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Resumo

Objetivo: Avaliar efeitos regulatdrios da tangeritina e heptametoxiflavona sobre
perfil bioquimico, inflamacéo e estresse oxidativo de camundongos induzidos a
obesidade por dieta hiperlipidica. Métodos: 50 camundongos C57BL/6J machos
foram divididos aleatoriamente em 4 grupos: Controle, alimentados com dieta
padrdo (n=10); DH, alimentados apenas com dieta hiperlipidica (n=10); TAN,
alimentados com dieta hiperlipidica e suplementados com tangeritina (n=15); e
HMF, alimentados com dieta hiperlipidica e suplementados com
heptametoxiflavona. Nas primeiras quatro semanas foi realizada inducdo da
obesidade e os animais receberam apenas dieta padréo (9,5% kcal gordura) ou
dieta hiperlipidica (45% kcal gordura). Apos esse periodo, nas quatro semanas
seguintes, os grupos TAN e HMF receberam dieta hiperlipidica com seus
respectivos suplementos na dose de 100mg/kg, e os demais grupos continuaram
a receber suas referidas dietas. Ao fim da oitava semana, os animais foram
eutanasiados por exsanguinacdo total via puncdo cardiaca, e foram coletados
sangue e 0rgdos para posteriores analises de perfil bioguimico, citocinas
inflamatdrias, marcadores de estresse oxidativo e histologia. Resultados:
Tangeritina e heptametoxiflavona diminuiram os niveis séricos de glicose, leptina
e resistina, e do indice HOMA-IR (p<0.05). Os niveis de TBARS também foram
menores nos grupos suplementados em comparacao ao grupo alimentado com
dieta hiperlipidica ndo suplementada (p<0,05). Em adi¢éo, a tangeritina reduziu
o tamanho do adipdcito (p<0.05) e a heptametoxiflavona diminuiu a acumulacdo
de gordura no tecido hepatico (p<0,05). Conclusédo: A suplementacdo com
tangeritina e heptametoxiflavona indicou potencial efeito protetor de danos
metabolicos causados pelo consumo de dieta hiperlipidica, evidenciado pela
melhora de parametros relacionados a resisténcia insulinica e estresse oxidativo,
podendo auxiliar na prevencédo de alteracBes associadas a obesidade, como o
desenvolvimento de diabetes mellitus e sindrome metabdlica.

Palavras-chave: flavonoides citricos; tangeritina; heptametoxiflavona; dieta
hiperlipidica; obesidade; sindrome metabdlica.



Abstract

Objective: To evaluate the regulatory effects of tangeretin and
heptamethoxyflavone on biochemical profile, inflammation and oxidative stress
of mice induced obesity by a high-fat diet. Methods: 50 male C57BL / 6J mice
were randomly divided into 4 groups: Control, fed standard diet (n = 10); DH, fed
only high-fat diet (n = 10); TAN, fed high-fat diet and supplemented with
tangeretin (n = 15); HMF, fed high-fat diet and supplemented with
heptamethoxyflavone. In the first four weeks, obesity induction was performed
and the animals received only standard diet (9.5% kcal fat) or high-fat diet (45%
kcal fat). After this period, in the following four weeks, the groups TAN and HMF
received high-fat diet with their respective supplements in the dose of 100mg/kg,
and the other groups continued to receive their referred diets. At the end of the
eighth week, the mice were euthanized by total exsanguination via cardiac
puncture, and blood and organs were collected for further analysis of biochemical
profile, inflammatory cytokines, oxidative stress markers and histology. Results:
Tangeretin and heptamethoxyflavone decreased serum levels of glucose, leptin
and resistin, and the HOMA-IR index (p <0.05). The TBARS levels were also
lower in the supplemented groups compared to the group fed a not supplemented
high-fat diet (p <0.05). In addition, tangeretin reduced adipocyte size (p <0.05)
and heptamethoxyflavone decreased fat accumulation in hepatic tissue (p <0.05).
Conclusion: Supplementation with tangeretin and heptamethoxyflavone
indicated a potential protective effect of metabolic damages caused by the
consumption of high-fat diet, evidenced by the improvement of parameters
related to insulin resistance and oxidative stress, and may help to prevent
obesity-related alterations such as the development of diabetes mellitus and
metabolic syndrome.

Keywords: citrus flavonoids; tangeretin; heptamethoxyflavone; high-fat diet;
obesity; metabolic syndrome
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INTRODUCAO
Estudos atuais tém mostrado que o consumo de dietas desbalanceadas

e muito ricas em gorduras alteram o metabolismo de glicose e lipideos e, em
associacao ao sedentarismo, podem levar ao aumento da obesidade em muitas
populacdes’?. Dentro deste quadro, o excesso de gordura abdominal tem sido
relacionado ao desenvolvimento de Sindrome Metabdlica, um transtorno
complexo representado por um conjunto de fatores de risco cardiovascular,
usualmente relacionados a deposicdo central de gordura e a resisténcia
insulinica. De acordo com o US National Heart, Lung and Blood Institute e o
American Heart Association (NHLBI/AHA), o conjunto de trés ou mais das
caracteristicas cardiometabdlicas listadas abaixo caracterizam a Sindrome
Metabdlica3;
— - obesidade abdominal >102cm em homens e >88cm em mulheres

