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RESUMO

A obesidade é um dos principais fatores de risco para o desenvolvimento de doencgas cronicas
e morte prematura, afeta mais de 400 milhdes de pessoas no mundo. Estudos moleculares
demonstram que a obesidade esta associada a uma desregulagado da biogénese mitocondrial,
aumento na producao de EROs (Espécies Reativas de Oxigénio), diminuicdo da sinalizagao
da mitofagia e aumento da apoptose. Por isso estratégias terapéuticas com o objetivo de
restaurar a fungdo mitocondrial € uma alternativa promissora. O presente trabalho teve por
objetivo avaliar o potencial da erva-mate (llex paraguarienses) e do guarana (Paullinia
cupana) sobre a biogénese mitocondrial e termogénese. Para avaliacdo dos efeitos da erva-
mate foram realizados estudos in vitro e in vivo. In vitro foram utilizadas células murinas
C2C12 para avaliagdo da respiragao mitocondrial. A expressdo de genes relacionados a
biogénese mitocondrial e termogénese foram analisadas por PCR em Tempo Real (QPCR).
Os experimentos in vivo foram realizados em camundongos Swiss alimentados com uma dieta
rica em gordura (HFD) e tratados com extrato de erva-mate. A calorimetria indireta foi
realizada, e a expressdo de genes e proteinas relacionados a biogénese mitocondrial,
termogénese e lipogénese in vivo foram determinadas por qPCR e western blotting.
Resultados in vitro indicam que a erva-mate aumentou o numero de cépias do DNA mt (DNA
mitocondrial), a capacidade respiratdria de reserva mitocondrial e a eficiéncia de acoplamento.
O perfil de expressao génica reforca essa evidéncia, indicando uma modulagéo de genes
downstream a Ampk (5' Proteina quinase ativada por AMP). In vivo, a erva-mate preveniu
parcialmente a obesidade induzida por dieta, aumentando o gasto de energia e aumentando
a biogénese mitocondrial através da via Ampk / Sirt1/ Pgc1a. Portanto a erva-mate estimula a
mitocondriogénese e a expressédo de UCPs (Proteinas desacopladoras), levando a um
aumento da capacidade respiratoria sobressalente e dissipacao de energia. Para a avaliagao
os efeitos do guarana (GUA) na biogénese mitocondrial, os camundongos foram alimentados
com dieta hiperlipidica (HFD). Camundongos C57BL6J foram divididos em dois grupos: dieta
rica em gordura HFD e dieta rica em gordura + guarana (HFD-GUA). O grupo HFD-GUA
recebeu gavagem diaria de guarana (1 g / kg de peso). O peso corporal e a ingestao alimentar
foram medidos semanalmente. Os niveis glicémico, ftriglicerideo e colesterol foram
determinados. Volume de oxigénio (VO2) e gasto energético (GE) foram determinados por
calorimetria indireta. A expressao do gene foi avaliada por gqPCR e o conteudo de proteina
por western blotting. O grupo HFD-GUA apresentou menor peso corporal, depdsitos de tecido
adiposo subcutaéneo, retroperitoneal, visceral e epididimal e niveis glicémicos e de
triglicerideos, sem alteragdo na ingest&o alimentar e nos niveis de colesterol. Além disso, o
grupo HFD-GUA apresentou aumento no VO2 e no gasto energético basal (GE), bem como
na expressao de Pgcla, Creb1, Ampka1, Nrf1, Nrf2 e Sirt1 no musculo e tecido adiposo
marrom. O grupo HFD-GUA apresentou aumento no contetldo de DNA mt no musculo quando
comparado ao grupo HFD. Dessa forma, os resultados mostraram que o guarana leva ao
aumento do metabolismo energético e estimula a biogénese mitocondrial.

Descritores: llex paraguariensis; guarana (Paullinia cupana Kunth); biogénese mitocondrial;
obesidade; termogénese ABSTRACT
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ABSTRACT

Obesity is one of the main risk factors for the development of chronic diseases and premature
death, affects more than 400 million people worldwide. Molecular studies demonstrate obesity
associated with decreased mitochondrial breathing, increased mitochondrial reactive oxygen
species (ROS) production, deregulation of mitochondrial biogenesis, decreased mitophagia
signaling and increased apoptosis. That is why therapeutic strategies aimed at restoring
mitochondrial function may be a promising alternative. The present work aimed to evaluate the
potential effects of the polyphenols yerba mate (/lex paraguarienses) and guarana (Paullinia
cupana) on mitochondrial biogenesis and thermogenesis. To evaluate the effects of yerba
mate, in vitro and in vivo studies were performed. In vitro C2C12 cells were used to assess
mitochondrial respiration. The expression of genes related to biogenesis and mitochondrial
thermogenesis were analyzed by Real Time PCR (qPCR). The in vivo experiments were
carried out on mice Swiss fed a high-fat diet (HFD) and treated with yerba mate extract. Indirect
calorimetry was performed, and the expression of genes and proteins related to mitochondrial
biogenesis, thermogenesis and lipogenesis again were determined by qPCR and western
blotting. The in vitro results indicate that yerba mate increased the mtDNA (Mitochondrial DNA)
copy number, as well as the mitochondrial reserve capacity and coupling efficiency. The gene
expression profile reinforces this evidence, indicating a modulation of genes downstream from
Ampk (AMP- activated protein kinase). In vivo, a yerba mate partially prevented diet-induced
obesity, increasing energy expenditure and increasing mitochondrial biogenesis via the AMPK
/ SIRT1 / PGC1a pathway. Therefore, yerba mate stimulates mitochondriogenesis and
UCPs(uncoupling proteins) expression, leading to increased spare breathing capacity and
energy dissipation. To evaluate the effects of guarana (GUA) on mitochondrial biogenesis, the
mice were fed a high-fat diet (HFD). C57BL6J mice were divided into two groups: high-fat diet
HFD and high-fat diet + guarana (HFD-GUA). The HFD-GUA group received daily guarana
gavage (1 g/ kg of weight). Body weight and food intake were measured weekly. Glycemic,
triglyceride and cholesterol levels were determined. Volume of oxygen (VO2) and energy
expenditure (EE) were determined by indirect calorimetry. The gene expression was evaluated
by real-time PCR and the protein content by western blotting. The HFD-GUA group had lower
body weight, deposits of subcutaneous, retroperitoneal, visceral and epididymal tissue and
glycemic and triglyceride levels, with no change in food intake and cholesterol levels. In
addition, the HFD-GUA group showed an increase in VO2 and basal energy expenditure (EE),
as well as in the expression of Pgc1a, Creb1, Ampka1, Nrf1, Nrf2 and Sirt1 in muscle and brown
adipose tissue. The HFD-GUA group showed an increase in the mtDNA content in the muscle
when compared to the HFD group. Thus, the results showed that guarana leads to increased
energy metabolism and stimulates mitochondrial biogenesis.

Descriptors: llex paraguariensis; guarana (Paullinia cupana Kunth); mitochondrial
biogenesis; obesity; thermogenesis.
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INTRODUGAO

Obesidade: um problema de saude publica

A obesidade € considerada uma doenga cronica associada ao excesso de gordura
corporal (acumulo de tecido adiposo) com etiologia complexa e multifatorial (WANDERLEY;
FERREIRA, 2010) e possui uma forte associagao com o desenvolvimento de varias doengas
como a hipertenséo, diabetes, doengas cardiovasculares e cancer (endométrio, colon e
mama) (MANCINI, 2015; WANNMACHER, 2016) Em particular, o acumulo excessivo de
gordura na regidao abdominal é reconhecido como um dos principais fatores que
desencadeiam desordens metabdlicas (ITEM;KONRAD, 2012 HARBRON et al.,, 2014;
ANTONI et al., 2016), além do aumento de mortalidade em 2,5 vezes quando associada as

doencgas cardiovasculares de acordo com dados do Ministério da Saude (2020).

Em 2008 eram mais de 35% de individuos com sobrepeso e 10% de individuos adultos
obesos, dados de 2014 revelam que 39% estavam com sobrepeso e 13% com obesidade e a
projecao para 2025 é que mais de 60% da populagédo mundial estejam com sobrepeso e 30%
estejam obesos. (ORGANIZACAO MUNDIAL DA SAUDE, 2020). Dados da Organizacdo das
Nacdes Unidas para a Alimentacao e a Agricultura (FAO) mostram que metade da populagéo

da América Latina e Caribe com excec¢éo ao Haiti estdo com sobrepeso (FAO, 2017).

No Brasil, dados da Pesquisa de Vigilancia de Fatores de Risco e Protecdo para
Doengas crbnicas por Inquérito Telefénico (Vigitel), de 2019 revelam que 55,4% da
populagdo adulta esta com sobrepeso, sendo 57,1% entre os homens e 53,9% entre as
mulheres. Em relacéo a frequéncia de adultos obesos é de 20,3 % sendo semelhante entre
homens e mulheres. Além do sobrepeso e obesidade a pesquisa revela que 7,4% da
populacdo adulta apresenta diabetes e 24,5%, hipertensdo, doencas que podem estar
relacionadas a obesidade (MINISTERIO DA SAUDE, 2020).

Quando mesuramos a obesidade estamos verificando o estoque de calorias
consumidas e nao requisitadas para suprir as necessidades metabdlicas. Os lipideos, por
serem hidrofébicos podem ser armazenados em grande quantidade e contém por unidade de
massa, mais que o dobro de energia armazenada do que carboidratos e proteinas, fornecendo
mais energia metabdlica quando oxidados, por esta razdo o tecido adiposo é o principal
reservatorio energético do organismo ( FONSECA-ALANIZ et al., 2006).

Nos mamiferos encontramos dois tipos de tecido adiposo com caracteristicas
morfofuncionais bem distintas, o tecido adiposo branco (TAB) e o tecido adiposo marrom
(TAM) (PARK; KIM; BAE, 2014) e o tecido adiposo bege recentemente descoberto com
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caracteristicas intermediarias (MONTANARI; POSCIC; COLITTI, 2017).

O tecido adiposo branco é constituido por adipdcitos uniloculares por apresentarem
no seu citoplasma uma unica e grande inclusao de triacilglicerol, que ocupa aproximadamente
85% do volume celular, por este armazenamento o TAB é um tecido de reserva energética a
longo prazo. Além desta funcao apresenta atividade secretora de adipocinas com fungées de
mediadoras pré-inflamatdrias e anti-inflamatérias como leucotrienos, interleucina-6 (1I-6), fator
de necrose tumoral-a (TNF-a), fatores de crescimento como fator transformador de
crescimento 3 (TGF-B) e prostaglandinas, além de outras que atuam na homeostase glicémica
como a adiponectina e como fungdo hormonal a leptina (FONSECA- ALANIZ et al., 2006;
MONTANARI; POSCIC; COLITTI, 2017).

O tecido adiposo branco apresenta uma distribuicdo corporal ao redor das visceras,
protegendo-as sendo classificado como tecido adiposo visceral e abaixo da pele promovendo
isolamento térmico sendo classificado como tecido adiposo subcutaneo (PARK; KIM; BAE,
2014). Afigura 1 ilustra a localiza¢ao do tecido adiposo branco em humanos adultos e a Figura

2 ilustra a localizagéo do tecido adiposo branco em ratos (WAT — White Adipose Tissue).

