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RESUMO

Introducdo: A obesidade é um disturbio metabdlico caracterizado pelo acimulo excessivo de
gordura corporal e associado ao aumento da prevaléncia de doencgas cronicas, especialmente
diabetes tipo 2. Componentes dietéticos encontrados em frutas e hortalicas tém sido associados a
promocdo da salde e a prevencdo e reducao da obesidade e complicagdes metabdlicas associadas.
Diversos frutos da regido do Cerrado brasileiro sdo fontes de fitoquimicos e apresentam atividade
antioxidante e anti-inflamatoéria. O Tucum-do-Cerrado (Bactris setosa Mart.) é um fruto rico em
polifendis, que apresenta alto potencial antioxidante in vitro e in vivo. Estudos sugerem uma
relacdo positiva entre os polifendis e a manutencdo da homeostase da glicose, e consequentemente
na prevencao de doengas como a resisténcia a insulina. Portanto, esse estudo teve como objetivo
avaliar o efeito do Tucum-do-Cerrado na homeostase do metabolismo de glicose e as interrelacdes
com o estado redox-inflamatério em um modelo animal de obesidade induzida por dieta
hiperlipidica. Metodologia: 28 ratos machos Wistar com 21 dias de idade foram divididos em
quatro grupos e tratados por 56 dias com uma das seguintes dietas: dieta controle (CT) AIN-93G,
dieta controle + Tucum-do-cerrado (CT/TUC), dieta AIN-93G contendo 58% de lipideos (HF) e
dieta AIN-93G contendo 58% de lipideos + Tucum-do-cerrado (HF/TUC). O ganho de peso
semanal, consumo diario de dieta e eficiéncia alimentar foram monitorados durante o periodo de
tratamento. Os niveis séricos de glicose foram determinados utilizando um glicosimetro, os niveis
de insulina e citocinas inflamatérias no soro foram avaliados usando kits comerciais de ensaio
imunoenzimatico (ELISA). O potencial redutor do soro (FRAP), . a atividade das enzimas
antioxidantes no figado e intestino e das enzimas do metabolismo de carboidratos no figado e
musculo foram quantificadas por espectrofotometria, assim como a concentracao de glicogénio
hepético e muscular. Os niveis de mMRNA de Prkaal, Prkaa2, Pckl, Slc2a2, Slc2a4 e Slcbal
foram determinados no figado, musculo ou intestino utilizando o sistema de reacao da polimerase
em cadeia em tempo real (QPCR). Os valores sdo apresentados como médias quadradas minimas
e intervalo de confianca de 95% (n = 6). Os efeitos da dieta, Tucum-do-Cerrado e interagdes dieta
x Tucum-do-Cerrado, foram analisados utilizando a analise de variancia dois fatores (ANOVA).
A homogeneidade das variagdes entre tratamentos foi assumida, e apds anélise de variancia,
guando a interacdo entre os fatores foi significativa (p < 0,05) as médias foram comparadas pelo
teste de Tukey. O método box plot foi usado para remover os valores discrepantes. Todas as
analises foram realizadas utilizando PROC GENMOD no software SAS/STAT® (SAS
OnDemand, SAS Institute Inc., Cary, NC, EUA) e a significancia estatistica foi estabelecida em
p < 0,05. Resultados: a dieta hiperlipidica promoveu o aumento do consumo de energia,
eficiéncia alimentar, ganho de peso, glicogénio muscular e hepético, insulina, indices HOMA IR
e HOMA p e atividade especifica da CAT no intestino, e reduziu o consumo de dieta, a atividade
especifica das enzimas GR, GPX, GST e SOD no figado, os niveis de mMRNA de Pckl no figado
e Slc5al no intestino, comparada a dieta controle. O consumo de Tucum-do-Cerrado associado a
dieta hiperlipidica diminuiu o glicogénio hepatico, aumentou a atividade da enzima GR no figado,
os niveis de mRNA de Slc2a2 no figado e TNF-a no soro, em relagéo a dieta hiperlipidica. O
consumo de Tucum-do-Cerrado diminuiu o glicogénio muscular, a atividade especifica da CAT
e GPX no intestino, atividade especifica das enzimas PFK-1 e HK no musculo, e aumentou a
concentracdo de carbonil hepatico e MDA intestinal, a atividade da GST no figado, potencial
antioxidante do soro, atividade da PFK-1 no figado, niveis de mRNA de Sic2a2, Tnf e 111b no
intestino e de Prkaal e Slc2a2 no musculo e concentracdo de IL-6 sérica, independentemente do
tipo de dieta. Concluséo: O consumo de Tucum-do-Cerrado é capaz de melhorar a utilizacéo de
glicose em um modelo de obesidade induzida por dieta HF, através do aumento da captacdo e
oxidac&o de glicose no figado e no musculo. Esses dados sugerem que o consumo de Tucum-do-
Cerrado melhora a oxidacdo muscular de glicose em ratos ndo obesos e obesos. Esta resposta
pode estar relacionada a melhora na capacidade antioxidante total no organismo dos ratos.



Palavras-chave: obesidade; glicose; metabolismo; Tucum-do-Cerrado; polifenois; resposta
redox; resposta inflamatdria.

ABSTRACT

Introduction: Obesity is a metabolic disorder characterized by excessive body fat and associated
with an increased prevalence of chronic diseases, especially type 2 diabetes. Dietary components
found in fruits and vegetables have been associated with health promotion and the prevention and
reduction of obesity and associated metabolic complications. Several fruits from the Brazilian
Cerrado region are sources of phytochemicals and have antioxidant and anti-inflammatory
activity. Tucum-do-Cerrado (Bactris setosa Mart.) is a fruit rich in polyphenols, which has a high
antioxidant potential in vitro and in vivo. Studies suggest a positive relationship between
polyphenols and the maintenance of glucose homeostasis, and consequently in the prevention of
diseases such as insulin resistance. Therefore, this study aimed to evaluate the effect of Tucum-
do-Cerrado on the homeostasis of glucose metabolism and the interrelationships with the redox-
inflammatory state in an animal model of high-fat diet-induced obesity. Methodology: 28 male
Wistar rats aged 21 days were divided into four groups and treated for 56 days with one of the
following diets: control diet (CT) AIN-93G; control diet + Tucum-do-cerrado (CT/TUC); AIN-
93G diet containing 58% lipids (HF) and AIN-93G diet containing 58% lipids + Tucum-do-
cerrado (HF/TUC). Weekly weight gain, daily diet consumption, and feed efficiency were
monitored during the treatment period. Serum glucose levels were determined using a glucometer,
serum insulin and inflammatory cytokine levels were assessed using commercial enzyme-linked
immunosorbent assay (ELISA) kits. Serum-reducing potential (FRAP), the activity of antioxidant
enzymes in the liver and intestine and carbohydrate metabolism enzymes in the liver and muscle
were quantified by spectrophotometry, as well as liver and muscle glycogen concentration. Gene
MRNA levels Prkaal, Prkaa2, Pckl, Slc2a2, Slc2a4 and Slc5al mRNA levels were determined
in the liver, muscle or intestine using the real-time polymerase chain reaction (QPCR) system.
Values are presented as least square means and 95% confidence interval (n = 6). The effects of
the diet, Tucum-do-Cerrado, and diet x Tucum-do-Cerrado interactions were analyzed by a two-
way analysis of variance (ANOVA). . Homogeneity of the variances between treatments was
assumed, and after variance analysis, when interaction between the factors were significant (p <
0.05) means were compared using Tukey’s test. The box plot method was used to remove outliers.
All analyses were conducted using PROC GENMOD in the SAS/STAT® software (SAS
OnDemand, SAS Institute Inc., Cary, NC, USA), and statistical significance was set at p < 0.05.
Results: The high-fat diet increased energy intake, feed efficiency, body weight, muscle and
hepatic glycogen, insulin, HOMA IR and B, and gut CAT activity, and decreased food intake,
hepatic GR, GPX, GST and SOD activities, hepatic Pckl and intestinal Slchal mRNA levels,
compared to control diet. The high-fat diet with Tucum-do-Cerrado decreased hepatic glycogen,
and increased hepatic GR activity, hepatic Slc2a2 mRNA levels and serum TNFa compared with
high-fat diet. Tucum-do-Cerrado decreased muscle glycogen, intestinal CAT and GPX activities,
muscle PFK-1 and HK activities, and increased hepatic protein (CARB) and intestinal lipid
(MDA) oxidation, hepatic GST activity, serm antioxidant potential (FRAP), hepatic PFK-1
activity, intestinal Slc2a2, Tnf e 111b and muscle Prkaal e Slc2a2 mRNA levels and serum IL-6
levels, regardless of diet type. Conclusion: Tucum-do-Cerrado consumption may ameliorate
impaired glucose utilization in a HF diet-induced obesity model by increasing liver and muscle
glucose uptake and oxidation. These data suggest that Tucum-do-Cerrado consumption improves
muscle glucose oxidation in non-obese and obese rats. This response may be related to the
improvement in the total antioxidant capacity of rats.

Keywords: obesity; tucum-do-cerrado; Bactris Setosa mart; redox; antioxidants; inflammation.
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ESTRUTURA DA TESE

Esta dissertacdo estd estruturada da seguinte forma: Capitulo 1, composto pela
introducdo, revisdo bibliogréafica, objetivos e materiais e métodos. Em seguida, Capitulo 2, com
introducdo versdo do artigo, os resultados, discussdo e conclusdo da pesquisa realizada no
mestrado estdo apresentados em formado de um artigo original, intitulado "Ameliorating the
impairment of glucose utilization in a high-fat diet-induced obesity model through the

consumption of Tucum-do-Cerrado (Bactris Setosa Mart.)".



CAPITULO 1

1.1.INTRODUCAO

A obesidade é um distdrbio metabdlico no qual hd acimulo anormal ou excessivo
de gordura corporal, com crescimento do tecido adiposo, tanto em tamanho quanto em
namero de células adiposas (HASANI-RANJBAR, JOUYANDEH & ABDOLLAHI,
2013). Arelacdo entre obesidade e distarbios metabdlicos é amplamente determinada pela
distribuicdo de gordura, onde o tecido adiposo visceral ou abdominal € considerado mais
prejudicial ao metabolismo do que a deposicdo de gordura periférica (SERGI et al, 2019;
de HEREDIA, GOMEZ-MARTINEZ e MARCOS, 2012).

A expanséo do tecido adiposo € acompanhada por alteracfes inflamatorias locais
que levam a inflamacdo sistémica cronica de baixo grau, caracterizada por niveis
ligeiramente elevados de quimiocinas, citocinas circulantes e reagentes de fase aguda
(VOLP etal, 2008). O excesso de gordura corporal, pode estar associado nao so a ingestao
e 0 gasto energético em humanos, mas também a qualidade da dieta, por exemplo, dietas

hiperlipidicas (HFD) (COELHO et al, 2011), que podem acarretar alteragcdes metabolicas.

A obesidade ¢ uma epidemia global, presente tanto em paises desenvolvidos
quanto em desenvolvimento (HASANI-RANJBAR, JOUYANDEH & ABDOLLAHI,
2013; AFSHIN et al, 2017). No Brasil, de acordo com a pesquisa Vigitel, houve um
aumento significativo nos indicadores de sobrepeso e obesidade entre 2006 e 2021,
passando de 11,8% para 22,4% de adultos com obesidade (BRASIL, 2021). A prevaléncia
de doencas crobnicas, especialmente diabetes, alguns tipos de céncer e doencas
cardiovasculares, esta associada a obesidade e ao aumento da mortalidade em humanos
(WOF, 2020; HASANI-RANJBAR, JOUYANDEH & ABDOLLAHI, 2013).

Reduzir a carga de doencas cronicas exige um controle efetivo da obesidade
(PEARCE et al., 2019). Componentes dietéticos encontrados, principalmente, em frutas
e hortalicas tém sido associados a promocdo da saude, e consequentemente a prevencao
e reducdo da obesidade e complicacdes metabolicas associada a obesidade (SIROMA et
al, 2022). Diversos frutos da regido do Cerrado brasileiro constituem excelentes fontes de
fitoqguimicos com alto potencial antioxidante (MARIN et al., 2009; SIQUEIRA et al.,
2013). Entre os frutos do cerrado avaliados na literatura, destaca-se 0 Tucum-do-Cerrado

(Bactris setosa Mart.), o qual apresenta alto teor de fitoquimicos (ROSA et al., 2016).



A literatura sugere uma relacdo positiva entre os polifendis e 0 metabolismo da
glicose. A ingestdo desses compostos pode melhorar a absorcdo (ZHANG et al., 2017),
captacdo nos tecidos e liberagcdo de glicose pelo organismo (ZHAO et al., 2020; KIM,
KEOGH, & CLIFTON, 2016), contribuindo para prevenir doengas como o diabetes tipo
2 (TRESSERRA-RIMBAU et al., 2016). De acordo com Heibel e colaboradores (2018),
0 consumo do Tucum-do-Cerrado, fruto rico em polifendis, pode melhorar a absorc¢éo e
captacdo hepatica de glicose através da alteracdo da expressdo de transportadores de

glicose.

Baseado nos estudos que apontam o Tucum-do-Cerrado como um alimento rico
em polifendis e com alto potencial antioxidante (SIQUEIRA et al., 2013; BOEING et al.,
2017, HEIBEL etal., 2018), o presente estudo visa avaliar o efeito do Tucum-do-Cerrado
na homeostase do metabolismo de glicose e as interrelagbes com o estado redox-

inflamatorio de ratos alimentados com dieta hiperlipidica.



1.2.REVISAO BIBLIOGRAFICA

1.2.1. Obesidade — epidemiologia, definicdo e comorbidades.

A obesidade é um distarbio metabdlico no qual o acimulo excessivo de gordura
corporal resulta de um desequilibrio entre a ingestdo e o gasto de energia, e esta associado
ao comprometimento da satide e aumento da mortalidade dos individuos (HASANI-
RANJBAR, JOUYANDEH & ABDOLLAHI, 2013.) A obesidade tornou-se uma
epidemia com uma ampla prevaléncia em todo o mundo, ndo apenas em paises
desenvolvidos, como também em paises em desenvolvimento (HASANI-RANJBAR,
JOUYANDEH & ABDOLLAHI, 2013; AFSHIN et al, 2017). No Brasil, de acordo com
a pesquisa do Sistema de Vigilancia de Fatores de Risco e Protecdo para Doencas
Cronicas por Inquérito Telefonico (Vigitel), no periodo entre 2006 e 2021 houve uma
evolucdo desfavoravel e significativa nos indicadores de sobrepeso e obesidade, com
aumento de 11,8% em 2006 para 22,4% em 2021 entre adultos (BRASIL, 2021).

A Organizacdo Mundial da Satde (OMS) recomenda trés classificagdes para a
obesidade usando o indice de Massa Corporal (IMC), que é calculado como peso em
quilogramas dividido pela altura em metros ao quadrado. Pessoas com IMC maior que 25
sdo consideradas com sobrepeso (classe 1), aquelas com IMC maior que 30 sdo
consideradas com obesidade (classe I1) e aquelas com IMC maior que 40 sdo consideradas
com obesidade morbida e tém risco aumentado de morte (OMS, 2000).

CondicGes ambientais e socioecondmicas sdo apresentadas como fatores que
levam a obesidade, pois podem influenciar o comportamento do individuo, como foi visto
na Ultima década com o aumento da oferta e consumo alimentar per capita, principalmente
de alimentos ultraprocessados e processados, aumento do sedentarismo e impacto
negativo do desenvolvimento tecnoldgico, reforcando um comportamento compulsivo
(HEYMSFIELD & WADDEN, 2017). Tais condi¢fes ambientais e socioeconémicas
podem ndo ser a Unica causa, 0 que sugere que existem mecanismos genéticos subjacentes
operando em nivel individual, que determinam a suscetibilidade de resposta do individuo
a esse ambiente 'obesogénico’ (HEYMSFIELD & WADDEN, 2017; GJERMENI et al.
2021; LOOS & YEO, 2022).

A prevaléncia de doencas crbnicas ndo transmissiveis, particularmente o
diabetes mellitus, certos tipos de cancer e doencas cardiovasculares, esta associada ao

aumento do IMC da populagdo, o que gera uma maior demanda de atendimentos e



recursos dos servicos de saude (WOF, 2020). Ademais, outras comorbidades sdo
também associadas com a obesidade, como doencas articulares, distarbios de saude
mental, distarbios do sono e, mais recentemente, a COVID-19, com impacto negativo
na qualidade de vida (NEDUNCHEZHIYAN et al, 2022; RAJAN & MENON, 2017;
MEURLING, SHEA & GARVEY, 2019; KOLOTKIN & ANDERSEN, 2017; CAl etal.,
2020).