- triglicerideos >150mg/dL

- HDL-colesterol <40mg/dL em homens e <50mg/dL em mulheres

- pressao sanguinea =130/285mmHg

- glicemia de jejum >110mg/dL

O desenvolvimento de diabetes mellitus tipo 1l e de doencas
cardiovasculares esta relacionado a fatores de risco da Sindrome Metabdlica,
como hiperglicemia e hipertrigliceridemia®. A resisténcia insulinica também é
uma das manifestacbes observadas no diabetes tipo Il e na sindrome
metabolica. Nesse estado metabdlico, a acdo da insulina em tecidos alvo é
prejudicada, resultando em hiperglicemia®.
Em condicbes normais, os lipideos provenientes da dieta entram na

circulacao na forma de quilomicrons, que contém triglicerideos (TG). No estado
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pos-prandial, quando os niveis de insulina estdo elevados, ocorre aumento da
atividade da lipase lipoproteica, havendo hidrélise dos TG e liberacéo de acidos
graxos livres (AGL) das lipoproteinas. Os AGL sao capturados pelos adipdcitos,
sendo estocados na forma de TG no tecido adiposo. No jejum, quando 0s niveis
de insulina diminuem, ocorre lipolise/hidrélise dos TG do tecido adiposo pela
lipase hormonio sensivel, com consequente liberacdo de AGL®. Na ingestédo de
dietas ricas em gordura, ha excesso de acidos graxos saturados na circulacao,
sendo que os altos niveis de acidos graxos circulantes podem induzir a
inflamacdo e estresse oxidativo, aumentando a producdo de citocinas proé-
inflamatorias, a atividade de NFkB e a expressdo de COX-2 por meio do TLR-4°.

O tecido adiposo é composto principalmente por adipdcitos, além de
células endoteliais, fibroblastos, leucécitos e macrofagos. Além de funcionar
como estoque energético, este tecido é responsavel pela producéo de diversas
citocinas inflamatérias, como TNF-a, interleucinas, leptina, adiponectina,
resistina e PAI-1, sendo, portanto, considerado um importante 6rgao enddcrino.
Essas citocinas atuam tanto em processos inflamatorios e imunes como na
regulacdo da homeostase energética’?.

Normalmente, o tecido adiposo € um érgao bem vascularizado e inervado.
Entretanto, na obesidade ocorre grande acumulo de triglicerideos nas células
adiposas, fazendo com que estas se expandam. Essa hipertrofia leva a
diminuicdo do fluxo sanguineo no tecido adiposo, causando hipdxia tecidual e
consequente apoptose de adipécitos. Nestas condicdes, ocorre secrecdo de
CCL2 e outras quimicionas, aumentando a infiltracdo de macrofagos no tecido
para sequestrar os detritos celulares. Juntamente com os adipdcitos, 0s

macrofagos ativos perpetuam um ciclo vicioso de producdo de citocinas pro-
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inflamatorias e liberacdo de acidos graxos livres. Dessa maneira, a obesidade &
considerada uma inflamacéo crénica sistémica de baixa intensidade’-°.

A adiponectina € uma citocina anti-inflamatéria produzida pelos
adipdcitos, que pode aumentar a producao de IL-10 e diminuir a producdo de
INF-y. Essa citocina também é considerada anti-aterogénica por inibir a adesao
de mondécitos no endotélio vascular, prevenindo a formacdo de placas
ateroscleroticas. Em condicbes normais, a adiponectina esta relacionada a
oxidacdo de acidos graxos no musculo e figado, e a reducao da hiperglicemia
pos-prandial. Assim, ela aumenta a sensibilidade a insulina e auxilia na
regulacdo da homeostase energética. No entanto, em individuos obesos, a
adiponectina é encontrada em niveis reduzidos, pois sua transcricdo pode ser
suprimida por marcadores pré-inflamatérios, como TNF-a e IL-6782910,

A resistina, por sua vez, € uma citocina pré-inflamatéria que tem sido
relacionada a obesidade e resisténcia insulinica. Em roedores, a resistina &
produzida pelos adipdcitos, enquanto em humanos € secretada
predominantemente por macréfagos. Em camundongos com resisténcia
insulinica, observa-se altos niveis de resistina, TNF-a, IL-6 e MCP-1, além de
apoptose de células B-pancreéticas. Em animais obesos, a correcdo dos niveis
de resistina melhora a tolerdncia a glicose e aumenta a sensibilidade a
insulinat®1213,

A leptina é uma citocina responsavel pelo controle do apetite e sua
secrecao pelos adipécitos ocorre em proporcao direta ao estoque energético no
tecido adiposo. Dessa forma, observa-se um aumento nos niveis de leptina em
pacientes obesos. Esse excesso de leptina circulante, em associacdo ao

aumento de citocinas pro-inflamatorias, diminui a acdo efetiva dessa citocina,
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podendo acarretar em resisténcia a leptina e disturbios relacionados a
saciedade. A leptina tem carater pré-inflamatério e pode aumentar a producéo
de TNF-q, IL-6 e IL-12. Além disso, a leptina estimula a producédo de espécies
reativas de oxigénio (ROS) pelos neutrdfilos, contribuindo para o estado pro-
oxidativo na obesidade’: 9.

O fator de necrose tumoral alfa (TNF-a) € uma proteina transmembrana
liberada principalmente por macréfagos, altamente expressa no tecido adiposo
branco, e que esta relacionada a inflamacéo sistémica e local. O TNF-a pode
diminuir a expresséo de PPAR- v, interferindo na expresséao de genes envolvidos
no metabolismo de glicose. Além disso, 0 TNF- a pode inibir a atividade do
substrato receptor de insulina 1 (IRS-1) no tecido adiposo e musculo, diminuindo
a translocacao do transportador de glicose GLUT-4, o que pode desencadear
resisténcia insulinica®°1,

A interleucina 6 (IL-6) é sintetizada principalmente por adipdécitos e é
considerada pré-inflamatéria. Essa citocina pode inibir a atividade da lipoproteina
lipase (LPL) e maturacdo de pré-adipécitos. Niveis elevados de IL-6 sé&o
associados a obesidade e resisténcia insulinica, e sua neutralizacdo pode
reduzir a resisténcia insulinica em camundongos”®. Por outro lado, a
interleucina 10 (IL-10) é considerada anti-inflamatoéria, sendo secretada por
varios tipos celulares, como macréfagos e células T e B. Juntamente com a
adiponectina, a IL-10 pode inibir a producéo de citocinas pré-inflamatérias, como
IL-1, IL-2, INF-y e TNF-a®.

