of oxidative damage biomarkers in
different study groups. Figure 3A shows lipid peroxidation assessed
by measuring TBARS. TBARS levels were significantly higher
(P < 0.05) in the MS group when compared with the control
group. MS4+FO and MS4+SDG group showed significantly lower
values (P < 0.05) than the MS group. Figure 3B shows the carbonyl
group levels, where we can observe significantly higher (P <
0.05) values in the MS group and in M54-SDG group than in the
control group. M54+FO group showed significantly lower carbonyl
group levels (P < 0.05) than control and MS groups. Moreover,
the FO and SDG groups presented levels similar to those of the
control group in TBARS and carbonyl group levels. Figure 3C
and D show the frequency of micronuclei and results of the comet
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Figure 3—Biomarkers of oxidative damage in different study groups. (A) Lipid peroxidation (TBARS). (B) Protein carbonyl levels. (C) Micronucleus test.
(D) Comet assay. Data are expressed as mean £ 5D. (a) P < 0.05 compared to control group. (b) P < 0.05 compared to M5 group. (c) P < 0.05 compared
to FO group. MS, metabolic syndrome; FO, flaxseed oil; SDG, secoisolariciresinol diglucoside. All assays were carried out in triplicate.
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Figure 4-Nonenzymatic antioxidant levels in different study groups. (A)
G5H levels. (B) Total polyphenol levels. Data are expressed as means £+
SD. (a) P < 0.05 compared to control group. (b) P < 0.05 compared to
MS group. (c) P < 0.05 compared to FO group. (d) P < 0.05 compared
to SDG group. GAE, gallic acid equivalent; MS, metabolic syndrome; FO,
flaxseed oil; SDG, secoisolariciresinol diglucoside. All assays were carried
out in triplicate.

assay, wherein no significant differences were observed between
the groups.

Antioxidant defenses

Figure 4 shows the concentrations of compounds responsible
for nonenzymatic antioxidant defenses. GSH levels are expressed
in Figure 4A, wherein it was possible to observe a significant
reduction (P < 0.05) in the group that received the fructose so-
lution (MS). Furthermore, supplementation with FO and SDG
significantly prevented (P < 0.05) this reduction, and the results
were greater in groups that received SDG. Furthermore, FO and
SDG increased significantly (P < 0.05) GSH levels in healthy rats.
Figure 4B shows total polyphenol levels, wherein MS 4 SDG and
SDG groups presented significantly higher values (P < 0.05) than
the MS and control groups.

Antioxidant enzyme activities are shown in Figure 5. The groups
that received FO and SDG presented significantly higher (P =

0.05) CAT activity than the control and MS groups (Figure 5A).
However, no significant differences were observed (P < 0.05)
between the control and MS groups. For SOD and GPx, there
was a significant reduction (P < 0.05) in their activities in the
MS group when compared with the control group. FO and SDG
prevented this reduction, which was greater in groups that received
SDG. In addition, FO and SDG significantly increased (P < 0.05)
the SOD and GPx activities in healthy rats, also being greater with
SDG (Figure 5B and C).

Discussion

In this stucly, we evaluated the comparative effects of FO, an
ALA rich oil, and SDG, a lignan found in high concentration
in flaxseed, against oxadative stress in rats with MS. It 1s known
that high fructose consumption is one of the factors responsible
for obesity development and other changes observed in MS, and
these effects are independent of caloric intake (Roncal and oth-
ers 2009). Thus, diets with high fructose concentrations (10% to
60%) have been used to induce MS in animal models (Leibowitz
and others 2013, Guimaraes and others 2014). The results showed
that 30% fructose solution administered for 30 d promoted an in-
crease in SBP and glucose and triglyceride levels and reduce HDL
cholesterol levels, demonstrating that this is an effective model for
MS induction in Wistar rats. In addition, both FO and SDG par-
tially prevented these changes, in agreement with the findings of
previous studies (Ogawa and others 2009; Tzang and others 2009;
Park and Velasquez 2012).