O tecido adiposo marrom é constituido por adipécitos multiloculares pois possui no seu
citoplasma varias goticulas lipidicas, citoplasma abundante e muitas mitocondrias (PARK;
KIM; BAE, 2014). As mitocdndrias do TAM apresentam a proteina desacopladora 1 (UCP-1-
termogenina). Essa proteina da membrana mitocondrial interna que atua como um canal de
préton que descarrega a energia gerada pelo acumulo de prétons no espago
intermembranoso durante as reagbes oxidativas do ciclo de Krebs, desviando esses protons
do complexo F1F0 (ATP sintase) e impedindo a sintese de ATP, permitindo que se dissipe
em calor a energia estocada na mitocdndria, portanto um tecido especializado na
termogénese presente ricamente em recém-nascidos e que ao longo da vida do individuo vai
reduzindo, ficando restrito a algumas areas como no tecido perirenal, para- aértico
(FONSECA- ALANIZ et al, 2006) como ilustra a figura 1. A Figura 2 ilustra a localizagao do

tecido adiposo marrom em ratos (BAT- Brown Adipose Tissue).
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Figura 1: Localizagao do tecido adiposo branco (WAT) e tecido adiposo marrom (BAT) em
humanos adultos. Fonte: Adaptado PARK; KIM; BAE, 2014
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Figura 2: Localizagao do tecido adiposo branco (WAT) e tecido adiposo marrom (BAT) em ratos.
Fonte: Adaptado PARK; KIM; BAE, 2014

Ja o Tecido Adiposo Bege contém caracteristicas intermediarias, como por exemplo,
os adipdcitos possuem uma unica vesicula de gordura como nos adipécitos uniloculares, mas
quando estimulados ha um aumento do numero de mitocondrias que expressam a UCP1,
aumentam a taxa de respiracdo celular e transcrigdo de genes relacionados a termogénese,
por esta razado apresentam funcionalmente a atividade de termogénese adaptativa (PARK;
KIM; BAE, 2014). Por conta da presencga do ferro no oxigénio utilizado na formagao do ATP

passam a ter uma coloragao mais escurecida (SPIELGEMAN, 2013).
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O tecido adiposo apresenta em sua constituicdo uma matriz de tecido conjuntivo com
presenca de fibras colagenas e reticulares, fibras nervosas, células do estroma vascular,
nodulos linfaticos, células imunes (leucdcitos, macréfagos), fibroblastos e pré-adipécitos
(células adiposas indiferenciadas) (FONSECA-ALANIZ et al., 2006).

Como a obesidade é dada pelo aumento da massa adiposa e determinada pelo
aumento do tamanho do adipdcito (hipertrofia) e/ou do seu numero (hiperplasia) sdo os pré-
adipécitos nos individuos adultos que apresentam uma atividade intensa de renovacéao
permitindo a hiperplasia do tecido e uma remodelagem tecidual. Este processo é possivel pois

os pré-adipdcitos transformam-se em adipdcitos através da adipogénese (PALMA, 2014).

A adipogenése é o processo de diferenciagao de células tronco mesenquimais em
adipécitos. Este processo inicia-se entre a 142 e 162 semana de vida intrauterina a partir de
células tronco mesenquimais que se diferenciam em pré-adipécitos. Apds o nascimento,
durante o primeiro ano de vida os pré-adipocitos comegam a armazenar gordura, mediante
sinalizacao celular (HAUNER et al., 2009).

Muitos estudos estdo demonstrando a relagdo da obesidade com a diminuicdo da
atividade mitocondrial, pois sdo as mitocondrias as organelas citoplasmaticas responsaveis

pelo metabolismo energético (PICARD et al., 2011).

Mitocondria e biogénese mitocondrial

As mitocdndrias sdo organelas dindmicas presentes em células eucaridticas e
responsaveis pela oxidacdo de moléculas organicas como carboidratos, gorduras e
aminoacidos acompanhado da liberacao de energia que € utilizada na sintese de ATP
(Trifosfato de Adenosina) através da fosforilagdo oxidativa (ALBERTS et al., 2017), sendo a
principal fonte de energia para o metabolismo celular (POPOV, 2020). As mitocdndrias sofrem
uma rotatividade constante e sua meia vida varia de tecido para tecido (GOTTLIEB;
STOTLAND, 2015) assim como a sua morfologia varia enormemente entre os tipos de células
e tecidos, mudando rapidamente em resposta a danos externos e sinais metabdlicos, como
estado de nutrientes (WAI; LANGER, 2016).

As mitocbndrias possuem duas membranas que definem quatro compartimentos:
membrana mitocondrial externa, o espaco intermembrana, a membrana mitocondrial interna
e a matriz, onde se encontra o DNA mitocondrial (DNA mt) e as varias enzimas (ANDERSON
et al., 2019).

A membrana mitocondrial externa apresenta proteinas que convertem substratos

lipidicos para serem metabolizados na matriz além de possuirem complexos protéicos que
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permitem a entrada de proteinas, o complexo TOM (translocador da membrana externa) e o
complexo SAM (translocador que auxilia no dobramento da membrana externa) e enzimas

que permitem os processos de fissao e fusdo mitocondrial (ALBERTS et.al., 2017).

No espaco intermembrana ha importantes proteinas relacionadas a morte celular por
apoptose como citocromo ¢, pro-caspases 9 e fator indutor de apoptose e enzimas que
participam da fosforilagdo de nucleotideos como creatina quinase e adenilato quinase
(KOWALTOWSKI, 2004).

A membrana mitocondrial interna contém proteinas com importantes fungbes de
conduzirem as oxidagbes na cadeia respiratdria, como a citocromo ¢ oxidase (cuja fungéo é
transferir elétrons para o oxigénio molecular, formando 2 moléculas de agua) e proteinas do
complexo FO da ATP sintase responsaveis pela producédo de ATP na matriz, além de proteinas
transportadoras especificas que regulam a passagem de metabdlitos por essa membrana,
complexo TIM (translocador de membrana interna), para dentro e para fora da matriz
(ALBERTS et al., 2017).

A arquitetura da membrana mitocondrial interna é maleavel e normalmente com
invaginacbes denominadas cristas, que ditam o arranjo espacial das proteinas. A
remodelagdo da estrutura das cristas também pode alterar o fluxo enzimatico entre os
compartimentos, consistente com as diversas estruturas de cristas observadas em todos os
tipos de células com diferentes demandas metabdlicas (ANDERSON et al., 2019). Na matriz
mitocondrial estao presentes varias enzimas necessarias para a oxidagao do piruvato e dos
acidos graxos e do ciclo do acido citrico (ALBERTS et al., 2017) além de seu préprio DNA mt
que é replicado independentemente do genoma nuclear. O DNA mt em humanos, é circular e
possui 37 genes que codificam 13 proteinas principalmente relacionadas a fosforilagao
oxidativa (OXPHOS), 22 RNAt (Acido Ribonucleico- transportador) e 2 RNAr (Acido
Ribonucleico — ribossdmico) (ANDERSON et al.,, 2019). O restante das proteinas
mitocondriais, entre 1000 e 1500 proteinas sao codificadas pelo genoma nuclear
(ANDERSON et al., 2019) e sdo importadas para a mitocondria de forma que os dois genomas
trabalham juntos (ANNESLEY; FISHER, 2019).

Na ultima década evidencias demonstram que as mitocondrias possuem um alto
dinamismo intracelular, de forma que executa um controle de qualidade sobre a propria
populagdo da organela (POPOV, 2020). Por exemplo, os cardiomiécitos de rato tém
aproximadamente 10.000 mitocdndrias por célula, isso sugere que em condi¢des de repouso,
uma mitocondria é substituida a cada 4 minutos. Em condi¢cdes normais as mitocéndrias dos
cardiomidcitos sao responsaveis por 93% da produgédo de ATP (a glicdlise é responsavel por

3-7%) . Contudo, mitocéndrias ndo estdo produzindo ATP em taxas maximas o tempo todo,
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ao contrario, elas sdo heterogéneas: algumas mitocondrias podem estar produzindo ATP em
altas taxas, enquanto outras podem ser relativamente ineficiente ou quiescente ou produzindo
quantidades significativas de espécies reativas de oxigénio (EROs) (GOTTLIEB; STOTLAND,
2015). As EROs sao produzidas durante a oxidagdo dos compostos organicos quando uma
pequena quantidade do oxigénio consumido (2 a 5%) é reduzido, produzindo uma variedade
de substancias quimicas, instaveis e altamente reativas, capazes de transformar outras
moléculas com as quais colidem. As EROs podem provocar injuria tecidual e, em altas
concentragdes, podem danificar organelas celulares, acidos nucleicos, lipidios e proteinas
(SILVA; GONCALVES, 2010).

A homeostase de qualquer célula saudavel implica em controlar a regulagdo da
massa mitocondrial e a fungéo, assim como uma resposta adaptativa para proteger o DNA mt
e a manutengdo da demanda energética vital para a fungdo celular. A homeostase
mitocondrial é preservada por uma delicada coordenacgao que compreende a identificagao das
mitocOndrias danificadas, a mitofagia (qQue é a degradagao autofagica) e a substituigao através
da biogénese (ANNESLEY; FISHER, 2019).

A biogénese mitocondrial implica em uma via molecular especifica que consiste no
recrutamento das novas proteinas pelas mitocéndrias pré-existentes, seguido por sua
fragmentacao, via fissdo. Associado ao rapido crescimento e proliferacao celular, esses
eventos garantem a renovagao constante da populacdo mitocondrial (POPOQV, 2020). Este
processo complexo exige coordenacdo do DNA mt e DNA nuclear (VAN DER BLIEK;
SEDENSKY; MORGAN, 2017). Existem muitos mecanismos homeostaticos para manter um
equilibrio entre a biogénese mitocondrial (e a geracdo de ATP) e a produgdo excessiva de
EROs (ANNESLEY; FISHER, 2019).

Embora a biogénese mitocondrial seja regulada por um grande numero de co-
ativadores e fatores de transcri¢cdo, entre as moléculas envolvidas neste processo, destaca-
se o coativador gama 1 do receptor ativado por proliferador de peroxissomo (PGC-1a), o
principal regulador da biogénese mitocondrial, o gene PTEN que induz a produgédo da 3-5
quinase 1-Pakin (PINK1), que ativa a sintese de proteinas em mitocondrias danificadas e o
receptor de hidrocarboneto de aril do fator de transcrigdo ativado por ligante, que também
funciona como protetor do estresse oxidativo (POPOV, 2020). A familia do co-ativador gama
1 do receptor ativado por proliferador de peroxissomo (PGC-1 é composta por trés membros,
PGC-1a, PGC-1B e PRC (co-ativador relacionado ao PGC-1), que compartiiham
caracteristicas estruturais e modos de agao, bem como a capacidade de regular a biogénese
mitocondrial em uma ampla variedade de tecidos (VILLENA, 2015). Eles estimulam a
atividade dos fatores respiratorios nucleares 1 e 2 (NRF1 / 2) e receptores relacionados ao

estrogénio (ERRs) dos receptores nucleares, as duas familias fundamentais de fatores
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envolvidos no controle da biogénese mitocondrial. Além disso, os co-ativadores de PGC-1
regulam a expressao do fator de transcricdo mitocondrial A (TFAM), um fator chave que regula
a replicacao e transcricdo do DNA mitocondrial (DNA mt). A atividade da PGC-1a é regulada
no nivel pos-traducional por fosforilagdo, metilagdo e acetilacdo. A acetilagcao reversivel do
PGC-1a modifica significativamente a atividade transcricional, e é controlada principalmente,
ambos in vitro e in vivo, pela Sirtuina 1 (SIRT1) (FERNANDEZ-MARCOS; AUWERX, 2011).

A fissdao causa fragmentacao mitocondrial, que geralmente esta associada a
disfungdo metabdlica e doengas (WAI; LANGER, 2016). A fissdo assimétrica permite a
segregacgao de componentes nao funcionais em uma mitocondria filha que pode ser removida
por autofagia. Uma série de enzimas envolvidas em fosforilagdo oxidativa (OXPHOS) séo
expressos com variagao diurna sugerindo que a regeneragao mitocondrial € regulado pelo
ciclo circadiano, e ainda implica que a eliminagdo mitocondrial pode ser regulada de forma
semelhante. Pois durante o sono, o organismo esta em um periodo de jejum portanto, ondas
de eliminagao mitocondrial podem alternar com regeneragao com 3-4% da massa mitocondrial
(ou populagao) sendo substituida a cada dia. No entanto, isso pode ser muito maior: em
células HL-1 (células da linhagem cardiaca) submetidas a soro com glicose e com auséncia
de aminoacidos por 3,5 horas, o niumero de mitocondrias é reduzido em 70% (GOTTLIEB;
STOTLAND, 2015).