A obesidade tem sido associada a uma série de complicacBes metabdlicas
(SIROMA et al., 2022; de HEREDIA, GOMEZ-MARTINEZ & MARCQOS, 2012). Em
uma analise retrospectiva conduzida pela Universidade de Oklahoma, Urdaneta e
colaboradores (2020) investigaram pacientes com esteatose hepatica (acimulo de gordura
no figado) submetidos a cirurgia de reducdo de peso. Os participantes foram estratificados
em trés grupos com base em seus indices de massa corporal (IMC). O grupo com IMC
mais elevado, acima de 35 kg/mz?, apresentou um risco significativamente aumentado de
complicagdes gerais, incluindo infec¢bes profundas no local cirtrgico, que exigiram
tratamento invasivo. Além disso, uma analise adicional revelou que os pacientes com
IMC mais alto tinham um risco de mortalidade 2,2 vezes maior em compara¢do com

aqueles com IMC inferior a 35 kg/m2.

A associacdo entre obesidade e disfun¢Ges metabolicas é amplamente determinada
pela distribuigdo da gordura e o aumento da gordura visceral ou intra-abdominal é
considerado mais prejudicial a salde metabdlica do que os depositos de gordura
periféricos (SERGI et al, 2019; de HEREDIA, GOMEZ-MARTINEZ & MARCOS,
2012). O acumulo de gordura visceral € uma das principais caracteristicas da sindrome
metabolica, conjunto de desregulacdes metabdlicas, e esta intimamente relacionado a
resisténcia a insulina, além de ser reconhecido como um fator de risco independente para
0 diabetes tipo 2 (MATSUZAWA, 2006; FAHED et al., 2021).

Um estudo prospectivo de coorte (2022) com 94.136 participantes, apresentou
como hipoétese que a resisténcia a insulina desempenha um papel importante na via entre
obesidade e DCV. Os autores observaram uma ligacao significativa entre obesidade geral
e central com o risco de doencas cardiovasculares, onde houve um aumento significativo
do fator de risco de DCV de 45% no grupo de obesidade em relagdo ao grupo com peso
normal de referéncia (p<0.0001), mediado pelo indice de triglicerideos-glicose, que foi
o marcador utilizado de resisténcia a insulina (TIAN et al., 2022). Em uma revisao

sistematica com meta-analise, Riaz e outros colabores (2018) avaliaram as evidéncias dos



estudos de randomizacdo mendeliana e forneceram uma estimativa de associacdes entre
obesidade e desfechos cardiovasculares. Como resultado de estudos agrupados, observou-
se que a obesidade foi significativamente associada a um risco aumentado de diabetes
tipo 2 (OR, 1,67; 95% ClI, 1,30-2,14; p < 0,001) e doenca arterial coronariana (OR, 1,20;
95% Cl, 1,02-1,41; p 0,03).

Outro estudo de coorte (2022), avaliou a associa¢ao da obesidade e a dislipidemia
de acordo com as medidas corporais entre adultos. Como resultados, os autores
apresentaram que individuos com obesidade central (OR = 1,79, 95% CI: 1,69-1,91) e
geral (OR = 1,91, 95% CI: 1,83-2,00) tiveram maior risco de dislipidemia comparados
ao grupo de individuos sem obesidade, conforme o modelo ajustado a multivariaveis.
Além disso, o grupo obesidade central apresentou uma maior prevaléncia de colesterol
total (9,8%), triglicerideos (30%), LDL-c (6%) elevados e HDL-c baixo (25%), com
valores significativos quando comparados ao grupo sem obesidade (p < 0,001). Dessa
forma, o estudo sugere que os individuos com obesidade, geral ou central, ttm maior
prevaléncia de dislipidemia (ZHU et al., 2022).

Dessa forma, sugere-se manter a obesidade como foco central e base das
estratégias de tratamento para doencas relacionadas a obesidade, para melhor
gerenciamento de doencas atuais e para prevencdo de doencas futuras. Assim,
compreender a fisiopatologia da doenca da obesidade e suas complicagdes permitira aos
profissionais de salde gerenciar melhor as diferentes doengas que afetam tanto o
individuo quanto a populagdo (ANDOLFI & FISICHELLA, 2018; WHO, 2022).

1.2.2. Obesidade: fisiopatologia, mecanismos inflamatdrios e complicag6es.

A obesidade €é caracterizada pelo crescimento do tecido adiposo, que €
considerado um érgédo capaz de responder a estimulos ambientais com o aumento do
tamanho e nimero de adipécitos, processos descritos como hipertrofia e hiperplasia,
respectivamente (CODONER-FRANCH et al, 2011; RUTKOWSKI, STERN &
SCHERER, 2015). Os adipocitos que atingem um tamanho celular critico tornam-se
sobrecarregados de lipidios e resistentes a insulina, entdo, o processo de hiperplasia
do tecido adiposo tenta reparar as alteracGes metabdlicas, um mecanismo conhecido
como “recuperacdo” (LONGO et al.,, 2019). A hipertrofia causa disfuncdo de

organelas, em especial das mitocondrias e do reticulo endoplasmatico, disturbios da



regulacdo enddcrina e de deposicdo de lipidios, aumento da circulacdo de acidos
graxos livres e danos lipotoxicos de tecidos que ndo sao especializados em estocar

lipideos, como figado e musculos (BAYS et al, 2013).

A expansdo do tecido adiposo também € acompanhada por alteracdes
inflamatorias locais, resultando em inflamacéo sistémica cronica de baixo grau, que é
descrita por niveis ligeiramente elevados de quimiocinas, citocinas circulantes (por
exemplo, IL-6 e IL-11) e reagentes de fase aguda, principalmente a Proteina C reativa
(PCR) (VOLP et al, 2008). Além disso, nessa fase também ocorre uma infiltracdo de
novas células inflamatdrias, em especial os macré6fagos (XU et al, 2003).

Estudos tém relatado que o percentual de gordura corporal elevado tem forte
correlagdo com marcadores inflamatorios, sendo essa condigdo associada a maior risco
de desenvolvimento de doencas inflamatdrias, ateroscleréticas e cardiovasculares
(BRAGANCA et al., 2020; SCHLECHT et al., 2016; BERG et al., 2015). A medida que
h& um aumento do tecido adiposo, ocorrem alteracdes no metabolismo dos &cidos graxos,
liberacdo de espécies reativas de oxigénio (ROS), disfuncGes mitocondriais e da
expressao do transportador de glicose, esta Ultima, resulta diretamente em prejuizo na
capatacdo e metabolizacdo de glicose pelo tecido adiposo (HURRLE & HSU, 2017).
Jakubiak e colaboradores (2021), em um ensaio clinico, observaram uma menor atividade
total de superoxido dismutase (SOD), enzima antioxidante, em pacientes
metabolicamente com obesidade quando comparados a individuos com peso normal
metabolicamente saudaveis, tanto em mulheres (diferenga 6,37%; p = 0,0025) quanto em
homens (diferenca 11,79%; p = 0,0321). Diante disso, 0s autores sugerem que a SOD

pode ser um marcador de distirbios metabdlicos relacionados a obesidade.

Os adipdcitos sintetizam e secretam adipocinas e horménios, cuja taxa e efeito sdo
afetados pela distribuicdo e quantidade de tecido adiposo presente (HEYMSFIELD &
WADDEN, 2017). As adipocinas sdo proteinas de sinalizacdo, que incluem TNF-a,
leptina, IL-6 e adiponectina, por exemplo (ENGIN, 2017). A secrecdo excessiva de
adipocinas pro-inflamatorias por adipocitos e macréfagos no tecido adiposo resulta em
um estado inflamatdrio sisttmico de baixo grau em alguns individuos com obesidade
(HEYMSFIELD & WADDEN, 2017). Tais mediadores sdo prejudiciais a sinalizagdo
insulinica, 0 TNF-a por exemplo, afeta a sinalizagdo da insulina via fosforilagdo da serina

do substrato do receptor da insulina-1 (IRS-1) e reduz a expressao do transportador



GLUT-4, o que diminui a entrada de glicose nas células (PERALDI & SPIEGELMAN,
1998).

O excesso de gordura corporal, pode estar associado ndo s6 a ingestao e o gasto
energético em humanos, mas também a qualidade da dieta (COELHO et al, 2011). Dietas
hiperlipidicas (HFD) podem acarretar alteragdes metabdlicas como diminui¢do da
atividade lipolitica, diminuicdo da secre¢do e/ou sensibilidade da leptina, apoptose
neuronal hipotalamica (MORAES et al, 2009), comprometimento do metabolismo
mitocondrial no tecido adiposo humano (POMPLUN et al, 2007), quadro de hipoxia e
estresse oxidativo, reducdo da producdo de adenosina trifosfato (ATP) e da secrecéo
insulinica JHA & MAZUMDER, 2019), caracterizando a resisténcia a insulina e, até
mesmo, a propria condicdo da obesidade (WAJCHENBERG, 2000). Um estudo de coorte
que acompanhou 23.859 adultos de faixa etaria entre 20 e 60 anos, observou uma
associacdo significativa entre uma maior ingestdo de gordura e dietas ricas em gordura
com o0 aumento do peso corporal, IMC e risco de sobrepeso e obesidade, em ambos 0s
sexos (p <0,001) (WANG et al., 2020).

As vias de sinalizagdo mediadas pela insulina desempenham um papel crucial na
reducdo da glicose no sangue e na regulacdo do metabolismo geral da glicose no
organismo (GASTALDELLI et al., 2001; VARGAS, JOY & CARRILLO, 2021). A
reducdo do efeito biolégico da insulina é chamada de resisténcia a insulina, na qual a
glicose no sangue néo pode ser usada efetivamente como fonte de energia devido a uma
resposta reduzida a insulina em tecidos sensiveis a insulina, como musculo esquelético e
tecido adiposo, e do aumento da liberacéo de glicose pelo figado (WILCOX, 2005). Como
mecanismo compensatério, as células beta do péncreas produzem a principio mais
insulina, que posteriormente acaba levando a exaustdo das células beta. Como a exaustao
das células beta leva a diminuicédo da secrecdo de insulina, os niveis de glicose no sangue
aumentam, levando ao desenvolvimento de diabetes ndo-insulino-dependente (CERF,
2013).

Causada em parte pela inflamacéo, a resisténcia a insulina (IR) € resultado da
ativacdo do fator nuclear kappa B (NF-kB) e c-Jun N-terminal quinase (JNK1/2) que
produzem citocinas pré-inflamatdrias por meio de &cidos graxos saturados (SFA) ou do
fator de necrose tumoral (TNF-a). Quando ha alta concentragao celular de glicose ¢
inflamacdo, a enzima NADPH oxidase gera grande quantidade de espécies reativas de

oxigénio (EROs), o que pode prejudicar as células e diminuir suas fungdes. A ativacdo



das citocinas pro-inflamatdrias NF-kB/JNK1/2 inibe a via da fosfatidilinositol 3-quinase
PI3K/Akt, responsavel pela sinalizacdo e consequente translocacéo dos pools de GLUT -
4 para a membrana plasmatica por meio do receptor da insulina (IRS-1; WElI et al., 2008),
levando a hiperglicemia e intolerancia a glicose (VANHAESEBROECK, STEPHENS &
HAWKINS, 2012). A resisténcia a insulina também pode ser resultado da inibicdo da
reatividade vascular, mediada pelo oxido nitrico (NO), devido as EROs geradas pela
NADPH oxidase, o que limita a translocacdo de GLUT-4 das vesiculas de armazenamento
do transportador de glicose (WEI et al., 2008).

A obesidade pode ocasionar complicacfes metabdlicas, as quais interferem na
acdo da insulina e conduzem a condigdes como hiperglicemia, hiperlipemia,
hiperinsulinemia e resisténcia a insulina (WAJCHENBERG, 2000). Nesse sentido, o
entendimento dos mecanismos de utilizagdo da glicose nas diferentes rotas metabolicas é
fundamental para a compreensdo do metabolismo energético e para o desenvolvimento
de estratégias nutricionais e terapéuticas voltadas para os distirbios metabdlicos
relacionados, como a diabetes e a obesidade (BEELEN et al., 2010).

1.2.3. Metabolismo de carboidratos

Os carboidratos sdo uma das principais fontes de energia para 0 organismo
humano. A depender do nimero de moléculas que os compdem sdo classificados em
monossacarideos, dissacarideos e polissacarideos, (SIZER & WHITNEY, 2011,
GROPPER, SMITH & CARR, 2019). A digestdo dos carboidratos comeca na boca, com
a acdo da enzima amilase salivar, e continua no intestino delgado, onde a a-amilase
pancredtica hidrolisa os carboidratos nos monossacarideos glicose, frutose e galactose. A
glicose é entdo absorvida pelas células intestinais através dos transportadores de sodio-
glicose tipo 1 (SGLT1) e o de glicose tipo 2 (GLUT2), enquanto € transportada para a
corrente sanguinea por meio do transportador de glicose tipo 5 (GLUT5) (SMITH, 2015;
SLIMANI et al., 2020). (SMITH, 2015; SLIMANI et al., 2020).

Uma vez absorvidos pelo organismo, os carboidratos sdo transportados para o
figado por meio da veia porta hepética, onde sdo processados e distribuidos para os
tecidos periféricos. No figado, a glicose é prontamente captada a partir da circulacédo

sanguinea pelo transportador GLUT?2 e rapidamente fosforilada pela enzima hexoquinase



para formar a glicose-6-fosfato, um precursor essencial para a sintese do glicogénio
(SUNEHAG, 2017).

O glicogénio é a forma de armazenamento de carboidratos mais abundante no
organismo e é essencial para o fornecimento rapido de energia durante periodos de alta
demanda energética (STRYER et al., 2017). A glicose-6-fosfato € convertida em
glicogénio por meio de uma série de reacBes enzimaticas que envolvem a acao de diversas
enzimas, incluindo a glicogénio sintase. O glicogénio é armazenado em granulos no
citoplasma das células hepaticas, onde pode ser facilmente mobilizado quando necessario
(BERG, TYMOCZKO & STRYER, 2012; STRYER et al., 2017).

Durante periodos de baixa oferta de glicose, como em um jejum prolongado, o
glicogénio hepatico e quebrado em glicose-6-fosfato, que é convertida em glicose através
da acdo da enzima glicose-6-fosfatase, e liberada na circulacdo sanguinea para ser
utilizada pelos tecidos periféricos como fonte de energia (ROTHMAN et al., 1991). A
sintese e degradacdo do glicogénio € um processo regulado por uma série de horménios,
incluindo a insulina e o glucagon. A insulina € produzida em resposta a elevacdo da
glicemia e estimula a sintese de glicogénio, enquanto o glucagon é produzido em resposta
a diminuicdo da glicemia e estimula a degradacdo do glicogénio em glicose (SALTIEL
& KAHN, 2001; CAO et al., 2019).

Além do figado, os musculos esqueléticos também sédo locais de armazenamento
de glicogénio (GUEZENNEC et al., 1994). A degradagdo do glicogénio no musculo é
controlada por uma série de enzimas, incluindo a glicogénio fosforilase e a enzima
desramificadora do glicogénio, que trabalham em conjunto para clivar as unidades de
glicose do glicogénio e produzir glicose-6-fosfato, que € utilizada como fonte de energia
na via glicolitica (GARCIA-CASARRUBIOS, DE LA HERA & GUINOVART, 2020).

A capacidade limitada de armazenamento de glicogénio nos musculos pode levar
a diminuicdo na disponibilidade de glicose para a producdo de energia durante periodos
de jejum ou de baixa ingestdo de carboidratos, o que pode afetar o desempenho fisico e
cognitivo (BERG, TYMOCZKO & STRYER, 2012; SIZER & WHITNEY, 2011).
Quando o glicogénio muscular é esgotado, as células musculares utilizam outras fontes
de energia, como os 4&cidos graxos livres disponibilizados pelo tecido adiposo
(GROPPER, SMITH & CARR, 2019). Além disso, o transporte de glicose para dentro
das células musculares é mediado pelo transportador de glicose tipo 4 (GLUT4), que é



sensivel a sinalizacdo da insulina e desempenha um papel importante na homeostase da
glicose (FRIEDMAN & HAHN, 2018). Niveis reduzidos de GLUT4 foram observados
em individuos com obesidade, contribuindo para a resisténcia a insulina e prejudicando a
captacdo de glicose pelas células musculares (YU et al., 2020). A glicose ao ser
metabolizada na via glicolitica produz duas moléculas de piruvato e dois ATP. A glicolise
ocorre no citosol das células e é uma via anaerobica, o que significa que nao requer
oxigénio. O piruvato produzido pela glicélise pode ser utilizado em duas vias metabolicas
diferentes: a via aerdbica, que ocorre na presenca de oxigénio e resulta na producéo de
acetil-CoA, e a via anaerobica, que ocorre na auséncia de oxigénio e resulta na producéao
de &cido latico (BERG, TYMOCZKO & STRYER, 2012).

