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Introducédo: Nos ultimos anos a populacdo mundial tem vivenciado mudancgas
nos habitos alimentares, tais alteracGes caracterizam a transicdo nutricional.
Ressalta-se 0 maior consumo de alimentos de alta densidade energética,
produtos industrializados, acrescidos de aglUcar e ricos em gordura e uma
reducdo no consumo de vegetais e frutas. Este padrdo alimentar é conhecido
como dieta ocidental, que associada a inatividade fisica, reflete em alteracdes
na composicdo corporal e, consequentemente, obesidade. O sobrepeso e a
obesidade atualmente sdo um preocupante problema de saude publica devido a
elevada prevaléncia bem como associagdo com outras patologias como a
doenca gordurosa nao alcodlica do figado (NAFLD, do inglés nonalcoholic fatty
liver disease). A fisiopatologia da NAFLD esta amplamente relacionada aos
processos oxidativo e inflamatério. Por isso, o licopeno, um carotenoide
reconhecido pela sua agdo antioxidante e anti-inflamatoéria, tem sido investigado
como um potencial protetor hepéatico na NAFLD. Objetivo: Investigar o efeito da
suplementacdo com licopeno sobre os processos fisiopatologicos da NAFLD
induzida por dieta hipercaldrica rica em carboidrato simples. Materiais e
Métodos: Esse estudo foi aprovado pela Comisséo Etica no Uso de Animais da
Faculdade de Medicina de Botucatu (1266/2018). Foram utilizados 24 ratos
Wistar aleatoriamente distribuidos em 2 grupos com diferentes dietas para
inducdo de obesidade: dieta controle (n=12) e hipercal6rica (n=12). Apés 20
semanas, 0s animais foram novamente distribuidos em 4 grupos para o estudo
da suplementagcdo com licopeno: grupo controle (Co, n=6), grupo controle
suplementado com licopeno (Co+Ly, n=6), grupo obeso (Ob, n=6) e grupo obeso
suplementado com licopeno (Ob+Ly, n=6). Aos grupos obesos (Ob e Ob+Ly)
também foi ofertado 25% de sacarose. Os animais receberam a solugcao de
licopeno (tomate oleoresina) diluido em 6leo de milho (10mg/kg/dia) ou veiculo
(6leo de milho) via gavagem durante 10 semanas. Dados paramétricos estdo
apresentados em média e desvio padrdo e ndo-parameétricos apresentados em
mediana e intervalo interquartil e analisados por ANOVA de duas vias ou por
Kruskall Wallis, respectivamente. Para analise histolégica foram utilizadas as

distribuicGes de Poasson ou Binominal. Valores de p<0,05 foram considerados



estatisticamente significativos. Resultados: Os animais que consumiram a dieta
hipercalorica apresentaram maior ganho de peso e indice de adiposidade,
elevados niveis de glicemia, triglicérides plasmaticos e hepaticos, além de
esteatose hepatica macro e microvesicular e presenca do marcador inflamatorio
fator de necrose tumoral-a. (TNF-a) figado. O licopeno mostrou-se eficiente no
controle do perfil lipidico ao reduzir os triglicerideos plasmaticos e hepaticos e
ao aumentar a lipoproteina de alta densidade (HDL, do inglés high density
lipoprotein), além de minimizar a esteatose microvesicular. Efeitos positivos
sobre 0s processos inflamatério e oxidativo também foram observados. O
licopeno reduziu os niveis hepéticos de TNF-a e MDA, e contribui para o melhor
desempenho do sistema antioxidante do 6rgdo ao amplificar a atividade das
enzimas catalase (CAT) e superéxido dismutase (SOD). Concluséo: O licopeno
parece ser um notavel coadjuvante na terapia da obesidade e suas doencas
correlatas como a NAFLD, j4 que contribui para a modulagdo de processos
fisiopatolégicas relacionados a doenca.

Palavras-chave: dieta hipercalérica, obesidade, NAFLD, licopeno.
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Introduction: In recent years the world population has experienced changes in
eating habits, which characterize the nutritional transition. Higher consumption of
high energy density foods, industrialized products, high sugar and high fat
products, and a reduction in the consumption of vegetables and fruits are also
noteworthy. This dietary pattern is known as western diet, which associated with
physical inactivity, reflects on changes in body composition and consequently
obesity. Overweight and obesity are currently a worrying public health problem
due to the high prevalence as well as association with other pathologies such as
non-alcoholic fatty liver disease (NAFLD). The pathophysiology of NAFLD is
largely related to oxidative and inflammatory processes. Therefore, lycopene, a
carotenoid recognized for its antioxidant and anti-inflammatory action, has been
investigated as a potential liver protector in NAFLD. Aim: To investigate the effect
of lycopene supplementation on the pathophysiological processes of NAFLD
induced by a simple carbohydrate-rich hypercaloric diet. Materials and
Methods: This study was approved by the Animal Ethical Committee of Botucatu
Medical School (1266/2018). 24 Wistar rats were randomly distributed in 2 groups
with different diets for obesity induction: control diet (n=12) and hypercaloric
(n=12). After 20 weeks, the animals were redistributed in 4 groups for the study
of lycopene supplementation: control group (Co, n=6), control group
supplemented with lycopene (Co+Ly, n=6), obese group (Ob, n=6) and obese
group supplemented with (Ob+Ly, n=6). Obese groups (Ob and Ob + Ly) also
received 25% sucrose. The animals received the solution of lycopene (oleoresin
tomato) diluted in corn oil (10mg/kg/day) or vehicle (corn oil) via gavage for 10
weeks. Parametric data are presented in mean and standard deviation and non-
parametric data presented in median and interquartile range and analyzed by
two-way ANOVA or by Kruskall Wallis, respectively. For histological analysis,
Poasson or Binominal distributions were used. A p value <0.05 was considered
statistically significant. Results: The animals, which consumed the hypercaloric
diet, presented greater weight gain and adiposity index, high glycemia levels,
plasma and hepatic triglycerides, besides macro and microvesicular hepatic

steatosis and presence and presence of the inflammatory marker tumor necrosis



factor-a. (TNF. Lycopene has been shown to be efficient in controlling the blood
and liver lipid profile by reducing plasma and liver triglycerides and increasing
high-density lipoprotein (HDL), in addition to minimizing microvesicular steatosis.
Positive effects on inflammatory and oxidative processes were also observed.
Lycopene reduced hepatic levels of TNF-a and malondialdehyde (MDA) and
contributed to improve the performance of the antioxidant liver system by
amplifying the activity of catalase (CAT) and superoxide dismutase (SOD)
enzymes. Conclusion: Lycopene seems to be a remarkable adjunct in the
therapy of obesity and its related diseases such as NAFLD, since it contributes
to the modulation of pathophysiological processes related to the disease.

Key words: hypercaloric diet, obesity, NAFLD, lycopene.
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1. Obesidade

Nos ultimos anos a populacdo mundial tem vivenciado mudancas nos
hébitos alimentares e nos padrdes de atividade fisica que refletem em alteracdes
na composicdo corporal e maior prevaléncia de doengas cronicas n&o
transmissiveis (DCNT) (1). A este cenario conhecido como transi¢&o nutricional,
atribui-se como principais mudancas observadas o aumento da disponibilidade
e consumo de produtos ultraprocessados, alimentos de origem animal, 6leos e
refrigerantes acompanhados por uma reducéo no consumo de vegetais, frutas e
leite (2). Destaca-se o consumo de alimentos e bebidas acrescidos de acucar
gue conduzem ao ganho de peso, a hiperglicemia e, consequentemente, a
efeitos metabolicos deletérios (3).

O controle ponderal deve ser visto como uma complexa interagao entre o
atual ambiente obesogénico e fatores genéticos, sendo que o comportamento
alimentar em resposta a estas condi¢cdes desempenha um papel dominante na
prevaléncia da obesidade (4). Assim, o incremento do consumo calorico, ou seja,
a ingestdo de alimentos de alta densidade energética resulta em um
desequilibrio entre o consumo e o gasto caldrico levando a um estado de balanco
energético positivo associado ao sobrepeso e obesidade (3). Condi¢ces que tem
aumentado de forma alarmante em paises desenvolvidos e em desenvolvimento.

A Organizag¢do Mundial da Saude (OMS) estimou que em 2016, mais de
1,9 bilhdo de adultos acima de 18 anos estavam acima do peso e destes mais
de 650 milhdes eram obesos (5). Recente pesquisa divulgada pelo Ministério da
Saude (MS) em 2017 apontou que a prevaléncia de obesidade aumentou de
11,8% em 2006 para 18,9% em 2016 o que representa um aumento de 60% em
10 anos (6). Projecdes para 2030 estimam que 38% da populacdo mundial adulta
apresentara sobrepeso e 20% obesidade(7). A vistas desses dados a obesidade
representa um grande problema para a saude publica, impactando de forma
imponente na expectativa e na qualidade de vida da populacdo. De forma que o
excesso de gordura esta associado a diversas morbidades dentre elas
alteracbes hepaticas, cancer, asma, acidente vascular cerebral, doencas
cardiovasculares, hipertensao e diabetes tipo 2 (8,9).
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A perniciosidade da obesidade, entretanto, ndo esta associada apenas ao
total de gordura corporal, mas também ao padréo de deposicédo desta gordura.
O excesso de gordura visceral, conhecido como obesidade central, reflete em
uma maior circunferéncia da cintura e tem uma forte associagdo com doencas
cardiovasculares (10), além de estar especialmente associada a resisténcia a
insulina e diabetes tipo 2 (11). Fundamentada neste contexto, encontra-se a
Sindrome Metabdlica (SM), Sindrome da Resisténcia a Insulina ou Sindrome-X,
termos que designam um grupo de alteracdes metabdlicas que compartilham
seus mecanismos fisiopatologicos e estdo associadas ao desenvolvimento do
diabetes tipo 2 e doencas cardiovasculares (12). De acordo com a Federacéo
Internacional de Diabetes (FID), para o diagnéstico de SM é necessario a
presenca de circunferéncia da cintura aumentada mais dois fatores dentre
quatro: hipertrigliceridemia, baixos niveis de lipoproteina de alta densidade
(HDL, do inglés high density lipoprotein), hipertenséo arterial ou hiperglicemia
ou, entdo, diagnostico prévio de diabetes tipo 2 (13). Para a National Cholesterol
Education Program (NCEP) Adult Treatment Panel Il (ATP IIl) 2005 a presenca
de pelo menos 3 dos fatores acima citados caracteriza a SM (14).

Atualmente, a SM representa um preocupante problema de saude
mundialmente reconhecido, afetando mais de 1 bilhdo de pessoas em todo
mundo. Além do mais, a SM esta associada a outras condi¢des patoldgicas (15).
O acumulo de gordura no figado na auséncia do consumo de alcool conhecido
como doenca gordurosa néo alcodlica do figado (NAFLD, do inglés non-alcoholic
fatty liver disease) é considerado por muitos autores como uma manifestacao da
SM no figado (16). Neste cenario, a NAFLD vem ganhando atencdo sendo a SM
um importante fator preditor para seu desenvolvimento. Consta ainda na
literatura, evidéncias de que a NAFLD per se é fator de risco para doencas
cardiovasculares (17). Na atualidade, a NAFLD representa a principal causa de
dano hepatico, englobando um conjunto de alteracdes hepaticas desencadeadas
pelo acimulo de gordura no orgéo, incluindo desde a simples esteatose a
esteatohepatite ndo alcodlica (NASH, do inglés non-alcoholic steatohepatitis),
podendo progredir a cirrose e hepatocarcinoma (18).
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2. O Figado e sua Fisiologia

O figado é o segundo maior 6rgdo do copo humano, representando
aproximadamente 2 a 3% do peso corporal. Esta localizado no quadrante
superior direito da cavidade abdominal (19). E um 6rgdo de extrema importancia
para a manutencdo da homeostase corporal representando a ligacdo entre o
sistema digestorio e o circulatério. Aproximadamente 80% do suprimento
sanguineo hepético deriva da veia porta que transporta o sangue pouco
oxigenado, porém rico em nutrientes, oriundo da digestdo. O restante, 20%,
deriva da artéria hepatica que conduz o sangue rico em oxigénio (20).
Anatomicamente, o figado é dividido em lobo direito e lobo esquerdo de acordo
com as ramificacBes da veia porta e ainda lobo caudado, localizado préximo a
veia cava, e lobo quadrado, situado proximo a vesicula biliar (21).