A fissdo é concomitante com a dependéncia de glicélise e precede a renovagao
mitocondrial. Fissdo € amplamente dependente da relagcdo com a dinamina e proteina
citosdlica Drp1 (proteina tipo dinamina1l), que oligomeriza ao redor e contrai tubulos
mitocondriais (figura 3). O recrutamento de Drp1 do citosol requer proteinas adaptadoras na
membrana mitocondrial externa, incluindo Mff, Mid49 e Mid51, embora Fis1 humano possa
promover Drp1 independente fragmentagdo mitocondrial através da inibicdo da fusao
proteinas (VAN DER BLIEK; SEDENSKY; MORGAN, 2017). (figura 3)

Embora modelos conflitantes de recrutamento de Drp1 foram propostos, sua
localizagéo e atividade sao conhecidas por serem reguladas por numerosas modificagdes
pos-traducionais. A capacidade de cisdo dos oligbmeros Drp1 é limitado a tubulos de até 250
nm de didmetro, indicando que a pré-constricdo é necessaria para mitocdndrias maiores para
que esta seja alcangada pelo reticulo endoplasmatico (RE), que envolve ao redor e constringir
tubulos para marcar locais de fissdo futuros e ajuda a particdo correta do conteudo
mitocondrial (GOTTLIEB; STOTLAND, 2015).

As mitocéndrias se envolvem em extensos contatos interorganizados dindmicos que
coordenam trocas funcionais com outros componentes celulares em particular, com o RE.

Esse contato facilita em inumeras fungdes, incluindo fissdo mitocondrial, biossintese de
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coenzima Q, transferéncia de lipidios, transferéncia de Ca?*, replicagdo e transcrigdo do DNA
mt. Estudos revelam que o contato RE- mitocbndrias em células humanas deve-se a
interacées entre hTOM 70 e IP3R3, VDAC1 e IP3R3, RMDN3 e VAPB, Mfn2 homodimeros
e a acetilagdo de microtubulos tem sido aceito para manter o contato apesar dos movimentos

e remodelagem das duas organelas (ANDERSON et al.,2019).

Ja a fusdo mitocondrial resulta numa unido e serve para neutralizar os danos
metabdlicos do estresse oxidativo e proteostatico, preservar a integridade celular e proteger
contra autofagia (WAI; LANGER, 2016), além do aumento da produgdo de ATP por
fosforilacdo (ANDERSON et al., 2019). A fusdo de membranas externas mitocondriais é
mediada por interagbes homotipicas entre as GTPases (Enzima conversora do Trifosfato de
Guanosina), Mfn1 e Mfn2 (figura 3), mas os dominios envolvidos e 0 mecanismo gradual de
fusdo ainda sao debatidos. Fusao da membrana interna é controlada por Opa1, que existe
como cinco isoformas geradas por splicing de RNAm (Acido Ribonucleico mensageiro) e
clivagem proteoliticas (figura 3). Acredita-se que a estequiometria dessas isoformas governa
as interacdes Opa1 com a cardiolipina lipidica especifica mitocondrial e, subsequentemente,
eventos de fusdo (ANDERSON et al., 2019).

Ve
Lumen RE j
. { w3 )} N Locais de contato do
e VAP RE e Mitocondrias
0

cytsal Mfn2)
oM VDAC]

MS ; J

ST

Minl

0

Drpl aligomers

fn
MidsS| Mfn2

Maquinaria da fusao

Maquinaria da fissdo ¢ €
mitocondrial

mitocondrial

Figura 3: Maquinarias celulares que medeiam a fissdo mitocondrial, fusdo e formagao de locais
de contato com o reticulo endoplasmatico. Mitocondria continuamente sofrem fissdo e fusdo. A
fissdo é mediada pela GTPase Drp1, que pode ser recrutada para a membrana mitocondrial externa
por uma variedade de receptores, incluindo Mff, Fis1, Mid49 e Mid51. O Drp1 na membrana externa
pode oligomerizar em fibrilas que contraem as mitocéndrias para iniciar a fissdo. A fusdo mitocondrial
€ iniciada por amarragao de mitocdndrias por meio de interagdes homotipicas entre Mfn1 e Mfn2 em
mitocdndrias opostas. A fusdao da membrana interna é mediada por OPA1, que existe como formas
longas e curtas geradas por protedlise. Locais de contato entre a mitocéndria e o reticulo
endoplasmatico (RE) sdo estabelecidos e mantida por meio de interagdes proteina-proteina. As
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interagdes ocorrem entre as moléculas Mfn2 na membrana RE e a membrana mitocondrial externa,
eentre VAPB na membrana RE e RMDN3 na membrana mitocondrial externa. As interagdes também
ocorrem entre IP3R3, um canal de célcio na membrana do RE, e VDAC1 e hTom70 na membrana
mitocondrial externa. Fonte: Adaptado de Anderson et al., 2019.

A fissdo e a fusdo mitocondrial também sao importantes eventos para a ocorréncia
da mitofagia. A mitofagia € uma remocéao seletiva de mitocdndrias danificadas através de
autofagia. O reconhecimento da mitocéndria alvo pelo autofagossomo ocorre por meio de
adaptadores LC3 (cadeia leve 3 da proteina 1 associada a microtubulos). Pode ocorrer em
uma via dependente de ubiquitina, por uma via independente e através da interagao direta de
LC3 com seus receptores (YOO; JUNG, 2018).

Na via dependente de ubiquitina, a mitofagia € controlada pela proteina quinase
serina/treonina de mitocéndria (PINK1) e a PARKIN que é a enzima citosdlica ubiquitina E3
ligase (YOO; JUNG, 2018). A PINK1 é importado através do complexo TOM e liberado
lateralmente na membrana interna pelo complexo TIM23 antes da clivagem pela protease
PARL (proteina romboide da membrana interna da mitocéndria). A despolarizagcao da
membrana interna em mitocéndrias defeituosas impede a importacdo de PINK1, fazendo com
que oligomerize na membrana externa no Complexo TOM onde se torna auto-fosforilado. Isso
desencadeia a fosforilagdo fosfo-PINK1 de monoubiquitina da membrana externa e recruta
PARKIN para que rapidamente as proteinas da membrana externa sejam poli-ubiquitinadas.
Essa poliubiquitinagdo leva a degradacéo dos substratos da PARKIN, como por exemplo a
MFN1 e MFN2 que promovem a fissdo mitocondrial e a mitofagia (PARK et al., 2015; YOO;
JUNG, 2018; ANDERSON et al., 2019). Os adaptadores LC3 (p62, OPTIN, NDP52,
TAX1BP1e NBR1) sdo recrutados e ligam-se aos substratos poliubiquitinizados. Os
adaptadores LC3 possuem um dominio que sédo reconhecidos pelo autofagossomo (YOO;
JUNG, 2018).

A via independente de ubiquitina envolve a colina desidrogenase (CHDH). A CHDH
em condi¢gdes normais esta presente tanto na membrana externa como na interna. Quando
ocorre uma falha no potencial de membrana, a CHDH se acumula na membrana externa se
liga a p62, formando um complexo CHDH-p62-LC3. Esse complexo é reconhecido por TBC1,
membro da familia do domimio 15 (TBC1D15), a RAB-GTPase ¢ ativada formando um
complexo com a TBC1D17. Esse complexo € reconhecido pelos adaptadores LC3 (YOO,
JUNG, 2018).

A interagdo da LC3 com seus receptores pode ocorrer de forma direta.
Anteriormente descrevemos os mecanismos em que a LC3 precisava de outras proteinas para
ainteracdo. Existem varios receptores para a LC3 na membrana externa sinalizando que sao

mitocdndrias danificadas para serem recrutadas por autofagossomos. Por exemplo, a NIX 1,
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que participa da mitofagia em condicdes de hipoxia (YUAN et al., 2017 apud YOO; JUNG,
2018).

O metabolismo energético que as mitocdndrias desempenham tem o papel principal
na atividade celular, além de regular varias fungbes como apoptose, homeostase de Calcio, e
producao de espécies reativas de oxigénio (EROs) (PICARD et al., 2011), regulam cascatas
de sinalizacao intracelular, B oxidacdo de acidos graxos, metabolismo dos aminoacidos,
sintese de piridina, modificacdes de fosfolipidios, sobrevivéncia , senescéncia, entre outras
(POPOV, 2020).

O excesso da ingestao caldrica e o baixo consumo energético levam a uma menor
demanda de ATP, fazendo que haja um aumento do gradiente de prétons. Este aumento
resulta no aumento das EROs que promovem danos em proteinas, no DNA, em componentes
lipidicos de membrana, aumentando a frequéncia de mutacdes e estimulando os processos
inflamatorios, danos estes, devido a disfungao mitocondrial (COSTA, 2015). E & neste sentido,
devido ao papel critico e de multiplas funcdes, a disfungdo mitocondrial é diretamente e
indiretamente implicada com a origem de diversas doengas, como a obesidade e diabetes
melitus do tipo 2 (DM2) (BRAND; NICHOLLS, 2011). A obesidade tem sido associada com a
diminuicdo da respiracdo mitocondrial, aumento de produgdo de EROs, desregulacao da
biogénese mitocondrial, diminuigdo da sinalizagdo da mitofagia e aumento de apoptose (DE
MELLO et al., 2018).

A desregulacado da biogénese mitocondrias em especial em situacbes em que a
biogénese nao seja eficiente para manter o metabolismo energético a longo prazo, vias
termogénicas sao ativadas (DOS SANTOS, 2018).

Termogénese

A termogénese ¢é definida como o processo de producao de calor em repouso e
geralmente é o resultado do metabolismo basal. A termogénese constitutiva é suficiente para
manter a temperatura corporal dos animais na termoneutralidade. No entanto, a maioria dos
mamiferos possui um tipo especializado de tecido adiposo, denominado tecido adiposo
marrom (TAM), cuja fungdo é manter a temperatura em resposta as baixas temperaturas
ambientais através de um processo denominado termogénese adaptativa sem tremores. O
TAM é rico em mitocOndrias e a producéo de calor € mediada por ativacdo e expressao da
proteina 1 desacoplada (UCP-1), uma proteina especifica na membrana interna das
mitocéndrias que atua como um canal de prétons e desacopla a oxidacdo do substrato da
sintese do ATP, levando a dissipagéo de energia como calor (CHERNOGUBOVA et al., 2005).

Em resposta a baixas temperaturas, as vias simpaticas ativam o TAM através dos [3-
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adrenorreceptores (LOWELL; SPIEGELMAN, 2000). Além disso, o sistema nervoso simpatico
também pode ser estimulado por dieta, estresse e inflamagéao, os quais levam a um aumento
na termogénese (DE JONGE; BRAY, 1997; LOWELL; SPIEGELMAN, 2000; VAN MARKEN
LICHTENBELT; SCHRAUWEN, 2011). Curiosamente, juntamente com a taxa metabdlica
basal e a termogénese induzida pelo exercicio, a termogénese induzida pela dieta € um
componente importante do gasto energético (GE) diario (YONESHIRO et al., 2011). Nesse
sentido, evidéncias convincentes apontam para o tecido adiposo marrom (TAM) como um
elemento regulador chave ndo apenas da temperatura corporal central, mas também do GE

de corpo inteiro.

Em roedores, acredita-se que a termogénese contribua para aproximadamente 15%
a 20% do GE diario total. Portanto, disturbios nesse mecanismo podem ter um impacto
consideravel no balango energético e na regulagédo do peso corporal (VAN MARKEN;
LICHTENBELT; SCHRAUWEN, 2011). Apoiando essa nogdo, numerosos relatos em modelos
de roedores e alguns estudos em humanos mostram que a ativagado do TAM possui um papel
protetor contra a obesidade e o diabetes (NEEDGAARD; BENGTSSON; CANNON, 2007;
CHONDRONIKOLA et al.,2014). Como TAM também esta presente em humanos adultos, o
controle da termogénese adaptativa sem tremores recebeu recentemente grande atencao
(VAN MARKEN et al., 2009; CYPESS et al., 2009; VIRTANEN et al., 2009). Nos seres
humanos, adipdcitos marrons estio localizados nas regides cervical, supraclavicular, para-
aortica, paravertebral e adrenal (HUTTUNEN; HIRVONEN; KINNULA, 1981; VAN MARKEN
et al., 2009) . O aumento da produgao de calor nessas regides foi observado em trabalhadores
escandinavos, indicando um aumento na fungao TAM em resposta ao frio (WIJERS; SARIS;
VAN MARKEN; LICHTENBELT, 2009).

Em situacbes em que a biogénese mitocondrial ndo seja eficiente para manter o
metabolismo energético a longo prazo, vias termogénicas sao ativadas (DOS SANTOS,
2018).

A incapacidade das mitocéndrias em produzir ATP suficiente para a manutengéo do
metabolismo é definido como disfungdo mitocondrial. Varios fatores influenciam nesta
disfuncdo, entre eles, o aumento de EROs causado pelo excesso de nutrientes, o estresse
do RE, idade, processos pro inflamatérios que de forma isolada ou em conjunto contribuem
para a resisténcia a insulina (DOS SANTOS, 2016).