Onxddative stress refers to several harmful processes resulting from
excessive ROS formation associated with limited antioxidant de-
fenses, playing an important role in the pathogenesis of several
diseases (Elnakish and others 2013). These excess ROS attack im-
portant biomolecules and cells, leading to lipid, protein, and DNA
damage, which were evaluated in this study (Reuter and oth-
ers 2010). Lipids are essential biological membrane components
and represent prime targets for ROS attack. This attack results in
lipid peroxidation, which leads to the formation of highly reac-
tive breakdown products, and MDA is the main product (Barrera
2012). In addition, proteins are an important ROS target, because
they are abundant in cells, plasma, and most tissues; besides hav-
ing a high reaction rate (Pandey and others 2010). ROS attack
proteins, primarily affecting amino acid side chains, and carbonyl
eroup formation is one of the main consequences of this attack.
Detection and quantification of these groups has become the most
accepted method for measuring oxidative damage to proteins in
situations involving oxidative stress (Tamarit and others 2012). Fur-
thermore, DNA has also been studied as a ROS target, wherein
DNA lesions can block genome replication and transcription and,
if not remedied, may lead to mutations or aberrations on a large
scale, threatening cells viability.

Increases in TBARS and carbonyl group levels observed in this
study after treatment with fructose demonstrated that aspects of
MS are associated with oxidative damage to lipids and proteins,
which agrees with findings from previous studies (Armutcu and
others 2008; Park and others 2013). On the other hand, although
studies have shown that DNA damage may play an important
role in many diseases, no evidence has been found in the litera-
ture demonstrating cytogenetic alterations in individuals with MS,
which agrees with the results of this study.

In line with previous findings. this study also demonstrated
that FO could protect against protein and lipid damage in groups
that received fructose solution (MS) (Guermouche and others
2014; Pilar and others 2014). Furthermore, flaxseed lignan SDG
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Figure 5-Enzymatic antioxidant defenses in different study groups. (A) CAT activity. (B) SOD activity. (C) GPx activity. Data are expressed as means +
SD. (a) P < 0.05 compared to control group. (b) P < 0.05 compared to MS group. (c) P < 0.05 compared to FO group. (d) P < 0.05 compared to SDG
group. MS, metabolic syndrome; FO, flaxseed oil; SDG, secoisolariciresinol diglucoside. All assays were carried out in triplicate.

protection against oxidative damage to lipids agrees with results of
Newairy and Abdou (2009). They demonstrated that a flax-lignan
complex protected against lead acetate-induced lipid peroxidation
in rats. However, FO and SDG did not reduce oxidative damage to
lipids and proteins in groups that did not receive fructose solution
when compared with the control group. This result confirms the
involvement of oxidative stress in MS induced by fructose-rich
diets, since only in the groups which the MS development was
prevented, the protection against oxidative damage was also ob-
served. In the micronucleus frequency and comet assay, all groups
exhibited normal values, demonstrating that the components of
flaxseed are not able to produce cytogenetic changes. These find-
ings are consistent with previous studies (Pilar and others 2014;
Zuravski and others 2015).

Antioxidants play an important role in the body, protecting it
against free radical damage, and those obtained through the diet
(exogenous) have been widely studied for their numerous dis-