Na etapa final do metabolismo da glicose, o acetil-CoA gerado a partir do piruvato
é oxidado em dioxido de carbono e 4gua na cadeia respiratoria mitocondrial, produzindo
uma grande quantidade de ATP (ZHANG et al., 2020). A regulacdo do metabolismo da
glicose e a producdo adequada de ATP sdo fundamentais para a homeostase metabdlica
e a prevencdo de doencas metabdlicas, como a obesidade e a diabetes tipo 2. O controle
da glicemia é mantido por meio da interagdo complexa entre varios hormonios, como a
insulina, o glucagon e o cortisol, e fatores, como a alimentagdo e o exercicio fisico
(SHOELSON, LEE, & GOLDFINE, 2006; KAHN, 2019).

Em modelos de obesidade em animais é observado a alteracdo de diversos
marcadores do metabolismo e homeostase da glicose (TORELLI et al., 2019;
KAMPMANN et al.,, 2011). Estudo realizado em camundongos com obesidade
demonstrou que ocorre uma alteracdo no paradigma normal de absorcdo de glicose no
intestino delgado. O estudo mostra que o transportador SGLT1, presente na membrana
apical das células das vilosidades da mucosa intestinal, transporta menos carga de glicose
e torna-se menos responsivo ao polipeptideo insulinotropico dependente de glicose (GIP)
a medida que os animais se tornam mais com obesidade. Por outro lado, o transportador
GLUT2, presente apenas na membrana basolateral das células das vilosidades em animais
normais, é expresso tanto na membrana basolateral quanto na apical a medida que os
animais se apresentam obesidade. Inicialmente, 0 GLUTZ2 aumenta a absorcao de glicose,
mas sua funcdo decresce a medida que os animais se apresentam obesidade moérbida
(RHODES et al., 2022)

Em resumo, o metabolismo de carboidratos desempenha um papel fundamental

na manutencdo da homeostase da glicose no organismo (FRIEDMAN & HAHN, 2018).



A obesidade, por sua vez, esta associada a disfungdes nesse metabolismo, incluindo
resisténcia a insulina e alteragdes na expressao de transportadores de glicose (GROPPER,
SMITH & CARR, 2019). Estudos tém investigado compostos naturais com propriedades
antioxidantes e anti-inflamatérias, como os polifendis, como possiveis agentes para 0
controle da obesidade e suas complicacdes metabdlicas (MANISHA et al., 2020). A
proxima secdo ird abordar os efeitos dos polifendis no metabolismo da glicose e na

resposta antioxidante e anti-inflamatoria.

1.2.4. Polifenois x metabolismo da glicose x resposta antioxidante e resposta anti-

inflamatoria.

Componentes dietéticos encontrados, principalmente, em frutas e hortalicas tém
sido associados a melhoria da salde, prevengdo e reducdo da obesidade bem como a
complicacdes metabolicas associada a obesidade, como a inflamacéo sistémica, doencas
cardiovasculares, hipertensao arterial, diabetes mellitus, resisténcia a insulina e sindrome
metabdlica (SIROMA et al, 2022). Uma classe de moléculas bioativas derivadas de
plantas denominada polifendis ganhou atencdo central devido sua capacidade
antioxidante, pois possuem grupos fendlicos doadores de elétrons em suas estruturas
(ROSA et al, 2016; SHAN et al, 2019; KAWABATA, YOSHIOKA & TERAO,2019).

Os polifendis sdo fitoquimicos que apresentam ao menos um anel aromatico com
um ou mais substituintes hidroxilicos (MALACRIDA & MOTTA, 2005). Podem ser
derivados de muitas partes da planta, que incluem as flores, polpa, caules, sementes e
raizes (KAWABATA, YOSHIOKA & TERAO,2019). Néo sdo diretamente responsaveis
pelo crescimento e desenvolvimento das plantas, mas contribuem para a sua cor, sabor e
atividades farmacologicas (RECIO, ANDUJAR & RIOS, 2012). Sao classificados em
cinco classes: flavondides, &cidos fendlicos, estilbenos, taninos e lignanas (IGNAT,
VOLF & POPA, 2011).

De acordo com a pesquisa de Taslimi & Gulgin (2017), estudo in vitro, todos 0s
sete compostos fendlicos naturais testados, dentre estes o resveratrol, apresentaram maior
capacidade de inibicdo da enzima digestiva alfa-glicosidase comparados a acarbose
(22,80 uM), farmaco hipoglicemiante, sendo o &cido cafeico fenetil éster (29,01 nM) e a
curcumina (29,31 nM) os compostos que apresentaram menores valores de 1C50. Os

autores também observaram propriedades inibitorias in vitro da enzima alfa-amilase.



Assim, os autores relatam que os compostos fendlicos estudados séo inibidores eficazes
das enzimas digestivas alfa-glicosidase e da alfa-amilase, o que diminui a velocidade de
digestdo e absorc¢do de carboidratos, favorecendo a manutencédo dos niveis de glicose no

sangue dentro da normalidade.

Um estudo em ratos o qual avaliou o efeito de dieta rica em lipideos em
combinacdo com cha verde, epigalocatequina-galato (EGCG), polifenol 60 ou EGCG +
cafeina, demonstrou que a dieta rica em lipideos aumentou a peroxidacdo lipidica, sendo
que avaliado pela dosegem de malondialdeido (MDA), e reduziu a capacidade
antioxidante total (TAC), a concentragdo de glutationa reduzida (GSH) e as atividades
das enzimas antioxidantes glicose-6-fosfato desidrogenase (G6PD), catalase (CAT) e
glutationa-S-transferase (GST) (p<0.001). Enquanto, a combinacdo da dieta
hiperlipidica com o cha verde ou seus componentes purificados reduziu a concentracao
de MDA e aumentou a TAC, a concentracdo de GSH e a atividade hepatica de GST em
comparacdo com a dieta rica em lipideos isolada e foram semelhantes ao grupo de
controle (p<0.001). Além disso, a adicdo de EGCG ou polifenol 60 a dieta rica em
lipideos aumentou significativamente a atividade de G6PD. O estudo conclui que o cha
verde e seus ingredientes impedem o aparecimento do estresse oxidativo e estimulam as
enzimas antioxidantes em ratos alimentados com uma dieta rica em lipideos e que a
EGCC é um composto com potencial terapéutico contra a obesidade (EL SEBAEI et al.,
2019).

A regido do Cerrado brasileiro é descrita na literatura como fonte de frutos ricos
em compostos fitoquimicos, (MARIN et al., 2009; SIQUEIRA et al., 2013; ROSA et al.,
2016) reguladores da sinalizagdo inflamat6ria e moduladores imunoldgicos, mostrando a
importancia dos fitoquimicos em diferentes aspectos da saide (MALIREDDY ET AL,
2012; ESSAFI-BENKHADI ET AL 2012). No estudo randomizado, duplo cego,
controlado, realizado por Santamarina e colaborares (2018), adultos com obesidade foram
divididos em um grupo suplementado com 5g de polpa liofilizada de Jucara Berry
(Euterpe edulis Mart.) ou grupo placebo suplementado com 5g de maltodextrina por 6
semanas, tendo sido observada uma melhora no perfil de acidos graxos séricos, com uma
reducdo na soma de acidos graxos saturados e um aumento no total de acidos graxos
monoinsaturados circulantes no soro do grupo tratado com Jucara Berry em comparacao
ao grupo placebo, ap6s a suplementacdo. Portanto, os autores sugerem que a polpa de

Jucara Berry é capaz de modificar o perfil de acidos graxos séricos e, consequentemente,



reduzir o risco de doencas metabdlicas em adultos com obesidade por promover

alteragdes epigenéticas.

Siqueira e colaboradores (2013) avaliaram o potencial antioxidante in vitro e a
composic¢do de algumas classes de fitoquimicos de doze frutos do cerrado (araticum, baru,
cagaita, cajuzinho, guariroba, inga, jatoba, jenipapo, jurubeba, lobeira, mangaba e tucum-
do-cerrado) e os comparou com a mac¢d Red Delicious, fruta referéncia em teor de
compostos antioxidantes e fitoquimicos. Dentre os frutos avaliados destacou-se o Tucum-
do-Cerrado (Bactris setosa Mart.), o qual apresentou alto teor e diferentes classes de
polifenois, como flavanol (catequina), flavonois (quercetina e rutina), acidos fendlicos

(galico, ferdlico e caféico) e antocianinas (cianidina).

O Tucum-do-Cerrado é um fruto que se assemelha visualmente a jabuticaba
(Figura 1), pode ser consumido in natura ou utilizado para fabricacdo de algumas
preparac6es como doce, geleia, suco, vinho e sorvete (SILVA et al, 2001; VIEIRA et al,
2010). Considerado um fruto rico em compostos bioativos como flavondides,
antocianinas e vitamina C (SIQUEIRA et al., 2013), tais compostos sdo encontrados
principalmente na casca do fruto (ROSA et al., 2016). Ballard e colaboradores (2020),
avaliaram o efeito da administracdo de 100 mg kg™ de extrato de Tucum-do-Pantanal em
camundongos C57BL/6J com obesidade induzida por dieta hiperlipidica, e observaram
que a gavagem diéria do extrato de Tucum-do-Pantanal preveniu o ganho de peso corporal
induzido por consumo de dieta hiperlipidica e protegeu contra a esteatose hepatica apos

8 semanas de tratamento.

Estudo anterior, que avaliou o efeito do Tucum-do-Cerrado no metabolismo de
carboidratos e na resposta redox em ratos suplementado ou ndo com ferro dietético,
observou que o consumo de Tucum-do-Cerrado induziu a expressdo dos genes Prkaal e
Prkaa2 no figado, inibiu a atividade da enzima gliconeogénica glicose-6-fosfatase e
aumentou a captacdo hepatica de glicose por meio da regulacdo transcricional do
transportador de glicose GLUT?Z, ja que os niveis de mMRNA de Scl2a2 hepatico (GLUT?2)
foram superiores no grupo com Tucum-do-Cerrado em comparagdo com 0 grupo controle
(Heibel et al., 2018).
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Figura 1 — llustracdo do fruto Tucum-do-Cerrado. (A) O cacho do Tucum-do-Cerrado; (B)
Comparacgéo das partes do fruto Tucum-do-Cerrado e jabuticaba; (C) Similaridade externa do
Tucum-do-Cerrado e Jabuticaba, em detalhe, régua em centimetros. Adaptado: DANTAS el al.,
2022. Fotos tirada por Marcela Berckmans em 21/02/2015.
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A literatura destaca os polifendis, presentes em alimentos como o Tucum-do-
Cerrado, como compostos dietéticos importantes na prevencao e tratamento da obesidade
e suas complicacdes (SIQUEIRA et al., 2013; BOEING et al., 2017), o presente estudo
visa avaliar o efeito do Tucum-do-Cerrado na homeostase do metabolismo de glicose e
as interrelacbes com o estado redox-inflamatorio de ratos alimentados com dieta
hiperlipidica. Portanto, a hipotese € que o Tucum-do-Cerrado, fruto rico em compostos
fitoquimicos, melhore o metabolismo da glicose através da alteracdo da expressdo de
proteinas envolvidas na absorcdo e metabolizacdo de glicose pelos tecidos ou

indiretamente por potencializar a resposta redox e a reposta anti-inflamatoria.



1.3.0BJETIVOS

1.3.1 Geral

- Avaliar o efeito do Tucum-do-Cerrado no metabolismo de glicose e suas inter-relagfes
com as respostas inflamatéria e redox em ratos jovens alimentados com dieta

hiperlipidica.

1.3.2 Especificos

- Avaliar o efeito do consumo da Tucum-do-Cerrado na homeostase do metabolismo da
glicose.

- Avaliar o efeito do Tucum-do-Cerrado na resposta inflamatoria.

- Avaliar o efeito do consumo do Tucum-do-Cerrado na resposta redox.

- Verificar uma possivel relagdo entre o metabolismo da glicose e as respostas

inflamatoria e redox.

1.4 MATERIAIS E METODOS

1.4.1 Fruto
Os frutos Tucum-do-Cerrado (Bactris setosa Mart.) maduros foram

adquiridos em Terezopolis de Goias, Goias, Brasil, entre janeiro e margo
(16°28'15.4"S e 49°03'44.1"W, Goiés, Brasil. Ap0s a aquisicdo, os frutos foram
imediatamente lavados com agua destilada e armazenados a -80°C.
Posteriormente, em ambiente protegido da luz, as sementes foram retiradas e
descartadas, com os frutos ainda congelados, enquanto a polpa e a casca foram
homogeneizadas em liquidificador, liofilizadas (liofilizador Beta 2-8 LSC PLUS
Martin Christ, Nova Analitica LTDA, S&o Paulo, Brasil) e armazenadas a -80°C
até o preparo das ragoes.

A quantidade de Tucum-do-Cerrado (150 g de polpa e casca peso fresco/kg
de racdo) adicionada a ragdo de ratos foi definida de acordo com estudo anterior
(DA CUNHA & ARRUDA, 2017), que mostrou que essa quantidade de Tucum-
do-Cerrado teve um efeito antienvelhecimento. Apds o processo de liofilizacéo,

0s 150 g de polpa e casca de Tucum-do-Cerrado in natura renderam 28 g de po.



Dessa forma, 28 g de polpa e casca liofilizada de Tucum-do-Cerrado foram
adicionadas a cada kg da dieta até a obtencdo de uma mistura homogénea, e entéo

a dieta foi peletizada.

1.4.2 Animais e dietas

O projeto foi aprovado pelo Comité de Etica em Uso Animal (CEUA) da
Universidade de Brasilia (UnB) (Anexo A), protocolo n° 25/2018
consubstanciado em 08 de maio de 2018. Vinte e quatro ratos Wistar machos
adquiridos do Instituto de Ciéncias Biomédicas, USP, Séo Paulo, Brasil, recém-
nascidos (21 dias) e com peso médio 67,37 = 6,04g foram alojados de maneira
individual em gaiolas de aco inoxidavel, em uma sala com ciclos de claro/escuro
de 12/12 h e temperatura de 22 + 1°C. Os ratos tiveram livre acesso a agua e
acesso a dieta apenas durante o ciclo escuro.

Apls 7 dias de aclimatacdo com dieta padrdo para roedores AIN-93G
(REEVES; NIELSEN; FAHEY, 1993) os animais foram distribuidos
aleatoriamente em um dos quatro grupos experimentais (n=6) descritos a seguir.
Grupo controle (CT): dieta AIN-93G; Grupo controle + Tucum-do-Cerrado
(CT/TUC): dieta AIN-93G contendo 28 g de polpa e casca de Tucum-do-Cerrado
liofilizada /kg de dieta; Grupo hiperlipidica (HF): dieta AIN-93G contendo 58%
de lipideos (as fontes de lipideos compreenderam 51,9% de banha de porco e 6,1%
de bleo de soja, seguindo a Obesity Induction Diet descrita pela Research Diet;
ULMAN, 2011) e Grupo hiperlipidica + Tucum-do-Cerrado (HF/TUC): dieta
AIN-93G contendo 58% de lipideos e 28 g de polpa e casca de Tucum-do-Cerrado
liofilizado/kg dieta. Apos 2 meses de tratamento os animais foram eutanasiados
por anestesia com isoflurano 3% em camara de anestesia, seguida de
exsanguinagao por punc¢éo cardiaca, e o figado, intestino delgado e musculo foram
retirados, lavados em solucdo salina (NaCl 0,9%) a 4° C, imediatamente

congelados com nitrogénio liquido (N:) e armazenados a -80°C (Figura 2).
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Figura 2 — Linha do tempo das etapas do trabalho desenvolvido em cada instancia da estratégia.