A proteina quimiotatica de mondcitos (MCP-1) €& considerada um
marcador de inflamacao sistémica e estresse oxidativo. Altas concentracdes de

acidos graxos nos adipdcitos aumentam a expressado de MCP-1 e de derivados
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da peroxidacéo lipidica, como o malondialdeido, atraindo macrofagos para o
tecido adiposo. A peroxidacéo lipidica diz respeito a degradacédo oxidativa de
lipideos e pode ser iniciada por espécies reativas de oxigénio (ROS).

O estresse oxidativo € definido como o desequilibrio entre a producao de
radicais livres, como as ROS, e a sua eliminacao por sistemas antioxidantes. Na
obesidade, 0 excesso de acidos graxos livres aumenta a atividade da NADPH
oxidase e diminui a atividade de enzimas antioxidantes, aumentando a geracéo
de ROS. Estas espécies reativas, por sua vez, aumentam a expressao de
NADPH oxidase, criando um ciclo vicioso de geracdo de estresse oxidativo a
nivel local e sistémico. Esse ambiente oxidativo desregula a producédo de
citocinas, elevando os niveis de TNF-a, MCP-1 e PAI-115. Além disso, 0 excesso
de radicais livres pode prejudicar o recrutamento e diferenciacdo de células
adiposas, impedindo a expansdo do tecido adiposo. Isso pode dificultar o
armazenamento de triglicerideos nesse tecido e aumentar a deposi¢ao de acidos
graxos em 6rgéaos insulino dependentes, como o figado e pancreas®®.

No figado, o excesso de lipideos dietéticos pode levar ao desenvolvimento
da doenca do figado gorduroso nao alcodlico (nonalcoholic fatty liver disease —
NAFLD). A NAFLD é caracterizada por um acumulo de triglicerideos no figado,
resultando em esteatose e inflamacdo hepética. Em condicbes normais, a
insulina age no figado suprimindo a producéo de glicose através da inibicdo da
gliconeogénese e glicogendlise, além de promover a sintese de glicogénio e a
lipogénese. Dessa maneira, a acdo da insulina no figado é essencial para manter
a homeostase energética por meio da regulacdo do metabolismo de glicose e
lipideos. Entretanto, na resisténcia insulinica, a insulina perde a capacidade de

suprimir a producao de glicose hepatica, deixando de regular o metabolismo de
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glicose e lipideos, e acarretando em hiperglicemia, dislipidemias e esteatose
hepatica. A resisténcia insulinica ocorre na maior parte dos pacientes com
NAFLD e a incidéncia dessa doenca tem crescido juntamente com a pandemia
de obesidade e sindrome metabélical”18,

Enquanto dietas ricas em lipideos sdo associadas ao aumento do
estresse oxidativo e inflamacéo, estudos tém mostrado que compostos, como
flavonoides, podem diminuir os danos causados pela ingestdo excessiva de
gordura. Flavonoides sdo moléculas polifendlicas presentes em frutas e
vegetais, divididas em diversas classes, incluindo flavanonas, flavonas e
flavonols, que apresentam propriedades antioxidantes e anti-inflamatérias. O
consumo de dietas ricas em flavonoides tem sido associado a prevencdo de
diabetes tipo Il, cancer, desordens neurodegenerativas e osteoporose. Além
disso, esses compostos podem diminuir o risco de AVC, demonstrando seu
potencial cardioprotetort®20,

As frutas citricas estéo entre as mais consumidas mundialmente, in natura
ou em forma de suco, e séo ricas em flavonoides citricos. O consumo de suco
de laranja integral tem sido associado a diminui¢cao do risco de obesidade e a
melhora de marcadores bioquimicos em humanos e modelos animais?!. Um
estudo recente de nosso grupo mostrou que o consumo de suco de laranja
integral em pacientes obesos, associado a uma dieta de restricdo alimentar,
diminuiu o colesterol total, colesterol LDL, proteina C-reativa ultrasenssivel
(PCR-us), insulina e indice HOMA-IR no soro sanguineo, prevenindo a
resisténcia insulinica??2. Em outro estudo, o suco de laranja foi associado ao
aumento da capacidade antioxidante e diminuicéo da inflamacé&o e colesterol em

pacientes com hepatite C, protegendo contra danos causados por essa
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doenca?®. Foi mostrado ainda que o consumo de suco de laranja vermelha, rico
em flavonoides citricos e licopeno, apresentou efeitos antioxidantes, anti-
inflamatorias e hipolipemiantes, podendo prevenir o desenvolvimento de
sindrome metabdlica em humanos?4.

Dentre os flavonoides citricos presentes nas frutas citricas, as flavanonas
sdo o grupo predominante, e incluem hesperidina, eriocitrina e naringina.
Camundongos alimentados com dieta hiperlipidica e tratados com hesperidina e
eriocitrina apresentaram aumento da capacidade antioxidante e diminuicdo dos
niveis de IL-6, MCP-1 e PCR-us no soro sanguineo. Assim, esses compostos
protegeram contra a inflamacéo e o estresse oxidativo causados pelo consumo
desta dieta®®>. As flavonas sdo o segundo maior grupo de flavonoides
encontrados nas frutas citricas, e incluem diosmestina, luteolina e apigenina. A
diosmestina tem apresentado atividades antioxidantes, anti-inflamatérias e
anticancer, benéficas a satde humana?®.

Por fim, as polimetoxiflavonas (PMFs) sdo encontradas em quantidades
menores que as flavanonas e flavonas, e estdo presentes especialmente na
casca das frutas citricas, particularmente da laranja doce (Citrus sinensis) e da
tangerina (Citrus reticulata). O termo PMF designa flavonas que contenham dois
OuU mais grupos metoxi em seu esqueleto pirona-benzoico basico (15 carbonos,
C6-C3-C6) com um grupo carbonil na posi¢cdo C4. As PMFs mais comuns sao
nobiletina e tangeritina e sua estrutura quimica € responsavel por diversas
propriedades biologicas de interesse farmacol6gico, como hipoglicémica,
hipolipidémica e neuroprotetora?’-28,

A tangeritina tem sido amplamente estudada por suas acfes anti-

inflamatorias e antioxidantes. Sua estrutura quimica é mostrada na Figura 1.