6 Journal of Food Science « Vol. 00, Nr. 0, 2017

ease protective mechanisms (Pérez-Jimenez and others 2015). In
this study, no significant differences were found in total polyphe-
nol content between the control and MS groups, demonstrating
that, although MS is related to an increase in oxidative damage, it
does not interfere with polyphenol content. In the supplemented
groups, only those receiving flaxseed lignan SDG showed a signif-
icant increase in total polyphenol levels in both healthy and MS
rats when compared with the control and MS groups. As men-
tioned earlier, SDG is a lignan found in large amounts in flaxseed.
Knowing that lignans are an important group of polyphenols, we
can say that the increase in polyphenol levels is due to the pres-
ence of this compound in the bodies of animals that received SDG
(Gharras 2009). However, although flaxseed is rich in polyphe-
nols, it is known that they are mainly found in the seed coat and
not in the embryo, from which the oil is extracted (Wiesenborn
and others 2003). Thus, FO exhibits minimal polyphenols and
thus its content was not changed in the FO-supplemented groups.
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In addition to diet-derived antioxidants, the body is capable
of producing endogenous antioxidants to minimize the damag-
ing action of ROS. Endogenous antioxidants include GSH and
some enzymes, such as SOD, CAT, and GPx (Halliwell and
Gutteridgc, 2015). GSH is the major nonprotein thiol in many
living cells and is found in high concentrations in the body. The
drastic reduction in GSH levels observed in the MS group com-
pared with the control group was due to the conversion of GSH
into GSSG, which occurs to protect cells from oxidative damage
(Guo and others 2012). M5+FO and MS+5SDG groups had sig-
nificantly higher GSH levels than the MS group, demonstrating
the protective role of both against GSH oxidation. This result also
suggests the involvement of oxidative stress in the pathophysiology
of MS induced by fructose-rich diets, since in healthy rats only the
SDG-treated group showed an increase in GSH levels when com-
pared with the control group. Furthermore, groups that received
SDG demonstrated grater increases in GSH that those receiving
FO, presenting even higher levels than the controls. This result
demonstrates that SDG can increase GSH above normal levels,
even in cases of high oxidative damage. However, the protective
mechanism of FO and SDG against GSH depletion should be
studied further.

Regarding antioxidant enzymes, the reduction in SOD and
GPx activities in the MS group indicate that the increased oxida-
tive damage observed in this group is due, at least in part, to a
reduction in antioxidant status, although there is no consensus as
to the exact mechanism by which MS affects antioxidant enzyme
activities (Poudyal and others 2011). However, no significant dif-
ferences were observed in CAT activity between the control and
MS groups, which is in line with the findings of Bagul and others
(2012), who also found no differences in this enzyme activity in
animals fed a high-fructose diet compared with those fed a standard
diet. Furthermore, the increase in activities of these 3 enzymes in
groups that received FO and SDG shows that both substances can
positively affect enzymatic antioxidant defenses both in healthy
and MS groups, which is consistent with findings from previous
studies (Tayyebi-Khosroshahi and others 2010; Pilar and others
2014; Zuravski and others 2015; Sawant and Bodhankar 2016).
However, we observed a greater increase in groups treated with
SDG, demonstrating the greater antioxidant power of this com-
ponent.

Conclusion

This study was the only one to perform a comparison of the
abilities of 2 components of flaxseed to protect against oxidative
stress in a MS model. The findings of this study indicated an
involvement of oxidative stress in the pathophysiology of MS in-
duced by fructose-rich diets. Furthermore, we demonstrated that
the antioxidant effects attributed to flaxseed are mainly due to its
high lignan content, especially that of SDG, suggesting that this
compound can be used in isolation to prevent oxidative stress as-
soclated with MS. Because FO has also shown protective effects
against oxidative stress, we suggest that flaxseed can be more effec-
tive if ingested in its intact form, containing all the compounds.
However, a study with all 3 feeding material (FO, SDG lignan and
flaxseed) should be performed in the future.
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Abstract
Background: Evidences has shown a positive role for flaxseed in the treatment and
prevention of metabolic syndrome (MS), but there is no consensus on the component
responsible for such effect. To clarify this, the present study evaluated the effects of FO and
flaxseed lignan SDG in preventing metabolic syndrome and its complications in rats.
Methods: A total of 48 Wistar rats were allocated into the following six groups. Groups |
(control), V (FO) and VI (SDG) received water ad libitum, and groups Il (MS), 1l (MS+FQO)
and 1V (MS+SDG) received 30% fructose in drinking water for MS induction.
Concomitantly, the animals received saline (groups I and 1), FO (groups Ill and V), and SDG
(groups 1V and VI) by oral gavage. After 30 days, the animals were sacrificed, and blood,
liver and kidneys were collected for biochemical, inflammatory and histopathological
analyses. Body weight was recorded weekly. Systolic blood pressure was measured before
and after treatment. Results: Fructose induced MS, besides promoting renal and inflammatory
changes. FO and SDG prevented MS development as well as renal and inflammatory changes.
Conclusions: These results demonstrated that treatment with 30% fructose solution for 30
days is an effective model for MS induction in rats. Furthermore, FO and SDG
supplementation could prevent similarly blood pressure, biochemical and inflammatory
changes observed in this disorder, which demonstrated that both could prevent the MS
development in rats.
Keywords: flaxseed oil; secoisolariciresinol diglucoside; metabolic syndrome; rats;