1.4.3 Consumo de racdo e ganho de peso

A ingestdo de racdo foi registrada diariamente pesando a quantidade de
racdo ofertada e as sobras (balanca de precisdo Shimadzu, modelo AUY220,
Kyoto, Japdo). Os ratos eram pesados semanalmente em balanca digital (Marte,
ASF11, S8o Paulo, SP, Brasil). As razBes de eficiéncia alimentar e eficiéncia

energética foram determinadas de acordo com as equag@es descritas abaixo:

Ganho de peso (g)

Eficiéncia alimentar = 7
Ingestao alimentar (g)

Ganho de peso (g)

Eficiéncia energética = —
! g Ingestao energética (kcal)

1.4.4 Marcadores do metabolismo de glicose

1.4.4.1 Concentragéo de glicose e insulina

A concentracdo sérica de glicose de jejum foi determinada utilizando um
glicosimetro (Accu-check, Roche, Indianapolis, EUA). A concentragdo
plasmatica de insulina de jejum foi determinada por kit de ensaio
imunoenzimatico (ELISA) de acordo com o protocolo do fabricante (Millipore
Corporation, Missouri, EUA). Os indices de resisténcia a insulina (HOMA IR) e



funcdo das células p (HOMA beta) foram calculados usando as equagdes abaixo

mencionadas:

blood glucose (mmol/L)x serum insulin (mU /L)
22.5

HOMA IR =

20 x insulinemia (uU/L)

HOMA beta = blood glucose (mmol/L) — 3.5

1.4.4.2 Concentragao de glicogénio hepéatico e muscular

A concentracdo de glicogénio no figado e no masculo foi determinada
pelo método descrito por Lo e colaboradores (1970). Uma mistura de reagédo
contendo 50 mg de tecido e 500 uL de solucdo de hidréxido de potassio 30%
saturada com sulfato de sddio foi incubada a 98°C por 30 minutos em banho-
maria. Apds resfriar a amostra em gelo, uma solucéo de etanol 95% (1,2 x vol)
foi adicionada a mistura, seguida de uma incubacao de 30 minutos em gelo para
precipitar o glicogénio. Apds centrifugagdo da amostra (80 x g por 30 minutos a
4°C), o precipitado de glicogénio foi solubilizado em 1 e 2 mL de &gua destilada
para musculo e figado, respectivamente. O sobrenadante foi ent&o diluido de 2x €
200 pL de solucéo de fenol 5% e 1 mL de solucéo de acido sulfarico 98% foram
adicionados a mistura reacional. A reacdo foi incubada por 10 minutos a
temperatura ambiente, seguidos de 20 minutos a 30°C em banho-maria, e a
absorbancia foi determinada a 490 nm (espectrofotobmetro TCC-240A,
Shimadzu, Kyoto, Japdo). Uma curva padrdo foi construida usando solugoes
padréo purificadas de glicogénio bovino tipo IV na faixa de concentragédo de 0-
100 pg/mL. A concentracdo de glicogénio foi expressa em mg de glicogénio/mg

de tecido.

1.4.5 Danos oxidativos alipidios (malondialdeido) e proteinas (carbonil)

1.4.5.1 Peroxidacao lipidica

A concentracao de malondialdeido no figado e no intestino delgado (MDA

- um produto da peroxidacéo lipidica) foi determinada por fluorescéncia atraves



da deteccdo do complexo MDA-4cido tiobarbiturico, utilizando o comprimento
de onda de excitacdo 532 nm e comprimento de onda de emissdo 553 nm
(SpectraMax M3 Multi-Mode Microplate Reader, Molecular Devices, 211
Sunnyvale, CA, EUA) (CANDAN; TUZMEN, 2008). Uma curva padrdo foi
construida a partir da hidrolise do reagente 1,1,3,3- tetraethoxy-propano 97%
(TEP; Sigma, St. Louis, MO, EUA) em acido sulfdrico al%, em uma faixa de
concentragio de 0,0 a 5,05 nmol/mL (y = 15,813x - 0,156; r? = 0,9994). A
concentracdo de MDA nos tecidos foi expressa em nmol MDA/mg de proteina

total.

1.4.5.2 Dosagem das proteinas carboniladas

A concentracdo de proteina carbonilada no figado e no intestino delgado
foi avaliada conforme descrito por Richert e colaboradores (2002). A absorbancia
do complexo 2,4 dinitrofenilhidrazina-carbonila foi monitorada a 376 nm
(Espectrofotdmetro, Shimadzu - TCC 240A, Kyoto, Japdo). As concentracdes
teciduais de carbonila foram expressas em nmol de carbonila/mg de proteina total
usando o coeficiente de extingdo de 22.000 mM-tcm™. A concentragéo de proteina
tecidual total foi determinada segundo método previamente descrito por Hartree
(1972).

1.4.6 Capacidade antioxidante total no soro

O protocolo experimental descrito por Benzie e Strain (1996) determina a
capacidade total de reducdo férrica de fluidos bioldgicos (ensaio FRAP). O
reagente FRAP foi preparado diariamente usando tampao acetato 0,3 mol/L (pH
3,6), 10 mmol/L 2,4,6-triazinatripiridil em acido cloridrico 40 mmol/L e uma
solucdo aquosa de 20 mmol/L de cloreto férrico em uma proporc¢éo de 10:1:1 e
incubados a 37 °C por 30 min. A mistura de reagao foi composta por 900 uL de
reagente FRAP, 30 uL. de amostra de soro ¢ 90 uL. de agua deionizada. Apos a
homogeneizacdo, a absorbancia foi registrada em 593 nm/4 min. Uma curva
padréo foi construida com solugdes de FeSO4 em uma faixa de concentragdo de O
a2.000 umol/L. A capacidade antioxidante sérica foi expressa em umol FeSOa4/L

de soro.



1.4.6.1 Atividade especifica das enzimas antioxidantes catalase (CAT), glutationa
redutase (GR), glutationa peroxidase (GPx), glutationa-S-transferase (GST) e

superoéxido dismutase (SOD) no figado e intestino delgado.

A - Catalase (CAT)

A atividade da catalase (CAT, EC 1.11.1.6) foi determinada
monitorando o consumo de H>O> a 240 nm (espectrofotdmetro, Shimadzu -
TCC 240A, Kyoto, Japdo) e o coeficiente de extingdo de 0,0394 mM™ cm™
para H202 (AEBI H, 1984). Uma unidade de catalase foi definida como a

quantidade de enzima necessaria para hidrolisar 1 umol de H202 por minuto.

B - Glutationa Peroxidase (GPx)

A atividade da glutationa peroxidase (GPx, EC 1.11.1.9) foi avaliada
usando H20O. como substrato em um ensaio acoplado a oxidacao catalisada
por glutationa redutase (GR) de nicotinamida adenina dinucleotideo fosfato
(NADPH) a 340 nm (espectrofotdbmetro, Shimadzu - TCC 240A, Kyoto,
Jap&o), usando um coeficiente de extingdo molar do NADPH de 6,22 mM™*
cm? (JOANISSE E STOREY, 1996). Uma unidade de glutationa peroxidase
foi definida como a quantidade de enzima necesséria para oxidar 1 nmol de

nicotinamida adenina dinucleotideo fosfato por minuto.

C - Glutationa redutase (GR)

O meétodo utilizado foi descrito por Joanisse e Storey (1996). Este
método monitora o consumo de NADPH a 340 nm por 20 segundos. A
atividade da enzima foi calculada usando o coeficiente de extingdo molar do
NADPH de 6,22 mM~cm™ a 340 nm. Uma unidade de glutationa redutase
corresponde a quantidade de enzima necessaria para oxidar 1 nmol de
NADPH/min.

D — Glutationa S-transferase (GST)



1.4.7

A atividade especifica da enzima GST foi determinada através da
reacdo de conjugacdo de 1 mmol/L de GSH com 1 mmol/L de 1-cloro-2,4-
dinitrobenzeno (CDNB) e consequente formagdo do complexo S-2,4-
dinitrofenil-glutationa, que é detectado em 340 nm (Habig e Jakoby, 1981). A
atividade enzimatica foi quantificada usando o coeficiente de extin¢édo de 9,6
mM? cm? do complexo S-2,4-dinitrofenil-glutationa. Uma unidade de
glutationa-s-transferase foi definida como a quantidade de enzima necesséria

para produzir 1 nmol do produto/min.

E — Superdxido Dismutase (SOD)

A determinacédo da atividade da SOD foi realizada de acordo com o
protocolo descrito por Mccord e Fridovich (1969), Sun e colaboradores (1988)
e adaptado por Mccord (2001). A estimativa da atividade enzimatica partiu da
premissa de que uma unidade (U) de SOD corresponderia a quantidade de
enzima necessaria para inibir em 50% a reducdo do citocromo c¢ (IC50). O
IC50 foi determinado pela leitura de cinco pontos crescentes dos
homogeneizados. Uma funcdo logaritmica foi gerada a partir das quantidades
de homogeneizados utilizados e seus respectivos valores percentuais de
inibicdo da reducéo do citocromo C. Esta fungdo possibilitou encontrar o valor
correspondente a uma unidade (U) de SOD. Os resultados foram expressos em

U enzima/mg de proteina.

Atividade especifica das enzimas do metabolismo de carboidratos: a-

glucosidase (GLY), hexoquinase (HK) e glucose-6-phosphatase (G6Pase)

A determinacdo da atividade da a-glicosidase, homogeneizados de

intestino delgado foram preparados na proporcao de 1:10 (p/v) em soro fisioldgico

0,9% utilizando homogeneizador elétrico a 4°C, seguido de centrifugacdo a

10.000 x ¢/20 min a 4°C. Na anélise da atividade de glucoquinase (GK),

hexoquinase (HK) e fosfofrutoquinase-1 (PFK1) os homogeneizados foram

preparados a partir de amostras congeladas de figado e masculo homogeneizadas

em solucdo tampéo contendo KF 30 mM, EDTA 4 mM, 2-mercaptoetanol 15 mM

e sacarose 250 mM (pH 7,5) a 4°C, utilizando a propor¢do de 1:5 (m/v).



Posteriormente, os homogeneizados foram centrifugados a 1.000 x g a 4°C por 10
min (COELHO et al., 2007).

Os homogeneizados para determinacédo de glicose-6-fosfatase (G6Pase) e
fosfoenolpiruvato carboxicinase (PEPCK) foram preparados a 4 °C em uma
solucdo tampéo contendo 50 mM HEPES, 100 mM KClI, 2,5 mM ditiotreitol, 1
mM EDTA e 5 mM MgCl, usando um homogeneizador elétrico, na proporgéo de
1:10 (p/v). Os homogeneizados foram centrifugados a 11.000 x g a 4°C por 30
minutos. O sobrenadante foi transferido para outro tubo e centrifugado a 105.000
X g a 4°C por 60 min. O pellet (fragdo microssomal) foi solubilizado em uma
solucéo de sacarose/acido etilenodiamino tetra-acético (EDTA) (0,25 M/1 mM)
na proporcdo de 2:1 (peso de tecido homogeneizado/sacarose/volume de EDTA)
e usado para determinar a atividade de G6Pase, enquanto a fracdo citosol
(sobrenadante) foi usado para medir a atividade da enzima PEPCK.

A - Alfa-glicosidade intestinal

A atividade enzimatica da a-glucosidase (GLY, EC 3.2.1.8) foi
avaliada de acordo com o método descrito por Gopal e colaboradores (2017),
com pequenas modificagdes. O ensaio baseia-se na formacao de p-nitrofenol
a partir do 4-nitrofenil B-D-glucopirandsido, que foi detectado a 340 nm
(SpectraMax M3 Multi-Mode Microplate Reader, Molecular Devices,
Sunnyvale, Califérnia, EUA). Os resultados foram expressos em nmol p-

nitrofenol/min/mg de proteina.

B - Glicoquinase e hexoquinase no figado e musculo

As atividades de glicoquinase (GK) e hexoquinase (HK) foram
determinadas de acordo com o método proposto por Mosa e colaboradores
(2015). A reacdo consiste em monitorar a formacdo de NADPH, catalisada
pela glicose-6-fosfato  desidrogenase na presenca de glicose e
homogeneizados teciduais, a 340 nm por 3 min (espectrofotdbmetro TCC-
240A, Shimadzu, Kyoto, Japao). A atividade da glicoquinase foi determinada
pela diferenca entre a formacdo de NADPH na presenca de glicose 100 mM e

5 mM no meio reacional. A atividade da hexoquinase muscular foi



determinada usando a quantidade de NADPH formada na presenca de glicose
5 mM. A atividade enzimatica foi expressa em nmol de NADPH/min/mg de

proteina, utilizando um coeficiente de extingdo molar de 6,22 mMY/cm™,

C - Glicose-6-fosfatase no figado

A atividade da glicose-6-fosfatase (G6Pase) no figado foi avaliada
monitorando a producdo do complexo molibdato-fosforo, que absorve energia
no comprimento de onda de 840 nm (SpectraMax M3 Multi-Mode Microplate
Reader, Molecular Devices, Sunnyvale, California, EUA), conforme descrito
por Baginski e colaboradores (1974). O teor de proteina total de cada
homogeneizado foi determinado pelo método de Hartree (HARTREE, 1972).
Os resultados foram expressos em nmol de fosfato inorganico/min/mg de

proteina.

D - Fosfoenolpiruvato carboxiquinase (PEPCK) no figado

A atividade da enzima hepatica fosfoenolpiruvato carboxiquinase
(PEPCK) foi determinada conforme descrito por Hayanga e colaboradores
(2016). A fracéo citosolica dos homogeneizados foi utilizada para determinar
a atividade enzimatica através do ensaio acoplado com malato desidrogenase.
A taxa de oxidagdo do NADH foi monitorada a 340 nm por 3 min (SpectraMax
M3 Multi-Mode Microplate Reader, Molecular Devices, Sunnyvale,
Califérnia, EUA). A taxa de oxidagdo do NADH foi calculada usando um
coeficiente de extingdo molar de 6,22 mMY/cm™, e a atividade enzimatica foi

expressa em nmol de NADH/min/mg de proteina.

E - Fosfofrutoquinase-1 (PFK1) no figado e musculo

A atividade da enzima fosfofrutoquinase-1 (PFK1) foi determinada
conforme descrito por Coelho e colaboradores (2007), usando o ensaio
enzimatico acoplado entre triose fosfato isomerase e glicerol-3-fosfato
desidrogenase, que detecta a oxidacdo NADH a 340 nm durante 20 min

(SpectraMax M3 Multi-Mode Microplate Reader, Molecular Devices,



Sunnyvale, Califérnia, EUA). Os resultados foram expressos como oxidagédo

de NADH/min/mg de proteina.

1.4.8 Determinacédo dos niveis de transcritos de Ppckl (PEPCK), Prkaal e Prkaa2
(AMPK subunidades a1 e a2), Slc2a2 (GLUT2), Slc2a4 (GLUT4), Slcbhal
(SGLT1).

1.4.8.1 Extracédo de RNA total e sintese de cDNA

A extracdo do RNA tecidual total foi feita com o reagente TRIzol™
(Invitrogen Inc., Burlington, ON, Canada) conforme descrito por da Cunha e
colaboradores (2014), com algumas modificagfes. Os tecidos foram
homogeneizados usando um disruptor de células/tecidos (L-beader 6, Cotia,
S&o Paulo, Brasil). As amostras de figado foram homogeneizadas em tubos
pré-preenchidos com esferas de zircénia de 1 mm usando 2 ciclos de 3.670
rpm/30 s (entre os ciclos as amostras foram deixadas no gelo por 30 s),
enguanto para o musculo, foram utilizados tubos pré-preenchidos com esferas
de aco inoxidavel de 2,8 mm e 3 ciclos de 3.670 rpm/45 s (entre os ciclos as
amostras foram deixadas no gelo por 45 s). O intestino foi homogeneizado
em tubos pré-preenchidos com esferas de zirconia de 3 mm usando 4 ciclos

de 3.470 rpm/40 s (entre os ciclos as amostras foram deixadas no gelo por 40
S).