O parénquima hepético é constituido por hepatécitos que se dispdem
radialmente ao redor da veia central ou centrolobular nos I6bulos hepaticos,
unidade estrutural do figado. Nos vértices dos |I6bulos hepéticos, o conjunto de
tecido conjuntivo, ductos biliares, vasos linfaticos, nervos e vasos sanguineos é
denominado espaco porta. Os espacos entre os cordfées de hepatdcitos contém
os sinusoides hepatico que demarcam o espaco de Disse. Para além das células
endoteliais, os sinusbides apresentam as células de Kupffer, macréfagos
responsaveis por processos imunoldgicos e destruicdo de heméaceas. Ainda no
espaco de Disse ha as células de Ito ou células estreladas, que contém inclusdes
lipidicas ricas em vitamina A e possuem um importante papel no

desenvolvimento da fibrose em condi¢des patolégicas (Figura 1) (22).
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Ramo da artéria hepatica
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Figura 1. Visao tridimensional do I6bulo hepético. No centro, encontra-se a veia central. Abaixo,
ramos da veia porta, artéria hepatica e ducto biliar compreendendo o espacgo porta. Observar
células endoteliais do capilar sinuséide, células de Kupffer e células de Ito. Adaptado de

Jungueira e Carneiro, 2008 (23).

Nos lébulos hepaticos o sangue, quer arterial ou quer venoso, flui da
periferia para a regido central. Tal fato pode explicar o comportamento diferente
das células perilobulares e centrolobulares frente a agentes nocivos ou
condicdes patoldgicas. Os hepatéticos a medida que se distanciam do espaco
porta apresentam diferencas quanto as suas caracteristicas estruturais,
histoquimicas e bioquimicas o que permite a divisdo do I6bulo hepatico em 3
zonas distintas. A zona 1 inclui as células da periferia, regido perilobular, que
corresponde a zona mais oxigenada, o que explica o fato dos hepatécitos desta
Zona apresentarem mais enzimas do metabolismo oxidativo. A zona 2

corresponde aos hepatdcitos intermediarios. As células localizadas nas
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adjacéncias da veia central configuram a zona 3, regido centrolubular que recebe

menor concentracao de nutrientes e de oxigénio (Figura 2) (22).

Lobulo Hepatico (a)
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Figura 2. Divisdo e heterogeneidade dos hepatdcitos nas diferentes regides do Iobulo hepatico.
(a) Divisao do lobulo hepatico em zonas: Zona 1 (Z1), perilobular; Zona 2 (Z2), intermediaria;
Zona 3 (Z3), centrolobular. (b) Heterogeineidade dos hepatdcitos: hepatocitos dispostos na Z1
recebem maior aporte de oxigénio e nutrientes o que explica a maior presenca de enzimas
envolvidas no metabolismo do glicogénio e oxidacdo de acidos graxos; hepatdcitos presentes na

Z3 diferem-se pela maquinaria enzimatica relacionada a via glicolitica e a sintese de acidos graxos.
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2.1. Funcdes do Figado

O figado desempenha funcdes vitais para o0 organismo como a producéo
e secrecao de bile, sintese proteica e de outras moléculas, armazenamento de
vitaminas e ferro, inativacdo e excre¢cdo de drogas e toxinas e funcgéo
imunologica. Além disso, o figado orquestra o metabolismo energético o qual
sera brevemente abordado com énfase para o metabolismo dos carboidratos e
lipidios (22).

2.1.1. Metabolismo dos Carboidratos

ApoOs o processo de digestdo, no intestino, ocorre a absorcéo da glicose
através de 2 mecanismos: o co-transporte com o sodio através do transportador
de glicose dependente de sddio (SGLT, do inglés sodium-dependent glucose co-
transporter) e o transporte facilitado mediado pelo transportador de glicose 2
(GLUT2, do inglés glucose transporter) (24). Uma vez na circulacdo, os
carboidratos sdo encaminhados para o figado através da veia porta. Por meio do
GLUT2, a glicose adentra o hepatdcito e pode percorrer 0s seguintes destinos:
1) ser oxidada através da glicolise gerando o piruvato, que na mitocéndria, é
oxidado para gerar adenosina trifosfato (ATP) através do Ciclo de Krebs (CK) ou
do Acido Citrico (CAC) e da fosforilagdo oxidativa; 2) a glicose-6-fosfato, um
metabolito da via glicolitica, também pode ser metabolizado através da via das
pentoses fosfato gerando ribose-5-fosfato, para a sintese de acidos nucleicos, e
nicotinamida adenina dinucleotideo fosfato (NADPH), requerido por processos
biossintéticos; 3) a glicose por ser armazenada na forma de glicogénio; 4) ou
ainda, pode ser utilizada para a sintese de polimeros estruturais. A ativacao de
vias oxidativas ou de armazenamento € dependente do estado energético da
célula e, em frente a abundancia de substrato a acetil coenzima A (acetil-CoA),
formada a partir do piruvato, ao invés de seguir para a oxidacao via CK, segue
para a sintese de acidos graxos via lipogénese de novo. Os acidos graxos
formados podem ser armazenados na forma de triglicerideos (25).

Outro monossacarideo que merece atencéo é a frutose. Carboidrato que
tem sido amplamente adicionado a alimentos e bebidas industrializadas por
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tornar esses produtos mais palataveis (26). Atualmente, o acucar tem sido
associado a morbidades, em especial a NAFLD, devido as caracteristicas de seu
metabolismo. A absorcdo luminal da frutose pelos enterécitos se da através do
GLUTS5 e desses para a circulacdo através do GLUT2 (27). Uma vez na
circulacao portal a frutose é extensamente absorvida pelo figado através dos
GLUT 2, 5 e 8 (28). No figado, a frutoquinase inicia o catabolismo da frutose
(frutdlise) formando a frutose-1-fosfato que é metabolizada a diidroxicetona
fosfato e gliceraldeido que sdo o ponto em comum entre 0 metabolismo da
glicose e da frutose (Figura 3). Esses compostos podem ser metabolizados a
glicose, gerar energia na forma de ATP através das vias oxidativas ou formar
acidos graxos via lipogénese de novo de acordo com o estado energético da
célula. Considerando que o catabolismo da frutose ignora os mecanismos
regulatorios da glicolise, seu elevado consumo rapidamente gera substrato para
a via lipogénica o que possibilita 0 armazenamento na forma de triglicerideos

(29).

2.1.2. Metabolismo dos Lipidios

Os lipidios dietéticos apés absorvidos deixam o intestino sob a forma de
quilomicrons através do sistema linfatico, alcangam a circulagdo sanguinea. A
apolipoproteina Cll, presente nos quilomicrons, ativa a lipase lipoproteica (LPL)
nos capilares do tecido adiposo, coracdo e musculo esquelético levando a saida
de &cidos graxos livres para esses tecidos. Os quilomicrons remanescentes sédo
captados pelo figado. Nos hepatdcitos, os acidos graxos podem ser oxidados
através da [B-oxidacdo gerando energia. Quando os acidos graxos da dieta
superam a necessidade energética do figado, sdo exportados, na forma de
triglicerideos, através da lipoproteina de muito baixa densidade (VLDL, do inglés
very low density lipoprotein), ou mediante a saturacado desse mecanismo podem
ser armazenados em goticulas lipidicas. Do figado, as VLDLs séo transportadas
pelo sangue para o musculo e tecido adiposo onde, novamente, atraves da LPL
os acidos graxos livres séo liberados. A perda de triglicerideos pela VLDL a
converte na lipoproteina de baixa densidade (LDL, do inglés low density
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lipoprotein) que transporta colesterol para os tecidos extra-hepaticos. Através do
receptor de LDL as lipoproteinas sdo incorporadas pelo hepatécito e seu
contetdo convertido em acidos biliares (30). O figado e também o intestino
produzem a HDL, responsavel pelo chamado transporte reverso do colesterol,
captando o colesterol dos tecidos extra-hepéaticos e encaminhando-os para o
figado (31).

Neste cenario, o figado representa um 6Orgdo chave no controle do
metabolismo de nutrientes adaptando-se a situagdes de caréncia e excesso (32).
Nesta ultima situacdo, a abundancia de macronutrientes, em especial acucares
e gorduras, esta associada a um prejuizo na funcédo hepética de administrar o
volume de triglicerideos formado, levando ao seu acumulo e desenvolvimento da
NAFLD (32,33).

’ Glicose Frutose
Glicose-6-P
Frutose-6-P

Frutos!—lt,ﬁ-bis-P Frutose-1-P

N N

Gliceraldeido-3-p *——, Diidroxicetona-P Gliceraldeido
t L4 |
vl
Lactato *—— Piruvato Glicerol-3-P

| |

Acetil-COA «——oonouoo Acil-glicerol

|~

Ciclo do Acido Citrico Triglicerideos

ATP

Figura 3. Interacéo entre o metabolismo da glicose e da frutose. E possivel observar que o
metabolismo de ambos monossacarideos, glicose e frutose, pode contribuir para a producédo de
energia (ATP), ao fornecer substrato para as vias oxidativas. Entretanto, de acordo com o estado

energético celular, triglicerideos podem ser formados.
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3. A Doenca Gordurosa nao Alcéolica do Figado

A NAFLD é definida pelo acumulo de triglicerideos no citoplasma do hepatdcito,
excedendo 5% do peso do figado, na auséncia de outras causas de acometimento
hepatico. O diagnostico diferencial deve excluir hepatites virais, e outras doencas
hepéticas cronicas como doenca de Wilson, hemocromatose, hepatite
autoimune e doenca colestética do figado além de lipodistrofia, doenca celiaca,
doenca de Cushing, uso de alguns medicamentos e consumo excessivo de
alcool (34).

Como visto a NAFLD apresenta uma importante relacdo com a obesidade
e a SM. Embora existam outros fatores considerados de risco para a progressao
e severidade da doenca (35), sua prevaléncia tem acompanhado o crescimento
da obesidade (36). Atualmente, estima-se que mais de 25% da populacéo
mundial apresente NAFLD, sendo as regides do Oriente Médio e América do Sul
de maior prevaléncia e a Africa de menor (37). ProjecBes estimam que 0 custo
para os cuidados de pacientes portadores de NAFLD, no Estados Unidos,
aumentara em 18% de 2000 para 2035 (34).

Tenda em vista a gravidade do acometimento hepatico, levando-se em
consideracdo a prevaléncia e consequéncias do acumulo lipidico, pesquisas

devem ser conduzidas para o entendimento de sua fisiopatologia e tratamento.

3.1. Patogénese

Embora nao totalmente esclarecida algumas teorias foram postuladas no
sentido de explicar a patogénese da NAFLD. Uma delas € a hipotese “two hit” na
qual o acumulo hepatico de gordura ocorre por meio de dois insultos (hit) ao
orgdo. O primeiro € caracterizado por um desbalanco no metabolismo lipidico
em que o influxo de acidos graxos representado pela importacédo, sintese de
novo e fonte dietética, excede o efluxo hepatico, ou seja, o catabolismo de acidos
graxos e a exportacdo de lipoproteinas (38). Um estudo realizado com marcador,
curiosamente demonstrou a contribuicdo de cada fonte para o acumulo intra-
hepatico de lipidios. Dos triglicerideos intra-hepaticos dos pacientes portadores

de NAFLD que participaram do experimento ~59% foram derivados de acidos
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graxos circulantes, ~26% da lipogénese de novo e ~15% da gordura dietética
(39). Esse desequilibrio entre influxo e efluxo resulta no acumulo lipidico pelo
hepatécito. O segundo hit envolve um processo inflamatério e estresse oxidativo
levando a danos a células e componentes celulares associados a progressao a
NASH (38).