Alguns artigos discutem a relagdo entre ativagcdo da termogénese do TAM e
obesidade em roedores e humanos apoiando a relevancia da termogénese adaptativa na

regulacdo do balango energético, tornando esse mecanismo um alvo interessante para o
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desenvolvimento de estratégias terapéuticas que visam controlar o peso corporal e combater
a obesidade (DULLOO et al., 1999; CARDEAL, 2015; MILESKI, 2018).

Estratégias terapéuticas com o objetivo de restaurar a fungdo mitocondrial sdo uma
promissora alternativa para individuos obesos, por esta razdo tem sido extensamente
explorado. A Food and Drug Administration (FDA) aprovou drogas que incluem: orlistat
(reduz a absorg¢ao de gordura por inibicdo da lipase pancreatica); locarsserina (receptor da
serotonina agonista que atua no cérebro para reduzir a ingesta de alimento); liraglutida
(receptor agonista glucagon ligado 1 que reduz a ingesta de alimento); dietilpropinol,
fentermina, fendimetrazina e benzefetamina (drogas noradrenérgicas que funcionam como
inibidores de apetite); fentermina- topiramate (supressor de apetite que libera serotonina,
noradrenalina e dopamina); naltrexona- bupropiona (aumenta saciedade e diminui o apetite,
inibindo a recaptura de dopamina e noradrenalina, bloqueando u-receptor opioide e ativando
a pro-opiomelanocorticéide) (GONZALEZ-MUNIESA et al., 2017). No Brasil os medicamentos
aprovados pela Agéncia Nacional de Vigilancia Sanitaria (ANVISA) s&o: orlistat, a sibutramina
(atua especialmente sobre a serotonina e a noradrenalina, promovendo a sensagao de
saciedade e o controle do apetite), o cloridrato de locarsserina, e a liraglutida. Entretanto,
muitos tem a sua eficacia limitada em tratamento longo prazo, assim como apresenta sérios
efeitos colaterais (YANOVSKI; YANOVSKI, 2014; KIM et al., 2014; KUMAR; BHANDARI,
2015).

Sintomas como insénia, irritabilidade, ansiedade, variagao na pressao arterial, diarreia
e xerostomia sao alguns efeitos colaterais (YANOVSKI; YANOVSKI, 2014). Portanto,
estratégias terapéuticas preventivas providenciam importantes alternativas no uso de drogas

convencionais.

Neste contexto, identificar componentes naturais originados de alimentos, assim como
o0 uso de plantas tem despertado um grande interesse nas Ultimas décadas. Isto
principalmente pois eles apresentam redugao nos efeitos colaterais e podem atuar em

multiplas vias de sinalizagédo para controlar a obesidade (LAI; WU; PAN, 2017).

Polifendis sdo compostos quimicos que possuem uma ou duas hidroxilas ligadas a um
Oou mais anéis aromaticos, sdo os mais abundantes compostos bioativos presentes nos
vegetais. Sdo classificados de acordo com a sua estrutura em: acidos fendlicos como por
exemplo a acido clorogénico presente no café; os estibilenos como o resveratrol presente nas
uvas; as lignanas da linhaga, os flavondides como as antocianinas presente em amoras e

outros polifendis como por exemplo as cumarinas presentes no aipo (LACROIX et al., 2018).

Eles sdo encontrados em abundancia no reino vegetal e sdo classicamente

estabelecidos como moléculas antioxidantes. Os efeitos antioxidantes observados séo
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atribuidos por suas caracteristicas quimicas e na capacidade de eliminar moléculas de
carbono, radicais lipidicos e EROs (LAl et al., 2017).

Neste contexto, polifendis sdo uma classe de componentes que sédo intensamente
explorados por seus potenciais antiobesidade. Os mecanismos dos quais os produtos naturais
protegem contra obesidade incluem a modulacao da adipogénese, metabolismo de lipideos,
secregao de adipocinas, assim como a melhoria na sensibilidade a insulina e protetores da
funcao mitocondrial (LAI; WU; PAN, 2017).

Efeitos dos polifenéis na modulagao de biogénese mitocondrial

Considerando a relevancia da mitocéndria na sintese de ATP e na alta demanda
energética da maioria das células, é evidente que a biogénese mitocondrial € um processo

particularmente importante.

Varios polifendis demonstraram a capacidade de ativar SIRT1 in vitro e, portanto,
estdo sendo investigados como potenciais indutores de biogénese mitocondrial, através da

ativacao de desacetilagao mediada por PGC-1a (LI et al., 2011).

Demonstrou-se que o resveratrol é eficaz na indugao da atividade de PGC-1a no
figado e musculo de camundongos, facilitando a desacetilagdo mediada por SIRT1, que por
sua vez ativa sua atividade transcricional (BAUR et al.,, 2006; LAGOUGE et al., 2006).
Curiosamente, além do aumento da massa mitocondrial, o resveratrol melhora a taxa de
sobrevivéncia (BAUR et al., 2006) e a funcao motora (LAGOUGE et al.,, 2006) de
camundongos alimentados com uma dieta rica em gordura. Embora os efeitos do SIRT1 /
PGC-1a estejam bem documentados, ha controvérsia quanto ao modo de agao do resveratrol.
Varios autores propuseram que os efeitos do resveratrol na biogénese mitocondrial sao
mediados pela ativagdo da AMPK (proteina quinase) (STEINBERG; KEMP, 2009). De fato, ha
evidéncias de que os extratos se proliferam principalmente pela ativacdo da AMPK (CANTO
et al., 2009), através da inibicado de fosfodiesterases (PDE), ATP sintase ou complexo Il de
OXPHOS (GLENDHILL et al., 2007; HAWLEY et al., 2010; PARK et al., 2012). Além disso, foi
proposto que o efeito do resveratrol na AMPK ativa indiretamente o SIRT1, aumentando os
niveis intracelulares de NAD + (FULCO; SARTORELLI, 2008; CANTO et al., 2009).

Outros autores, no entanto, mostraram que o resveratrol ativa a SIRT1, o que leva a
desacetilagao da figado quinase B1 (LKB1) e ativagdo da AMPK e melhoram a fungao
mitocondrial in vitro e in vivo (HOU et al., 2008; LAN et al.; 2008; PRICE et.al., 2012).

Quercetina é outro polifenol encontrado na cebola por exemplo, tem sido

extensivamente explorado e mostrou ser muito eficaz na indugdo de biogénese mitocondrial.
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Estudo realizado por Nieman et al. (2010) demostrou que a quercetina foi
responsavel por ativar SIRT1 e PGC-1a e aumentar o DNA mt e o conteudo do citocromo C
no musculo esquelético e no cérebro de camundongos. Também foi observado um aumento
concomitante na resisténcia fisica dos animais tratados com quercetina, e esse efeito

funcional foi relacionado ao aumento da expressao de SIRT1 e PGC-1a..

O efeito da quercetina na biogénese mitocondrial e no exercicio de resisténcia
também foi estudado em individuos adultos jovens nao treinados. Os autores observaram que
a quercetina ndo apenas aumentou o numero de copias do DNA mt, mas também induziu um
aumento significativo no desempenho fisico (RAYAMAJHI et al., 2013). Resultados
semelhantes também foram observados in vitro, nos quais o tratamento com quercetina
aumentou o conteudo de DNA mt (SCARPULLA, 2011) e os niveis de expressao de PGC-1q,
NRF-1 e TFAM de maneira dependente da dose. Além disso, a quercetina aumentou a
atividade do complexo IV de OXPHOS. Assim, os dados in vivo e in vitro apdiam a hipbtese
de que a quercetina induz a biogénese mitocondrial através da sinalizagao PGC-1a / NRF-1
e TFAM (LI et al., 2016). Como alternativa, o efeito da quercetina na biogénese mitocondrial
também foi associado a sua capacidade de regular a via NRF-2 / HO-1 / PGC-1a, bem como
aumentar a expressao do complexo IV no figado de ratos obesos (SCARPULLA, 2011; LIU et
al., 2015). Também demonstrou-se que a quercetina aumenta o conteido do DNA mt, os
niveis de expressao de SIRT1, PGC-1a, NRF-1 e TFAM de maneira dependente da dose no
hipocampo de camundongos expostos a hipobaricipoxia (SHARMA et al., 2015). Além disso,
a pesquisa aumentou a atividade dos complexos Il, IV e V, bem como os niveis de ATP,
regulando a fungdo OXPHOS. Resultados semelhantes foram observados no hipocampo e
estriado de roedores expostos ao aluminio. Nesse modelo, a quercetina induziu a biogénese
mitocondrial pela via PGC-1a / NRF-1-NRF-2-TFAM e restaurou a forma e o numero
mitocondrial (ZHU et al., 2010).

Além desses, outros polifendis tém demonstrado capacidade de induzir efeitos
semelhantes nas mitocdndrias in vitro. A ativagdo da biogénese mitocondrial mediada pela via
SIRT1/PGC-1a foi observada com isoflavonas (como daidzeina, genisteina e formononetina)
nas células tubulares renais proximais de coelho (IM et al., 2012), flavonas (como baicaleina
e wogonina) nas células musculares esqueléticas L6 (VALENTI et al., 2013) e flavan-3-ol,
epigalocatequina-3-galato em fibroblastos da pele de individuos com sindrome de Down
(REHMAN et al., 2014). A eficacia do cha verde na biogénese mitocondrial foi testada in vivo
usando ratos. Os autores observaram um aumento no conteudo de DNA mt, bem como nos
niveis de RNAm e proteina de PGC-1a, complexo IV e TFAM (TAUB et al., 2012). Em um
estudo em humanos com pacientes com DM2 com insuficiéncia cardiaca, a administracao de

curcumina aumentou as expressoes de SIRT1 ePGC-1a, que por sua vez estimularam a



27

biogénese mitocondrial no musculo esquelético. Além disso, aumentou os niveis de porina e

complexos mitocondriais | e V (TAUB et al., 2012).

O efeito benéfico do tratamento cronico da curcumina, um polifenol derivado de

acafrdo, na modulacao da biogénese mitocondrial também foi descrito.

A curcumina aumentou a expressdo da proteina PGC-1a no cérebro de
camundongos através do acelerador de senescéncia 8 (SAMP8), aumentou o potencial da
membrana mitocondrial (PMM) e os niveis de ATP. Além disso, restaurou o processo de fusao
mitocondrial, indicando seu efeito protetor em doencgas causadas pela disfungdo mitocondrial
(CHIN et al.,, 2014). De acordo com esses achados, outro estudo demonstrou que a
suplementagdo com curcumina aumentou os niveis de PGC-1a, TFAM e emitiu complexos
respiratérios condicionais, especialmente do complexo IV, e elevou os niveis de ATP no
cérebro de camundongos mutantes da APO3 (DOS SANTOS et al., 2018). A Figura 4 resume

as vias metabdlicas estimuladas pelos polifendis para ativar os biogénese mitocondrial.