A sintese de DNA complementar (cDNA) foi feita utilizando o High-
Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied
Biosystems, Foster City, CA, EUA). Foram determinados os niveis de
transcritos do transportador de glicose membro 2 da familia 2 (Slc2a2/Glut2)
e cotransportador de glicose membro 1 da familia 5 (Slc5al) no intestino,
transportador de glicose membro 2 da familia 2 (Slc2a2/Glut2), transportador
de glicose membro 4 da familia 2 (Slc2a4/Glut4), ; subunidade catalitica alfa
1 da proteina quinase ativada por 5-AMP (Prkaal), subunidade catalitica alfa
2 da proteina quinase ativada por 5-AMP (Prkaa2) no musculo e figado; e
fosfoenolpiruvato carboxiquinase 1 (Pckl) hepatica, através da reacdo em
cadeia da polimerase em tempo real (StepOne Real-Time PCR System,

Applied Biosystems, Cingapura). A reacdo de qRT-PCR era composta por 5,0



uL do reagente Fast SYBR Green Master Mix 2x, 2,0 uL de cDNA ¢ 0,2
umol/L de cada primer, em um volume final de 10 pL. As sequéncias dos
primers direto (FW) e reverso (RW) usados para rea¢des de PCR em tempo
real sdo descritas na Tabela 1. A amplificacdo do gene de interesse foi
realizada utilizando-se um sistema de reacdo de 40 ciclos (deshaturacdo: 95°
C por 20 s; hibridacdo: 95° C por 3 s e 60° C por 30 s; estagio da curva de
dissociacdo: 95° C por 15 s, 60° C por 60 s, 95° C por 15 s e 60° C por 15 s).

A especificidade de cada amplicon foi avaliada por meio da analise de
sua curva de dissociacdo. Todas as amostras foram testadas em triplicata e
normalizadas para o gene constitutivo B-actina (Actb) ou gliceraldeido 3-
fosfato desidrogenase (Gapdh). A quantificacdo da expressdo génica relativa
entre os diferentes grupos foi avaliada utilizando o método do 224¢T (LIVAK
e SCHMITTGEN, 2001). A expressdo dos genes foi calculada utilizando os
valores do Cr e 0s resultados expressos como o numero de vezes em relacao

ao gene constitutivo -actina (Actb).

Table 1 - Primers sequences used for amplification of genes by real-time PCR assays and the
GenBank accession numbers.

GENE Primers sequences (5°- 3°) GenBank accession number
Actb GTCGTACCACTGGCATTGTG NM_031144
(B-Actin)
CTCTCAGCTGTGGTGGTGAA
111b CACCTCTCAAGCAGAGCACAG NW_047658
(IL-1B)
GGGTTCCATGGTGAAGTCAAC
Gapdh TGCCCCCATGTTTGTGATG NW_ 0476961
(GAPDH)
GCTGACAATCTTGAGGGAGTTGT
Prkaal GAAGTCAAAGCCGACCCAAT NM_019142
(AMPK-al)
AGGGTTCTTCCTTCGCACAC
Prkaa2 ATGATGAGGTGGTGGAGCAG NM_023991
(AMPK-a2)
GTGAATGGTTCTCGGCTGTG
Pckl GCC TGT GGG AAA ACC AAC
(PEPCK) NM_198780
CACCCACACATTCAACTTTCCA

Scl2a2 AAAGCCCCAGATACCTTTACCT NM_012879



(GLUT2)
TGCCCCTTAGTCTTTTCAAGC

Slc2ad TTGCAGTGCCTGAGTCTTCTT NM_012751.1

(GLUT4)
CCAGTCACTCGCTGCTGA

Slcsal GAAGGGTGCATCGGAGAAG NM_013033.2

(SGLTY)
CAATCAGCACGAGGATGAAC
Tnf AAATGGGCTCCCTCTCATCAGTTC X66539
(TNF)

GTCGTAGCAAACCACCAAGCAGA

1.4.9 Marcadores inflamatérios

Kits comerciais de imunoensaio enzimatico (ELISA) foram utilizados para
avaliar os niveis séricos de interleucina 6 (IL-6) (Thermo Fisher, Waltham, MA,
EUA), interleucina 1 beta (IL-1B) (Bender MedSystgems, Viena, Austria) e TNF-
o (Bender MedSystgems, Viena, Austria), conforme protocolo do fabricante. A
absorbancia das amostras foi medida a 450 nm em um leitor de microplacas. Para
determinar a concentracdo de cada citocina, uma curva de calibracdo de seis

pontos foi construida usando padrées especificos.

1.4.10 Analise estatistica

Os valores séo apresentados como média dos minimos quadrados + erro
padréo (n = 6). Os efeitos da dieta, do Tucum-do-Cerrado e da interacédo dieta x
Tucum-do-Cerrado foram analisados por meio de um planejamento fatorial 2 x 2.
Assumiu-se homogeneidade das variancias entre os tratamentos e, apos a analise
de variancia, as interacdes significativas entre os fatores foram desdobradas e
comparadas pelo teste de Tukey. O método box plot foi usado para remover 0s
outliers. Todas as anélises foram realizadas usando PROC GENMOD no software
SAS/STAT® (SAS OnDemand, SAS Institute Inc., Cary, NC, EUA) e a

significancia estatistica foi estabelecida em p < 0,05.
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Abstract

Introduction: We evaluated the effect of Tucum-do-Cerrado on glucose metabolism homeostasis
and its relationship with redox-inflammatory responses in a high-fat (HF) diet-induced obesity
model. Results: The HF diet increased energy intake, feed efficiency, body weight, muscle and
hepatic glycogen, insulin, homeostatic model assessment of insulin resistance (HOMA IR) and
beta (B)-cell function, and gut catalase (CAT) activity, and decreased food intake, hepatic
glutathione reductase (GR), glutathione peroxidase (GPX), glutathione S-transferase (GST), and
superoxide dismutase (SOD) activities, hepatic phosphoenolpyruvate carboxykinase 1 (Pckl),
and intestinal solute carrier family 5 member 1 (Slc5al) mRNA levels compared with the control
diet. However, the HF diet with Tucum-do-Cerrado decreased hepatic glycogen, and increased
hepatic GR activity, hepatic Slc2a2 mMRNA levels and serum Tnfa compared with the HF diet.
Tucum-do-Cerrado decreased muscle glycogen, intestinal CAT and GPX activities, muscle PFK-
1 and HK activities, and increased hepatic protein (CARB) and intestinal lipid (MDA) oxidation,
hepatic GST activity, serum antioxidant potential, hepatic phosphofructokinase-1 (PFK-1)
activity, intestinal solute carrier family 2 member 2 (Slc2a2), tumor necrosis factor (Tnf),
interleukin-1 beta (111b), muscle protein kinase AMP-activated alpha 1 (Prkaal), solute carrier
family 2 member 2 (Slc2a2) mRNA levels, and serum interleukin-6 (IL-6) levels, regardless of
diet type. Conclusion: Tucum-do-Cerrado consumption may ameliorate impaired glucose
utilization in a HF diet-induced obesity model by increasing liver and muscle glucose uptake and
oxidation. These data suggest that Tucum-do-Cerrado consumption improves muscle glucose
oxidation in non-obese and obese rats. This response may be related to the improvement in the

total antioxidant capacity of rats.

Keywords: obesity; glucose; metabolism; Tucum-do-Cerrado; redox; inflammation.
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Fig. 1 — Graphical abstract.

1. Introduction

The prevalence of obesity and overweight population has doubled since 1980 [1].
According to the World Health Organization, 39% of adults aged 18 years and over were
overweight in 2016, and 13% were obese [2]. Obesity is a metabolic disorder characterized by
the excessive accumulation of adipose tissue associated with low-grade chronic inflammation and
oxidative stress, which may impair health [3-5]. Chronic low-grade systemic inflammation and
oxidative stress have been linked to the development of chronic diseases such as metabolic
syndrome, type 2 diabetes, cardiovascular diseases, and some types of cancer [6,7].

Therefore, effective strategies to prevent and treat obesity are necessary to reduce the
burden of chronic diseases. Dietary components, such as polyphenols, found mainly in fruits and
vegetables, have been associated with health promotion and, consequently, the prevention and
reduction of obesity and metabolic complications associated with obesity [8]. Mezhibovsky et al.
(2021) [9] showed that mice treated with a western diet (high in fats and sugars) supplemented
with 1% grape polyphenols had higher lean mass, energy expenditure, and lower body weight.
Grape polyphenols also enhanced ileal mMRNA levels of glucose transporter-2 (Slc2a2, indicating
higher glucose uptake) and the expression of ketohexokinase. The authors suggested that grape
polyphenols attenuated diet-induced obesity and increased intestinal carbohydrate oxidation.
Cinnamaldehyde (10mg/kg i.p.), a bioactive component of cinnamon, increased adipose tissue
lipolysis, decreased fasting induced hyperphagia and inflammation in high fat diet-fed mice,

suggesting its anti-obesity role [10], although these effects were not observed when a dose of



5mg/kg i.p. was used. Ballard et al. (2020) [11] showed that extracts of Tucum-do-Pantanal and
Taruma-do-cerrado (100mg/kg), Brazilian fruits rich in polyphenols, prevented diet-induced body
weight gain with a tendency to increase hepatic AMPK phosphorylation. However only the
Tucum-do-Pantanal extract improved glucose metabolism by an improvement in the insulin
tolerance test and a reduction in the insulin fasting level. Resveratrol, a polyphenol found in
grapes and wine, inhibited a-glucosidase activity and decreased postprandial hyperglycemia in
HF diet-fed mice (30 mg/kg body weight), indicating that a delay in the digestion and absorption
of carbohydrates may suppress postprandial hyperglycemia [12].

Tucum-do-Cerrado (Bactris setosa Mart.) is a palm shrub fruit found in the Brazilian
savanna and is characterized by a high content of polyphenols from different classes [13].
Flavanols, anthocyanins, and flavones are the major classes of phenolic compounds found in
Tucum-do-Cerrado. Higher polyphenol content and antioxidant activity is found in Tucum-do-
Cerrado peel than in the pulp [14]. Several in vivo studies conducted by our group have
demonstrated the beneficial effects of Tucum-do-Cerrado on health. Heibel et al. (2018) [15]
demonstrated that Tucum-do-Cerrado consumption induced hepatic Prkaalo and Prkaa2 o, and
consequently inhibited gluconeogenic rate limiting enzyme, glucose-6-phosphatase, and
upregulated GLUT-2 glucose uptake. In an animal model of iron-induced oxidative stress, the
consumption of Tucum-do-Cerrado protected tissues against oxidative damage by reducing iron
availability in the liver and consequently inhibited Hamp expression (hepcidin) [16]. In another
study, the authors observed that Tucum-do-Cerrado had an anti-aging effect, enhancing NAD*-
dependent histone/protein deacetylase sirtuin 1 (SIRT1) expression, which activated the nuclear
factor erythroid 2-related factor 2 (NRF2) pathway that attenuates oxidative damage to proteins
and the inflammatory response induced by excess iron [17].

Considering the high polyphenol content and antioxidant and anti-inflammatory
properties of Tucum-do-Cerrado, this study evaluated its’ effect on the homeostasis of glucose
metabolism and its interrelationships with redox-inflammatory responses in HF diet-induced

obesity (Figure 1).

2.  Methods

2.1 Fruits

The Tucum-do-Cerrado (Bactris setosa Mart.) fruits were purchased in Terezépolis de
Goias, Goias, Brazil, in March, at full maturity. The fruits were washed with distilled water and
stored at -80°C. After, in an environment protected from light, the seeds were removed and
discarded from the frozen fruits, while the pulp and peel were homogenized using a mixer, freeze-
dried (Beta 2-8 LSC plus, Martin Christ, Nova Analitica Ltda, S&o Paulo, Brazil) and stored at -



80°C until rats’ feed was prepared. The amount of Tucum-do-Cerrado fruit (150 g of pulp and
peel fresh weight/kg of feed) added to rats’ feed was defined according to our previous study [17],
which showed that this amount of Tucum-do-Cerrado had an anti-aging effect. After the freeze-
drying process, the 150 g of fresh Tucum-do-Cerrado pulp and peel yielded 28 g of powder.
Therefore, 28 g of freeze-dried pulp and peel of Tucum-do-Cerrado/kg of diet were mixed with

the other diet ingredients until ahomogenous mixture was obtained, and then the diet was pelleted.

2.2 Treatment

The project was approved by the Animal Ethics Committee of the University of Brasilia,
under protocol number 25/2018, on May 8, 2018. The experiment with animals was conducted
following the guidelines Animal Research: Reporting of In Vivo Experiments (ARRIVE). 24
newborn male Wistar rats (21 days), mean weight 67.4 = 6.0g, were individually housed in
stainless steel cages in a room with light/dark cycles of 12/12 h and temperature of 22 + 1°C. The
rats had free access to water and access to diet during the dark cycle.

After seven days of acclimatization with the standard rodent diet AIN-93G [18], the
animals were randomly assigned to one of four experimental groups (n = 6): control group (CT-
), which was fed with an AIN-93G diet; control + Tucum-do-Cerrado group (CT+) which was fed
with an AIN-93G diet containing 28 g of freeze-dried Tucum-do-Cerrado pulp and peel/kg diet;
high-fat group (HF-) which was fed with the AIN-93G diet containing 58% fat —(fat sources were
51.9% of lard and 6.1% of soybean oil, according to the Obesity Induction Diet described by the
Research Diet [19] or high-fat + Tucum-do-Cerrado group (HF+) which was fed with an AIN-
93G containing 58% fat and 28 g of freeze-dried Tucum-do-Cerrado pulp and peel/kg diet. After
eight weeks of treatment, the rats were anesthetized using isoflurane, and the blood was collected
by cardiac puncture. The liver, muscle and small intestine were excised, rinsed with saline, frozen
in liquid nitrogen, and stored at -80°C until analysis. The daily food intake of the rats and their
weekly weight measurements were recorded. The feed efficiency ratio was calculated according
to the equation (Eq.1). The authors of the study were involved in overseeing the experiment and

were aware of the group allocation to ensure proper implementation.

EqQ. 1 — Feed efficiency ratio

Body weight gain (g)
Food intake (g)

Feed efficiency = (1)



2.3 Glycemia and insulin

Fasting serum glucose concentration was determined using a glycosometer (Accu-check,
Roche, Indianapolis, USA). Fasting plasma insulin concentration was determined by an enzyme-
linked immunosorbent assay kit (ELISA) according to the manufacturer’s assay protocol
(Millipore Corporation, Missouri, USA). The indices insulin resistance (HOMA IR) and B-cell

function (HOMA beta) were calculated using the below-mentioned equations 2 e 3.

EQ. 2 — Indice insulin resistance (HOMA IR)

blood glucose (mmol/L)x serum insulin (mU /L)

HOMA IR = 725

(2)

Eq. 3 — Indice B-cell function (HOMA beta)

HOMA beta = 20 x insulinemia (uU/L)

(3)

blood glucose (mmol/L)-3.5

2.4 Hepatic and muscle glycogen concentration

Glycogen concentration in the liver and muscle was determined using the method
described by Lo et al. (1970) [20]. A reaction mixture containing 50 mg of tissue and 500 pL of
30% potassium hydroxide solution saturated with sodium sulfate was incubated at 98°C for 30
min in a water bath. After cooling the sample on ice, a 95% ethanol solution (1.2 x vol) was added
to the mixture, followed by a 30-min incubation on ice for glycogen precipitation. After sample
centrifugation (840 x g for 30 min at 4°C), the glycogen precipitate was resuspended in 1 and 2
mL of distilled water for muscle and liver, respectively, and 200 mL of 5% phenol solution and 1
mL of 98% sulfuric acid solution were added to the reaction mixture. The reaction was incubated
for 10 min at room temperature, followed by 20 min at 30°C in a water bath, and the absorbance
was recorded at 490 nm (TCC-240A spectrophotometer, Shimadzu, Kyoto, Japan). A standard
curve was constructed using purified type IV bovine glycogen standard solutions in the
concentration range of 0-100 pg/mL. The glycogen concentration was expressed as mg

glycogen/mg tissue.

2.5 Oxidative damage to lipids (malondialdehyde) and proteins (carbonyl)

Hepatic and small intestine malondialdehyde concentration (MDA - a product of lipid
peroxidation) was determined by fluorescence detection of the MDA-thiobarbituric acid complex,

using excitation wavelength at 532 nm and emission wavelength at 553 nm (SpectraMax M3



Multi-Mode Microplate Reader, Molecular Devices, 211 Sunnyvale, CA, USA) [21]. A standard
curve was obtained from the product of the acid hydrolysis of 1,1,3,3 tetraethoxypropane acid
(TEP; Sigma, St. Louis, MO, USA) over a concentration range of 0.0 to 5.05 nmol/mL.
Malondialdehyde (MDA) concentration in tissues was expressed as nmol MDA/mg total protein.