Entretanto, atualmente sabe-se que o desenvolvimento da NAFLD é
complexo e envolve uma série de fatores, sendo postulada a hipétese de
multiplos insultos (“multiple hit”). De acordo com esta teoria, a NAFLD seria
resultado de uma complexa interacdo entre mecanismos genéticos e
epigenéticos, fatores comportamentais, nutricionais, estresse oxidativo e
inflamagéo (40). Independentemente da teoria trés importantes aspectos
reciprocamente  dependentes desempenham um papel central no
desenvolvimento da NAFLD: habitos alimentares, estresse oxidativo e

inflamacao.

3.1.1. Fatores Dietéticos

O elevado consumo de gorduras e carboidratos, em especial a frutose,
esta associado a deposicao hepatica de lipidio. Uma recente revisdo apontou um
alto consumo de carne vermelha, gordura e aclcar em detrimento ao consumo
de graos integrais, frutas e vegetais em pacientes com NAFLD. Salientou ainda
uma relacdo positiva entre o padrao de dietético ocidental e o risco de NAFLD
(41). A influéncia do consumo alimentar e alteragcfes hepaticas é tdo clara que a
mudanca no estilo de vida € um importante tratamento encontrado em guidelines
para NAFLD (42).

A presenga de combustivel metabolico além das necessidades
energéticas, ou seja, quando o consumo de macronutrientes supera a
necessidade de ATP do organismo, 0 excesso sera armazenado na forma de
triglicerideos. Nesta situacdo, os macronutrientes sdo convertidos em acetil-coA,
molécula comum ao metabolismo de carboidratos, proteinas e lipidios. O acetil-
COA, além de ser substrato para a producdo de energia é precursor da sintese
de &cidos graxos. Os acidos graxos formados podem ser exportados do figado
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na forma de triglicerideos através da VLDL, culminando no aumento dos niveis
de VLDL circulantes (27). Como mencionado anteriormente, a saturacao desse
mecanismo de exportagdo culmina no armazenamento de triglicerideos pelo
hepatdécito, conhecida como esteatose hepatica (30).

Outros mecanismos contribuem para o desenvolvimento da estetatose. O
metabolismo da frutose leva a ativacao da proteina de ligacdo ao elemento de
resposta a carboidratos (ChREBP, do inglés carbohydrate response element-
binding protein) independentemente da sinalizagédo da insulina. O ChREBP é
um fator de transcricdo para genes envolvidos na sintese de triglicerideos. Outro
fator de transcricdo para genes da lipogénese é a proteina de ligacdo ao
elemento regulatério de esterol 1c (SREPBlc, do inglés sterol regulatory
element-binding protein 1c) fortemente estimulado pela insulina. A obesidade,
plano de fundo da NAFLD, comumente esta associada a resisténcia a insulina e
hiperinsulinemia, o que promove a hiperativacdo do SREPB1c e consequente
sintese hepética de lipidios (43. Adicionalmente, na condi¢cdo de resisténcia a
insulina o tecido adiposo torna-se resistente ao efeito antilipolitico da insulina o
gue impulsiona o fluxo de acidos graxo derivados da lipolise do tecido para o

figado contribuindo para a esteatose hepéatica (44).

3.1.2. Estresse Oxidativo

A maior disponibilidade de acetil-coA decorrente da oxidacdo de
carboidratos e lipidios disponiveis para participar do ciclo do CK e da fosforilagéo
oxidativa leva a uma excessiva estimulacdo da mitocondria (45). Durante esse
processo, elétrons escapam da cadeia transportadora de elétrons reagindo com
0 oxigénio (O2) formando o superéxido (O,-) que é impermeavel a membrana
mitocondrial. Através da enzima superodxido dismutase (SOD) o O,- é convertido
em peroxido de hidrogénio (H202). As enzimas catalase (CAT) e glutationa
peroxidase (GPX) sédo responsaveis pela reducédo do H202 em agua (H20) (46).
Em excesso, o H202 pode deixar a mitocondria e ser reduzido pelas rea¢des de
Fenton ou Haber-Weiss formando o radical hidroxil (OH+). Esta € uma molécula

altamente reativa que pode levar a danos oxidativos importantes (Figura 4) (47).
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A producdo de espécies reativas do oxigénio (EROs) pela mitocéndria
representa um ciclo continuo contrabalanceado pelas enzimas antioxidantes
(48). Entretanto, a estimulacdo excessiva pela abundancia de substrato leva a
superproducao de EROs e deplecdo dos mecanismo antioxidantes resultando
em um desbalanco entre a producdo de oxidantes e o sistema de defesa

antioxidante o que compreende o estresse oxidativo (47).

SOD
Superdxido (0;-) ———— Perdxido de Hidrogénio (H,0,) — > Radical Hidroxil (OHe)
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Figura 4. Representacdo esquematica da formacéo de espécies reativas e do sistema de defesa

antioxidante. Elétrons podem escapar da cadeia transportadora de elétrons e reagir com o
oxigénio formando espécies reativas do oxigénio. As enzimas SOD, CAT e GPX séo
responsaveis pela reducdo das espécies reativas em agua . Em excesso, o peroxido de
hidrogénio pode reagir com o superéxido ou metais formando o radical hidroxil que esta
associado a danos celulares e teciduais. SOD: superédxido dismutase; CAT: catalase; GPX:
glutationa peroxidase; GSSG: glutationa oxidada; GSR glutationa redutase; GSH: glutationa

reduzida.

As EROs podem interagir com moléculas funcionais e estruturais como
o 4cido desoxirribonucleico (DNA), lipidios, carboidratos e proteinas modificando
sua estrutura e formando produtos que também apresentam capacidade reativa
(49). A oxidacéo de lipidios gera como produtos o 4-hidroxinonenal (4-HNE),
acroleina (ACR) e malondialdeido (MDA), ja a oxidacao de carboidratos forma o
metilglioxal (MGO) e glioxial (GO). Esses subprodutos sdo denominados,

respetivamente, produtos da lipoxidacdo avancada (ALEs, do inglés advanced
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lipoxidation end-products) e produtos da glicacdo avancada (AGEs, do inglés
advanced glycation end-products) (50).

O estresse oxidativo estd associado a danos no DNA mitocondrial além
de alteracOes estruturais da organela o que contribui para a progressao da
NAFLD (51). Estas alteracbes sdo acompanhadas por um prejuizo das funcdes
metabdlicas e bioenergéticas da mitocondria incluindo a, anteriormente
discutida, superproducdo de EROs e diminuicdo da produgdo de ATP,
caracteristicas da disfuncdo mitocondrial (52). Em adicdo, a cardiolipina, um
fosfolipidio exclusivamente encontrado na membrana mitocondrial interna e
necessario para a adequada formacdo da crista mitocondrial, é suscetivel a
danos oxidativos. A oxidacdo da cardiolipina induz a ativagdo de mecanismos
apoptoéticos levando a morte celular (53). Além do mais, anormalidades
mitocondriais conduzem ao acumulo de acidos graxos ndo metabolizados no
citosol (54). A oxidacéao ineficiente leva ao acumulo de intermediarios lipotéxicos
como o diacilglicerol (DAG) e as ceramidas (CER). Estes produtos podem
prejudicar a sinalizacdo da insulina e mediar a inflamacé&o no hepatdcito (55,56)

3.1.3. Estresse do Reticulo Endoplasmatico

O acido graxo dietético pode interferir no equilibrio do reticulo
endoplasmatcio (RE) levando ao seu estresse por mecanismos ainda
investigados (57). Por sua vez, o estresse do RE pode induzir a esteatose
hepética através de efeitos sobre a sintese lipidica e inflamagé&o (58). No figado,
além de sua conhecida fungéo no controle de qualidade das proteinas, o RE esta
envolvido na sintese e metabolismo lipidico. Em condi¢cdes estressoras ocorre
ativacao de vias de sinalizacéo especifica denominada resposta a proteina mal
envelopada (UPR, do inglés unfolded protein response), com o objetivo de
restaurar a homeostase do RE (54). A ativacdo da UPR leva a inducao da
sinalizacdo inflamatodria através da ativacdo do fator nuclear kappa B (NF-kB),
um importante fator envolvido na sinalizagcéo de citocinas inflamatérias (58).

Tanto o estresse do RE quanto a carbonilacdo de proteinas relacionados
ao ambiente celular pré-oxidante estdo associados a alteragcfes estruturais de
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proteinas. A apoliproteina B, essencial para a formacédo do VLDL, € uma das
moléculas passiveis de danos o que pode prejudicar a exportacao de lipidios do

figado e, consequentemente, exacerbar a esteatose no 6rgao (45).

3.1.4. Inflamacéo

A inflamacéo é uma resposta de protecdo a agentes nocivos ou injdria,
essencial para eliminar/neutralizar organismos ou corpos estranhos (59). Essa
resposta inclui a participacdo de inimeros tipos celulares como granulécitos,
mastoécitos, macrofagos, células dendriticas e linfécitos (60). Entretanto, a
ativacdo crbnica do processo inflamatério esta relacionado com a macica
producao de citocinas e promocéo do estresse oxidativo (61).

As citocinas secretadas pelas células imunes atuam como mensageiros
intracelulares recrutando e ativando células fagociticas contribuindo para a
exacerbacédo do processo inflamatorio. A ativacao de fagdcitos em resposta aos
padrbes moleculares associados a patdgenos (PAMPs, do inglés pathogen-
associated molecular pattern) e padrdes moleculares associados a danos
(DAMPs, do inglés damage-associated molecular patterns), e a ligacdo de
citocinas a seus receptores sdo responsaveis pela producdo de espécies
reativas através da nicotinamida adenina dinucleétido fosfato oxidase (NADPH
oxidases ou Nox) e mieloperoxidase (MPO). Esta produc&o ocorre por reacdes
de oxidoreducdo com o objetivo de ampliar a resposta inflamatéria e destruir
micro-organismos e debris celulares. Entretanto, dada a estimulagéo excessiva
dessas células ocorre danos ao tecido hepatico (Figura 5) (62).

AGEs e ALEs interagem com o receptor para produtos da glicacédo
avancada (RAGE), que atende ao padrao DAMP de reconhecimento molecular,
contribuindo para o processo inflamatério (63). Ja que ao ser ativado o RAGE
estimula a translocacdo do NF-kB para o ndcleo levando a transcricdo e
expressdo de citocinas como o fator de necrose tumoral-o (TNF-o) e as
interleucinas 1 e 6 (IL-1 e IL-6) (64). Portanto, pode-se estabelecer uma relacao

de retroalimentacéo positiva entre o estresse oxidativo e a inflamacéo.
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Figura 5. Inflamacéo e producéo de espécies reativas do oxigénio. Moléculas DAMPs e PAMPs
ativam fagocitos por meio da ligagéo a seus receptores. Em seguida, a NADPH oxidase produz
0 superoxido (O,-) que ao sofrer a acdo da superédxido dismutase (SOD) é convertido em
peréxido de hidrogénio que, por sua vez, pode ser convertido em agua (H20) e oxigénio (O,).
Porém, com o intuito de neutralizar o agente agressor a mieloperoxidase (MPQO) converte o
peréxido de hidrogénio (H202) em acido hipocloroso (HOCI). Este acido além de atuar no
fagossomo é lancado para o meio extracelular. Diante de um estimulo continuo ou exacerbado
esse mecanismo leva a danos celulares e teciduais devido a producao aumentada de espécies
reativas e &cido hipocloroso. PAMPs: do inglés pathogen-associated molecular patterns; DAMPs:

damage-associated molecular patterns; GPX: glutationa peroxidase; CAT: catalase.
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3.1.5. Disbiose Intestinal

A microbiota intestinal € definida como um complexo de espécies de
micro-organismos que habitam o trato digestivo e mantém uma relagdo de
simbiose com o hospedeiro contribuindo para diversas fun¢gées como digestéo,
sintese de vitaminas e bloqueio da colonizacao intestinal por patdégenos (65).
Grande parte do aporte sanguineo hepatico tem origem do trato digestério. Por
isso, sua posicao anatdbmica, em situagao fisioldgica, o coloca como primeira
linha de defesa contra componentes bacterianos (66).