18

Estudo em ratos com danos renais mostrou que a tangeritina reduziu o estresse
oxidativo por diminuir a formacéo de lipoperoxidos e aumentar a atividade de
enzimas antioxidantes, como GSH e GPx. Além disso, essa PMF restaurou
niveis de IL-10 e diminuiu a expressao de NF-kB, demonstrando sua acgao anti-

inflamatdria?®.

OM
OMe ©
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MeO
OMe O

tangeritina

Figura 1. Estrutura quimica da tangeritina

Estudos tem explorado os beneficios da tangeritina na regulacdo do
metabolismo de lipideos e glicose. In vitro, a tangeritina diminuiu o acimulo de
triglicerideos nos adipdcitos e facilitou a diferenciacdo de pré-adipocitos em
adipdcitos, processo importante na formacéo do tecido adiposo e gque evita a
deposicéao lipidica em outros 6rgdos. Além disso, esse composto foi capaz de
aumentar os niveis de adiponectina e diminuir a secrecdo de MCP-13031, Em
hamsters alimentados com dieta hipercolesterolémica, a tangeritina reduziu os
niveis séricos de LDL e VLDL, sem causar efeitos toxicos3?. O tratamento com
tangeritina reduziu ainda os niveis intracelulares de triglicerideos e colesterol in

vitro, possivelmente por modular a secrecéo de apo-B33.
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A tangeritina também tem sido estudada por seus efeitos antidiabéticos.
Em camundongos alimentados com dieta hiperlipidica, a tangeritina diminuiu o
ganho de peso, o colesterol total e a secrecédo de leptina, resistina e MCP-1,
além de aumentar os niveis de adiponectina e melhorar a tolerancia a glicose.
Ainda, foi mostrado in vitro que a tangeritina estimulou a captacao de glicose por
regular a ativagdo de AMPK?34, Em ratos diabéticos, o tratamento com tangeritina
reduziu a glicemia, aumentou os niveis de insulina e normalizou o glicogénio
hepatico e os niveis de enzimas do metabolismo de carboidratos, como piruvato
quinase, glicose-6-fosfatase e glicogénio sintase. Assim, mostrou-se que a
tangeritina pode modular a atividade de enzimas hepaticas e melhorar a
resisténcia insulinica associada a diabetes®.

A heptametoxiflavona (HMF) € uma PMF menos explorada, que também
possui propriedades antioxidantes e anti-inflamatorias. Sua estrutura quimica €
mostrada na Figura 2. A HMF tem sido estudada na prevencao de danos neurais
em modelos animais. O tratamento com essa PMF protegeu contra a perda de
memoria e morte celular pés-isquemia cerebral em camundongos, e esses
beneficios foram atribuidos ao potencial anti-inflamatérios desse composto36-37,
Os efeitos anti-inflamatoérios da HMF também foram observados em ratos com
edema, em que o tratamento com HMF reduziu a producdo de TNF-a%8. Um
estudo com camundongos mostrou ainda a protecao de HMF contra a inflamacé&o

causada por perda 6ssea, comumente observada em doencas periodontais®®.
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Figura 2. Estrutura quimica da heptametoxiflavona

Foi mostrado in vitro que a HMF reduziu a expressao de LDL-oxidado em
macréfagos, podendo proteger contra a formacgéo de placas ateroscleréticas.
A HMF inibiu a producéo de esteroéis e 6xido nitrico in vitro devido a sua agéo
anti-inflamatéria e antioxidante, e em comparacao a outras PMFs, foi a que
apresentou maior atividade inibitéria*!. Outro estudo comparando PMFs também
mostrou que a HMF foi o composto com maior atividade anticancer in vitro3!. No
entanto, ainda ndo estdo disponiveis estudos que avaliem os efeitos da
heptametoxiflavona no metabolismo de glicose e lipideos.

Para estudos sobre obesidade e disturbios associados, camundongos da
linhagem C57BL/6J s@o considerados um dos melhores modelos, pois apés
algumas semanas alimentados com dieta hiperlipidica estes animais
desenvolvem diversas alteracdes tipicas, como hiperglicemia e dislipidemias*2.

Considerando o0s potenciais anti-inflamatérios e antioxidantes das
polimetoxiflavonas, o objetivo do presente estudo foi avaliar os efeitos
regulatérios da tangeritina e da heptametoxiflavona, separadamente, em

camundongos C57BL/6J induzidos a obesidade por dieta hiperlipidica. Nossa
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hipétese foi que os tratamentos com tangeritina e heptametoxiflavona seriam
eficientes na reducdo de danos metabdlicos causados pela ingestdo de uma
dieta rica em lipideos. Assim, esses compostos poderiam prevenir o
desenvolvimento de resisténcia insulinica e diminuir os niveis de marcadores

pré-inflamatoérios nestes animais.
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CAPITULO 1.

Tangeretin and heptamethoxyflavone decrease insulin resistance, fat
accumulation, and oxidative stress in mice fed high-fat diet

Food and Function
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Abbreviation list:

PMF: polymethoxyflavones

TAN: tangeretin

HMF: heptamethoxyflavone

Total-C: total cholesterol

HDL-C: high-density lipoprotein cholesterol

ALT: alanine transaminase

AST: aspartate transaminase

TNF-a: tumor necrosis factor-a

MCP-1: macrophage chemoattractant protein-1
IL-6: interleukin-6

IL-10: interleukin-10

TBARS: thiobarbituric acid reactive substance
MDA: malondialdehyde

ABTS™: 2,2'-azino-di-(3-ethylbenzothiazoline)-6-sulfonic acid
TEAC: Trolox equivalent antioxidant capacity
GLUT: Glucose transporter

PPAR: peroxisome proliferator-activated receptor

AMPK: AMP-activated protein kinase
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ABSTRACT

Tangeretin and heptamethoxyflavone were investigated for their ability to repair
metabolic damage caused by high-fat diet in C57BL/6J mice. In the first four
weeks, induction of obesity was performed and the mice received standard diet
(11% kcal from fat) or high-fat diet (45% kcal from fat). After that, in the next four
weeks, two groups received supplements (tangeretin or heptamethoxyflavone —
dose of 100mg/kg) into the high-fat diet, and the other groups continued to
receive their respective diets. Tangeretin and heptamethoxyflavone decreased
blood serum levels of glucose, leptin and resistin and the HOMA-IR index.
Besides that, blood serum TBARS levels were lower in supplemented groups
than in non-supplemented. In addition, tangeretin reduced adipocyte size, and
heptamethoxyflavone decreased fat accumulation in the liver. The results show
that tangeretin and heptamethoxyflavone have protective effects against insulin
resistance and oxidative stress caused by high-fat diet in mice, and may prevent
metabolic alterations associated with the development of metabolic syndrome
and type 2 diabetes.