The concentration of carbonyl protein in the liver and small intestine was evaluated as
described by Richert et al. (2002) [22]. The absorbance of the dinitrophenylhydrazine-carbonyl
complex was monitored at 376 nm (Spectrophotometer, Shimadzu - TCC 240A, Kyoto, Japan).
Tissue carbonyl concentrations were expressed as nmol carbonyl/mg total protein using the

extinction coefficient of 22,000 mM-1cm™.

2.6 Total serum antioxidant capacity

Serum antioxidant capacity was determined using the Total Ferric-Reducing Ability of
Plasma assay (The FRAP Assay) according to the protocol described by Benzie and Strain (1996)
[22]. The FRAP reagent was prepared daily using 0.3 mol/L acetate buffer (pH 3.6), 10 mmol/L
2,4,6-triazinetripyridyl in 40 mmol/L hydrochloric acid, and an aqueous solution of 20 mmol/L
ferric chlorides in a proportion of 10:1:1, and incubated at 37°C for 30 min. The reaction mixture
was composed of 900 puL of FRAP reagent, 30 pL of a serum sample, and 90 pL of deionized
water. After homogenization, the absorbance was recorded at 593 nm/4 min. A standard curve
was constructed with FeSO, solutions over a concentration range of 0 to 2,000 pumol/L. The serum

antioxidant capacity was expressed as umol FeSO4/L of serum.

2.7 Specific activity of antioxidant enzymes catalase (CAT), glutathione reductase (GR),
glutathione peroxidase (GPX), glutathione-S-transferase (GST) and superoxide

dismutase (SOD) in liver and small intestine.

2.7.1 Catalase (CAT)

Catalase activity (CAT, EC 1.11.1.6) was determined by monitoring the consumption of
H20, at 240 nm (spectrophotometer, Shimadzu - TCC 240A, Kyoto, Japan) and the extinction
coefficient of 0.0394 mM-* cm™* for H,O, [23]. One unit of catalase is defined as the amount of

enzyme required to decompose 1 mmol of H2O, per minute.

2.7.2  Glutathione Peroxidase (GPx)

Glutathione peroxidase (GPx, EC 1.11.1.9) activity was evaluated using H20, as a

substrate in an assay coupled with glutathione reductase-catalyzed oxidation of nicotinamide



adenine dinucleotide phosphate (NADPH) at 340 nm (spectrophotometer, Shimadzu - TCC 240A,
Kyoto, Japan), using an NADPH extinction coefficient of 6.22 mM cm™ [24]. One unit of
glutathione peroxidase was defined as the amount of enzyme required to oxidize 1 nmol of

nicotinamide adenine dinucleotide phosphate per minute.

2.7.3 Glutathione reductase (GR)

Glutathione reductase (GR, EC 1.6.4.2) specific activity was determined by monitoring
the consumption of NADPH at 340 nm for 20 s, as described by Joanisse and Storey [24]. The
enzyme activity was calculated using the molar extinction coefficient of NADPH of 6.22 mM-!
cm at 340 nm. One unit of glutathione reductase corresponds to the amount of enzyme required
to oxidize 1 nmol NADPH / min.

2.74 Glutathione S-transferase (GST)

The specific activity of Glutathione-S-transferase (GST, EC 2.5.1.18) was determined by
the detection of the S-2,4-dinitrophenyl-glutathione complex at 340 nm [25]. Enzyme activity
was quantified using the 9.6 mM- cm? extinction coefficient of the S-2,4-dinitrophenyl-
glutathione complex. One unit of glutathione-s-transferase was defined as the amount of enzyme

required to produce 1 nmol of product/min.

2.7.5 Superoxide Dismutase (SOD)

The determination of SOD activity was performed according to the protocol described by
Mccord (2001) [26]. The assay consists of measuring the ability to inhibit the reduction of
cytochrome C catalyzed by superoxide ion. The kinetics of the cytochrome ¢ reduction reaction
was monitored by reading the absorbance at 550 nm. One unit (U) of SOD corresponded to the
amount of enzyme necessary to inhibit by 50% the reduction of cytochrome c. The results were

expressed as U enzyme/mg of protein.

2.8 Enzymatic activity of a-glucosidase (GLY), glucokinase (GK), hexokinase (HK) and
glucose-6-phosphatase (G6Pase)

To measure a-glucosidase activity, frozen intestinal samples were homogenized 1:10
(w/v) in 0.9% saline solution in an electric homogenizer at 4°C, followed by centrifugation at
10,000 x g/20 min at 4°C. The homogenates for the analysis of glucokinase (GK), hexokinase
(HK), and phospho-fructokinase-1 (PFK1) activity were prepared from the frozen liver and

muscle samples homogenized in a 30 mM KF, 4 mM EDTA, 15 mM 2-mercaptoethanol and 250



mM sucrose buffer solution (pH 7.5) at 4°C, in a proportion of 1:5 (w/v). Subsequently, the
homogenates were centrifuged at 1,000 x g at 4°C for 10 min [27].

Glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK)
homogenates were prepared at 4°C in a buffer solution containing 50 mM HEPES, 100 mM KClI,
2.5 mM dithiothreitol, 1 mM EDTA and 5 mM MgCI2 using an electric homogenizer, in a
proportion of 1:10 (w/v). The homogenates were centrifuged at 11,000 x g at 4°C for 30 min. The
supernatant was transferred to another tube and centrifuged at 105,000 x g at 4°C for 60 min. The
pellet was resuspended in a sucrose/EDTA (0.25 M/1 mM) solution in a proportion of 2:1 (weight
of homogenized tissue/sucrose/EDTA volume) and used to determine the G6Pase activity, while

the cytosolic fraction (supernatant) was used to measure the activity of the PEPCK enzyme.

2.8.1 Intestinal a-glucosidase

The enzymatic activity of a-glucosidase (GLY, EC 3.2.1.8) was evaluated according to
the method described by Gopal et al. (2017) [28], with minor modifications. The assay is based
on the formation of p-nitrophenol from the 4-nitrophenyl B-D-glucopyranoside, which was
detected at 340 nm (SpectraMax M3 Multi-Mode Micro plate Reader, Molecular Devices,

Sunnyvale, California, USA). The results were expressed as nmol p-nitrophenol/min/mg protein.

2.8.2 Hepatic Glucokinase and muscular hexokinase activity

The activities of glucokinase (GK, EC 2.7.1.2) and hexokinase (HK, EC 2.7.1.1) were
determined according to the method proposed by Mosa et al. (2015) [29]. The reaction consists
in monitoring the formation of NADPH, catalyzed by glucose-6-phosphate dehydrogenase in the
presence of glucose and tissue homogenates, at 340 nm for 3 min (TCC-240A spectrophotometer,
Shimadzu, Kyoto, Japan). Glucokinase activity was determined by the difference between the
formation of NADPH in the presence of 100 MM and 5 mM glucose in the reaction medium.
Muscle hexokinase activity was determined using the amount of NADPH formed in the presence
of 5 mM glucose. The enzymatic activity was expressed as nmol of NADPH/min/mg of protein,

using a molar extinction coefficient of 6.22 mM-t/cm™.

2.8.3 Glucose-6-phosphatase activity in the liver

The activity of glucose-6-phosphatase (G6Pase) in the liver was evaluated by monitoring
the production of molybdate-phosphorus complex, which absorbs energy at a wavelength of 840
nm (SpectraMax M3 Multi-Mode Microplate Reader, Molecular Devices, Sunnyvale, California,
USA), as described by Baginski and collaborators (1974) [30]. The results were expressed as

nmol of inorganic phosphate/min/mg protein.



2.8.4 Phosphoenolpyruvate carboxykinase (PEPCK) in the liver

Hepatic phosphoenolpyruvate carboxykinase (PEPCK) enzyme activity was determined
as described by Hayanga et al. (2016) [31]. The cytosolic fraction of the homogenates was used
to determine the enzymatic activity by the malate dehydrogenase-coupled assay. The rate of
NADH oxidation was monitored at 340 nm for 3 min (SpectraMax M3 Multi-Mode Microplate
Reader, Molecular Devices, Sunnyvale, California, USA). The rate of NADH oxidation was
calculated using a molar extinction coefficient of 6.22 mM-*/cm, and the enzymatic activity was

expressed as nmol of NADH/min/mg of protein.

2.8.,5 Phosphofructokinase-1 (PFK1) in the liver and muscle

The activity of the phosphofructokinase-1 (PFK1) enzyme was determined as described
by Coelho et al. (2007) [27], using the triose phosphate isomerase and glycerol-3-phosphate
dehydrogenase enzymatic-coupled assay, which detects the oxidation NADH at 340 nm during
20 min (SpectraMax M3 Multi-Mode Microplate Reader, Molecular Devices, Sunnyvale,

California, USA). The results were expressed as the oxidation of NADH/min/mg of protein.

2.9 Determination of transcript levels of Ppckl (PEPCK), Prkaal and Prkaa2 (AMPK
subunits a1 and a2), Slc2a2 (GLUT2), Slc2a4 (GLUT4), Slc5al (SGLT1)

2.9.1 Total RNA extraction and cDNA synthesis

The extraction of total tissue RNA was done using TRIzol™ reagent (Invitrogen Inc.,
Burlington, ON, Canada) as described by da Cunha et al. (2014) [32], with some modifications.
The tissues were homogenized using a cell/tissue disruptor (L-beader 6, Cotia, Sao Paulo, Brazil).
The liver was homogenized in tubes prefilled with 1 mm zirconium beads using 2 cycles of 3,670
rpm/30 s (between cycles the samples were left on ice for 30 s), while for muscle, tubes prefilled
with 2.8 mm stainless steel beads were used, and 3 cycles of 3,670 rpm/45 s (between cycles the
samples were left on ice for 45 s). The intestine was homogenized in tubes prefilled with 3 mm
zirconium beads using 4 cycles of 3,470 rpm/40 s (between cycles the samples were left on ice
for 40 s).

Complementary DNA (cDNA) was synthesized from total RNA using the high-capacity
cDNA reverse transcription kit with RNase inhibitor (Applied Biosystems, Foster City, CA,
USA). The transcript levels of intestinal solute carrier family 2 member 2 (Slc2a2/Glut2) and
solute carrier family 5 member 1 (Slc5al); hepatic solute carrier family 2 member 2

(Slc2a2/Glut2), phosphoenolpyruvate carboxykinase 1 (Pckl), protein kinase AMP-activated



catalytic subunit alpha 1 (Prkaal) and protein kinase AMP-activated catalytic subunit alpha 2
(Prkaa2); and muscle solute carrier family 2 member 4 (Slc2a4/Glut4), protein kinase AMP-
activated catalytic subunit alpha 1 (Prkaal) and protein kinase AMP-activated catalytic subunit
alpha 2 (Prkaa2) were determined using real-time polymerase chain reaction (StepOne Real-Time
PCR System, Applied Biosystems, Singapore). A qRT-PCR reaction was assembled using 5.0 pL
Fast SYBR Green Master Mix 2x reagent, 2.0 uL of cDNA, and 0.2 umol/L of each primer, in a
final volume of 10 puL. The sequences of the forward (FW) and reverse (RW) primers used for
real-time PCR reactions are described in Table 1. The specificity of each amplicon was evaluated
by melting curve. The comparative CT method was used to quantify the abundance of target gene
mRNA, and the results were presented as 2—AACT [33]. All samples were assayed in triplicate
and were normalized to the housekeeping gene B-actin (Actb) or glyceraldehyde 3-phosphate

dehydrogenase (Gapdh).

Table 1 - Primers sequences used for amplification of genes by real-time PCR assays and the
GenBank accession numbers.

GENE Primers sequences (5’- 3°) GenBank accession number
Actp GTCGTACCACTGGCATTGTG NM_031144
(B-Actin)
CTCTCAGCTGTGGTGGTGAA
111b CACCTCTCAAGCAGAGCACAG NW_047658
(IL-1p)
GGGTTCCATGGTGAAGTCAAC
Gapdh TGCCCCCATGTTTGTGATG NW_0476961
(GAPDH)
GCTGACAATCTTGAGGGAGTTGT
Prkaal GAAGTCAAAGCCGACCCAAT NM_019142
(AMPK-al)
AGGGTTCTTCCTTCGCACAC
Prkaa2 ATGATGAGGTGGTGGAGCAG NM_023991
(AMPK-a2)
GTGAATGGTTCTCGGCTGTG
Pck1 GCC TGT GGG AAA ACC AAC
(PEPCK) NM_198780
CACCCACACATTCAACTTTCCA
Scl2a2 AAAGCCCCAGATACCTTTACCT NM_012879
(GLUT2)
TGCCCCTTAGTCTTTTCAAGC
Slc2a4 TTGCAGTGCCTGAGTCTTCTT NM_012751.1
(GLUT3)
CCAGTCACTCGCTGCTGA

Slcbal GAAGGGTGCATCGGAGAAG NM_013033.2



(SGLT1)
CAATCAGCACGAGGATGAAC

Tnf AAATGGGCTCCCTCTCATCAGTTC X66539
(TNF)
GTCGTAGCAAACCACCAAGCAGA

2.10 Cytokine Serum Levels

Commercial enzyme immunoassay (ELISA) Kits were used to assess serum levels of IL-
6 (; - Thermo Fisher, Waltham, MA, USA), IL-1p and TNF-a (Bender, MedSystems, Vienna,
Austria) IL-6, IL-1p, and TNF-o.

2.11 Statistical analysis

Values are presented as least square means and 95% confidence interval (n = 6). The
effects of the diet, Tucum-do-Cerrado, and diet x Tucum-do-Cerrado interactions were analyzed
by a two-way analysis of variance (ANOVA). . Homogeneity of the variances between treatments
was assumed, and after variance analysis, when interaction between the factors were significant
(p < 0.05) means were compared using Tukey’s test. The box plot method was used to remove
outliers. All analyses were conducted using PROC GENMOD in the SAS/STAT® software (SAS
OnDemand, SAS Institute Inc., Cary, NC, USA), and statistical significance was set at p < 0.05.

3. Results

3.1 Physiological and biochemical variables

Table 2 shows the physiological and biochemical characteristics of the rats after eight
weeks (56 days) of treatment. The HF diet promoted a higher body weight gain from the third
week of treatment compared to the control group (p = 0.0322; Fig. 2). The rats treated with the
HF diet showed a reduction in total food intake (1.18-fold; p <0.0001), increased energy intake
(1.13-fold), and feed efficiency (1.05-fold) compared to the control group rats (p <0.0001, 0.035,
and 0.007, respectively). The consumption of Tucum-do-Cerrado did not alter any of these
variables when combined with a control or HF diet. No effect of diet or Tucum-do-Cerrado was
obtained regarding fasting plasma glucose concentration. Regarding the muscle glycogen
concentration, there was a marginal interaction between diet and Tucum-do-Cerrado (p = 0.063),
where HF diet consumption increased muscle glycogen concentration in relation to the control

diet (1.5-fold; p = 0.019), whereas Tucum-do-Cerrado promoted a reduction in muscle glycogen



content both when combined with the control (CT(-) x CT(+):2.1-fold; p = 0.007) and HF diet
(HF(-) x HF(+):2.9-fold; p <0.001). Compared with the control diet, HF diet consumption did not
significantly increase glycogen concentration in the liver. However, the consumption of Tucum-
do-Cerrado combined with HF diet decreased hepatic glycogen concentration compared with the
HF diet (HF(-) x HF(+) 3.0-fold; p = 0.0016), as shown in Table 2. Consumption of the HF diet
increased fasting plasma insulin concentration (p <0.001), insulin resistance index (HOMA-IR)
(p <0.001), and beta cell functional capacity index (HOMA-B) (p = 0.041) compared with the
control diet (table 2). Tucum-do-Cerrado consumption did not affect insulin levels or its indices.

Table 2 - Physiological and biochemical characteristics of rats fed with control diet (CT-), control diet added of
Tucum-do-Cerrado (CT+), high fat diet (HF-), or high diet added of Tucum-do-Cerrado (HF+).