O intestino é revestido por uma camada de muco e pelo seu microbioma,
que contribuem para a integridade da barreira intestinal, sendo sensiveis a
alteracdes da dieta. O padrao dietético ocidental est4 associado a altera¢des no
microbioma e aumento da permeabilidade intestinal possibilitando,
consequentemente, a translocacao bacteriana resultando em
lipopolissacaridemia (67).

Em decorréncia, no figado ha ativacdo da resposta inflamatorio através
da ligacdo de antigenos aos receptores do tipo Toll (TRLs, do inglés toll-like
receptors) com, consequente, producado de citocinas inflamatérias e EROs (68).
Além do mais, esta via inflamatéria também pode ser ativada por acidos graxos
saturados presentes na dieta que, devido a estrutura similar aos
lipopolissacarideos (LPS), sdo capazes de ativar o TLR4 o que contribui para a

lesé@o hepatica (69).

3.1.6. Disfungéo do Tecido Adiposo

O tecido adiposo (TA) até quase 25 anos atras era considerado um
tecido inerte. Entretanto, apos a descoberta da leptina passou a ser considerado
um 6rgdo metabolicamente ativo com fung¢des para além de metabdlicas, mas
enddcrinas e imunolégicas. Tal condicdo, entretanto, também o faz comparte da
patogénese de desordens metabdlicas incluindo diabetes mellitus tipo 2 e
NAFLD (70). O TA é altamente sensivel a alteragbes no suprimento de nutrientes
contribuindo para homeostase energética do organismo. Em frente ao excesso

de nutrientes TA responde através da hiperplasia e hipertrofia de seus adipdcitos
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(71). Essa expansdo estd associada a hipdxia, morte celular, inflamacéo e
comprometimento do fluxo de acidos graxos podendo desencadear alteracdes
metabdlicas como resisténcia a insulina e dislipidemia (72).

A obesidade induz & mudancas no padréo de secrecao de adipocinas, que
representam o conjunto de citocinas secretadas pelo TA. A leptina € uma
adipocina anorexigena que atua no sistema nervoso central suprimindo o apetite
e estimulando o gasto energético (73). A adiponectina também atua
centralmente influenciando o gasto energético além de reconhecidamente
favorecer a sensibilizacao sistémica a insulina e possuir efeitos anti-inflamatoérios
(74). A secrecdo da leptina aumenta de acordo com o aumento da massa
adiposa, entretanto, apesar de elevados niveis da adipocina a obesidade esta
associada a uma resisténcia a sua acdo. JA a secrecdo de adiponectina
encontra-se reduzida nesta condicdo. Essa alteracdo no padrdo de secrecédo de
adipocinas visto em obesos sem comprometimento hepatico também é
encontrado em pacientes portadores da NAFLD (75).

Em resposta as adipocinas e fatores quimiotéticos liberados ha infiltracéo
de macréfagos no TA. Os macréfagos podem exibir diferentes fenotipos de
acordo com o estimulo que recebem. Macréfagos M1 sdo conhecidos por
secretar um padrdo de citocinas pro-inflamatorias incluindo TNF-a, IL-6 e 2, ja
0s macrofagos M2 secretam citocinas anti-inflamatérias como a IL-10 e 12.
Adicionalmente ao aumento do numero dos macrofagos no TA, a obesidade é
associada a mudanca do perfil dessas células em dire¢éo ao perfil M1 (76). O
TNF-a secretado em grandes quantidade pelos macrofagos estimula a lipdlise
aumentando o fluxo de &cidos graxos na circulacdo, e consequentemente, no
figado (75). No 6rgao, esses acidos graxos sao captados através do receptor
grupamento de diferenciacdo (CD36, do inglés cluster of differentiation) (77)
podendo ser acumulados na forma de triglicerideos ou ainda serem
reconhecidos pelo TLR4, ativando o NF-kB e perpetuando a reposta inflamatoria
(78). E digno de nota que ambas as consequéncias do influxo de acidos graxos
para figado podem contribuir para a extenséo e progressao da NAFLD.
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Considerando o volume de tecido adiposo e o seu padréo de secrecao de
citocinas inflamatérias presentes na obesidade, € prenunciado que a inflamacéo
no tecido, além do efeito local contribua para a inflamacéo, estresse oxidativo e
deposicao de gordura hepética (79).

3.2. Tratamento

A mudanca no estilo de vida (MEV) que engloba dieta, exercicio fisico e
perda de peso, quando necessario, tem sido defendida como fundamental para
o tratamento e prevencdo da evolucdo da NAFLD (Figura 6) (80). Algumas
recomendacgdes nutricionais incluem reducdo do consumo de aguUcar, em
especial da frutose, além de gordura total, saturada e trans (81). Musso e colegas
(82) em sua meta analise concluiram que a perda de peso é segura em
comparacdo aos farmacos e ainda contribui para a melhora da histologia
hepética e diminuicdo do risco de doencas cardiovasculares. A perda de pelo
menos 3 a 5% do peso corporal j& é acompanhada de uma melhora da doenca,
entretanto, uma perda maior, de 7 a 10%, esta associada a melhora histolégica
da NAFLD. Ademais, a combinacdo de uma dieta hipocalérica associada a
pratica de exercicios fisicos de moderada intensidade € a melhor opcéo para a
manutencdo do peso corporal e, consequente, continuidade dos beneficios a
longo prazo (43).

O tratamento da NAFLD compreende ainda a identificacdo e tratamento
de outras desordens metabdlicas associadas como diabetes e hiperlipidemia e
melhora da resisténcia a insulina através da MEV e/ou farmacoterapia. Ainda, o
uso de protetores hepaticos como agentes antioxidantes mostram-se eficazes
no controle da doenca (83). Nesse sentido, compostos bioativos capazes de
modular a ativagdo de genes e proteinas envolvidos na génese da esteatose,
representam uma atrativa abordagem para a terapia desta condicdo. Dentre
esses compostos pode-se destacar o licopeno, um carotenoide reconhecido por

seus efeitos antioxidantes e anti-inflamatérios (84).
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Figado Saudavel Esteatose Esteatohepatite/ I Hepatocarcinoma

Fibrose

';’

Mudanga estilo de vida

Figura 6. Resumo da influéncia da dieta sobre a progresséo da NAFLD. O elevado consumo de

acucares e gorduras visto na dieta ocidental esta associado ao comprometimento do
metabolismo energético no figado que leva ao acumulo intra-hepético de gordura. Mediante a
persisténcia do insulto a doenca pode progredir para esteatohepatite, fibrose e hepatocarcinoma.

A mudanca de estilo de vida néo é suficiente para prevenir os estagios avangados da doenca.

4. Licopeno

O licopeno € um carotenoide sem atividade provitamina A responsavel
pela coloracdo vermelho-alaranjada vista no tomate, melancia, uva, mamao
dentre outras frutas e vegetais. Os carotenoides séo divididos em dois grupos de
acordo com sua composi¢ao quimica. Os carotenoides hidrocarbonetos, como é
o caso do licopeno, sdo compostos por carbono e hidrogénio. As xantofilas, como
a luteina, apresentam além do carbono e do hidrogénio o oxigénio (85). O
licopeno exibe uma estrutura simétrica e aciclica, contendo 11 duplas ligacdes
conjugadas e 2 ligagbes ndo conjugadas (Figura 7). Geometricamente, o
licopeno pode apresentar-se na forma cis e trans, fator influente na sua
biodisponibilidade (86).

A capacidade antioxidante dos carotenoides esta relacionada ao seu
namero de duplas ligacées conjugadas. Tal relacdo torna o licopeno um dos
antioxidantes mais potentes dentre os carotenoides (87), apresentando especial
habilidade em se ligar ao oxigénio singlet além de interagir com as EROs, como
o H20:2 (88). Somado ao caréater antioxidante o licopeno tem se mostrado um
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agente anti-inflamatdrio que contribui para o controle de diversas doencas. O
consumo de tomates e seus subprodutos estdo associados a limitacdo do risco
de doencas cronicas, como cancer e doencas cardiovasculares. Sendo que 0s
niveis séricos e teciduais de licopeno é inversamente relacionado a incidéncia
dos cénceres de prostata e de mama (89). Para mais, tem-se observado o

potencial terapéutico do licopeno no tratamento da NAFLD (84).

CHg Licopeno (CagHse)

Figura 7. Férmula estrutural do licopeno.

4.1. Fontes Dietéticas

Os carotenoides estao presentes em organismos fotossintéticos de modo
qgque o organismo humano nao € capaz de produzi-los. Assim, devem ser
consumidos através da dieta. O tomate apesar de ndo ser o alimento com maior
fonte de licopeno (Tabela 1), caracteriza-se como principal, por ser

extensamente consumido (90).

Tabela 1. Principais fontes de licopeno. Adaptado de Rao e Argawal (83).

Fontes Vegetais Quantidade de Licopeno (ng/g)
Melancia 23a72
Goiaba 54
Maméo Papaya 20a53
Tomate 8,8a42

O conteudo de licopeno presente nos tomates, como pode ser observado
na Tabela 1, sofre variacbes de acordo com o tipo e o estidgio de

amadurecimento. Quanto mais maduro e vermelho for o tomate maior sera o seu
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conteudo de licopeno (91). Os alimentos a base de tomate também sé&o

importantes fontes de licopeno na dieta. O contetdo do carotenoide de alguns

desses produtos pode ser visto na Tabela 2.

Tabela 2. Contetdo de licopeno dos principais alimentos a base de tomate.

Adaptado de Rao e Argawal (83).

Produtos de Tomate

Quantidade de Licopeno (ug/g)

Tomate fresco
Tomate cozido
Molho de tomate
Sopa de tomate
Tomate em po
Suco de tomate

Ketchup

8,8a42
37
62
79
1126,3 a 1264,9
50 a 116
99al134,4

O consumo de licopeno varia de acordo com a populacdo estudada.
Considerando os tomates uma fonte significativa de licopeno, é esperado que o
licopeno represente a maior proporcéo de carotenoides consumidos através da
dieta entre os italianos, aproximadamente 7,4mg/dia. Isso devido a tipica
culinaria do pais. Ja a média de ingestéo diaria na Espanha é de 3,8mg, 4,8mg
na Franca, e no Reino Unido é de 1,1mg (92).

4.2. Biodisponibilidade

A biodisponibilidade do licopeno é influenciada por varios aspectos
incluindo a composicéo da dieta e o processamento do alimento. O carotenoide
€ um composto lipossolavel, por conseguinte, 0 seu consumo associado a uma
fonte de gordura potencializa sua biodisponibilidade. Brown e colegas (93)
avaliaram a biodisponibilidade do licopeno e outros carotenoides apés a ingestao
de salada contendo espinafre, alface, tomate e cenoura acrescida de 0, 6 ou 28g

de 6leo de canola. Os pesquisadores observaram que a presenca de licopeno
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nos quilomicrons plasmaticos foi proporcional a quantidade de Gleo presente no
molho das saladas.

O licopeno derivado de tomates frescos e ndo processados € pobremente
absorvido. A absorcdo € maior a partir de alimentos processados como molho
de tomate aquecido em 6leo (94). Isto pois, além de seu carater lipossolavel o
licopeno esta localizado nos cloroplastos ou cromoplastos das células vegetais.
O processamento, quer térmico quer mecanico, € capaz de romper a parede
celular vegetal tornando o licopeno disponivel para ser absorvido (95).