'Biogénese
mitocondrial
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Mitocdndria .
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Figura 4. Representagdao esquematica das vias metabdlicas estimuladas pelos polifenéis para
ativar a biogénese mitocondrial. PKA - proteina cinase A; CREB - proteina de ligagdo ao elemento
de resposta AMP ciclica; PGC1a - co-ativador gama 1a do receptor ativado por proliferador de
peroxissomo; AMPK - proteina-quinase AMP; SIRT1 - Sirtuin 1; NRF1 / 2 - fatores respiratorios
nucleares 1 e 2; mtDNA - DNA mitocondrial; OXPHOS |-V - Complexos de fosforilagdo oxidativa | a V;
TFAM - fator de transcricao mitocondrial A; P - fosforilagdo; AC - acetilagao; 1 - Indugao de polifendis.
Fonte: dos Santos et al., 2018.
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Efeitos dos polifénois na termogenése

Artigos discutindo a relagao entre ativagao da termogénese do TAM e obesidade em
roedores e humanos apoiaram a relevancia da termogénese adaptativa na regulagdo do
balango energético, tornando esse mecanismo um alvo interessante para o desenvolvimento
de estratégias terapéuticas que visam controlar o peso corporal e combater a obesidade
(HUTTUNEN; HIRVONEN; KINNULA, 1981; DULLOO et al, 1999; NEEDGAARD;
BENGTSSON; CANNON, 2007; CHONDRONIKOLA et al., 2014). Nesta perspectiva, os
polifendis provaram ser excelentes reguladores termogénicos. Em uma revisao realizada por
Prasanth et al. (2019) mostra a eficiéncia dos extratos de cha verde no efeito protetivo como
antioxidante, anti-hipertensivo, anti-inflamatério, anti-proliferativo, anti-trombogénico,
dimunuindo a absorgdo de lipideos intestinal , atua diminuindo o fotoenvelhecimento e
neuroprotetiva. Estudos realizados por Borchardt e Huber (1975) demonstraram o efeito
termogénico do cha verde. Os autores observaram um aumento de 4% no GE, um aumento
na oxidacdo de carboidratos e gorduras e na excregdo urinaria de noradrenalina (NA).
Considerando que os flavonéides inibem a catecol-O-metil transferase (COMT), uma enzima
que degrada a NA, sugeriu-se que o cha verde possa interagir sinergicamente com o Sistema
Nervoso Simpatico (SNS), culminando no aumento da termogénese induzida por NA e na
oxidacao da gordura (CHEN et al., 2005). De fato, esse mecanismo foi observado por meio
de microcalorimetria, que demonstrou as interagdes termogénicas sinérgicas entre a liberagao
neural simpatica de NA, cafeina e epigalocatequinoalato (EGCG) (BERUBE-PARENT et al.,
2005). Mais evidéncias de que a cafeina e 0 EGCG podem interagir para aumentar o GE
também foram observadas em um estudo humano. Observou-se um aumento na resposta ao
consumo de diferentes doses de cafeina, em comparagao com os produtos de cha verde ou
cha de oolong (DULOO et al., 1999).

Além disso, a analise de regressao sugeriu que a ingestdo de produtos contendo
cafeina associados ao EGCG promove um aumento ainda maior no GE, quando comparado
a cafeina sozinha (DULLOO et al., 1999; RUDELLE et al., 2007; VENABLES et al., 2008 ;
THIELECKE et al., 2010). Um outro estudo demonstrou que a resposta em si € um efeito
genético da mistura de EGCG e cafeina em 24 h GE (VENABLES et al., 2008). Também foi
descrito que as catequinas do cha verde mantém a capacidade de aumentar o GE e a
oxidagdo de gordura quando administradas mesmo na auséncia de cafeina. Assim, foi
demonstrado que um extrato de cha verde sem cafeina aumenta a oxidagdo de gordura
durante o estresse de exercicios de intensidade moderada em homens jovens saudaveis
(LONAC et al., 2011).

Curiosamente, a ingestdo de um suplemento de EGCG disponivel comercialmente

foi eficaz no aumento da oxidagao de gordura pés-prandial (GREGERSEN et al., 2009), mas
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nenhum aumento no GE em repouso foi observado (GREGERSEN et al., 2009; HURSEL et
al., 2009). Tomados em conjunto, esses dados sugerem a possibilidade de que, em humanos,
os efeitos termogénicos do cha verde residam nas interagbes sinérgicas entre catequinas,
cafeina e liberagdo simpatica de NA (BERUBE-PARENT et al.,, 2005). Além disso, foi
observado que os produtos de cha verde contendo cafeina e catequinas reduziram o
quociente respiratdrio (indicativo de aumento da oxidagao da gordura) (DULLOO et al., 1999;
RUDELLE et al., 2007 ; VENABLES et al., 2008; PHUNG et al., 2010).

Os efeitos genéticos de alguns fatores podem estar relacionados, pelo menos por
parte, a oxidagao de gordura aumentada, que contribuem para ambos, a efetividade na perda
de peso abdominal observada em ensaios clinicos (GRUENDEL et al., 2006; HURSEL;
WESTERTERP-PLATENGA, 2009) e manutengao da perda de peso (ALBERDI et al., 2013).

Nos ultimos anos, uma grande variedade de polifendis foi investigada e sua eficacia
na indugao de termogénese e oxidagao de acidos graxos também foi demonstrada. Em uma
revisédo realizada por Okla et al. (2017) demostram que alguns polifénois podem atuar na
termogénese por trés vias: por ativagdo dos receptores 3 adrenérgicos que estimulam o
aumento do TAM; por modulagédo epigenética, possibilitando a transformagcao de TAB em
Tecido adiposo bege presentes no tecido adiposo subcutaneo e por estimulagédo da biogénese
mitocondrial e por fim através de surgimento de novos adipdcitos beges provenientes de

células progenitoras de adipdcitos.

Foi demonstrado que uma preparacéao de fibra alimentar insoluvel, rica em polifendis
isolados da alfarroba, aumenta a GE pds-prandial e reduz o quociente respiratério (KU et al.,
2016). O resveratrol e a quercetina também demonstraram ter um efeito termogénico. O
tratamento com resveratrol resultou em um aumento no nimero de cépias do DNA mt junto
com um aprimoramento no GE (BAUR et al., 2006). Além disso, foi demonstrado que a
suplementagdo com resveratrol reduziu a gordura corporal, bem como aumentou a
termogénese, aumentando a massa mitocondrial e as expressbes de UCP1 e PGC-1a
(LAGOUGE et al., 2006; DAVIS et al., 2010). Um efeito semelhante foi relatado em outro
estudo, no qual os autores observaram um aumento na expressao da proteina UCP1 apés o
tratamento com resveratrol (DECORDE et al., 2009; PAN et al., 2019).

Nesses estudos, as alteragcdes observadas na expressdo de UCP1 nos tecidos
adiposos enfatizam fortemente que os efeitos desses compostos na GE sao resultados da
ativacdo da termogénese, sem tremores, nos adipocitos marrons. A suplementacdo de
quercetina levou a um aumento na densidade mitocondrial (RAYAMAJHI et al., 2013) e

aumentou a resisténcia sem treinamento prévio (HOLLIS, 2009).
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Relatérios sobre a eficacia desses polifendis na taxa metabdlica, oxidagdo do
substrato e gasto de energia em humanos ainda sdo escassos, mas € um campo promissor
de investigacao, considerando os efeitos benéficos dos extratos de uva (ricos em resveratrol
e quercetina) na prevencao da obesidade (OI-KANO et al., 2008) e na redugao do ganho de
peso (EJAZ et al., 2009). Estudos com oleuropeina, um composto fendlico encontrado em
6leo de oliva extra virgem, foram mostrados para aumentar a secre¢do de pololaminas e
aumentar a expressdo de UCP1(EJAZ et al.,, 2009). Além disso, o polifenol de limao
(hesperidina) suprimiu a obesidade induzida pela dieta associada a indugdo de genes
relacionados a oxidagao lipidica (CHO et al., 2010). A suplementagéo de polifendis, como
curcumina e acido clorogénico, levou a uma redugdo no peso corporal e adiposidade,
aparentemente sem diminuir a ingestdo de alimentos, aumentando assim a possibilidade de
que os compostos possam expressar seus efeitos anti-obesidade por meio de um estimulo de
GE (ORGAARD; JENSEN, 2008; CRESPILLO et al., 2011).

Da mesma forma, a redugdo no acumulo de gordura corporal pela suplementagao
alimentar de isoflavonas de soja foi descrita (CEDERROTH et al., 2007). Beneficios similares
foram observados com a daidzeina também encontrada na soja e seus derivados, em que
seu tratamento levou a reducédo de peso aumentando a expressao de UCP1 (DA -SILVA et
al., 2007). Além disso, foi demonstrado que dieta com fitoestrogénios ajudam a manter um
fendtipo magro, e essa atividade € atribuida a um GE aumentado associado a uma acentuada
oxidacao de acidos graxos (HUGHES et al., 2008). Finalmente, o kaempferol, um flavonéide
(encontrado em brdcolis, espinafre, frutas vermelhas), demonstrou aumentar o GE celular,
além de ativar o horménio tireoidiano através da estimulagao da atividade da desiodinase tipo
2 (DA -SILVA et al., 2007). Com base nesses achados, existe uma forte possibilidade de que
0 uso de polifendis para aprimorar a termogénese independente e dependente de UCP1
sejam relevantes para combater a obesidade nos préximos anos. Isso é reforgcado por um
relatorio de um estudo de coorte longitudinal realizado durante um periodo de 14 anos na
Holanda, sugerindo que o aumento da ingestédo de flavondides na dieta esta associado a um
menor ganho de peso em mulheres (HUGHES et al., 2008). A Figura 5 resume as vias
metabdlicas estimuladas pelos polifendis para as vias metabdlicas estimuladas pelos

polifendis para ativar a termogénese.

Estudos realizados por Pang, Choi e Park (2008) com indugdo a obesidade com
dieta hipercaldérica em camundongos e suplementados com o extrato de erva-mate (/lex
paraguariensis) demonstraram uma atenuagéo na adiposidade com o aumento da expressao
da UCP2 e UCP3 no tecido adiposo branco dos ratos obesos , além do aumento na expressao

de e AMPK em gordura visceral de animais obesos.
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Estudos realizados por Arcari et al. (2011) mostraram camundongos que receberam
dieta hipercaldrica e depois tratados com o extrato da erva-mate apresentaram perda de peso
sem a reducgao da ingesta de alimento. Apresentaram também uma melhora expressao na
PDG-1 e UCP do tecido adiposo marrom, além de melhora na sinalizagcao da via IRS/AKT que
€ uma via envolvida com o metabolismo da glicose. Outro importante resultado obtido foi que
a erva mate tem um potencial anti-inflamatdério, pela reducao do fator de transcricdo NF-KB,
inibindo TNF-a hepatico e restaurando no figado e no musculo a sinalizagdo da insulina em

camundongos obesos.

Bérebé-Parent et al. (2005) testaram a mistura dos extratos do cha verde com
concentragdes diferentes com o extrato do guarana que apresenta cafeina em uma dose fixa
durante 24 horas. O cha verde é rico catequinas, epicatequinas, epicatequina 3- galato,
epigalocatequina e epigalocatequina 3- galato (EGCG) e o guarana é rico em cafeina. O
estudo realizado em homens com IMC entre 20 e 27 kg/m?, observaram um aumento da
pressao arterial e no GE indicando essa mistura como complementagdo nos programas de

emagrecimento.

Estudo realizado com cha preto (Camellia sinensis), cafeina e guarana com homens
com IMC entre 20 e 30 kg/m? observou-se um aumento no metabolismo independente do
substrato e elevagdo da pressao arterial para os individuos que receberam cafeina
(ROBERTS et al., 2005).

Ray et al., (2005) testaram por 12 meses um Sistema Nutricional associado com
extratos das ervas Citrus, Ephedra, Ginko, Guarana, cha verde e Ocimum para verificar a
acao sobre o coracdo de fémeas B6C3F1. Foram verificados parametros bioquimicos e
histolégicos, e observou -se que nao ocorreram alteragbes ao longo dos 12 meses com

consumo de efedra e cafeina.
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Figura 5. Representacdo esquematica das vias metabdlicas estimuladas pelos polifenéis para
ativar a termogénese. NA - noradrenalina; AMPc - adenosina monofosfato ciclico; PGC1a - co-ativador
gama 1a do receptor ativado por proliferador de peroxissomo; FA - oxidag&o de acidos graxos; oxidagao
B - oxidagao beta; UCP-1 - desacoplando a proteina 1; 1 - Indugao de polifendis. Fonte: dos Santos et
al., 2018.

Efeitos da erva-mate e guarana na modulagao de biogénese mitocondrial

Dentre os vegetais que possuem varios principios bioativos € a llex paraguariensis
conhecida como erva-mate que pertence a famillia Aquifoliaceae, € uma espécie nativa das
regides subtropicais e temperadas da América do Sul, muito consumida no sul do Brasil em

bebidas como cha através de infuséo, chimarréo e tereré (PRZYGODDA et al., 2010).