Tucum-do-Cerrado

Two-way ANOVA P values

Diet (-) (+) Mean (95% Cl) Diet TUC Diet x TUC
Physiological Variables
Total food Intake (g / 56 d) <0.0001 0.981 0.109
CcT 1,021.7 (957.3-1,086.1) 1,074.8(1,010.5-1,139.2) 1,048.2(1,002.7-1,093.8) ®
HF 912.1 (847.7-976.4) 857.4 (793.0-921.8) 884.73 (839.2-930.2)
Mean 966.9 (921.4-1,012.4) 966.1 (920.6-1,011.6)
Energy Intake (kcal / d)
cT 72.0 (67.0-77.1) 75.8 (70.7-80.8) 73.9(70.3-77.5) ® <0.0001 0.783 0.092
HF 86.3 (81.2-91.3) 81.1(76.0-86.1) 83.7 (80.1-87.2) ®
Mean 79.4 (75.6-82.7) 78.4 (74.9-82.0)
Feed Efficiency (g / kcal)
cT 3.7 (3.6-3.9) 3.8(3.6-3.9) 3.7(3.6-3.8)® 0.035  0.627 0.381
HF 4.0(3.8-4.1) 3.9(3.7-4.0) 3.9(3.8-4.0)®
Mean 3.8(3.7-3.9) 3.8(3.7-3.9)
Biochemical variables
Glucose (mg / dL)
CcT 173.0(160.2-185.8) 154.1 (141.3-167.0) 163.6 (154.5-172.6) 0.163 0.300 0.075
HF 170.3 (157.4-183.1) 175.4 (162.6-188.3) 172.9 (163.8-181.9)



Mean 171.6 (162.6-180.7) 164.8 (155.7-173.9)

Muscle glycogen (mg/ g)

cT 1.78 (1.37-2.19) AP 0.84 (0.43-1.25) 8 1.31 (1.02-1.60) 0.038 <0.0001  0.063
HF 2.63(2.22-3.03) »2 0.89 (0.48-1.30) ® 1.76 (1.47-2.05)
Mean 2.20 (1.92-2.49) 0.87 (0.58-1.15)

Hepatic glycogen (mg/ g)

cT 7.80 (4.20-11.40) 7.70 (4.10-11.30) 7.75 (5.20-10.30) 0.430  0.016 0.019
HF 13.73 (10.13-17.33) A 4.64 (1.30-7.98) 8 9.18 (6.73-11.6)
Mean 10.80 (8.2-13.3) 6.17 (3.71-8.62)

Insulin (ng / mL)

cT 1.89 (0.91-2.88) 1.46 (0.58-2.34) 1.68 (1.02-2.34) ® <0.001  0.964 0.369
HF 3.44 (2.56-4.32) 3.83 (3.03-4.64) 3.63(3.04-4.23) °
Mean 2.67 (2.00-3.33) 2.65 (2.05-3.24)

HOMA IR
cT 20.52 (9.93-31.11) 13.57 (4.09-23.04) 17.04 (9.94-24.15) <0.001  0.865 0.219
HF 36.27 (26.80-45.75) 41.57 (32.92-50.22) 38.92 (32.51-45.33) °
Mean  28.40 (21.29-35.50) 27.57 (21.15-33.98)

HOMA B
cT 226.8 (127.1-326.6) 155.9 (56.1-255.6) 191.3 (120.8-261.9) ® 0.041  0.609 0.366
HF 288.4 (188.7-388.1) 308.3 (217.2-399.3) 298.3 (230.8-365.9) ®
Mean  257.6(187.1-328.1) 232.1(164.5-299.6)

Values are means and 95% confidence interval (ClI), n = 6/group. Means on the same line without a common capital letter A B
differ (P < 0.05) and means on the same column without a common lowercase letter 2° differ (P <0.05). Diet: control vs. high-fat
diet; TUC: with vs. without addition of Tucum-do-Cerrado; Diet x TUC: interaction between diet type vs addition of Tucum-do-
Cerrado. CT(-): rats fed control diet AIN-93G; CT(+): rats fed a control diet AIN-93G added of Tucum-do-Cerrado; HF(-): rats
fed a high-fat diet; HF(+): rats fed a high-fat diet added of Tucum-do-Cerrado. HOMA IR: homeostatic model assessment — insulin

resistance. HOMA 3: homeostatic model assessment — f§ cell function. TUC: Tucum-do-Cerrado (Bactris setosa Mart.).



Table 3 — Effect of an 8-week treatment with high-fat diet and/or Tucum-do-Cerrado in hepatic and intestinal
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Fig. 2 — Effect of high-fat diet and/or Tucum-do-Cerrado on body weight gain of rats during 8-weeks
of treatment. CT(-): rats fed control diet AIN-93G; CT(+): rats fed a control diet AIN-93G added of
Tucum-do-Cerrado; HF(-): rats fed a high-fat diet; HF(+): rats fed a high-fat diet added of Tucum-do-
Cerrado. Values are means and 95% confidence interval (Cl), n=6/group. *p<0.05 Statistical differences
for control vs. high-fat diet.

3.1 Oxidative damage to lipids and proteins

Rats treated with Tucum-do-Cerrado exhibited higher levels of carbonyl in the liver (p =
0.021) and MDA in the intestine (p = 0.018) than those not treated with Tucum-do-Cerrado (Table
3). There were no significant differences in hepatic MDA or intestinal carbonyl levels between

the groups.

oxidative damage in rats.

Tucum-do-Cerrado Two-way ANOVA P values
Diet (-) (+) Mean (95% Cl) Diet Tucum Diet x Tucum
Hepatic oxidative damages (nmol / mg ptn)
MDA
CcT 0.443 (0.343-0.544) 0.362(0.261-0.462) 0.403 (0.332-0.474) 0.510 0.667 0.252
HF 0.418 (0.317-0.518) 0.455 (0.355-0.556)  0.437 (0.366-0.508)



Mean 0.431 (0.360-0.502) 0.409 (0.338-0.480)

Carbonyl
CcT 0.388 (0.303-0.474) 0.514 (0.429-0.600) 0.451(0.391-0.512) 0.351 0.021 0.645
HF 0.367 (0.282-0.453)  0.453(0.368-0.539) 0.410 (0.350-0.471)

Mean 0.378(0.318-0.438)° 0.484 (0.424-0.544) "

Intestinal oxidative damages (nmol / mg ptn)

MDA
cT 0.416 (0.282-0.549) 0.694 (0.561-0.828)  0.555(0.460-0.650) 0.470  0.018 0.124
HF 0.473 (0.340-0.607) 0.537 (0.404-0.671)  0.505 (0.411-0.600)

Mean 0.445 (0.350-0.539)® 0.616 (0.521-0.710) A

Carbonyl
CT 0.406 (0.304-0.509)  0.441(0.339-0.544) 0.424 (0.351-0.497) 0.766  0.145 0.414
HF 0.379(0.276-0.482)  0.500(0.397-0.603)  0.440 (0.367-0.512)

Mean 0.393 (0.320-0.465) 0.471 (0.398-0.543)

Values are means and 95% confidence interval (ClI)., n = 6/group. Means on the same line without a common capital letter -8
differ (P < 0.05) and means on the same column without a common lowercase letter 2P differ (P <0.05). Two-way ANOVA P
values for the following comparisons: Diet: control vs. high-fat diet; TUC: with vs. without addition of Tucum-do-Cerrado;
Diet x TUC: interaction between diet type vs addition of Tucum-do-Cerrado. CT(-): rats fed control diet AIN-93G; CT(+): rats
fed a control diet AIN-93G added of Tucum-do-Cerrado; HF(-): rats fed a high-fat diet; HF(+): rats fed a high-fat diet added
of Tucum-do-Cerrado.

3.2 Specific activity of antioxidant enzymes

In the liver, we observed an effect of the interaction between diet x Tucum-do-Cerrado
on GR activity; the HF diet promoted a decrease in GR activity compared with the control diet (p
<0.0001), whereas the consumption of Tucum-do-Cerrado combined with a HF diet increased GR
activity compared with HF diet (p = 0.019; Fig. 3A). Hepatic GPX and GST activity were lower
in rats treated with HF diet rather than the control diet (p = 0.012 and 0.0016, respectively), while
rats fed Tucum-do-Cerrado showed an increase in GST activity compared with the untreated
group (p = 0.013). SOD activity in the liver was lower in rats treated with HF diet than in rats in
the control group (p = 0.032), and the consumption of Tucum-do-Cerrado combined with the
control diet decreased SOD activity compared with the control diet (p = 0.020).



In contrast to observations in the liver, the HF diet consumption increased CAT activity
in the small intestine compared with the control diet (p = 0.034; Fig. 3B), whereas the
consumption of Tucum-do-Cerrado marginally decreased CAT activity (p = 0.062). A similar
profile was observed for GPX; the consumption of Tucum-do-Cerrado decreased GPX activity in
the small intestine (p = 0.046). The activities of the antioxidant enzymes GR, GST, and SOD in
the small intestine did not differ between diet type and Tucum-do-Cerrado consumption (Fig. 3B).
Regarding the total serum antioxidant capacity, the consumption of Tucum-do-Cerrado increased

FRAP values in the serum, regardless of diet type (p = 0.055; Fig. 4).
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Fig. 3 — Effect of high-fat diet and/or Tucum-do-Cerrado consumption in antioxidant enzymes
activity in the liver (A) and small intestine (B) of rats. Values are means and 95% confidence interval
(CI), n=6/group. For diet or Tucum-do-Cerrado effect: within the diet type and within the Tucum-do-
Cerrado addition (+) or not (-), data without a common letter differ (P < 0.05). For diet x Tucum-do-Cerrado
interaction: Different lowercase letters®® indicate differences for control vs. high-fat within Tucum-do-
Cerrado addition (+) or not (-); and different capital letters®® indicate differences for addition (+) vs. not
addition (-) of Tucum-do-Cerrado within control or high-fat diets (P < 0.05). CT: rats fed control diet AIN-
93G; HF: rats fed a high-fat diet; TUC(-): rats not treated with Tucum-do-Cerrado; TUC(+): rats treated
with Tucum-do-Cerrado. CT(-): rats fed control diet AIN-93G; CT(+): rats fed a control diet AIN-93G
added of Tucum-do-Cerrado; HF(-): rats fed a high-fat diet; HF(+): rats fed a high-fat diet added of Tucum-
do-Cerrado. CAT= catalase; GR= glutathione reductase; GPX= Glutathione peroxidase; SOD= superoxide
dismutase; GST= glutathione-s-transferase. Two-way ANOVA P values for the following comparisons:
Diet: control vs. high-fat diet; Tucum: with vs. without addition of Tucum-do-Cerrado independent of diet
type; Diet x Tucum: interaction between diet type vs addition of Tucum-do-Cerrado.
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Fig. 4 — Effect of high-fat diet and/or Tucum-do-Cerrado consumption in total serum antioxidant
capacity of rats. Values are means and 95% confidence interval (Cl), n=5/group. For diet or Tucum-do-
Cerrado effect: within the diet type and within the Tucum-do-Cerrado addition (+) or not (-), data without
a common letter differ (P < 0.05). For diet x Tucum-do-Cerrado interaction: Different lowercase letters*?
indicate differences for control vs. high-fat within Tucum-do-Cerrado addition (+) or not (-) (P < 0.05).
CT: rats fed control diet AIN-93G; HF: rats fed a high-fat diet; TUC(-): rats not treated with Tucum-do-
Cerrado; TUC(+): rats treated with Tucum-do-Cerrado. FRAP = Ferric reducing antioxidant power. Two-
way ANOVA P values for the following comparisons: Diet: control vs. high-fat diet; Tucum: with vs.
without addition of Tucum-do-Cerrado independent of diet type; Diet x Tucum: interaction between diet
type vs addition of Tucum-do-Cerrado.

3.3 Carbohydrate metabolism markers in the liver

The consumption of a HF diet promoted a decrease in Pckl mRNA levels in the liver,
compared with the control diet (p <0.001). An effect of diet x Tucum-do-Cerrado interaction on
hepatic Slc2a2 mMRNA levels was observed (p = 0.043). Similarly, the consumption of Tucum-
do-Cerrado with a HF diet promoted an increase in Slc2a2 mRNA levels in the liver compared to
the HF diet (p = 0.055). However, the consumption of Tucum-do-Cerrado did not alter the hepatic
MRNA levels of Prkaal or Prkaa2 (Fig. 5A).

With regards to the activity of glycolytic enzymes in the liver, the consumption of Tucum-
do-Cerrado increased PFK1 activity (p = 0.0062) regardless of diet type. No effects of diet and/or

Tucum-do-Cerrado consumption on hepatic G6Pase were observed (Fig. 5B).
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Fig. 5 —The mRNA levels of Pckl (PEPCK), Prkaal (AMPK-al), Prkaa2 (AMPK-a2) and Slc2a2
(GLUT2) (A) and Phosphofructokinase 1 (PFK1) and Glucose-6-phosphatase (G6Pase) specific
activity (B) in the liver of rats treated for 8-weeks with one of the following diets: CT: rats fed control
diet AIN-93G; HF: rats fed a high-fat diet; TUC(-): rats not treated with Tucum-do-Cerrado; TUC(+): rats
treated with Tucum-do-Cerrado. CT(-): rats fed control diet AIN-93G; CT(+): rats fed a control diet AIN-
93G added of Tucum-do-Cerrado; HF(-): rats fed a high-fat diet; HF(+): rats fed a high-fat diet added of
Tucum-do-Cerrado. Values are means and 95% confidence interval (CI), n=5/group. For diet or Tucum-
do-Cerrado effect: within the diet type and within the Tucum-do-Cerrado addition (+) or not (-), data
without a common letter differ (P < 0.05). For diet x Tucum-do-Cerrado interaction: Different lowercase
letters*® indicate differences for control vs. high-fat within Tucum-do-Cerrado addition (+) or not (-); and
different capital letters®B indicate differences for addition (+) vs. not addition (-) of Tucum-do-Cerrado
within control or high-fat diets (P < 0.05). Two-way ANOVA P values for the following comparisons:
Diet: control vs. high-fat diet; Tucum: with vs. without addition of Tucum-do-Cerrado independent of diet
type; Diet x Tucum: interaction between diet type vs addition of Tucum-do-Cerrado.



3.4 Carbohydrate metab5olism markers in the small intestine

Consumption of a HF diet promoted a decrease in Slcal mRNA levels in the small
intestine compared with the control diet (p = 0.041; Fig. 6A), while no effect of Tucum-do-
Cerrado on Slcbal mRNA levels was observed. Tucum-do-Cerrado consumption increased the
intestinal levels of Slc2a2 mRNA, regardless of the type of diet (p <0.001).

In relation to the activity of glycolytic enzymes in the small intestine, no effect of diet
and/or Tucum-do-Cerrado consumption was observed in intestinal a-glucosidase activity (Fig.
6B).
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Fig. 6 —The mRNA levels of Slcbal (SGLT1) and Slc2a2 (GLUT2) in the small intestine (A) and a-
Glucosidase specific activity in the small intestine (B), of rats treated for 8-weeks with one of the
following diets: CT: rats fed control diet AIN-93G; HF: rats fed a high-fat diet; TUC(-): rats not treated
with Tucum-do-Cerrado; TUC(+): rats treated with Tucum-do-Cerrado. Values are means and 95%
confidence interval (Cl), n=5/group. For diet or Tucum-do-Cerrado effect: within the diet type and within
the Tucum-do-Cerrado addition (+) or not (-), data without a common letter differ (P < 0.05). Two-way
ANOVA P values for the following comparisons: Diet: control vs. high-fat diet; Tucum: with vs. without



addition of Tucum-do-Cerrado independent of diet type; Diet x Tucum: interaction between diet type vs
addition of Tucum-do-Cerrado.

3.5 Carbohydrate metabolism markers in the muscle

Consumption of Tucum-do-Cerrado by rats increased the mRNA levels of Prkaal (p <0.0001)
and Slc2a4 (p <0.0001) in the muscle, independent of diet type. However, there was no significant
effect on Prkaa2 mRNA levels in the muscle of the rats (Fig. 7A). Considering the activity of the
rate-limiting enzymes of the glycolytic pathway, treatment of rats with Tucum-do-Cerrado
decreased HK and PFK1 activity in the muscle, independent of the diet type (p <0.001 and 0.0215,
respectively; Fig. 7B).
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Fig. 7 - The mRNA levels of Prkaal (AMPK-al), Prkaa2 (AMPK-a2) and Slc2a2 (GLUT2) (A) and
hexokinase (HK) and phosphofructokinase (PFK1) specific activity (B) in the muscle of rats treated
with one of the following diets: CT: rats fed control diet AIN-93G; HF: rats fed a high-fat diet; TUC(-):
rats not treated with Tucum-do-Cerrado; TUC(+): rats treated with Tucum-do-Cerrado. Values are means
and 95% confidence interval (CI), n=5/group. For diet or Tucum-do-Cerrado effect: within the diet type
and within the Tucum-do-Cerrado addition (+) or not (-), data without a common letter differ (P < 0.05).
Two-way ANOVA P values for the following comparisons: Diet: control vs. high-fat diet; Tucum: with vs.
without addition of Tucum-do-Cerrado independent of diet type; Diet x Tucum: interaction between diet
type vs addition of Tucum-do-Cerrado.