As plantas usualmente apresentam o isémero trans-licopeno. Entretanto,
as formas cis-licopeno sdo mais facilmente absorvidas pelas células intestinais
por serem mais lipossollveis e, portanto, preferencialmente empacotadas em
micelas no momento da absorcdo. A coccdo, ou seja, a exposicdo a energia
térmica, além da exposicéo a luz e 4cidos sdo responsaveis pela isomerizacao
do licopeno, trans para cis-licopeno, favorecendo sua absorcédo (96). Além da
isomeria geométrica, outro fator que pode interferir na biodisponibilidade do
licopeno de frutas e vegetais in natura é a presenca de fibras dietéticas. As fibras
podem afetar a formacdo das micelas prejudicando a absorcao intestinal do

licopeno. Entretanto, esses dados séo contraditérios (97).

4.3. Absorcéo

A absorcdo intestinal dos carotenoides inclui diversas etapas.
Primeiramente, o carotenoide deve ser liberado da matriz alimentar através da
acado mecanica do trato digestorio e, entdo emulsificado através dos sais biliares
na luz intestinal (92). Durante esse processo € possivel que ocorra a
isomerizacao do licopeno, alterando sua configuragéo trans para cis-licopeno,
isémero encontrado nos tecidos corporais (98). Posteriormente, o licopeno é
incorporado as micelas e passivamente captado pelos enterdcitos. Esse
processo pode ser facilitado atraves do transportador de membrana de colesterol
receptor scavenger classe B tipo | (SR-BI, do inglés scavenger receptor class B
type I). No interior dos enterdécitos o carotenoide é incorporado aos quilomicrons
juntamente com os lipidios dietéticos seguindo o mesmo destino destes, ou seja,
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alcancam o sistema linfatico e, posteriormente, a circulagdo sanguinea e tecidos
(92, 99).

4.4. Distribuicdo nos Tecidos

Uma vez absorvido o licopeno é transportado pela corrente sanguinea a
diversos orgdos onde pode ser armazenado. Na circulagdo, o licopeno é
transportado através das lipoproteinas. A distribuicdo do carotenoide entre as
diferentes lipoproteinas é variada, sendo que do conteddo de licopeno
consumido 58 a 73% é carreado pela LDL, 17 a 26% pela HDL e 10 a 16% pela
VLDL (100). A distribuigdo do licopeno nos tecidos também é heterogénea o que
esta relacionado com seus efeitos bioldgicos em alguns tecidos em detrimento
de outros. As maiores concentracfes de licopeno sdo encontradas no figado,
testiculos, glandulas adrenais, tecido adiposo e proéstata (89). Sendo que o
figado caracteriza-se como principal 6rgdo de depdésito de licopeno o0 que
justifica sua acdo sobre processos fisiopatolégicos relacionados a patologias
como a NAFLD (100).

5. Consideracdes Finais

A obesidade é caracterizada pelo excessivo acumulo de gordura corporal
a ponto de trazer prejuizos a saude. Uma das consequéncias de tal condi¢éo &
0 acometimento hepatico representado pela NAFLD. A prevaléncia tanto da
obesidade quanto da NAFLD vem crescendo de maneira alarmante na
populacdo mundial. Este fato esta associado ao estilo de vida atual tipificado pelo
consumo exacerbado de alimentos industrializados com destaque para os doces
e bebidas acucaradas. Tendo em vista 0os possiveis desdobramentos da
esteatose hepatica como a esteatohepatite, cirrose e hepatocarcinoma tém sido
extensamente investigado medidas terapéuticas a fim de atenuar/evitar a
progressdo da doenca. Nesse sentido, alguns compostos naturais estdo sendo
estudados, como o licopeno, um carotenoide cujo efeitos antioxidantes e anti-

inflamatorios o tornam um agente terapéutico em potencial para a doencga, ja que
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ambos 0s processos, oxidativo e inflamatério, contribuem para a génese da
NAFLD.

6. Justificativa

A dieta hipercalorica rica em carboidratos simples esta associada a
alteracbes ponderais e metabdlicas condizentes com a obesidade e suas
comorbidades como a NAFLD. Neste trabalho foi verificado o papel do licopeno
sobre tal condicdo, uma vez que o potencial terapéutico do carotenoide esta
relacionado a importantes processos vinculados ao desenvolvimento da
patologia. Considerando a importancia do impacto da NAFLD para a saude
coletiva, bem como o impacto da doenca sobre a saude do individuo, este
trabalho hipotetiza que o licopeno é capaz de modular processos fisiopatoldgicos
da NAFLD em modelo animal de obesidade induzida por dieta hipercal6rica rica

em carboidratos simples.

7. Objetivos
7.1. Objetivo Geral

Verificar o efeito da suplementacdo com licopeno sobre 0s processos
fisiopatolégicos da degeneracao gordurosa ndo alcodlica do figado induzida por
dieta hipercaldrica rica em carboidrato simples.

7.2. Objetivos Especificos

1. Caracterizar a presenca de obesidade;

2. Caracterizar a presenca de esteatose hepatica

3. Investigar o impacto da suplementacdo com licopeno sobre a deposicao
de gordura no figado;

4. Verificar a acdo do licopeno sobre manifestacdes clinicas e laboratoriais
relacionadas a obesidade;

5. Verificar o efeito do licopeno sobre o estado pro-inflamatorio e oxidativo.
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Abstract: Background: The higher consumption of fat and sugar are associated
with obesity development and its related diseases such as non-alcoholic fatty
liver disease (NAFLD). Lycopene is an antioxidant which protective potential
over fatty liver degeneration has been investigated. The aim of this study was to
present therapeutic effects of lycopene on NAFLD related to the obesity induced
by hypercaloric diet. Methods: Wistar rats were distributed in two groups: control
(Co, n=12) and hypercaloric (Ob, n=12). After 20 weeks, the animals were
redistributed in control group (Co, n=6), control group supplemented with
lycopene (Co+Ly, n=6), obese group (Ob, n=6) and obese group supplemented
with lycopene (Ob+Ly, n=6). Ob groups also received water + sucrose (25%).
Animals received lycopene solution (10mg/kg/day) or vehicle (corn oil) via
gavage for 10 weeks. Results: Animals which consumed the hypercaloric diet had
higher adiposity index, increased fasting blood glucose, hepatic and blood
triglycerides and also presented in the liver macro and microvesicular steatosis,
besides elevated levels of tumor necrosis factor-a (TNF-a). Lycopene has shown
therapeutic effects on blood and hepatic lipids, increased high-density
lipoprotein cholesterol (HDL), mitigated TNF-a and malondialdehyde (MDA)
and further improved the hepatic antioxidant capacity. Conclusion: Lycopene
shows potential as a therapeutic to NAFLD.

Keywords: lycopene, NAFLD, hypercaloric diet, obesity.
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1. Introduction

Obesity is a chronic disease characterized by abnormal or excessive
accumulation of body fat, to the extent that health may be impaired [1]. The
prevalence of overweight and obesity rises worryingly in developed and
developing countries so that obesity represents an overwhelming problem for
public health [2]. Recent estimates indicate that more than 1.9 billion adults are
overweight and of these more than 650 million are obese [3]. These alarming data
are strongly correlated with current dietary and physical activity patterns [4].
Although weight control is a consequence of a complex interaction between
genetic, metabolic, psychological and social factors, the obese phenotype is
broadly influenced by behavioral aspects [5].

The energy imbalance resulting from the hypercaloric foods consumption
and sedentary lifestyle corroborates for such outcome [6]. The higher intake of
processed foods containing saturated fat, added sugar and high energy density
led to an increase in the caloric value of the diet [7]. Taken together these factors
favor the development of obesity and its related diseases such as nonalcoholic
fatty liver disease (NAFLD) [8,9].

NAFLD comprises a spectrum of diseases ranging from simple steatosis
to biochemical and functional abnormalities in the liver, which may result in an
inflammatory process known as nonalcoholic steatohepatitis (NASH). If this
problem is not resolved, it may progress to hepatic cirrhosis and hepatocellular
carcinoma [9]. It is hypothesized that these liver changes are the result of a two-
step process, named as “two hit” theory. The first hit results of the imbalance
between hepatic lipid influx and hepatic lipid clearance. The second hit involves

the inflammatory and the oxidative process [10,11]. Another hypothesis
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attributed to the NAFLD genesis is the "multiple parallel-hit”, which comprises
several parallel hits including insulin resistance, inflammation, oxidative stress,
genetic and epigenetic mechanisms, environmental elements, and microbiota
changes [11]. Except for some divergences, these hypotheses present common
mechanisms, including oxidative stress and inflammation, which play a central
role in the genesis of NAFLD.

Dietary factors are also important to liver fat deposition [10]. The excess of
nutrients received by the liver are converted into acetyl-CoA, a common
molecule to macronutrients metabolism [12]. Acetyl-Coa can be oxidized through
[-oxidation in the mitochondria or participate in the synthesis of triglycerides
which can be exported by very low density lipoprotein (VLDL) or also stored in
the organ due to saturation of the previous mechanisms [13]. In the presence of
large amounts of substrate, the mitochondria increase the production of reactive
oxygen species (ROS), impairing its function [14]. ROS are capable of activating
inflammatory pathways and the inflammatory cells increase the ROS production,
which lead to tissue damage [15]. Moreover, components of the diet itself can
directly lead to the activation of inflammatory pathways, such as saturated fatty
acids [16], or also lead to intestinal dysbiosis and consequent infiltration of
lipolysaccharides into the bloodstream, contributing to the inflammatory process
[17]. Considering this overview and the pathological consequences of NAFLD, it
is important to seek effective alternatives to treat or prevent hepatic accumulation
of lipid and its unfolding. A wide range of drugs are available for the treatment
of NAFLD in order to avoid its progress, including the use of antioxidants, such
as lycopene [18].

Lycopene is a carotenoid without provitamin A activity which gives red

colors to vegetables such as tomatoes, red grapefruit, watermelon and apricots
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[19]. This carotenoid is a powerful antioxidant with anti-inflammatory activity
[20] which has been shown to modulate important metabolic processes in the
body, attenuating complications of obesity and restoring liver function [19].
Thus, the aim of this study is to verify lycopene therapeutic potential on the

pathophysiological processes of NAFLD in obese animals fed a hypercaloric diet.

2. Materials and Methods

2.1. Animals and Experimental Protocol

This studied was approved by the Ethics Committee on the Use of Animals
(CEUA protocol number 1266/2018) of Botucatu Medical School, Sao Paulo State
University. The experiment was performed in accordance with the National
Institute of Health's Guide to the Care and Use of Laboratory Animals [21]. Male
Wistar rats were kept in controlled environment of temperature (22°C+3°C),
luminosity (12h light-dark cycle) and humidity (relative humidity of 60+5%).
Initially, the animals were distributed in two experimental groups fed different
diets for induction of obesity: control diet (n=12) and hypercaloric diet (n=12). At
20" week, after confirmation of difference in body weight and plasma
triglycerides, the animals were redistributed in four groups for the lycopene
supplementation study: a control group (Co, n=6), a control group supplemented
with lycopene (Co+Ly, n=6), an obese group (Ob, n=6) and an obese group
supplemented with lycopene (Ob+Ly, n=6). The feed and water were ad libitum.
The groups received lycopene solution (10mg/kg/day) or vehicle (corn oil) via

gavage for 10 weeks.
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2.2. Diets

The diets used in this study were previously developed by our research
group [22]. Briefly, both diets are nutritionally balanced for micronutrients but
different for macronutrients. The control diet is composed by soybean meal,
sorghum, soybean peel, dextrin, soybean oil, vitamins and minerals. The
hypercaloric diet was designed to mimic the development of obesity associated
with western dietary habits, being composed of soybean meal, sorghum, soybean
peel, dextrin, sucrose, fructose, lard, vitamins and minerals and addition of 25%
sucrose in drinking water. The detailed nutritional composition of both diets is

shown in table 1. The diets caloric values are described in item 2.5.

Table 1. Ingredients and nutritional composition of diets.
Adapted from Francisqueti et al [22].