Estudos sobre composicdo quimica da erva-mate nao tostada apontam para a
presenca de alcaldides (metil xantinas como cafeina e teobromina), flavondides (quercetina
e rutina), vitaminas como A, complexo B, vitaminas C e E, bem como taninos, acidos fendlicos
(acidos clorogénicos) e seus derivados, além de numerosas saponinas triterpénicas derivadas
do acido ursdlico, conhecidas como matesaponinas (BRACESCO, 2011). A metil xantina
presente na erva-mate apresenta funcéo estimulante, lipolitica e termogénica (ARCARI et al.,
2009, 2011). As saponinas tém potencial hipocolesterolémica (BASTOS et al., 2007). Os
compostos fendlicos apresentam fungao antioxidante (MIRANDA et al., 2008) antimicrobiana
(MARTIN et al. ,2013). Na revisao realizada por Bracesco et al.(2011) mostra que os extratos
de erva-mate tostada mantém essencialmente os mesmos componentes, com adi¢cdo de

melanoidinas, o qual apresenta algumas propriedades bioativas proprias.

Estudos realizados por Argari et al. (2009) observaram os efeitos benéficos do uso
de erva-mate no combate a obesidade induzida por dieta em camundongos, indicando que o
uso de erva mate por 60 dias melhorou a dislipidemia, reducéo de peso, resisténcia a insulina
e a expressao de varios genes ligados a obesidade como: TNF-q, IL-6, PAI-1, leptina,

angiotensina, adiponectina e PPAR-y no tecido adiposo.

O guarana (Paullinia cupana) € uma planta originaria do Brasil, rica em metilxantinas
como cafeina, teobromina e teofilina e em flavonéides como taninos, saponinas, catequinas,
epicatequinas, proantocianinas e tragos de outros compostos (CARVALHO et al., 2016).
Alguns trabalhos sugerem que o guarana exibe efeitos similares aos observados no cha verde
e cha preto, e devido suas propriedades benéficas, o interesse pelo seu estudo vem ganhando

destaque.

Na literatura, é escasso o numero de trabalhos que avaliam os efeitos do guarana
no tratamento da obesidade e/ou doencgas associadas. Dados obtidos em experimentos in

vitro mostram que o guarana apresenta efeito anti-adipogénico em células 3T3L1. Diferentes
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concentragdes de guarana (100, 150, 200 e 300ug/mL) foram capazes de diminuir o acumulo

de triglicerideos apés 96 horas. Estas mesmas doses nao interferiram na viabilidade celular.

Além disso, foi observado aumento da expressao dos genes Wnt10b, Wnt3a, Wnt1,
Gata3d e DIk1, e diminuicdo da expressao de Ppary e Creb1, bem como maior translocagao
nuclear de B-catenina. Todos esses dados sugerem que este composto pode apresentar um
efeito modulador na expressao de genes envolvidos com o processo de adipogénese e estas

modificagdes em conjunto levariam a diminuicao deste processo in vitro (LIMA et al., 2017).

In vivo, o guarana ja apresentou alguns resultados benéficos. Krewer et al. (2011)
testou a influéncia do consumo de guarana sobre parametros de saude de 637 idosos (>60
anos). Os resultados demonstraram que a prevaléncia de hipertenséo, obesidade e sindrome
metabdlica foi menor no grupo que consumia guarana frequentemente quando comparado ao
grupo que nao fazia consumo de guarana com frequéncia. Previamente, Santos et al. (2014)
demonstraram em cultura de células 3T3L1 que a associagdo de erva-mate, guarana e
damiana (“YGD”) foi capaz de reduzir a expressao de genes pro-adipogénicos como Cebpa,
Adig, Ppary e aumentar a expressao de genes anti-adipogénicos como Kif2 e Ucp1. Outro
trabalho demonstrou que a administracdo de “YGD” antes de uma refeicdo em pacientes com
sobrepeso esteve associada a um menor consumo de alimentos, tanto no que diz respeito a
quantidade de gramas ingeridas, quanto ao consumo caldrico destes individuos (HARROLD
et al., 2013).

O guarana tem sido associado com a perda de peso, mostrando varios efeitos
protetores contra hipertensao, obesidade e sindrome metabdlica (KREWER et al., 2011), com
capacidae de reduzir a ingesta de alimento (HARROLD et al., 2013) e modulando os genes
relacionados a adipogénese (LIMA et al., 2017). Além disso, ja foi demonstrado que uma
mistura de extrato de guarana e cha verde contendo uma dose fixa de cafeina (200 mg) e
doses variaveis de EGCG aumentou o GE (medido em uma caémara metabdlica para
mensuragdo gasto de energia de 24 h) em adultos saudaveis (BERUBE-PARENT et al., 2005).

A busca por compostos naturais que possam reduzir ou prevenir a adipogénese,
diminuindo assim o peso corporal sem os efeitos colaterais vem crescendo mundialmente
(COLLITTI; GRASSO, 2014).

E € neste sentido, que o presente trabalho vem colaborar com o desenvolvimento do
conhecimento cientifico sobre a agdo do guarana que no Brasil tem sido comercializado como
suplemento de redugado de peso, mas existem poucos estudos sobre o papel do guarana no
metabolismo dos lipidios (LIMA, 2005) e da erva mate com poucos trabalhos sobre o efeito

na biogénese mitocondrial e termogénese.
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OBJETIVOS

OBJETIVO GERAL

O presente trabalho tem por objetivo avaliar os efeitos da erva-mate e do extrato aquoso do

guarana sobre a biogénese mitocondrial e termogénese.

OBJETIVOS ESPECIFICOS

- Avaliar a agdo da erva-mate in vitro e in vivo sobre a fungdo mitocondrial, biogénese
mitocondrial e termogénese. (Capitulo I) Yerba Mate Stimulates Mitochondrial Biogenesis and

Thermogenesis in High Fat Diet-Induced Obese Mice.

- Avaliar o efeito do guarana na biogénese mitocondrial e na termogénese em camundongos
com dieta hiperlipidica. (Capitulo 1) Guarana (Paullinia cupana) Stimulates Mitochondrial

Biogenesis in Mice Fed High-Fat Diet
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CAPITULO I: ARTIGO PUBLICADO

dos Santos, T. W., Miranda, J., Teixeira, L., Aiastui, A., Matheu, A., Gambero, A.,Portillo, M.
P.,Ribeiro, M. L., Mol. Nutr. Food Res. 2018, 62, 1800142.
https://doi.org/10.1002/mnfr.201800142

O Artigo apresenta os efeitos potenciais da erva-mate (YM) na biogénese e

termogénese mitocondrial. Foram realizados experimentos in vitro e in vivo.

No experimento in vitro teve o objetivo de verificar os efeitos de YM na respiragao
mitocondrial em células C2C12, estas células sdo mioblastos C2, células derivadas das
células satélites de camundongos adultos. A expressao de genes relacionados a biogénese

e termogénese mitocondrial foram analisados e quantificados PCR.

Os experimentos in vivo foram realizados em camundongos Swiss alimentados com
uma dieta rica em gordura (HFD) e tratados com extrato de YM. A calorimetria indireta, e a
expressao de genes e proteinas relacionados a biogénese mitocondrial, termogénese e

lipogénese de novo foram determinadas por PCR quantitativo e western blot.

Os resultados in vitro indicam que o YM aumentou o numero de copias do DNA mt, bem
como a capacidade respiratéria de reserva mitocondrial e a eficiéncia de acoplamento. O perfil
de expressao génica reforga essa evidéncia, indicando uma modulagéo de genes a jusante
do Ampk. In vivo, verificamos que o YM preveniu parcialmente a obesidade induzida por dieta,
aumentando o gasto de energia e aumentando a biogénese mitocondrial através da via AMPK
/ SIRT1/PGC1a.

Portanto YM estimula a mitocondriogénese e a expressdo de UCPs, levando a um
aumento da capacidade respiratéria de reserva e dissipagao de energia. Esses efeitos podem

ajudar a entender melhor o uso potencial de YM para o tratamento da obesidade.
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ABSTRACT

Scope. The potential effects of yerba mate (YM) on mitochondrial biogenesis and
thermogenesis was evaluated. Methods and results. The in vitro effects of YM on
mitochondrial respiration were assessed in C2C12 cells. The expression of genes related with
mitochondrial biogenesis and thermogenesis were analyzed by quantitative-PCR. The in vivo
experiments were performed in mice fed a high-fat diet (HFD), and treated with YM extract.
Indirect calorimetry was performed, and the expression of genes and proteins related to
mitochondrial biogenesis, thermogenesis and de novo lipogenesis were determined by
quantitative-PCR and western blot. Our in vitro data indicates that YM increased mtDNA
copy number as well as mitochondrial spare respiratory capacity and coupling efficiency. The
gene expression profile reinforces this evidence, indicating a modulation of genes
downstream of Ampk. /n vivo, we found that YM partially prevented diet-induced obesity by
increasing energy expenditure and enhancing mitochondrial biogenesis via the
AMPK/SIRT1/PGCla pathway. Conclusions. YM stimulates mitochondriogenesis and Ucps
expression, leading to an increase in spare respiratory capacity and energy dissipation. These

effects may help to better understand the potential use of YM for the obesity treatment.

This article is protected by copyright. All rights reserved.
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Mechanisms of YM extract on tissues after HF feeding. Mate extract redirects free

fatty acids (FFA) from liver and brown adipose tissue towards skeletal muscle. In main

oxidative tissues, brown adipose tissue and muscle, the extract increase mitochondria

biogenesis and thermogenesis. In liver, YM reduces de novo lipogenesis and fatty acid

transport to mitochondria
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1. INTRODUCTION

Obesity is a serious and growing worldwide health problem. It has been recognized as
a major risk factor for the development of chronic diseases and premature death. Data from
the World Health Organization (WHO) estimate that by 2025 the global prevalence of obesity
will be 21% in women and 18% in men M. Obesity is believed to have a multifactorial
etiology arising from a complex combination of factors such as environment, lifestyle, and
interaction with genetic factors. The condition is strongly associated with increased risk of
developing chronic diseases such as hypertension, type 2 diabetes (T2D), heart disease and
cancer %,

Skeletal muscle metabolic function is primordial in maintaining health and quality of
life. The T2D development has been directly associated with insulin resistance (IR), and
skeletal muscle plays an important role in whole-body IR P! In this line lipid deposition in
muscle has been proposed as one of the causes of IR . Considering that fatty acid oxidation,
energy expenditure and redox balance take place in mitochondria, they have been studied in
order to explain the onset of IR in skeletal muscle. The available data suggest that both a
decrease in mitochondrial fatty acid oxidation due to mitochondrial dysfunction and/or an
enhancement in mitochondrial oxidant production contribute to IR development in skeletal
muscle !,

Mitochondrial biogenesis results crucial for thermogenesis control in both skeletal
muscle and brown adipose tissue (BAT), !!. It is believed that thermogenesis is dependent on
the activation of uncoupling proteins (UCPs), which converts of the driving force of
adenosine triphosphate (ATP) synthesis into heat thought uncoupling oxidative
phosphorylation in the mitochondrial inner membrane !\, In fact, mitochondrial dysfunctions

are identified as causing factor of thermogenesis failures in obesity ™.

This article is protected by copyright. All rights reserved.
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Therapeutic strategies commonly used to control obesity and T2D include physical
exercise, diet, pharmacological treatments, and changes in lifestyle. With regard to the diet,
natural compounds acting on multiple mechanisms such as satiety modulators, lipid
metabolism, anti-adipogenic, thermogenic and others, have been used in the prevention and
treatment of obesity ). Recent studies have also shown the potential effects of some natural
compounds on the improvement of thermogenesis and mitochondrial function. Stimulation of
mitochondrial biogenesis in this context plays an important role for the success of weight loss
by promoting an increase in energy expenditure !,

llex paraguariensis, commonly known as yerba mate (YM), is popularly cultivated
and consumed in countries of South America such as Paraguay, Uruguay and southern Brazil
(121 Several studies have demonstrated its therapeutic efficacy as antioxidant, anti-
inflammatory, immunomodulatory, anticancer, improvement of glycemic and lipid
metabolism, reduction of cardiovascular risk and reversion of insulin resistance 1% 13 1% 51 [n
previous studies conducted by our group, we evaluated the anti-obesity potential of YM,
which proved to be an effective adjuvant in weight loss, modulating the adipogenesis ***8l.
Furthermore, we showed that YM treatment improves obesity-induced IR in liver and muscle
[14- 181 " which could be attributed to YM effect on PI3K-AKT pathway !'®). Considering the
role of mitochondria dysfunction in obesity and IR, in the present study we evaluated the
potential in vitro and in vivo effects of YM on thermogenesis and mitochondrial biogenesis.

2.