biochemistry; inflammation.
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1 Background

Food choices and eating behavior are increasingly discussed in the health area. This
concern has promoted an increase in the search for foods by consumers that besides their
basic properties possess health benefits, the so-called functional foods. This new conduct has
brought potential benefits for consumers’ diet and new business opportunities for producers
[1, 2].

Flaxseed (Linum usitatissimum L.) is a food that is establishing importance in the
world’s food chain as a functional food. Its excellent nutritional profile is due to its
composition rich in alpha-linolenic acid (ALA), lignans, high quality proteins and soluble
fibers [3]. In oil form, flaxseed contains approximately 57% ALA, being the richest source of
ALA. It has been shown in previous studies that eicosapentaenoic acid and docosahexaenoic
acid, which are formed from ALA metabolism, could reduce the risk of chronic diseases, such
as atherosclerosis, cardiovascular disease, cancer and hyperlipidemia [4]. Furthermore,
flaxseed contains up to 800 times more lignans than those in other plant foods, and its lignan
content primarily consists of secoisolariciresinol diglucoside (SDG) (294—700 mg/100g) [5].
After its metabolism in the intestine and colon, SDG is broken down into secoisolariciresinol,
enterodiol and enterolactone molecules, which have already shown health beneficial effects in
the prevention and as an adjunct in the treatment of chronic diseases such as
hypercholesterolemia and diabetes mellitus [6, 7, 8].

The term metabolic syndrome (MS) has been used by researchers to define a set of risk
factors of metabolic origin, which is considered as a major and escalating public health and
clinical challenge worldwide due to surplus energy intake and sedentary lifestyle habits [9].
According to a later definition proposed by the International Diabetes Federation (IDF), MS

corresponds to a combination of at least three risk factors, including visceral obesity,
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hypertension, increased triglyceride and glucose levels, and decreased high-density
lipoprotein (HDL) cholesterol levels [10]. Furthermore, studies have associated MS with a
pro-inflammatory state and hepatic and renal changes [11, 12, 13]. The treatment of MS is
complex and includes changes in lifestyle and drug treatment of risk factors [14].
Furthermore, studies have indicated that an increased intake of flaxseed or its isolated
components is inversely related to the presence of MS characteristics [8, 15-17].

Although evidence shows a positive role for flaxseed in the treatment and prevention
of MS, there is no consensus on the component responsible for such effect. Some studies
attribute these effects to flaxseed oil (FO) and its high ALA concentration [18, 19], whereas
other studies indicate that the health effects of flaxseed in MS are due to the presence of its
lignans, especially SDG [8, 20]. Therefore, the present study evaluated the effects of FO and

flaxseed lignan SDG in preventing metabolic syndrome and its complications in rats.