Ingredients (g/kg) Control  Hypercaloric
Soybean meal 335 340
Sorghum 278 80
Soybean peel 188 116
Dextrin 146 20
Sucrose - 80
Fructose - 180
Soybean oil 14 -
Lard - 154
Vitamin and Minerals 25 25
Salt 4 8
Nutricional Composition
Protein (% of ingredients) 20 18
Carbohydrate (% of ingredients) 60 53.5
Fat (% of ingredients) 4 16.5
% of unsaturated 69 47
% of saturated 31 53
% Energy from protein 229 16.6
% Energy from carbohydrate 66.8 49.2
% Energy from fat 10.4 34.2
Energy (kcal/g) 3.59 4.35

The sucrose (25%) added to drinking water is not described in the table.
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2.3. Lycopene Supplementation

The lycopene solution used in this study was the tomato oleoresin (Lyc-O-
Mato® 6% dewaxed) obtained from LycoRed Natural Products Industries, Israel.
The solution was mixed with corn oil, checked for desired concentration
absorbance (450nm) and stored in a dark environment to ensure solution
stability. The animals received lycopene solution (10mg/kg/day) via gavage for
10 weeks [23,24]. The non-lycopene supplemented groups received corn oil

vehicle (ImL) via gavage.

2.4. Euthanasia

At the end of the 30-week period, after 8h of fasting the animals were
anesthetized (thiopental 120mg/kg/i.p.) and euthanized by decapitation after the
absence of foot reflex to obtain blood, liver and adipose tissues (visceral,
retroperitoneal and epididymal). Blood samples were collected in Falcon® tubes
containing anticoagulant ethylenediamine tetraacetic acid (EDTA) and
centrifuged at 3000 rpm at 4°C for 10 minutes (Eppendorf® Centrifuge 5804-R,
Hamburg, Germany) and the plasma was stored in a freezer at -80°C. The liver
was fractionated in aliquots, the left hepatic lobe was stored in formaldehyde for
histological analysis, and the remaining aliquots were stored in sterile cryotubes

in a freezer at -80°C. The fat deposits were dissected for weighing.

2.5. Nutritional and Obesity Characterization
The nutritional characterization was evaluated considering the chow
intake, water intake and caloric intake (diet+water). For that, water and chow

were measured twice a week. The caloric intake was calculated by multiplying
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the daily chow intake by the energy value of each diet using the following
formulas:

a. For control diet: caloric intake (kcal/day) = chow intake (g) x energy
value of the diet (3.59 kcal/g);

b. For the hypercaloric diet; caloric intake (kcal/day) = [chow intake (g) x
energy value of diet (4.35 kcal/g)] + [water intakke (mL) x 0.25 x 4 kcal per gram
of carbohydrate].

The presence of obesity was established based on weight gain and
adiposity index. For that, the body weight was measured weekly. The weight
gain was calculated by subtracting the initial weight from the final weight of the
animals [weight gain (g) = final weight (g) - initial weight (g)]. The adiposity
index represents the ratio of the sum of the epididymal, visceral and
retroperitoneal fat deposits by the final weight multiplied by 100 (adiposity index

(%) = epididymal (g) + visceral (g) + retroperitoneal (g)/final weight (g) x 100)

2.6. Lycopene Bioavailability Evaluation

The presence of lycopene was determined in plasma and hepatic tissue
homogenate. To extract the carotenoids, samples were incubated with internal
standard (equinenone), chloroform/methanol CHCI3/CH3OH (3mL, 2:1, v/v) and
500mL of saline 8.5 g/L. Then the samples were centrifuged at 3000rpm for 10
minutes and the supernatant was collected and hexane was added. The
chloroform and hexane layers were evaporated under nitrogen and the residue
was resuspended in 150mL of ethanol and sonicated for 30 seconds. 50uL of this
aliquot were injected into the HPLC. The HPLC system (Waters Alliance 2996,
Wilmington, MA, USA) programmable photodiode array detector was set at 450

nm for carotenoids. The mobile phase consisted of ethanol/methanol/methyl-tert-
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butyl ether/water (83:15:2, v/v/v, 15g/L with ammonium acetate in water, solvent
A) and methanol/methyl-tert-butyl ether/water (8:90:2, v/v/v, 10g/L with
ammonium acetate in water, solvent B). For the quantification of the
chromatograms, a comparison was made between the area ratio of the substance

and area of the internal standard obtained in the analysis [25].

2.7. Clinical Biochemistry

The glucose determination was performed by glycosimeter (Accu-Chek
Performa; Roche Diagnostics Indianopolis, IN, USA). The concentrations of urea,
creatinine, uric acid, total proteins, albumin, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), triglycerides, total cholesterol and its fractions,
high density lipoprotein cholesterol (HDL) and non-HDL cholesterol, were
performed by enzymatic colorimetric method with commercial kits (BioClin®,
Belo Horizonte, MG, Brasil) in automatic enzymatic analyzer system (Chemistry

Analyzer B5-200, Mindray Medical International Limited, Shenzhen, China).

2.8. Hepatic Tissue Analysis
2.8.1. Histology

Hepatic tissue was stored in 4% paraformaldehyde with 0.1M phosphate
buffer (pH=7.4) during the first 24 hours. After, tissue was transferred to 70%
ethyl alcohol until paraffin waxing. Histological sections obtained from the
paraffin block were layed on slides and stained with hematoxylin and eosin
(H&E). Later, an experient pathologist analyzed the slides. Macrovesicular
steatosis and microvesicular steatosis were both separately scored and the
severity was graded based on the percentage of the total area affected. The scores

were: 0 (<5), 1 (25-33%), 2 (233-66%) and 3 (266%). The difference between
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macrovesicular and microvesicular steatosis was defined by whether the
vacuoles displaced the nucleus to the side (macrovesicular) or not
(microvesicular) [26]. 10 fields were analyzed per slide per animal. For the
statistical analysis it was considered the sum of the scores obtained in the 10

analyzed fields.

2.8.2. Total Proteins

The tissue samples were homogenized in phosphate-buffered saline (PBS)
at the ratio of 1:10 (sample:PBS). Total protein concentrations in hepatic tissue
were measured in the homogenate by a colorimetric method using the biuret
reagent (BioClin, Quibasa Quimica Basica Ltda., Belo Horizonte, Minas Gerais,
Brazil) and were verified in automatic enzymatic analyzer system (Chemistry
Analyzer BS-200, Mindray Medical International Ltda., Shenzhen, China). The

results were used to correct the parameters of inflammation and redox state.

2.8.3. Inflammatory Biomarkers

The hepatic concentrations of interleukin-6 (IL-6) and tumor necrosis
factor-a (TNF-a) were quantified in the tissue homogenate by enzyme-linked
immunosorbent assay (ELISA) using specific commercial kits (R&D Systems®,
Minneapolis, MN, USA) and a micro-plate reader (Spectra MAX 190, Molecular
Devices, Sunny Valley, CA, USA). The results were corrected for the total protein
present in the tissue and expressed in picogram per milligram of protein (pg/mg

protein).
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2.8.4. Redox State
2.8.4.1. Oxidative Damage to Lipids

The malondialdehyde (MDA) concentration was obtained by high
performance liquid chromatography with fluorometric detection (HPLC,
system LC10A, Shimadzu, Japan). The hepatic tissue homogenate (100uL) was
incubated with thiobarbituric acid (TBA 42mmol/L, 200puL) and 1% ortho-
phosphoric acid (700uL) at 100°C for 60 minutes to form the fluorescent adduct
TBA-MDA. Deproteinization was performed with 2mmol/L sodium hydroxide
and methanol (NaOH:MetOH; 1:1) submitted to centrifugation (3000rpm, 5
minutes). After 50 pl of the supernatant was filtered and injected into an
octadecylsilic column (ODS-2, 150x4,6mm, 5um; Spherisarb®, Waters). The
isocratic mobile phase comprised of the phosphate buffer (10 mmol/L, pH:6.8)
and HPLC grade methanol (60:40 v/v), is run through the system at a flow rate of
0.5 mL/min. The calibration curve was obtained with the preparation of tetra-
ethoxy propane solutions (TEP). Fluorimetric detection was performed at 527nm
of excitation and 55Inm of emission. The results were expressed as nanomol per

milligram protein (nmol / mg protein) [27].

2.8.4.2. Antioxidant Enzyme Activity

In these analyzes the activity of superoxide dismutase (SOD) and catalase
(CAT) was evaluated. Therefore 100mg liver was homogenized (1:20 v/v) in
KH:POs (10mmol/L)/KCl (120mmol/L), pH7.4, and centrifuged at 2.000xg for 20
minutes. SOD activity was measured based on the inhibition of a superoxide
radical reaction with pyrogallol, and the absorbance values were measured at
420nm [28]. The values were expressed as units per milligram of protein (U/mg
protein). CAT activity was evaluated by following the decrease in the levels of

69



hydrogen peroxide, absorbance were measured at 240nm [29]. The results are

expressed as picomol per milligram of protein (pmol/mg protein).

2.8.4.3. Hepatic Antioxidant Capacity

The hepatic tissue antioxidant capacity was determined by the total
antioxidant performance test (TAP) using VICTOR X2 reader (Perkin Elmer-Boston,
MA, USA) [30]. This assay utilizes 100uL of homogenate which was incubated
with the fluorescent indicator BODIPY (4,4-difluoro-4-bora-3a, 4a-diaza-s-
indacene) for 10 minutes at 37°C. Then the free radical generator 2,2' Azobis(2-
amidino-propane)-dihydrochloride (AAPH) was added to the samples. The
prepared samples were applied in triplicates (200 puL in each well on specific
plates. Phosphatidylcholine (PC) was used as a hydrophilic matrix reference. The
fluorescence reader (Wallac Vitor 2X®, Perkin-Elmer, Boston, MA, USA) was

programmed to perform readings every 5 minutes for 3 hours and 30 minutes.
The analyses were performed in triplicate, and the results represent the percent

protection.

2.9. Statistical analysis

Data are presented as meanststandard deviation (SD) or median
(interquartile range). Differences among the groups were determined by two-
way ANOVA with Holm-Sidak post-hoc test or by Kruskall Wallis test with Tukey
post-hoc test. The comparison between two groups was performed by the T-test.
These statistical analyses were performed using the software Sigma Stat for
Windows Version 3.5 (Systat Software Inc., San Jose, CA, USA). For the
histological parameters were used the Poasson distribution or the binomial

distribution followed by the post-hoc test Wald multi-comparison. These
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statistical analyses were performed by experience statistician using the software
Statistical Analysis System (SAS) 9.4 (SAS Institute Inc., Campus Drive Cary, NC,

USA). A p value < 0.05 was considered statistically significant.

3. Results
3.1 Nutritional and QObesity Characterization

The nutritional characterization is shown in Figure 1. It is possible to verify
that the Ob and Ob+Ly groups presented lower chow intake. There was no

difference between the groups in the water and caloric intake.
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Figure 1. Nutritional characterization: (a) chow intake (g/day); (b) water intake (mL/day); (c)
caloric intake (kcal/day). Co: control group; Co+Ly: control group supplemented with lycopene;
Ob: obese group; Ob+Ly: hypercaloric group supplemented with lycopene. Data expressed in
meantstandard deviation. Comparison by two-way ANOVA with Holm-Sidak post-hoc test.
Different letters correspond to the significant statistical difference (p<0,05); n= 6 animals/group.
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The Table 1 shows the weight characteristics of the animals. There was no
difference for the initial weight. The obese groups (Ob and Ob+Ly) presented

higher final weight and weight gain.

Table 1. Weight Characteristics.

Co Co+Ly Ob Ob+Ly
Initial Weight (g) 192+28.42 209+14.32 21242142 198+11.62
Final Weight (g) 490+43.72 470+59.62 568.5+75.2b 552442 .5p
Weight Gain (g) 297+33.72 260+52.02 356+72.9° 354+34.2>

Co: control group; Co+Ly: control group supplemented with lycopene; Ob: obese group; Ob+Ly:
hypercaloric group supplemented with lycopene. Data parametric expressed in meantstandard
deviation. Comparison by two-way ANOVA with Holm Sidak post-hoc test. Different letters
correspond to the significant statistical difference (p<0,05); n= 6 animals/group..