3. MATERIAL AND METHODS
2.1 Yerba mate extract

Aqueous extract of YM used in this work contains 348.80 + 16.35 mg/g of total

phenolic compounds "%, Chemical characterization of the aqueous extract was previously

determined by UPLC-MS / MS (ultra performance liquid chromatography-mass

This article is protected by copyright. All rights reserved.
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spectrometry) and indicated the presence of dicafeoylquinic acid isomers (65.76%),
caffeoylquinic acid isomers (cryptochlorogenic acid, neo-chlorogenic acid, 3,4-
dicaffeoylquinic acid, and 3,5-dicaffeoylquinic acid) (16.15%), rutin (10.86%), caffeoyl
shikimic acid isomers (2.70% ), quinic acid (1.90%), feruloylquinic acid (1.62%), caffeic acid

(0.38%), dicaffeoyl shikimic acid isomers (0.33%) and caffeoyl-glucose (0.30%) !'®!.

2.2 Myoblast culture and experimental design

The C2CI12 cell line was purchased from the Rio de Janeiro Cell Bank (Rio de
Janeiro, Brazil) and it was cultured to confluence in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% of
penicillin/streptomycin/glutamin at 37°C and 5% CO,. The cells were previously plated and
incubated for 5 hours at 37°C. Subsequently, aqueous extracts of YM were added to cells at
0, 150 and 200 pg/mL for 24 h. The doses were chosen based on our previous studies
demonstrating these are effective and non-cytotoxic in 3T3-L1 cells ! ' 2 After
incubation, the cells were collected from three independent experiments and stored at -80°C

for gene and protein analysis.

2.3 Measurement of Oxygen Consumption Rates

Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were
measured with the XF Cell Mito Stress kit (Seahorse Bioscience, North Billerica, MA) using
XFe96 Extracellular Flux Analyzer (Seahorse Bioscience), and the analyzes were run
according to the manufacturer's specifications. Briefly, the myoblasts were plated onto 96-

well XF microplates (Seahorse Bioscience), and after 6 h YM extract was added at 0, 100,

This article is protected by copyright. All rights reserved.
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150 and 200 pg/mL followed by a further incubation for 12 h. OCR was performed following
the injection of oligomycin (1 uM), FCCP (1 uM p-trifluorethoxyphenylhydrazone carbonyl
cyanide), rotenone and antimycin A (1 uM and 2 pM, respectively) (Sigma). The following
parameters of mitochondrial function were calculated: basal OCR, ATP-inked OCR, proton
leak OCR, maximal OCR, reserve capacity and non-mitochondrial OCR. Spare respiratory
capacity was calculated by subtracting the basal rate from the maximal rate. Coupling
efficiency was calculated by dividing the fraction of basal mitochondrial oxygen
consumption used for ATP synthesis by the basal rate 2!, Data were collected from three
independent experiments (each with eight replicates), and the data analysis were performed in

the XFReader (Seahorse Bioscience) software.

2.4 Animals and experimental design

Experimental protocol was developed according to the principles determined by the
Brazilian College of Animal Experimentation and was approved by the Ethics Committee of
the Sdo Francisco University, Braganca Paulista, Sdo Paulo, Brazil (002.10.2014). Fifteen, 6-
week-old, pathogen-free, male, Swiss mice (Sw/Uni) (22.5 £ 2.5 g) were obtained from
CEMIB (State University of Campinas, Campinas, SP, Brazil), and kept in a light / dark cycle
of 12 hours, temperature 22°C + 3 and humidity 55% =+ 3, with free access to water and food.
The YM powder (Leao Jr, Curitiba, Parana, Brazil) used to prepare the YM extract was
stored in a ventilated environment that was protected from light at room temperature. All
experiments were performed using the same batch. To avoid the compounds degradation, YM
extract was prepared each day by dissolving YM powder in pure water and daily
administered via gavage using an orogastric cannula.

After randomization, the mice were given either a standard (SD, n = 5) or a high-fat

(HFD, n = 10) diet for 16 weeks (Diet composition is shown in Supplementary Table 1).

This article is protected by copyright. All rights reserved.
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After the first 8 weeks, the animals fed with HFD were redistributed in two groups in
accordance with the treatment: (1) a group received an aqueous extract of YM (1.0 g.kg™)
(HFD+YM; n=5), and (2) a group who received the vehicle (HFD; n=5). Daily food
consumption was recorded. The body weight was measured twice weekly.

Between the 5™ and the 6™ week of treatment, indirect calorimetry was performed
using the Oxylet/Physiocage system (Panlab, Barcelona, Spain). Initially, the animals were
individually placed in respiratory chambers for 24 h for acclimatization, followed by 24 h of
analysis in which O, (%) and CO, (%) were measured every 9 min. The Software
Metabolism (Panlab) calculated the O, consumption, CO, and energy expenditure
(kCal/h/kg’™).

At the end of experiments, the animals were euthanized with a 1: 1 mixture of 100
mg/mL Ketamine and 2% Xylazine in the volume of 0.1 mL for each 100 g of body weight

and had the tissues collected and stored at -80°C.

2.5 Biochemical analysis

The lipids were extracted from the fresh liver homogenate using Folch’s method and
the extracts evaporated in a vacuum and weighed. Total fat content was calculated as an
absolute value and as a percentage of the final body weight.
2.6 RNA extraction and quantitative real-time PCR

Total RNA extraction, cDNA synthesis and quantitative PCR were performed as
previously described % using specific primers (Supplementary Table 2). Real-time PCR
was performed in a 7500 real-time PCR system (Applied Biosystems). The expression of 18S
rRNA was used as endogenous control for data normalization. The results were analyzed

AACt

using the 2—""""relative quantification method.

This article is protected by copyright. All rights reserved.
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2.7 Mitochondrial DNA (DNAmt) content analysis

Mitochondrial DNA (mtDNA) quantification was performed by quantitive PCR as
previously described 2, Briefly, initially total DNA from C2C12 cells and mice muscle and
BAT were extracted by phenol/chloroform protocol. Following, the mtDNA content was
evaluated by means of quantitative PCR by measuring Cox/ (cytochrome ¢ oxidase I subunit)

using /8S rRNA gene was used as control (Supplementary Table 2).

2.8 Western blotting analysis

Western blots were performed following standard procedures. Total protein was
extracted with lysis buffer, and 50 pg of the protein was separated in SDS-PAGE gel
followed by transfer to a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). Total
OXPHOS Rodent WB Antibody Cocktail at 1:500 was used to determine the expression
levels of mitochondrial oxidative phosphorylation (OXPHOS) complexes (I to V) (Abcam).
Total and phosphorilated AMP-activated protein kinase, cluster of differentiation 36,
uncoupling proteins 1 and 3, (AMPK, p-AMPK, CD36, UCP1 and UCP3) (Abcam, MA,
USA), as well as peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGCla) (Santa Cruz Biotechnology, CA, USA) and NAD-dependent deacetylase sirtuin-1
(SIRT1) (Cell Signaling Technology, MA, USA) were detected with specific antibodies
(1:500 dilution). HRP-linked anti-rabbit or HRP-linked secondary antibodies (DAKO
Corporation, Hamburg, Germany) were used at a 1:2000 dilution. Signal was detected by
chemiluminescence using ECL substrate (Amersham Bioscience; Little Chalfont, England).
All protein measurements were normalized by glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) and expressed as relative optical density.

This article is protected by copyright. All rights reserved.



Accepted Article

www.mnf-journal.com Page 10 Molecular Nutrition & Food Research

2.9 Statistical analysis

Data are expressed as the mean + standard error of the mean (SEM). After confirming
the normal distribution of variables, differences among groups were determined by Student’s
t-test for the comparison of two groups or one-way analysis of variance (ANOVA) following
Tukey’s multiple comparison using SPSS 12.0 software and statistical significance was

defined as p < 0.05.

4. RESULTS
3.1 YM stimulates mitochondrial function in vitro

Our data indicate an increase in mitochondrial spare respiratory capacity and coupling
efficiency in C2C12 cells after YM treatment (Figure 1A, B and C).

Further analysis revealed that YM treatment (150 and 200 pg/mL) increased mtDNA
copy number (Figure 1D), which suggests that increased mitochondrial biogenesis may
underlie the ability of YM to improve mitochondrial function. Gene expression profile
reinforces this evidence, indicating a modulation of genes downstream of Ampk, including
Crebl, Tfam and Nrfl after treatment with 150 pg/mL of YM. Similar results concerning
Crebl and Tfam were observed after treatment with 200 pg/mL. However, the in vitro data
showed no regulation of Pcgloa and Sirtl. Additionally, we also observed a significant

increase in Ucp3 gene expression (Figure 1E).

3.2 YM increase energetic expenditure and thermogenesis and decreases de hepatic novo
lipogenesis
In view of the in vitro results, we decided to check whether YM was able to regulate

energy expenditure and thermogenesis in a high-fat-induced obesity model. After eight weeks

This article is protected by copyright. All rights reserved.
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on a HFD, the animals exhibited a significant increase in body weight compared with those
fed a standard diet (Figure 2A). At the end of the 16™ week, total body weight was lower in
the SD group (43.60 £ 1.95), compared with HFD group (67.60 £ 6.27). The regular
ingestion of YM for 8 weeks significantly reduced the final body weight (HFD-YM: 60.00 +
3.16) (Figure 2A). This weight loss was not related to a reduction in food intake. The HFD—
YM group exhibited significantly less epididymal, perirenal, subcutaneous and mesenteric fat
than did the mice # from the HFD group (Table 1).

Indirect calorimetry data indicated a significant reduction in respiratory quotient,
energy expenditure and estimated thermogenesis in HFD group compared to the SD group
(Figure 2B). Interestingly, after treatment the HFD-YM group showed a significant
improvement in the parameters evaluated in comparison with HFD group, indicating that the
treatment was able to increase the metabolic rate in the proposed model. (Figure 2C, D and
E).

With regard to skeletal muscle, the higher mitochondrial content (Figure 3A) as well
as the increased gene expression of Crebl, Tfam, Pgcla, UCP3, Sirt and Nrfl and protein
expression of SIRT, p-AMPK/AMPK, UCP3 and OXPHOS demonstrated that YM promote
the increase of mitochondrial number (Figure 3B, C and D) as well as fatty acid oxidation
(Figure 5A). HF feeding raised the gene expression of Cd36, Fatpl and YM treatment
maintain or even increased it (Figure 5SA).

BAT oxidative pathway seems to be enhanced after YM treatment. HFD-YM group
showed significantly increased mtDNA content, when compared to SD or HFD groups
(Figure 4A). Although YM has no effect on Cpt/b mRNA levels (Figure 5B), thermogenesis
was stimulated by YM, as demonstrates Crebl, Tfam, Pgcla, Ucpl, Ucp3, Sirt and Nrfl gene
expression, and SIRT, p-AMPK/AMPK, UCP1, UCP3 and OXPHOS protein expression

levels (Figure 4B, C and D). In term of fatty acid up-taking, BAT has a different pattern of

This article is protected by copyright. All rights reserved.
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response to YM comparing with skeletal muscle. After HF feeding, YM was able to decrease
Lpl, Cd36, Fatpl gene expression (Figure 5B).

In addition, YM intake decreased fat accumulation in liver. A depth analysis of this
organ revealed that the polyphenol-rich extract was able to reduce gene expression of
transcriptional factors controlling de novo lipogenesis process (Srebfi, Spl, Chrebf), as well
as the limiting enzyme of the pathway, Acaca (Figure 5C). Moreover, according to Cd36,
Fatp5, Acls1 and Acls5 mRNA levels, HF feeding promoted a fatty acid uptake increase. This
effect was blocked by YM. Similarly, YM reverted Cpt/a induction of HF diet feeding.

(Figure 5C).

5. DISCUSSION

Natural compounds have been widely used as adjuvants for weight loss, and several
evidences have demonstrated their effectiveness in obesity management ' %*). In this sense,
YM has been studied and the benefits reported so far include: inhibition of adipogenesis,
weight loss, fat depot reduction and improvement of lipid profile [15-17. 23, 24]

In recent years, some studies have demonstrated that food bioactive compounds are
able to enhance mitochondrial spare respiratory capacity ). Taking this in mind, we
evaluated in C2C12 myoblasts the potential positive effect of YM on mitochondrial function,
and we showed that YM was able to increase the mitochondrial spare respiratory capacity at
doses of 150 and 200 pg/mL in these cells. As in the case of other plant-rich polyphenols %),
it seems that YM induced this effect by increasing mitochondrial biogenesis and
thermogenesis.