2 Material and Methods

2.1 Chemicals

All the chemicals used were of analytical grade. All reagents and lignan SDG were

obtained from Sigma Chemical Co. (St. Louis, MO, USA). FO was acquired from Mundo dos

Oleos Company (Brasilia, DF, Brazil). According to the manufacturers’ information, FO was

obtained by cold pressing and filtration from seeds and SDG presented a purity > 97% (high-

performance liquid chromatography).

2.2 Animals and diets
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Male Wistar rats (30 days old) were purchased from the Central Animal Laboratory of
University Federal of Santa Maria (Santa Maria, RS, Brazil). The animals were housed in
cages under controlled conditions with 12 h light and 12 h dark cycle (temperature, 22 £ 1
°C; humidity, 55 + 5%) and fed with standard laboratory chow and water ad libitum.

Rats were randomly allocated into six groups (eight rats per group). Groups 11, 11l and
IV received 30% fructose solution in drinking water during the experimental period (30 days)
for MS induction, while groups I, V and VI received water ad libitum. Simultaneously, the
animals received daily treatment by oral gavage as follows: Groups I and 11 (control and MS
groups, respectively): 1 mL/kg body weight saline; Groups Il and V (MS + FO and FO
groups): 1 mL/kg body weight FO [19]; and Groups IV and VI (MS + SDG and SDG groups):
20 mg/kg body weight SDG [20];

At the end of the experiment, the rats were anesthetized and euthanized by
decapitation, and whole blood was collected into a clean tube for serum separation. In

addition, the liver and kidneys were collected.

2.3 Body weight and systolic blood pressure

Body weight was recorded weekly. Systolic blood pressure (SBP) was measured by
non-invasive tail-cuff plethysmography (AD Instruments Pty Ltd, Bella Vista, NSW,
Australia) before and after treatment in conscious rats. Before measurement, the rats were
kept at 30°C for 10 min to make the pulsations of the tail artery detectable. To establish the
SBP value, 10 measurements were taken, and the mean was obtained. To guarantee the
reliability of the measurements, we established a training period of 1 week before the actual

trial time, and during this period, the rats were accustomed to the procedure. Moreover, to
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minimize stress-induced variations in blood pressure, all measurements were taken by the

same person in the same quiet environment.

2.4 Biochemical and inflammatory analyses

Lipid profile was analyzed by determination of total cholesterol, HDL cholesterol, and
triglyceride levels. Furthermore, the levels of glucose, creatinine, and blood urea nitrogen
(BUN), and the activities of aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) were measured using the A25 Biosystems automatic analyzer (Barcelona, Spain) for in
vitro diagnostics. Homocysteine levels were measured by high-performance liquid
chromatography coupled to mass spectrometry (LC-MS/MS), according to Nelson et al. [21].

White blood cell (WBC) count was performed using the automated hematology
analyzer Sysmex KX-21N (Kobe, Japan). Adiponectin concentrations were measured using a
commercially available competitive enzyme immunoassay (ELISA) kit (Abnova Corporation,
Walnut, CA, USA). Interleukin-6 (IL-6) levels were measured using a commercially available
enzyme-linked immunosorbent assay (ELISA) kit (Enzo Life Sciences Inc., Farmingdale, NY,

USA). All assays were carried out in triplicate.

2.5 Histopathological analysis

Liver and kidneys were fixed by immersion at room temperature in 10% (v/v)
formalin solution. For histopathological examinations, paraffin-embedded tissue sections
(4mm) were stained with hematoxylin—eosin (H&E) and examined for observation of
structural abnormalities. Images were made from photographs taken with a 10-MP camera

attached to a Leica DM500 microscope (installed with the LAS EZ-V 3.4.0 software).
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2.6 Statistical analysis

Data were expressed as mean + standard deviation (SD). Data were analyzed by one-
way analysis of variance (ANOVA) followed by Bonferroni test for multiple comparisons. P
values < 0.05 were considered as statistically significant. Statistical analyses were performed

using GraphPad Prism software (version 5.0, GraphPad Software, Inc., La Jolla, CA).