Keywords: citrus flavonoids; tangeretin; heptamethoxyflavone; high-fat diet;

metabolic syndrome; obesity; inflammation; oxidative stress; C57BL/6J mice
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Introduction

A dietary pattern based on the consumption of saturated fats and foods
rich in calories is associated with the occurrence of cardiometabolic risk factors,
such as abdominal obesity, dyslipidemia, hyperglycemia and high blood pressure.
These factors contribute to the development of metabolic syndrome and type 2
diabetes mellitus’, intimately linked to inflammation and oxidative stress. In
contrast, a healthy diet rich in fruits and vegetables is associated with an
improvement in inflammatory and oxidant profile related to obesity and metabolic
syndrome?3#. This has been attributed to bioactive compounds found in these
foods, and in the case of citrus, include a class of flavonoids termed
polymethoxyflavones (PMFs). Tangeretin (4',5,6,7,8-pentamethoxyflavone)
(TAN) and heptamethoxyflavone (3'4',3,5,6,7,8-heptamethoxyflavone) (HMF)
are among the PMFs that have known anti-inflammatory and antioxidant
properties®6.7:8,

Some studies have associated TAN with an improvement in
cardiometabolic risk factors. For example, in obese mice treated with TAN there
was a reduction in body weight, glucose intolerance, and inflammatory markers®.
TAN also corrected the activity of key enzymes related to carbohydrate
metabolism and reduced glycosylated hemoglobin in diabetic rats'®. Besides,
HMF has stood out by the anticancer activity in colon tumor and by hypolipidemic
activity in vitro'-12. Also, HMF may decrease brain ischemia damage in rats, by
its anti-inflammatory activity's. However, there are no studies in rodents or other
experimental models with metabolic disorders treated with this compound.

Based on the literature data, this research was designed to evaluate the

regulatory effects of TAN and HMF on risk factors of metabolic syndrome. Mice
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C57BL/6J previously fed high-fat diet for four weeks, which developed clinical
signs of metabolic syndrome, were treated with TAN or HMF for four additional
weeks. Our goal was to test whether these PMFs might reverse cardiometabolic
risk factors, such as abdominal obesity and high glycaemia, and ameliorated of

biochemical and inflammatory markers.

Materials and methods

Animals and dietary treatment

Six-week-old male C57BL/6J mice (S&o Paulo University, Ribeirdo Preto,
SP, Brazil) were maintained in an isolated system at 22+2°C with a 12h light/12h
dark cycle and free access to food and water. After one week of adaptation, the
mice were randomly divided into four groups with similar body weight distribution:
Control (C, n=10) (fed standard diet); high-fat diet (HFD, n=10); high-fat diet
supplemented with tangeretin (TAN, n=15); and high-fat diet supplemented with
heptamethoxyflavone (HMF, n=15). The mice body weight was monitored weekly
and the food intake was monitored daily, always at the same time of the day. The
composition of standard diet (11% of lipids) and high-fat diet (45% of lipids) is
shown in Table 1. From the 15t to 4" week it was performed a dietary induction of
obesity, in which time the animals received high-fat diet without supplements
(HFD, TAN and HMF groups) or standard diet (Control group). After the induction
of obesity, the TAN and HMF groups received the flavonoid supplementation
during the 5" to 8t weeks, while the other groups continued with their respective
diets. At the end of the 8" week, mice were anesthetized (xylazine/ketamine;
16/60mg per g of body weight) via i.p. injection and euthanized by cardiac

puncture (Figure 1). Blood sera obtained by centrifugation and the organs were
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stored at -80°C until analysis. The experimental procedures were approved by
the Ethics Committee on the Use of Animals of the School of Pharmaceutical

Sciences, UNESP, Araraquara, SP, Brazil (Protocol CEUA/FCF/CAr n° 54/2015).

Supplementation

Based on previous experiences in our laboratory, considering effective and
non-toxic doses of polymethoxyflavones, TAN and HMF were given at a dose of
100mg per kg of body weight. In previous murine feeding trials, no toxicity has
been observed at these dose levels'*. To prepare the supplemented diet, the
high-fat diet was mashed, the supplements were mixed into it, and the diet was
remodeled into pellets. To ensure the intake of supplements at the indicated
dose, the diet offered was based on the amount ingested the previous day (grams
of food / day), with an additional of 10%. Thus, daily supplement ingestion was
>95% of the calculated dose. TAN and HMF were isolated from vacuum-distilled
orange oil residues, and purified to greater than 95% and 98% for TAN and HMF,

respectively!®,

Blood serum analyses

Fasting (12h) levels of glucose, triglycerides, total cholesterol (total-C),
HDL-cholesterol (HDL-C), alanine transaminase (ALT) and aspartate
transaminase (AST) were evaluated by enzymatic colorimetric assay, using
commercial kits (Labtest, MG, Brazil). Non-HDL cholesterol was calculated by the
difference between total-C and HDL-C. The levels of insulin and the inflammatory

cytokines TNF-a, MCP-1, IL-6, IL-10, adiponectin, resistin and leptin were
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determined by Multiplex Luminex MAP detection method (Merck KGaA

Darmstadt, Germany).