The determination of the presence of obesity is shown in Figure 2. Similiar

to weight gain, the adiposity index was higher in the groups Ob and Ob+Ly.
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Figure 2. Determination of the presence of obesity: adiposity index (%). Co: control group; Co+Ly:
control group supplemented with lycopene; Ob: obese group; Ob+Ly: hypercaloric group
supplemented with lycopene. Data expressed in mean+standard deviation. Comparison by two-
way ANOVA with Holm-Sidak post-hoc test. Different letters correspond to the significant
statistical difference (p<0,05); n= 6 animals/group.

3.2. Lycopene bioavailability evaluation

The lycopene bioavailability is shown in Table 2. It is possible to verify the
presence of lycopene in both groups, which were supplemented (Co+Ly and

Ob+Ly).
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Table 2. Lycopene bioavailability evaluation.

Lycopene concentration (ug/100g)

Co Co+Ly Ob Ob+Ly
Liver ND 47.32+5.952 ND 25+2.91b
Plasma ND 3.18+0.5864 ND 5.2242.31a

Co: control group; CotLy: control group supplemented with lycopene; Ob: obese group; Ob+Ly:
hypercaloric group supplemented with lycopene. ND: not detectable. Data parametric
expressed in mean+standard deviation. Comparison by t-test. Different letters correspond to the
significant statistical difference (p<0,05); n= 6 animals/group.

3.3. Clinical Biochemistry
The table 3 presents the biochemical analysis related to renal and hepatic

functions. There was no difference between the groups for all the parameters

contented in the table.

Table 3. Biochemical analysis.

Co Co+Ly Ob Ob+Ly
Urea (mg/dL) 54.248.83 51.5+3.95 48.0+33.6° 42.8+20.92
Creatinine (mg/dL) 0.432+0,0342 0.433:0.0572  0.568+0.291a  0.504+0.092:
Uric Acid (mg/dL) 0.544+0.103 0.693:0.3072  0.695:0.122:  0.8000.166°
AST (U/L) 149(100-230)2 123(113-152)»  112(87-213)»  141(135-179)2
ALT (U/L) 445(38.7-161):  50.5(35.5-106)r  51(32.7-133)»  38.5(32.5-95.7)a
Albumin (g/dL) 2.71+0.062: 2.61+0.102 2.700.1282 2.70+0.105
Total Proteins (g/dL) 5.68+0.14852 5.64+0.368 5.92+0.256 5.88+0.333

Co: control group; Co+Ly: control group supplemented with lycopene; Ob: obese group; Ob+Ly:
hypercaloric group supplemented with lycopene. AST: aspartate aminotransferase; ALT:
alanine aminotransferase. Data parametric expressed in meantstandard deviation. Comparison
by two-way ANOVA with Holm Sidak post-hoc test. Data non-parametric expressed in median
and interquartile range. Comparison by Kruskall Wallis test with Tukey post-hoc test. Different
letters correspond to the significant statistical difference (p<0,05); n= 6 animals/group.

Markers for lipid and glucose metabolism are exhibited in the Table 3. The
fasting blood glucose was higher in the obese groups (Ob and Ob+Ly)
independent of lycopene supplementation. Plasma triglycerides was higher only

in the Ob group. Similarly, the Ob group presented higher hepatic triglycerides
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levels, and the Ob+Ly group showed similar levels to control groups (Co and
Co+Ly).

The total cholesterol was higher in the groups supplemented with
lycopene. This finding could be influenced by increasing HDL cholesterol levels
also observed in supplemented groups, mainly Ob+Ly group. There was no

difference between groups for non-HDL cholesterol (Table 3).

Table 4. Markers for lipid and glucose metabolism

Co Co+Ly Ob Ob+Ly
Fasting Blood Glucose (mg/dL)  74.2+7.562 91.6+16.62 102+21.4b 104+7.500
Triglycerides (mg/dL) 62.0£20.32 77.3£32.52 113+41.8v 93.9+12 42
Hepatic Triglycerides (mg/dL) 20.6+4.292 20.6+2.922 33.2£7.99>  29.3+5.59ab
Total Cholesterol (mg/dL) 51.5+8.802 60.0+12.12>  56.9+14.12 71.7+10.8b
HDL Cholesterol (mg/dL) 18.0+3.252 23.5+3.94b 19.9+5.432 29.0+2.69¢

Non-HDL Cholesterol (mg/dL)  33.5+5.952 36.4+9.092 37.0+9.862 42.6+8.872
Co: control group; Co+Ly: control group supplemented with lycopene; Ob: obese group; Ob+Ly:

hypercaloric group supplemented with lycopene. Data parametric expressed in meantstandard
deviation. Comparison by two-way ANOVA with Holm-Sidak post-hoc test. Different letters
correspond to the significant statistical difference (p<0,05); n= 6 animals/group.

3.4 Histology

The Figure 3 shows the determination of the hepatic steatosis by
histological parameters. Independent of lycopene supplementation, the hepatic
tissue of the obese animals (Ob and Ob+Ly) presented higher macrovesicular
steatosis. Lycopene was efficient in attenuating the microvesicular steatosis of

treated obese animals (Ob+Ly).
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Figure 3. Determination of the hepatic steatosis by hepatic tissue histology stained with H&E: (a)
Mlustrative picture of the control group (Co); (b) Illustrative picture of the control group
supplemented with lycopene group (Co+Ly); (c) Illustrative picture of the obese group (Ob); (d)
Mlustrative picture of the obese group supplemented lycopene (Ob+Ly); (e) Macrovesicular
steatosis (score); (e) Microvesicular steatosis (score). Presence of macro (red arrows) and
microvesicular (green arrow) steatosis in obese groups. Data expressed in meanzstandard
deviation. Comparison by Poasson distribution followed by the post-hoc test Wald multi-
comparison. Different letters correspond to the significant statistical difference (p<0,05); n=6
animals/group.
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3.4 Inflammatory Biomarkers

In hepatic tissue, there was no difference between groups for the pro-
inflammatory cytokine IL-6. The Ob group presented the highest levels of TNF-
a and the supplementation with lycopene in obese animals (Ob+Ly) was effective

in the attenuation this cytokine levels (Figure 4).
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Figure 4. Inflammatory process in hepatic tissue: (a) IL-6 (pg/mg protein); (b) TNF-alfa (pg/mg
protein). Co: control group; Co+Ly: control group supplemented with lycopene; Ob: obese group;
Ob+Ly: hypercaloric group supplemented with lycopene. Data parametric expressed in
meanztstandard deviation. Comparison by two-way ANOVA with Holm-Sidak post-hoc test. Data
non-parametric expressed in median and interquartile range. Comparison by Kruskall Wallis test
with Tukey post-hoc test. Different letters correspond to the significant statistical difference

(p<0,05); n=6 animals/group. IL-6: interleukin-6; TNF-o: tumor necrosis factor-a.

3.5. Oxidative Damage to Lipids

The lipid peroxidation represented by MDA formation was higher in the
control group. Lycopene was effective in diminished oxidative damage to lipids
since it is possible to observe the lower levels of MDA in supplemented groups

(CotLy and Ob+Ly) (Figure 5).
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Figure 5. Assessment of lipid peroxidation through the quantification of malondialdehyde
(MDA): MDA (nmol/mg protein). Co: control group; Co+Ly: control group supplemented with
lycopene; Ob: obese group; Ob+Ly: hypercaloric group supplemented with lycopene. Data
parametric expressed in meantstandard deviation. Comparison by two-way ANOVA with
Holm-Sidak post-hoc. Different letters correspond to the significant statistical difference (p<0,05);
n=6 animals/group

3.6. Antioxidant Enzyme Activity

The figure 6 shows the antioxidant enzyme activity in the liver. It is
possible to verify that obese groups (Ob and Ob+Ly) showed reduced activity of
CAT and the lycopene supplementation (Ob+Ly) improved CAT activity. The
lycopene also had a positive effect on the SOD activity of the Ob+Ly group, which

reached similar activity to the control groups (Co and Co+Ly).
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Figure 6: Antioxidant enzyme activity: (a) Catalase (pmol/mg protein); (b) Superoxide Dismutase
(U/mg protein). Co: control group; Co+Ly: control group supplemented with lycopene; Ob: obese
group; Ob+Ly: hypercaloric group supplemented with lycopene. Data parametric expressed in
meantstandard deviation. Comparison by two-way ANOVA with Holm-Sidak post-hoc test. Data
non-parametric expressed in median and interquartile range. Comparison by Kruskall Wallis test
with Tukey post-hoc test. Different letters correspond to the significant statistical difference
(p<0,05); n=6 animals/group.
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3.7. Hepatic Antioxidant Capacity
The figure 7 shows the total hepatic antioxidant capacity. The antioxidant

protection was higher in the obese group supplemented with lycopene (Ob+Ly).

TAP
(% protection/mg protein)

Figure 7. Total antioxidant performance test (TAP) (% protection/mg protein). Co: control group;
Co+Ly: control group supplemented with lycopene; Ob: obese group; Ob+Ly: hypercaloric group
supplemented with lycopene. Data parametric expressed in meantstandard deviation.
Comparison by two-way ANOVA with Holm-Sidak post-hoc. Different letters correspond to the
significant statistical difference (p<0,05); n=6 animals/group

4. Discussion

The aim of this study was to investigate the therapeutic potential of
lycopene on the pathophysiological processes of NAFLD in obese animals fed a
hypercaloric diet. The modern lifestyle, emphasizing the consumption of an
unbalanced diet rich in sugar and fat, is an important triggering factor for the
development of obesity and its related diseases [8], such as NAFLD [31].
Therefore, the induction of obesity through a hypercaloric diet mimics the habits
of the population and reproduces the liver changes observed in the pathology
[32]. Lycopene is a carotenoid known for its antioxidant activity, which

contributes to the control of the redox state in the liver. Additionally, in this study
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lycopene also exhibited an anti-inflammatory property, and regulated blood and
hepatic lipid metabolism.

The experimental model proposed in this study, promoted metabolic and
hepatic changes, represented by increased levels of fasting blood glucose and of
plasmatic and hepatic triglycerides both associated with the accumulation of fat
in the liver. This hepatic disturbance could be observed in the histological
analysis through macro and microvesiluares steatosis. However, there were no
changes in liver enzymes ALT and AST evidencing that there was no progression
of the disease. Although the model did not transpose steatosis, the obese animals
(Ob) presented high levels of TNF-a. levels, a potent pro-inflammatory cytokine.
It is also observed a greater weight gain and a different body composition
represented by the adiposity index. The animals, which fed a hypercaloric diet,
ate a smaller amount of chow in grams. This event did not interfere the caloric
intake value as these animals received a higher caloric amount derived from
water intake containing 25% sucrose. Despite the similar caloric intake between
the groups, the difference in diet composition, in other words, its macronutrient
quality and distribution reflected a greater weight gain in the groups, which
received the hypercaloric diet, in addition to all metabolic changes remarked.

The diet led to changes in lipid metabolism by contains a high supply of
simple carbohydrates included fructose and sucrose, the latter a disaccharide
composed of fructose and glucose. Fructose is absorbed by the enterocytes,
reaches the systemic circulation being widely absorbed by the liver. In the organ,
the monosaccharide is metabolized following different pathways and generating
metabolites such as glucose, lactate, free fatty acids and triglycerides via de novo
lipogenesis. The latter can be packed with apolipoprotein B100 (ApoB100) in the

VLDL and exported [33]. Regardless of the metabolic fate, the fructose
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catabolism begins with the phosphorylation reaction catalyzed by fructokinase
(KHK). Unlike glucose metabolism, in which a feedback mechanism regulates
phosphofructokinase activity for the production of pyruvate and hence acetyl-
CoA and fatty acids, the main fructose-metabolizing enzyme, KHK, is poorly
regulated [34]. Thereby is understandable the sensitivity of plasma triglyceride
concentration to changes in diet composition since the high consumption of
fructose is associated with hyperlipidemia, as well to others deleterious
consequences as NAFLD [34]. Additionally, it should be noted that the diet is still
rich in lard which contributes to higher plasma and hepatic triglyceride levels
[35]. All these changes lead to ROS overproduction and inflammatory cytokine
release in liver, factors associated with the severity and progression of the
disease.