3 Results

3.1 Body weight and SBP

The group that received fructose solution (MS) had a percentage increase in SBP
significantly higher (p <0.05) than in the control group, and the treatment with FO and SDG
prevented this alteration. In healthy rats, FO and SDG did not cause significant changes in
SBP increase when compared to the control group (Figure 1). There was no significant
difference in body weight gain between the groups during the treatment period (data not

shown).

3.2 Biochemical and inflammatory analyses

Table 1 shows the results for lipid profile, fasting glucose, and renal, hepatic, and
inflammatory markers of different groups. Treatment with 30% fructose solution for 30 days
significantly increased (p <0.05) the levels of glucose, triglycerides, total cholesterol,

creatinine, BUN, homocysteine, and IL-6, and AST activity and WBC count. Furthermore,
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this treatment resulted in a statistically significant reduction (p <0.05) in the levels of HDL
cholesterol and adiponectin compared to those in the control group.

Treatment with FO and SDG significantly prevented (p <0.05) the increase in the
levels of triglycerides, total cholesterol, creatinine, BUN, homocysteine, and IL-6 and AST
activity and WBC count. In addition, these compounds significantly prevented (p <0.05) the
reduction in the levels of HDL cholesterol and adiponectin observed in the MS group. In

glucose levels only SDG prevented the increase caused by the fructose solution. Regarding

triglycerides and HDL cholesterol levels and AST activity, FO had a better protective effect

than that with SDG. However, SDG demonstrated more pronounced protective effects in the

levels of BUN, homocysteine, IL-6, and adiponectin and WBC count. For the other

parameters, the prevention was similar between the groups treated with FO and SDG.

Regarding ALT activity, there were no significant differences among the groups.

In healthy rats, FO group presented significantly lower values (p <0.05) only in BUN

levels and WBC count when compared to the control group. SDG group presented statistically

lower values only in WBC count. In other parameters, no significant differences were

observed between the FO and SDG treated groups and the control group.

Table 1: Biochemical and inflammatory parameters in different study groups.

Control MS MS + FO MS + SDG FO SDG
Glucose (mg/dL) 109.7£20.7 151.6+14.8% 144.0+10.8* 107.8+10.6° 1156+ 10.6° 104.6 +17.9°
Triglycerides (mg/dL) 107.7+10.3  312.8+25  172.8+30.3*" 196.0+65.7*" 110.8+ 145 108.2 +10.9°
Total Cholesterol (mg/dL) 79341  2083%12.9°  716x44° 79.4 +20.7° 89.9 +11.9° 90.8 + 12.4°
HDL Cholesterol (mg/dL) 48.3+0.4 24.4+1.9° 41.5+52%° 31.3+ 1.6 493+55° 471+1.8°
Creatinine (mg/dL) 0.33+0.02 0.66+0.03" 057+0.06* 055+0.04*®  0.30£0.03 0.31+0.05
BUN (mg/dL) 38.5+05 53.4 + 2.0° 32.4+53* 23.0 +5.5%° 28.7 +4.3*° 345+2.7°
Homocystheine (umol/L) 59+0.2 23.4 0.5 15.1 +0.2*° 13.1+0.2*" 57+0.1° 5.7+0.3
ALT (U/L) 66.0 + 6.4 68.0+ 9.1 63.3+7.7 705+05 58.1 + 8.6 65.0 £ 9.6
AST (U/L) 132.9+33.0 2824%635 179.7+16.1* 2350+255*" 117.5+254" 123.6 +43.1°
WBC (10%/uL) 15.3+3.3 18.5+ 1.8 10.9 £ 2.7*° 10.4+2.0*° 12.3+1.3%° 12.7+2.7%°
IL-6 (pg/mL) 11.3+1.1 325+ 28 25.7+1.9*° 17.4+1.1*° 12.6+2.9° 11.7+2.9°
Adiponectin (ug/mL) 124+06 8.2+0.4° 9.8+0.3* 11.6 £0.7*° 111+ 05" 12.2+0.3°

Values expressed as mean + SD. a: p <0.05 compared with control group. b: p <0.05 compared with MS group.
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3.3 Histopathological analysis

Histopathological analysis of the livers and kidneys revealed no structural differences

between the groups (Figures 2 and 3, respectively).