Oxidative stress parameters

Blood serum oxidative stress were measured by lipid peroxidation using
thiobarbituric acid-reactive substances (TBARS) and quantified in yM MDA,
Total antioxidant capacity in blood serum was evaluated by ABTS assay’. The
absorbance was measured at 734nm to verify the formation of ABTS** and, to
prepare calibration curve, Trolox (Sigma) was used as a standard. The
antioxidant capacity was determined as Trolox Equivalent Antioxidant Capacity

(CAET).

Organs histology

Immediately after euthanasia, blocks of intra-abdominal adipose tissue
and the left lobe of liver were carefully dissected from the animals, rinsed in saline
0,9%, fixed in buffered formalin for 48 hours and kept in 80% ethanol until
histological preparations. The tissues were submitted to routine processing for
paraffin embedding, sectioned to 4-6 micrometer of thickness and stained with
haematoxylin & eosin and Masson’s trichromic. Histological images were
obtained using a digital camera on an optical microscope under 100x
magnification, and areas of 240 adipocytes was measured in each photo, using
computerized software (UTHSCSA ImageTool, Version 3.0). A pathologist blind
to the study analyzed the tissues by optical microscopy to recognize any

morphologic alteration between the treatments.
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Statistical analysis

All results were expressed as mean + standard deviation of the means.
The normality of the data was tested, and the variation between the groups was
measured by one-way ANOVA followed by post-hoc analysis (Tukey test), to
evaluate the effects caused by high-fat diet and/or the supplements, with

significance level p<0.05 (Sigma Stat Software, USA).

Results

Effects of TAN and HMF on dietary intake, body weight gain and organs
The body weight of HFD, TAN and HMF groups had the same growth rate
over time, and they were higher than control after fourth week (p<0.05) (Figure
2). HFD, TAN and HMF groups had lower dietary intake and showed heavier
intra-abdominal adipose tissue than control group (p<0.05). TAN and HMF
showed heavier kidneys in comparison to control (p<0.05), while HFD had
heavier pancreas in comparison to TAN, HMF and control (p<0.05). Liver, spleen

and heart weight were similar between groups (Table 2).

Histopathological evaluation of adipocytes and hepatic tissue

HFD and HMF groups showed larger adipocytes in comparison to control
(p<0.05). On the other hand, the areas of adipocytes of TAN were smaller than
HFD and HMF groups (p<0.05) (Table 2 and Figure 3). HFD and TAN groups
exhibited granular cytoplasm and diffused distribution of macro vesicular fat
depots, without alterations in hepatocytes and sinusoids, and were diagnosed
with liver steatosis (Figures 4 Il B and 4 Il C, respectively). Although the high-fat

diet induces the development of steatosis, HMF group showed smaller fat depots
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and steatosis was attenuated in this animals (Figure 4 Il D). The control group
exhibited typical morphology with normal microvesicular fat depots (Figure 4 Il

A).

Biochemical profile in the blood serum and liver

HFD group showed higher values of blood glucose levels and HOMA-IR
index in comparison to control group, whereas TAN and HMF groups presented
intermediate values (p<0.05). The non-HDL cholesterol increased in HFD, TAN
and HMF groups compared to control (p<0.05). The serum levels of insulin,
triglycerides, total cholesterol, HDL cholesterol, ALT and AST were not altered by
high-fat diet or the supplements (Table 3). Liver triglycerides levels of HFD, TAN
and HMF groups were higher than control (p<0.05), while liver cholesterol was

not different among groups (Table 3).

Inflammatory and oxidative stress biomarkers

The blood serum leptin and resistin levels was elevated in the HFD group
compared with control. On the other hand, supplementation with TAN or HMF
decreased the serum leptin and resistin levels in comparison with HFD (p<0.05).
Adiponectin, MCP-1, TNF-a, IL-6 and IL-10 did not differ between groups (Table
4). Lipid peroxidation in the blood serum were twice higher in HFD group in
comparison to control, but it was similar among TAN, HMF and control groups
(p<0.05). Serum antioxidant capacity was not altered by high-fat diet,

supplemented or not (Table 4).

Discussion
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In this study it was verified that oral supplementation with TAN and HMF
improved the metabolic parameters altered by the ingestion of high-fat diet in
C57BL/6J mice. The main results were: (1) reduction of fasting blood glycaemia
and HOMA-IR index, (2) reduction of resistin and leptin levels in the blood serum,
and (3) decreased lipid peroxidation in the blood serum. In addition, (4) TAN was
able to prevent the increase of adipocyte size caused by the high-fat diet, while
(5) HMF attenuated the process of hepatic steatosis triggered by consumption of
high-fat diet.

Through adipose tissue histology, our results showed that TAN treatment
reduced the size of adipocytes of mice fed high-fat diet, as shown in a similar
earlier study®. Others authors suggested that citrus extracts can promote lipolysis
and enhance fatty acid B-oxidation in adipocytes by the activation of AMPK and
hormone-sensitive lipase (HSL)'819:20,

In addition it was observed that high-fat diet consumption induced hepatic
steatosis in mice, however HMF was able to lower this effect. Others authors
showed that dietary sources of antioxidants, as orange juice and isolated citrus
flavonoids, prevent liver injuries in mice and human?'22, Indeed, our study was
the first to observe that HMF attenuated hepatic damage caused by high-fat diet,
in association with reduction of inflammation and oxidative stress parameters.
According to others, PMFs may protect against hepatic damages by reducing
lipid peroxidation, enhancing antioxidant capacity and inhibiting lipogenic
enzymes in the liver'9.23.24,

Previous studies have shown that polyphenoils, citrus flavonoids and PMFs
may help regulate metabolic disorders due to hypoglycemic and hypolipidemic

properties?>?8. Our results showed a decrease in the blood glucose and HOMA-
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IR index of animals fed high-fat diet supplemented with TAN or HMF. Prior study
showed that TAN improved glucose tolerance and decreased fat accumulation in
obese mice, while increased glucose uptake in association with AMPK activation
in vitro®. Another study showed that TAN and nobiletin increased glucose uptake
in adipocytes in dose-dependent manners. According to the authors, this anti-
diabetic effect on the adipocytes was dependent on the activation of GLUT1 and
GLUT4?’. Our findings reinforce these actions regarded to TAN, but according to
our knowledge, it is the first time that the effect of HMF on glucose metabolism is
described.