3.6 Inflammatory markers

Tnfa and 111b mRNA levels were upregulated in the small intestine of groups treated
with Tucum-do-Cerrado (p = 0.0018 and <0.001, respectively; Fig. 8), regardless of the diet type.
In the liver, no significant effects of diet and/or Tucum-do-Cerrado on Tnfa and 111b mRNA levels

were observed.

As shown in figure 9, there was an interaction between diet and Tucum-do-Cerrado in terms

of serum pro-inflammatory cytokine TNF-o concentration. The HF diet promoted a reduction in the

serum TNF-a level compared to control diet (p = 0.013), while the addition of Tucum-do-Cerrado to

the HF diet increased TNF-a serum levels in comparison to the HF diet (p <0.0001). Consumption

of Tucum-do-Cerrado increased IL-6 serum levels independent of diet type (p <0.0001).

(A) Liver
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Fig. 8 — The mRNA levels of tumor necrosis alpha (Tnfa) and interleukin 1b (111b) in the liver (A) and
small intestine (B) of rats treated with one of the following diets: CT: rats fed control diet AIN-93G; HF:
rats fed a high-fat diet; TUC(-): rats not treated with Tucum-do-Cerrado; TUC(+): rats treated with Tucum-do-
Cerrado. Values are means and 95% confidence interval (CI), n=5/group. For diet or Tucum-do-Cerrado effect:
within the diet type and within the Tucum-do-Cerrado addition (+) or not (-), data without a common letter
differ (P < 0.05). Two-way ANOVA P values for the following comparisons: Diet: control vs. high-fat diet;
Tucum: with vs. without addition of Tucum-do-Cerrado independent of diet type; Diet x Tucum: interaction
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Fig. 9 - Tumor necrosis alpha and interleukin-6 (IL-6) serum protein levels of rats fed with one of the
following diets: CT: rats fed control diet AIN-93G; HF: rats fed a high-fat diet; TUC(-): rats not treated
with Tucum-do-Cerrado; TUC(+): rats treated with Tucum-do-Cerrado. CT(-): rats fed control diet AIN-



93G; CT(+): rats fed a control diet AIN-93G added of Tucum-do-Cerrado; HF(-): rats fed a high-fat diet;
HF(+): rats fed a high-fat diet added of Tucum-do-Cerrado. Values are means and 95% confidence interval
(CI), n=5/group. For diet or Tucum-do-Cerrado effect: within the diet type and within the Tucum-do-
Cerrado addition (+) or not (-), data without a common letter differ (P < 0.05). For diet x Tucum-do-Cerrado
interaction: Different lowercase letters®® indicate differences for control vs. high-fat within Tucum-do-
Cerrado addition (+) or not (-); and different capital letters®® indicate differences for addition (+) vs. not
addition (-) of Tucum-do-Cerrado within control or high-fat diets Two-way ANOVA P values for the
following comparisons: Diet: control vs. high-fat diet; Tucum: with vs. without addition of Tucum-do-
Cerrado independent of diet type; Diet x Tucum: interaction between diet type vs addition of Tucum-do-
Cerrado. (P < 0.05).

4 Discussion

This study shows the effect of Tucum-do-Cerrado, a Brazilian savanna fruit with high
polyphenol [14] content, on glucose homeostasis and its interrelationships with redox and
inflammatory responses in an HF diet-induced obesity model. As expected, the HF diet promoted
greater body weight gain as well as an increase in serum insulin concentration and glucose
homeostatic indexes, even though blood glucose concentration was like that of the control diet,
suggesting a metabolic impairment of glucose homeostasis. The higher glycogen concentration
in the muscle and liver of rats treated with HF diet reinforces the above hypothesis, as the
condition identified as “metabolic inflexibility” is characterized by an impairment of glucose
oxidation due to high free fatty acids’ availability and triglyceride accumulation due to the HF
diet consumption [34,35].

In contrast to our results, Ballard et al. (2020) [11] observed that the extracts of Tucum-
do-Pantanal (Bactris setosa Mart.) and Taruma-do-Cerrado (Vitex cymosa Bertero ex Spreng),
both Brazilian fruit sources of phytochemicals, decreased the body weight of diet-induced obese
C57BL/6J mice after five weeks and in the last week of treatment, respectively. However,
Mezhibovsky et al. (2021) [9] observed lower body weight gain in mice treated with diet-induced
obesity supplemented with grape polyphenols, only from 15-week of treatment. Khare et al.
(2016) [10] showed that Cinnamaldehyde 10mg/kg i.p. (a bioactive component of cinnamon) co-
administered with a HF diet prevented body weight gain, whereas at a dose of 5mg/kg i.p., it did
not, suggesting that the compound concentration may justify different results. In our study, rats
fed a HF diet had reduced food intake by 11% compared to control rats, which attenuated body
weight gain and resulted in moderate obesity (21% of body weight gain). These results suggest
that some animals are resistant to HF diet-induced obesity [36] and may explain the non-effect of
Tucum-do-Cerrado consumption on body weight gain during the 8-week treatment period.
Furthermore, the higher concentration and bioavailability of polyphenolic compounds in extracts
compared to fresh fruit, the route of administration (gavage versus mixed with diet), as well as
the treatment time, obesity treatment model instead of prevention, and adult animals instead of
newly weaned animals may be associated with the contradictory results obtained between studies
[36 —39].



Tucum-do-Cerrado consumption (150g fresh weight/kg diet) did not attenuate the
detrimental effect on blood markers of glucose homeostasis compared to the HF(-) group.
However, it decreased glycogen concentration in the liver and muscle when combined with a HF
diet, regardless of the diet type. The lower hepatic glycogen concentration promoted by the
consumption of Tucum-do-Cerrado when combined with a HF diet was associated with increased
activity of the glycolytic enzyme phosphofructokinase-1 (PFK-1), suggesting that Tucum-do-
Cerrado activated glycogenolysis, and consequently, the glycolytic pathway in a HF diet-induced
obesity model.

In agreement with the above hypothesis, consumption of Tucum-do-Cerrado upregulated
Slc2a2 mRNA levels (Glut-2) in the intestine independent of diet type and in the liver when
combined with a HF diet. Therefore, we hypothesized that Tucum-do-Cerrado improves intestinal
glucose uptake to compensate for the higher oxidation levels of glucose in hepatic cells and
maintain blood glucose levels within the normal range. Similar to the findings of our study,
Mezhibovsky et al. (2021) [9] showed that mice treated with diet-induced obesity (low in fiber,
but high in fats and sugars) supplemented with grape polyphenols had higher ileal mMRNA levels
of glucose transporter 2 (Sl2a2) than those not supplemented. They suggested that grape
polyphenols increase carbohydrate utilization by increasing intestinal glucose uptake and
oxidation as a replacement for energy sources, since these mice had a lower concentration of
butyrate (short-chain fatty acid), a major energy substrate of the distal intestine, and higher gene
expression of duodenal pyruvate dehydrogenase (PDH). Therefore, we hypothesized that Tucum-
do-Cerrado may have an effect similar to that observed for grape polyphenols, as no difference
was observed in serum insulin concentration and insulin sensitivity as estimated by the HOMA-
IR and HOMA-B indices.

Divergent responses regarding the glycolytic pathway in the liver and muscles were
expected because of the opposing sets of these two tissues [40]. Glycolytic pathway is stimulated
by the activation of glycolytic enzymes such as PFK1 and hexokinase (HK) [41,42]. Fructose 2,6-
bisphosphate allosterically activates PFK-1 more potently than its own product (fructose 1,6-
bisphosphate). Considering that in the liver the activities of the bifunctional enzyme
phosphofructokinase-2 (PFK-2)/ fructose 2,6-bisphosphatase (FBPase-2) are influenced by
phosphorylation/dephosphorylation [42], we hypothesized that phytochemical compounds of
Tucum-do-Cerrado lead to dephosphorylation of the PFK-2/FBPase-2 bifunctional enzyme and
consequent activation of PFK-2, promoting an increase in the concentration of fructose 2,6-
bisphosphate, which allosterically activates PFK-1 favoring glucose oxidation through glycolytic
pathway.

AMP-activated protein kinase (AMPK) is a metabolic energy sensor that upregulates
catabolic pathways that generate ATP and down-regulates anabolic pathways. Activation of

AMPK increases GLUT-4 expression or translocation through an insulin independent mechanism



[43]. Therefore, the upregulation of Prkaal (AMPK) and Slc2a4 mRNA (GLUT-4) levels, along
with a decrease in muscle glycogen concentration in rats treated with Tucum-do-Cerrado,
regardless of diet type, suggest an increase in muscle glucose uptake and oxidation. Unexpectedly,
the activities of the enzymes of the glycolytic pathway, HK and PFK-1, decreased with Tucum-
do-Cerrado consumption, regardless of diet type.

Owing to opposing metabolic sets in the liver and muscle tissues, divergent responses are
expected regarding the regulation of the glycolytic pathway [40]. In the muscle, the increase in
fructose 2,6-bisphosphate occurs because of the accumulation of hexose monophosphates
produced from the cAMP-dependent activation of glycogenolysis [40,44]. Therefore, in the
present study, the lower glycogen concentration in the muscle of rats treated with Tucum-do-
Cerrado may have decreased hexose monophosphate concentrations, inactivated PFK-2, and
consequently decreased fructose 2,6-bisphosphate production by inhibiting glycolysis. Taken
together, these results suggest that Tucum-do-Cerrado stimulates glucose uptake and oxidation.

In addition, a previous study observed that Tucum-do-Cerrado increased hepatic nuclear
factor erythroid 2-related factor 2 (Nfe212) mRNA and protein (Nrf2) levels [17]. Therefore, we
also hypothesized that the dietary consumption of Tucum-do-Cerrado could induce Nrf2
expression and consequently stimulate glucose uptake and utilization, as rats fed the Tucum-do-
Cerrado diet had lower muscle glycogen content associated with the upregulation of Slc2a4 and
Prkaal mRNA levels. Uruno et al. (2016) [45] demonstrated that specific Keapl knockout mice
that abundantly expressed Nrf2 in their skeletal muscle showed reduced blood glucose levels and
increased glycogen branching enzyme (GBE) and the phosphorylase b kinase a subunit (Phka)
protein in skeletal muscle compared to wild type mice. They suggested that Nrf2 induction
improved glucose tolerance through the increased glucose uptake and utilization, mediated
through GBE and Phko induction and consequently activated muscle glycogen metabolism,
resulting in diminished muscle glycogen content. Nrf2 induction also increases energy
consumption in the skeletal muscles in specific Keapl knockout mice that abundantly express
Nrf2.

Obesity and insulin resistance are associated with low-grade systemic inflammation and
oxidative stress [7]. In agreement with the literature HF diet consumption decreased the enzymatic
antioxidant defense, as hepatic GR, GPX, GST, and SOD specific activities were lower than those
of the control diet. Although oxidative damage occurred in the liver, carbonyl and MDA
concentrations were not affected by HF diet. An et al. (2013) [46] observed a decrease in the
polyunsaturated fatty acid to unsaturated fatty acid ratio (PUFA-to-UFA) in the livers of rats
treated for 83 days with a HF diet. They suggested that a HF diet enhanced the peroxidation of
polyunsaturated fatty acids and thus oxidative stress; under such conditions, apolipoprotein B
undergoes proteolysis, which impairs very low-density lipoprotein secretion, contributing to

triglyceride accumulation in the liver [47]. In the present study, HF diet treated rats also showed



higher hepatic triglyceride concentration in relation to control group rats (155.80 + 21.44 and
80.81 + 23.97 mg/dL, respectively), therefore, reinforcing that an oxidative stress condition was
established and associated with the impairment of enzymatic antioxidant defense.

The consumption of Tucum-do-Cerrado improved the total serum antioxidant capacity
independent of diet type, suggesting that the phytochemical compounds found in Tucum-do-
Cerrado [48] are bioavailable in vivo and display antioxidant activities, such as the reduction or
chelation of oxidative metals and scavenging of free radicals. These data also suggest that dietary
lipid content does not influence the bioavailability of these phytochemicals, as both the control
and HF diet rats showed similar serum FRAP values. Phytochemical compounds also improve
endogenous antioxidant defenses by increasing hepatic GR activity in rats fed a HF diet with
Tucum-do-Cerrado compared to HF rats and maintain their activity similar to that of the control
diet.

A previous study showed that Tucum-do-Cerrado increased nuclear factor erythroid 2-
related factor 2 (Nrf2) protein levels, which upregulated antioxidant enzyme expression and
attenuated oxidative stress [17]. The authors suggested that this antioxidant response is modulated
by phytochemical compounds that induce the expression and activate Nrf2 transcription factor.
Nrf2 positively regulates the antioxidant GSH-based system glutathione reductase maintaining
intracellular levels of reduced glutathione (GSH) [49].

Nrf2 also mediates the induction of drug-metabolizing enzymes, such as glutathione-S-
transferase [49], in agreement with our data, in which Tucum-do-Cerrado consumption increased
GST activity in rat liver independent of diet type. Together, these results suggest that Tucum-do-
Cerrado consumption promotes antioxidant response in both the control and HF diet groups,
however, in the HF diet group, it reestablished the GSH-based antioxidant system to normal
levels.

In the small intestine, the reduction in catalase and glutathione peroxidase activities
observed in rats treated with Tucum-do-Cerrado may be attributed to the sparing effect of dietary
antioxidants. The high content of polyphenols in Tucum-do-Cerrado increased the exogenous
antioxidant concentration in the intestine, leading to an environment with high reducing potential,
which decreased the need for enzymatic endogenous antioxidants. Pereira et al. (2014) [50]
observed a similar response when rats treated with tropical fruit juice had lower antioxidant
enzyme activity than control rats.

According to the literature, phytochemicals also exhibit anti-inflammatory effect by
reducing the expression and activation of pro-inflammatory cytokines, such as IL-1f, TNF-a, IL-
6 and IL-8 [51]. Unexpectedly, Tucum-do-Cerrado consumption upregulated intestinal Tnf and
111b mRNA levels and serum IL-6 independent of diet type and serum IL-1b when consumed with
a HF diet, suggesting a pro-inflammatory response. Zampelas et al. (2004) [52] when

investigating the association between coffee consumption and inflammatory markers, showed that



subjects who consumed >200 mL coffee/day had higher serum IL-6, C-reactive protein, TNF-a
concentrations compared with coffee nondrinkers. Therefore, the high polyphenol content, more
specifically in the intestine than in other tissues, may be related to the greater pro-inflammatory
response observed in this tissue.

Considering the high content of phenolic compounds of Tucum-do-Cerrado fruit, we
suggest that one or more polyphenols may be responsible by the biological protective effects of
Tucum-do-Cerrado observed in the present study. Flavonoids (flavanols, anthocyanins, flavones
and flavonols), phenolic acids (hydroxybenzoics and hydroxycinnamics acids) and stilbenes
(resveratrol) are three major classes of phenolic compounds already identified in the Tucum-do-
Cerrado fruit [14]. Stilbenes seem to be associated with the upregulation of the nuclear factor-
erythroid-2-related factor-2 (Nrf2) [16] that improves glucose tolerance, while the flavonoid
anthocyanins, responsible for the blue-purple color of many fruits, induces glutathione synthesis
and the flavonol, quercetin, acts as a free radical scavenger protecting cells against oxidative stress
[53,54]. Despite flavonoids represent the major content of phenolic compounds in Tucum-do-
Cerrado fruit, the biological protective effect of Tucum-do-Cerrado should be related to the type
of phytochemical rather than its concentration. An in vitro study showed that tucum-do-cerrado
peel methanolic extract had the highest phenolic concentration, however the lowest antioxidant

activity, compared to the ethanolic extract [14].

5 Conclusion

Consumption of Tucum-do-Cerrado may ameliorate impaired glucose utilization in a HF
diet-induced obesity model by increasing liver and muscle glucose uptake and oxidation. These
data suggest that its’ consumption improves muscle glucose oxidation in non-obese and obese

rats. This response may be related to the improvement in the total antioxidant capacity of rats.
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