4 Discussion

Diets with high amounts of fructose (10-60%) have already been standardized by
several researchers for the induction of MS [22, 23]. In our study, we induced MS by
treatment with 30% fructose solution in drinking water for 30 days. This solution promoted an
increase in SBP and glucose and triglyceride levels and reduced HDL cholesterol levels,
demonstrating that this is an effective model for MS induction in Wistar rats.

The protective effects of FO and SDG on the increase in SBP observed in this study
are in agreement with other studies [24-26]. The study of Ogawa et al. [24] demonstrated a
lower activity and reduced expression of mMRNA of angiotensin converting enzyme (ACE) in
the ALA-supplemented group, suggesting that SBP reduction mechanism in groups
supplemented with FO involves the reduction of ACE levels in the aorta. In addition, the
study by Prasad [25] demonstrated that SDG reduced the angiotensin I-induced rise in the
arterial pressures, and hence, SDG could act as a potent ACE inhibitor.

Regarding lipids levels, the results of this study demonstrated that FO and SDG
supplementation prevented the increase in the levels of triglycerides and total cholesterol, and
the reduction in HDL cholesterol levels caused by fructose. In addition, SDG prevented the
increase in glucose levels observed in MS. These findings confirm the results of previous

studies that have shown that FO and flaxseed lignans could prevent the increase in blood
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glucose and blood lipid levels in hypercholesterolemia and diabetes [19, 27, 28, 29, 30].
These studies suggest that the reduction in glucose levels by SDG is due to its ability to
enhance the transport of blood glucose to peripheral tissues, reducing its levels in plasma®?.
With respect to lipid levels, studies indicate that ALA can activate genes involved in fatty
acid metabolism, reducing its synthesis [29], and SDG can reduce HMG-CoA activity,
reducing cholesterol synthesis, besides decreasing the lipolysis rate [30]. These results
demonstrated that although FO had better results in improving HDL levels and SDG was
better at preventing increased glucose levels, both could contribute to inhibition of the
development of MS induced by a fructose-rich diet.

Studies have shown that MS is associated with an increased risk of kidney damage
[12]. In this study, we observed an increase in the levels of classic markers of kidney function,
BUN, and creatinine after fructose supplementation, indicating that MS factors are indeed
associated with renal dysfunction. In addition, FO and SDG supplementation could prevent
these changes, which is in line with previous studies [31, 32]. However, Gluba et al. [12]
showed that these lesions are related to individual risk factors such as hypertension and
abnormal levels of glucose, triglycerides, and HDL cholesterol and not with MS as a whole,
indicating that the positive effects of FO and SDG on renal markers are related to the
improvement in these individual parameters and not with MS as a whole. In addition,
hyperhomocysteinemia is a common finding in patients with kidney disease, indicating that
the significant increase in homocysteine levels observed in the MS group compared to that in
the control group is also related to the association of MS with renal damage [33]. An already
significant reduction in the levels of this marker in the FO- and SDG-supplemented groups
confirms their role in preventing such damage. However, despite the changes observed in
these markers, the histopathological analysis revealed no apparent tissue changes, probably

due to the short treatment period.
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Several authors have also indicated an association between high-fructose diets and
non-alcoholic fatty liver disease (NAFLD) due to increased visceral adiposity caused by
fructose [13]. In this study, we observed a significant increase in AST activity in the MS
group, although no significant differences were found in ALT activity and liver
histopathology. Knowing that changes in AST levels are less common in these disorders
compared to changes in ALT levels and liver histopathology, we can say that, although the
protocol used in this study induced MS, it could not promote hepatic changes related to
NAFLD [34]. In addition, although FO and SDG partially prevented the increase in AST
activity caused by fructose solution, no significant differences in ALT activity and liver
structure were observed in comparison with the control and MS groups, indicating that these
compounds can not cause liver changes. However, other studies using longer treatment
periods are necessary to confirm this statement.