Resistin, a pro-inflammatory adipokine produced by adipocytes, has
increased levels in obese mice?8. High levels of resistin has been linked to the
development of insulin resistance. A study in rodents showed that exogenous
resistin decreased insulin sensitivity; however, the inhibition of this adipokine
enhanced insulin sensitivity on target tissues?®. In our study, supplementation
with TAN and HMF lowered levels of resistin in mice fed a high-fat diet.
Reductions in resistin and blood glucose levels resulting from TAN
supplementation have been reported previously®'°, and corroborate our results.
However, the reducing effect of HMF over levels of resistin is newly reported for
this compound.

Leptin is another adipokine secreted by adipocytes proportionally to the
amount of adipose tissue. Leptin regulates dietary intake and energy expenditure,
and under normal levels it avoids excess of fat deposition in liver, muscle and
pancreas?®3°, In addition, insulin stimulates leptin synthesis, while leptin inhibits
insulin secretion, preventing insulin resistance. In metabolic syndrome, levels of

insulin and leptin are increase, what may cause resistance to both hormones?®'.
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On the other hand, it was previously shown that treatment with citrus
extract or TAN reduced leptin and glucose levels in mice®32, Similarly, our study
showed a decrease of leptin and glucose levels in mice fed high-fat diet after TAN
and HMF supplementation. Previous research suggested that lemon polyphenols
also may improve insulin and leptin resistance due to increased [-oxidation of
fatty acids and activation of PPARyY expression in mice liver?. In addition, citrus
flavonoids may stimulate glucose uptake by increased GLUT4 expression in
diabetic mice33.

The supplementation with TAN or HMF in our study was able to prevent
the increase of lipid peroxidation (TBARS) in the blood serum caused by the
intake of high-fat diet. Lipid-rich diets increase systemic oxidative stress due to
higher production of reactive oxygen species (ROS) and reduction of antioxidants
enzymes, as superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPx), increasing inflammatory cytokines3%-3435_ On the other hand,
dietary sources of antioxidants, as orange juice and citrus flavanones, decrease
lipid peroxidation in humans and mice?"-36.

A previous study showed that TAN reduced lipid peroxidation and
enhanced SOD, CAT and GPx in the blood of rats with cancer®”. Another study
showed that TAN decreased the formation of lipoperoxides and nitric oxide in the
kidneys of rats with renal injury, increasing the levels of GSH and GPx’. In
addition, HMF, due their antioxidant properties, prevented damages caused by
brain ischemia in rats'338. Considering these facts, we suggest that TAN and HMF
may have lowered oxidative stress due to an increase or maintenance of
endogenous antioxidant enzymes. Although there are many evidences that TAN

and HMF may positively modulate the glucose and lipid metabolism, there are
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few studies focusing on the pharmacological potential of these compounds on the

obesity related disorders, as the risk factors of metabolic syndrome.

Conclusion

The major findings of in this research were the decrease of glycaemia, pro-
inflammatory adipokines and oxidative stress, which leaded to the prevention of
hepatic damage and reduction of lipid accumulation in adipose tissue. In
conclusion, we showed that dietary supplementation with tangeretin and
heptamethoxyflavone was effective to protect against metabolic syndrome
development. Further studies are need to verified specific effects in metabolic

markers of diabetes mellitus and cardiovascular diseases.
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Figure 1. Experimental design. To obesity induction, high-fat diet was given for

4 weeks. After that, HFD group continued to receive only high-fat diet, and TAN

and HMF groups received high-fat diet supplemented with tangeretin and

heptamethoxyflavone (100mg/kg), respectively. Control group received standard

diet during 8 weeks.
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Figure 2. Body weight of male C57BL/6J mice fed with standard diet (C), high-
fat diet (HFD), or high-fat diet supplemented with tangeretin (TAN) or
heptamethoxyflavone (HMF). *p<0.05 for HFD, TAN and HMF groups in

comparison to the control.



Figure 3. Histological sections of intra-abdominal adipose tissue of mice fed with

standard diet (IA), high-fat diet (IB), high-fat diet supplemented with tangeretin

(IC) or heptamethoxyflavone (ID) (100x magnification)
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Figure 4. Histological sections of liver tissue of mice fed with standard diet (11A),

high-fat diet (lIB), high-fat diet supplemented with tangeretin (IIC) or

heptamethoxyflavone (1ID) (400x magnification)
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Table contents

Table 1. Composition of standard diet and high-fat diet.

Diet Standard High-fat
Energy (kcal/g) 4.27 5.35
Protein (% kcal) 14.6 20.8
Carbohydrates (% kcal) 73.9 33.8
Lipids (% kcal) 115 45.30
Composition g/100g

Corn starch 46.6 7.8
Casein 14.0 24.0
L-Cistein 0.2 0.4
Maltodextrin 155 11.7
Sucrose 10.0 20.1
Fiber 4.0 5.8
Soybean oll 5.0 2.9
Lard - 20.7
Mineral mix 3.5 5.2
Vitamin mix 1.0 1.2
Choline bitartrate 0.3 0.2

Total 100.0 100.0
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Table 2. Organs weight and adipocyte size of male C57BL/6J mice fed with

standard diet (Control), high-fat diet (HFD), or high fat diet supplemented with

tangeretin (TAN) or heptamethoxyflavone (HMF).