Supplementation with lycopene did not influence the chow intake
behavior and the weight gain of the treated groups. Although several studies
have listed lycopene as an inducer of adiponectin concentrations [23, 36] an
adipokine which serum levels are negatively associated with obesity by
increasing energy expenditure [37], few have signed lycopene as a subsidiary in
weight control [36]. The lycopene also did not influence the fasting blood glucose,
although the action of lycopene in glycemic control of diabetic animals was found
in the literature [38, 39].

Lycopene is absorbed in the intestine and stored in addition to other
organs in the liver where it exerts its biological activities [40]. So the lycopene
acts as a protective factor in the organ due to its antioxidant effect [41]. However,
although redox imbalance state plays an important role in the pathogenesis of
NAFLD, other metabolic disturbances are important as changes in energy

metabolism [40]. Accordingly, the positive effects of lycopene were not only
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restricted to the protective effect in the antioxidant hepatic system, discussed
later, since that one of the most relevant effects of lycopene supplementation was
its action on lipid metabolism.

The liver is responsible for several functions in the body, such as
cholesterol, fatty acids, carbohydrates and protein metabolism, besides the
formation of plasma proteins, production of bile among other processes [42].
Some members of the nuclear receptor (NR) family are responsible for regulating
these mechanisms in order to maintain the hepatic and body homeostasis. NRs
respond to natural and synthetic binders such as lipids, vitamins, drugs and
others [43]. One of the mechanisms, which may be related to the lycopene effects,
is its ability to interact with NR such as the liver X receptor (LXR) and peroxisome
proliferator-activated receptor (PPAR) [44]. These receptors form heterodimers
with the retinoid X receptor (RXR), resulting in gene transcription [45]. The
heterodimers may be activated by specific ligands for each component of the pair
or by simultaneous binding. Lycopene seems acts as a RXR ligand and is
therefore capable of activating several NRs, although it has an important affinity
for PPARs family [44]. Anyway, these receptors are highly expressed in the liver
and are involved in the transcription of enzymes related to lipid metabolism.

There are three isoforms of PPAR: PPAR-a, PPAR-f and PPAR-Y.
Although all have important metabolic functions the PPAR-a is identified as the
master regulator of hepatic lipid metabolism [46]. PPAR-a is expressed in tissues
which use fatty acids as energy source and, therefore, have high rates of -
oxidation being widely expressed in the liver [47]. Its expression is inversely
proportional to the progression of the histological severity of NAFLD and
directly proportional to the improvement of the inflammatory state [48]. PPAR-

a plays a key role in lipid catabolism through regulating target genes involved

81



in (-oxidation, uptake and activation of fatty acids and lipolysis [49]. Thus,
PPAR-a has been targeted in the development of drugs for the NAFLD treatment
[50], and lycopene was shown to have a protective effect on the disease through
its binding in these NR [51].

Histologically, the NAFLD is characterized by macrovesicular steatosis,
that is, large or small lipid droplets present in the cytoplasm with nucleus
displacement [52]. However, approximately 10% of the liver biopsies of patients
with NALFD present microvesicular steatosis [53] which is characterized by the
accumulation of innumerable lipid droplets with centrally placed nucleus [54].
The extensive microvesicular steatosis is associated with alcoholic fatty liver
disease [55]. The difference between macrovesicular and microvesicular steatosis
is not restricted to the histological aspect. Macrovesicular steatosis when alone is
associated with a good prognosis with rare progression to fibrosis or cirrhosis
[53]. Contrary, the microvesicular steatosis is a serious condition related to
fibrosis, cholestasis, necrosis [56] and moreover to an impairment of the
mitochondrial fatty acid oxidation [57]. The details surrounding the formation of
these lipid droplets remain to be defined [58] and this study is not able to discern
the relationship between micro and macrovesicular steatosis.

Interestingly, in the present study lycopene was able to reduce
microvesicular steatosis. This effect could be attributed to enhanced [-oxidation,
an impaired pathway in this pattern of lipid accumulation [57]. Gala Martin-
Pozuelo and colleagues [59] followed for 7 weeks 24 Sprague-Dawley rats fed a
hypercaloric diet and provided with water or tomato juice. The researchers
concluded that the lycopene increased the activity of some enzymes involved in
-oxidation in the liver of animals that received the juice. This event was

attributed to the activation of PPAR-a by lycopene.
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Several researches with animal models have investigated the therapeutic
effect of lycopene on blood lipids. Supplementation of lycopene with doses
ranging from 4 to 12mg/kg/day for up to 16 weeks in rabbits [60-62] and rats [63]
was associated with a decrease in total cholesterol and low density lipoprotein
cholesterol (LDL) levels and increased HDL. Maintaining adequate levels of
cholesterol is vitally important, and it is possible through a perfect balance
between synthesis, absorption, metabolism and elimination of cholesterol [64]. In
this study, an increase in total cholesterol was observed in the groups
supplemented with lycopene. Such a finding may be justified by the higher levels
of HDL in these animals, since there was no change in non-HDL levels. HDL is
the lipoprotein responsible for the reverse transport of cholesterol by removing
cholesterol from the peripheral vessels and directing it to the liver. This added to
other properties such as antioxidative, anti-inflammatory, vasodilatory,
antithrombotic and cytoprotective make HDL a protective factor for
cardiovascular diseases intrinsically associated with obesity [65]. In this sense,
pharmacological and dietary therapies have been investigated with the objective
of elevating HDL [66]. This lipoprotein beyond cholesterol is responsible for the
transport of other molecules, including proteins, small RNAs, bioactive lipids,
hormones, vitamins and carotenoids. Hence, it has been suggested that the
content of carotenoides plays a role in protecting HDL from oxidative
modification [67].

The increase of adipose tissue observed in obesity is characterized by a
state of low-grade chronic inflammation, due to the pattern of inflammatory
proteins release by the tissue. Serum amyloid A (SAA) is one of these pro-
inflammatory proteins which in high concentrations displaces apoprotein Al

(apoA-I) as the predominantly apolipoprotein of HDL making the lipoprotein
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dysfunctional [68]. McEneny and colleagues [69] studied the effects of lycopene
on HDL and SAA in moderately overweight middle-aged men and women.
Lycopene intervention diminished inflammation by decreasing systemic levels
of SAA hence reducing the association of SAA with HDL, and even positively
influenced the structural and/or functional composition of the apo Al In this
way, the carotenoid helped to restore the HDL functions. Also, HDL is produced
in the liver and intestine and its formation is controlled by NR [70]. PPAR-a. is
able to increase the synthesis of apoAl and the ATP-binding cassette Al
transporter (ABCA1) expression. In the intestine, activation of PPAR-a is
facilitated by the binding of agonists present in the diet, such as lycopene. The
action of lycopene in both the liver and the intestine results in an increased
plasma HDL levels [71]. To further the LXR agonism of lycopene also seems to
increase expression of ABCA1 and hence increase HDL levels[72].

The inflammation and oxidative stress are two relevant features of
NAFLD. The liver inflammatory process represents an important pathway in the
development of NAFLD/NASH, therefore, researches has sought its control [73].
The hypercaloric diet increases the hepatic levels of the pro-inflammatory
cytokine TNF-o, probably through activation of nuclear factor kappa B (NF-kB)
signaling [74]. It is established in literature the anti-inflammatory potential of
lycopene by promoting a significant inhibition of the NF-kB probably mediate by
PPARs [75]. In the present study lycopene reduced the levels of TNF-a reflecting
a control of the pro-inflammatory mechanisms and also contributing to reduction
pattern and extent of liver damage [76]. The inflammatory response may promote
the ROS production by the immune system cells, which contributes to liver

damage [77]. Furthermore ROS are able to activate NF-kB to induce pro-

84



inflammatory cytokines contributing to this vicious cycle between inflammation
and oxidative stress [14].

The accumulation of hepatic lipid related to a hypercaloric diet induces a
metabolic shift in order to overcome this amount of lipid. This shift includes
improvements in [-oxidation, Krebs cycle and stimulation of oxidative
phosphorylation (OXPHOS) [78]. However, with the chronic overnutrition the
mitochondrial adaptation is insufficient leading to the ROS overproduction [14].
One of the consequences of the redox unbalance is the lipid lipoperoxidation
represented here by the formation of MDA. The MDA levels were higher in the
control groups due to the lipid source of diet since the polyunsaturated fatty
acids (PUFAs) present in soybean oil are more susceptible to lipid peroxidation
[79]. Nevertheless, lycopene supplementation elevated SOD and CAT activity
and significantly decreased the MDA level in hepatic tissue, probably due to
nuclear factor erythroid 2-related factor 2 (Nrf2) activation. The Nrf2 system
plays a crucial role in the regulation of redox homeostasis by orchestrating the
antioxidant defense mechanisms by inducing endogenous antioxidant enzymes
[80]. In addition, lycopene was efficient in increasing total antioxidant capacity
in the obese group supplemented with lycopene (Ob+Ly), contributing to the
control of pro-oxidative and pro-inflammatory processes.

In summary, lycopene decreases plasmatic and hepatic triglycerides
levels, increased HDL-c, mitigates microvesicular steatosis, attenuate levels of
TNF-a and contributes to the redox balance in the liver. In view of these results,
it may be concluded that lycopene modulates important pathophysiological

processes of the NAFLD, being a therapeutic potential for the disease control.
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Figure 6. Role of lycopene in the pathophysiological process of non-alcoholic fatty liver disease
(NAFLD). The hypercaloric diet provides large amounts of fat and especially sugars which
saturate the liver's ability to export triglycerides leading to its accumulation in the hepatocyte in
addition to increased levels of triglyceride and plasma glucose. These macronutrients also
activate inflammatory pathways directly by NF-«B activation and indirectly through alteration
of intestinal permeability and translocation of LPS to the liver. The excess nutrients overload the
oxidation capacity of mitochondria leading to ROS production, establishing a mutually
dependent process between inflammation and oxidative stress. Lycopene was efficient in
controlling the inflammatory and oxidative pathways, as well as in the antioxidant activity and
assisted in the control of the accumulation of hepatic lipids, activating 3-oxidation. Furthermore,
the carotenoid improved blood lipids profile by lowering triglycerides and increasing HDL-C
levels. LPS: lipopolysaccharides; SAA: Serum amyloid A; HDL-c: high density lipoprotein
cholesterol; VLDL: very low density lipoprotein, FFA: free fatty acid; Nrf2: nuclear factor
erythroid 2-related factor 2; PPAR-a: peroxisome proliferator-activated receptor o, SOD:
superoxide dismutase CAT: catalase; TLR4: toll-like receptor 4; ROS: reactive oxygen species;

MDA: malondialdehyde; TNF-o: tumor necrosis factor-o.
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Conclusio



Em resumo, o licopeno diminuiu 0s niveis plasmaticos e hepaticos de
triglicerideos, aumentou o HDL, atenuou a esteatose microvesicular, a
inflamacdo e o0 estresse oxidativo no figado. Esses achados fornecem
informagdes importantes para futuras pesquisas que visem investigar
mecanismos envolvidos nos aspectos fisiopatologicos da esteatose hepética.
Visto que a suplementacdo com licopeno mostrou-se ser uma alternativa
terapéutica para disturbios relacionados a obesidade, como a NAFLD. Diante
desses resultados, pode-se concluir que o licopeno esta relacionado a
modulacdo de importantes processos fisiopatoldgicos da NAFLD.
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