Furthermore, it is well known that individuals with MS often have a pro-inflammatory
state with increased levels of interleukins, WBC count, coagulation factors, and C-reactive
protein, as well as decreased levels of adiponectin [11]. In this study, the inflammatory state
was evaluated through the WBC count and levels of IL-6, an inflammatory cytokine involved
in several biological processes, and adiponectin, an adipokine secreted by adipose tissue with
anti-inflammatory and insulin-sensitizing activities [35, 36]. The increase in WBC count and
IL-6 levels associated with the reduction in adiponectin levels observed in the MS group
indicates the presence of an inflammatory process associated with this disorder. In addition,
FO and SDG reduced WBC count and IL-6 levels and increased adiponectin levels, indicating
that both FO and SDG could prevent MS-associated inflammation, with SDG showing better
effects. Dallmeier et al. [37] suggested that the relationship between MS and inflammatory
markers is largely explained by the individual components of MS, indicating that although no

significant differences were observed in the body weight of the rats in this study, alteration of
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these inflammatory markers may be related to deregulation of serum lipid and glucose levels
and blood pressure. In addition, it is suggested that the improvement in these parameters in
the groups treated with FO and SDG would also explain the reduction in inflammation in
these groups, especially in the SDG group.

Since in healthy rats no significant differences were observed in most parameters
between the FO- and SDG-supplemented groups and the control group, we can suggest that

the beneficial effect of these compounds is related with the presence of MS.

5 Conclusions

The results of this study demonstrated that treatment with 30% fructose solution for 30
days is an effective model for MS induction in Wistar rats. Furthermore, FO and SDG
supplementation prevented blood pressure and biochemical and inflammatory changes
observed in this disorder, which demonstrated that both could prevent the MS development in

rats.
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Figure legends

Fig. 1 Percent increase in systolic blood pressure during the experimental period. Data were
analyzed by one-way analysis of variance (ANOVA) followed by Bonferroni test for multiple
comparisons and expressed as mean = SD. a: p <0.05 compared to control group. b: p <0.05

compared to MS group.

Fig. 2 Histopathological sections of livers. A: control group. B: MS group. C: MS + FO

group. D: MS + SDG group. E: FO group. F: SDG group (H&E; 40X).

Fig. 3 Histopathological sections of kidneys. A: control group. B: MS group. C: MS + FO

group. D: MS + SDG group. E: FO group. F: SDG group (H&E; 40X).
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Figure 3
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6 CONCLUSAO

Os resultados deste trabalho indicam que:

e A suplementacdo com solucdo de frutose a 30% durante 30 dias é um modelo eficaz
na inducdo de SM em ratos.

e 30 dias de suplementacdo com solugéo de frutose a 30% aumenta o estresse oxidativo,
além de promover alteragdes inflamatdrias e renais.

e O 0leo de linhaca e a lignana SDG previnem o dano oxidativo a lipidios e proteinas,
assim como a reducdo na atividade das enzimas anioxidantes e nos niveis de GSH
provocados pela solucdo de frutose a 30%.

e 0 dleo de linhaca e a lignana SDG séo capazes de prevenir o desenvolvimento de SM.

e O oOleo de linhaca e a lignana SDG previnem alteracdes inflamatorias e renais
associadas a SM.

Assim, sugere-se que tanto o 6leo de linhaca quanto a lignana SDG isalada da semente
de linhaca possam atuar na prevencdo do desenvolvimento de SM, reduzindo, dessa forma, as

complicacdes associadas a esse distarbio.
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