Variables Control HFD TAN HMF
Energy intake (kcal) 15.4 £ 0.4° 140+ 1.12 145+ 1.02 14.2 £0.72
Liver (g) 1.24 +0.09 1.19+0.17 1.21+0.12 1.18 +0.09
Kidney (g) 0.34+£0.012 0.36+0.03%* 0.38+0.03°® 0.38+0.04°
Pancreas (Q) 0.16 £0.022 0.21+0.05° 0.16+0.03% 0.17 £0.022
Spleen (g) 0.08+0.01 0.09+0.02 0.08+0.01  0.09+0.01
Heart (g) 0.13+0.01 0.13+0.01 0.15+0.01 0.14+0.01
Adipose tissue * (g) 0.38+£0.082 2.11 +1.05° 1.48 +0.73> 1.87 +0.66"
Adipocyte area (um?) 13.6 £ 1.62 45.0+7.1° 37.05%7.5%  46.5+6.4°

Results are presented as mean + SD. Data analyzed by 1-factor ANOVA, followed by

Tukey’s test. Mean in a row followed by different letters differ significantly (p<0.05).

*Intra-abdominal adipose tissue
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Table 3. Biochemical profile and liver lipids of male C57BL/6J mice fed with

standard diet (Control), high-fat diet (HFD), or high fat diet supplemented with

tangeretin (TAN) or heptamethoxyflavone (HMF).

Variables Control HFD TAN HMF
Biochemical profile

Glucose (mg/dL) 241 + 202 343 £ 63° 285 + 78% 317 + 362
Insulin (pg/mL) 74 £ 16 130 + 61 129 + 51 109 + 19
HOMA-IR 1.27£0.272 2.73+1.19° 243 +1.06%° 2.45+0.47%
Triglycerides (mg/dL) 75+6 71+13 76 £10 76 £11
Total cholesterol (mg/dL) 887 100 £ 10 101 £ 15 107 £ 16
HDL cholesterol (mg/dL) 507 505 53+10 55+6
Non-HDL chol. (mg/dL) 38 + 52 49 + 6° 48 + 7% 49 + 7°
ALT (mg/dL) 49 + 20 69 + 20 66 + 27 46 + 19
AST (mg/dL) 279 +121 326 £ 125 256 + 92 247 + 76
Liver lipids

Triacylglycerol (mg/dL) 114 + 252 217 +62° 204 + 40P 219 + 55P
Cholesterol (mg/dL) 2014 22 +£4.2 23+25 21+1.8

Results are presented as mean + SD. Data analyzed by 1-factor ANOVA, followed by

Tukey’s test. Mean in a row followed by different letters differ significantly (p<0.05).
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Table 4. Inflammatory and oxidative stress biomarkers of male C57BL/6J mice
fed with standard diet (Control), high-fat diet (HFD), or high fat diet supplemented
with tangeretin (TAN) or heptamethoxyflavone (HMF).

Variables Control HFD TAN HMF

Adiponectin (mg/L) 3.20+0.54 3.18+0.84 2.77 £ 0.66 3.58+0.78

Leptin (pg/mL) 353 + 1502 10247 + 6477° 4757 + 22873 6094 + 33152
Resistin (pg/mL) 1479 £ 3242 2201 +136° 1707 £383% 1730 + 387
MCP-1 (pg/mL) 37.7+80  36.6+6.4 38.8 + 6.4 38.6 +10.3
TNF-a (pg/mL) 2.79+0.45 3.16+0.67  3.32+058  3.26+0.67
IL-6 (pg/mL) 1.74+059 291+0.87  2.12+0.64  1.83+0.56
IL-10 (pg/mL) 2.02+098 165+073  2.01+0.69  3.37+155
TBARS (uM) 6.43 +0.872 12.55 + 3.06° 7.37£1.272 8.75 £ 1.562

ABTS (mMeq Trolox) 1.40 +0.04 1.41 +0.06 1.38 + 0.06 1.44 £ 0.03

Results are presented as mean + SD. Data analyzed by 1-factor ANOVA, followed by
Tukey’s test. Mean in a row followed by different letters differ significantly (p<0.05).
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Considerac0es finais

A suplementacdo com tangeritina e heptametoxiflavona melhorou
parametros relacionados a resisténcia insulinica (glicemia, indice HOMA-IR,
resistina e leptina) e ao estresse oxidativo (TBARS). Além disso, a tangeritina
reduziu a acumulacéo lipidica no tecido adiposo, enquanto a heptametoxiflavona
diminuiu os danos hepéaticos causados pela dieta rica em gordura. Pela primeira
vez foram apresentados os beneficios da heptametoxiflavona na regulacdo do
metabolismo de camundongos induzidos a obesidade.

Estes resultados sugerem que a tangeritina e a heptametoxiflavona
podem ser Uteis para reduzir as desordens metabdlicas causadas pela ingestao
de dieta hiperlipidica, prevenindo o desenvolvimento de sindrome metabdlica e

diabetes mellitus tipo 1.
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ANEXO 1 — PROTOCOLO DE APROVACAO DO COMITE DE ETICA NO

USO DE ANIMAIS

Protocolo CEUA/FCF/CAr n® 54/2015

Interessada: MARINA NERY DA SILVA

Orientadora: Profa. Dra. Thais Borges César

Projeto: Efeito da tangeritina e heptametoxifiavona no metabolismo lipidico e
resisténcia insulinica de camundongos obesos

Parecer n? 99/2015 — Comissao de Etica no Uso de Animais

A Comissdo de Efica no Uso de Animais desta Faculdade, reunida em 18 de
novembro de 2015, considerou que o protocolo para uso de animais na pesquisa:
“Efeito da tangeritina e heptametoxiflavona no metabolismo lipidico e resisténcia
insulinica de camundongos obesos”, apresentado pela Pds-graduanda MARINA
NERY DA SILVA, sob orientacdo da Professora Doutora Thais Borges César, do
Departamento de Alimentos e Nutricdo desta Faculdade, esta estruturado dentro dos
principios éticos na experimentagdo animal do Conselho Nacional de Controle de
Experimentacdo Animal - CONCEA, manifestando-se FAVORAVEL & sua execucio.
O relatério final do protocolo de pesquisa devera ser entregue em AGOSTO de 2016
em formulario para este fim.

Araraquara, 25 de novemnbro de 2015.
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Profa Dra ALEXANDRA VO DE MEDEIROS
Vice<oordenadora da CEUA