Although this information is relevant for the scientific community, due to high doses

used in cell cultures, its applicability is limited. Considering that the same strategy has been

also used before 7, it should be highlighted the relevance of the high doses used in cell

This article is protected by copyright. All rights reserved.
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experiment to go through the mechanism of action of YM. Next, we tried to confirm the in
vitro results in an in vivo experiment conducted in obese mice. Obesity is a good model to
explore the potential effect oxidative effect of YM because this disease is characterized by
imbalances in cellular metabolism, including a decrease in the oxidative capacity of energetic
substrates to produce ATP, which directly interfere with the respiratory quotient, and leads to

[10, 28

a decrease in basal energy expenditure ], In good accordance with the results reported by

other authors ”

, our results indicates that mice fed with the HFD and treated with YM
showed significantly higher energy expenditure than mice fed with the HFD alone. In order
to explain the observed effects on energy expenditures and to confirm the mechanism
proposed for myoblast cultures, skeletal muscle was analyzed.

At cellular level, mitochondria can regulate the whole-body energy metabolism by
controlling energy expenditure in skeletal muscle, the main determinant of energy
expenditure P%. It has been demonstrated that mitochondrial biogenesis is mainly regulated
by SIRTI, PGCla, NRFI (nuclear respiratory factor 1), and TFAM (mitochondrial

) B1 32 SIRTI activation is associated with an increase in PGC-la-

transcription factor
mediated mitochondrial biogenesis **!. PGC-1a in turn activates NRF1 that has been linked
to the expression of genes involved in mitochondrial function and biogenesis. The NrfI gene
induces Tfam expression, which regulates mtDNA copy number and transcriptional activity
as well as Oxphos ",

Although Pgclo and Sirtl were not changed after YM treatment in vitro, the increase
on Ucp3 and Tfam mRNA levels indicate that PGCla and SIRT1 protein activation is taking
place. Therefore, our in vitro and in vivo experiments show that YM activates the same
pathway, although with differences. Even though, in in vivo experiments transcriptional and

post-transcriptional regulation is affecting to PGCla and SIRTI, in in vitro only post-

transcriptional is occurring. It is important to take into consideration the role of tissue

This article is protected by copyright. All rights reserved.
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crosstalk, where adipokines, hormones or miRNAs released by many organs could exert a
higher influence on the PGC1 axis. Additionally, in vivo YM 1is extensively metabolized, and
as a result new bioactive compounds can reach different organs. Accordingly, recent data on
YM bioavailability assessed in healthy humans indicated that the mainly sulfated conjugates
of caffeic and ferulic/isoferulic acids were identified in biological fluids P*. If sulfated
conjugates of caffeic and ferulic/isoferulic acids promote more thermogenic effect than no
metabolized phenolic compounds, it could also help us to understand the transcriptional and
post-transcriptional differences observed in vivo.

Additionally, our data revealed that YM activated SIRT1 and NRF1 pathways leading
to mitochondrial biogenesis in skeletal muscle. Likewise demonstrated in this work,

thermogenesis is induced by YM through an increased on UCPs expression levels % *%),

P [36

which leads to the energy dissipation in heat without production of ATP %), In this regard, it

is important to point out that whereas UCP1 is a well-recognized thermogenic, controversial

3 B In addition, we prove that mitochondrial

results have been reported concerning UCP
biogenesis and thermogenesis induction also took take place in other important thermogenic
and oxidative tissue, sueh-as the brown adipose tissue. In fact, as it was the case for skeletal
muscle, YM treatment elevated p-AMPK/AMPK levels in BAT, leading to the activation of
SIRT1 and PGCla. Altogether our data show that YM partially prevented diet-induced
obesity by increasing energy expenditure and enhancing mitochondrial biogenesis via the
AMPK/SIRT1/PGCla pathway in the main oxidative tissues.

As it has been indicated in the Introduction section, in previous studies from our
group we observed that YM treatment reduced insulin resistance in liver '), Taking this into

account and considering that insulin resistance is closely related to fatty liver ©**

, in the
present study we measured the triacylglycerol content in this organ. YM treatment

significantly reduced liver steatosis. Moreover, as it was reported by other authors **), YM
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reduced the expression of genes involved in the lipogenic pathway and those related to the
entrance of fatty acids into the liver and then into the mitochondria. These results suggest the
redirection of lipids away from liver towards skeletal muscle, tissue that can afford the lipid
influx due to its increased fatty acid oxidation capacity.

In view of all these results, we can conclude that YM stimulates mitochondriogenesis
and UCPs expression, leading to an increase in spare respiratory capacity and energy
dissipation in the main oxidative tissues, brown adipose tissue and skeletal muscle. In
addition, YM treatment protects liver mainly by reducing the synthesis and uptake of free
fatty acids. These effects may help to better understand the potential use of YM for the

obesity treatment.
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Legend to Figures

Figure 1. Yerba maye stimulates mitochondrial bioenergetics in vitro. (A) C2C12 cells were
treated with YM (150 or 200 pg/mL) for 12-h and subjected to mitochondrial function
analysis. The oxygen consumption rate (OCR) was determined using Seahorse XF-96
Metabolic Flux Analyzer. OCR was measured sequentially in basal conditions (time points 1-
3), after injections of oligomycin (oligo; time points 4, 5 and 6), FCCP (time points 7, 8 and
9), rotenone/ antimycin A (Rot + AA, time points 10, 11 and 12) at the arrow indicated times.
Data shown are mean + SEM from a representative experiment (eight replicates). Respiratory
parameters were derived from OCR measured during each phase of the experiment. (B)
Yerba mate effects on mitochondrial spare respiratory capacity [FCCP rate (time point 7) —
basal rate (time point 3)] and (C) on coupling efficiency [basal rate (time point 3) — oligo rate
(time point 6)] / basal rate (time point 3)]. (D) Mitochondrial DNA (mtDNA) content in
C2C12 cells were treated with YM (150 or 200 ug/mL) for 24- h Values for the YM groups
are expressed as the fold change compared with those for the control (CT) group mean +
SEM; (E) mRNA levels of genes related mitochondrial biogenesis and thermogenesis. Data
are presented as fold change versus CT mean £ SEM; Bars not sharing a common letter are
significantly different (P<0.05).
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Figure 2. In vivo effects of yerba mate in a high-fat diet mice model. (A) Body weight mass
gain. Lean mice were fed with AIN-93 (SD, n=5), obese mice were fed with a HFD (HFD,
n=5), obese mice treated with HFD and treated with YM at 1 g/Kg (HFD-YM, n=5) during
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Figure 3. Yerba mate effects on mitochondrial biogenesis and thermogenesis in skeletical
muscle. (A) Mitochondrial DNA (mtDNA) content in muscle of mice fed with AIN-93 (SD,
n=>5), high-fat diet (HFD, n=5) and YM YM at 1 g/Kg (HFD-YM, n=5) Values for the HFD
and HFD-YM groups are expressed as the fold change compared with those for the SD
feeding mean £ SEM; (B) mRNA levels of genes related mitochondrial biogenesis and
thermogenesis. Data are presented as fold change versus SD feeding mean + SEM; (C) p-
AMPK, AMPK, PGCla, UCP3, SIRT1 and GAPDH protein level in muscle samples from
HFD and HFD-YM groups. Data are presented as arbitrary units (AU) and results are
expressed as mean = SEM (D) Skeletal muscle probed for representative subunits of the five
OXPHOS complexes. Data are presented as arbitrary units (AU) and results are expressed as
mean + SEM. Bars not sharing a common letter are significantly different (£<0.05).
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Figure 4. Yerba mate effects on mitochondrial biogenesis and thermogenesis in brown
adipose tissue. (A) Mitochondrial DNA (mtDNA) content in BAT of mice fed with AIN-93
(SD, n=5), high-fat diet (HFD, n=5) and YM YM at 1 g/Kg (HFD-YM, n=5) Values for the
HFD and HFD-YM groups are expressed as the fold change compared with those for the SD
feeding mean £ SEM; (B) mRNA levels of genes related mitochondrial biogenesis and
thermogenesis. Data are presented as fold change versus SD feeding mean + SEM; (C) p-
AMPK, AMPK, PGCla, UCP1, UCP3, SIRT1 and GAPDH protein level in BAT samples
from HFD and HFD-YM groups. Data are presented as arbitrary units (AU) and results are
expressed as mean = SEM (D) BAT probed for representative subunits of the five OXPHOS
complexes. Data are presented as arbitrary units (AU) and results are expressed as mean +
SEM. Bars not sharing a common letter are significantly different (P<0.05).
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Figure 5. mRNA levels of genes related to de novo lipogenesis, lipid uptake and
mitochondrial oxidation of mice fed with AIN-93 (SD, n=5), high-fat diet (HFD, n=5) and
YM YM at 1 g/Kg (HFD-YM, n=5) in muscle (A), brown adipose tissue (B) and liver (C).
Bars not sharing a common letter are significantly different (P<0.05).
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Table 1. Antropometrical data
SD (n=5) HFD (n=5) HFD+YM (n=5)
Final body weight (g) 43.60+1.95% 67.60 +6.27° 60.00+3.16 ¢
Weight gain (%) 10.16 = 4.82 13.40 £ 4.85 11.04 £5.56
Food intake (g/day) 5.09 +0.009 3.69+0.41 3.88+0.47
Energy intake (kcal.g-1/day) 20.09 19.77 20.79
Epididimal adipose tissue (%) 3.95+0.35° 455+021° 3.33+0.28°
Perirenal adipose tisse (%) 0.25+0.04 " 1.60+0.13° 0.94+0.11°
Subcutaneous adipose tisse (%) 1.17+0.14*° 5.61+0.85" 4.11+0.18°¢
Muscle (%) 1.46+0.22° 0.91+0.08° 0.95+0.10°
Liver (%) 4.73+0.07 * 5.98+0.34° 4.65+033°

Data not sharing a common letter are significantly different (P<0.05)
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Este artigo teve como objetivo avaliar os efeitos do guarana na biogénese
mitocondrial em camundongos alimentados com dieta rica em gordura (HFD). Camundongos
C57BL6J foram divididos em dois grupos: dieta rica em gordura HFD e dieta rica em gordura
+ guarana (HFD-GUA). Ambos os grupos receberam HFD e agua ad libitum e o grupo HFD-

GUA também recebeu gavagem diaria de guarana (1 g/ kg de peso).

Foram analisados os niveis de glicemia, triglicerideo, colesterol, volume de oxigénio
e gasto energético por calorimetria indireta. A expressao do gene foi avaliada por PCR em

tempo real e o conteudo de proteina por western blotting.

Obtivemos como resultado: o grupo HFD-GUA apresentou menor peso corporal,
depositos de tecido adiposo subcutaneo, retroperitoneal, visceral e epididimal e niveis

glicémicos e de triglicerideos, sem alteracao na ingestao alimentar e nos niveis de colesterol.

Além disso, o grupo HFD-GUA apresentou aumento no VO2 e no gasto energético
basal (EE), bem como na expressao de Pgc1a, Creb1, Ampka1, Nrf1, Nrf2 e Sirt1 no musculo

e tecido adiposo marrom.

O grupo HFD-GUA apresentou aumento no conteido de mtDNA (acido

desoxirribonucléico mitocondrial) no musculo quando comparado ao grupo HFD.

Assim, nossos dados mostraram que o guarana leva ao aumento do metabolismo
energético e estimula a biogénese mitocondrial, contribuindo para o controle do ganho de

peso, mesmo quando associado a dieta hiperlipidica.
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Abstract: The aim of this study was to evaluate the effects of guarana on mitochondrial biogenesis
in a high-fat diet (HFD)-fed mice. C57BL6] mice were divided in two groups: high-fat diet HFD
and high-fat diet + guarana (HFD-GUA). Both groups received HFD and water ad libitum and
the HFD-GUA group also received a daily gavage of guarana (1 g/kg weight). Body weight and
food intake was measured weekly. Glycemic, triglyceride, and cholesterol levels were determined.
VO, and energy expenditure (EE) were determined by indirect calorimetry. Gene expression
was evaluated by real-time PCR and protein content by western blotting. The HFD-GUA group
presented lower body weight, subcutaneous, retroperitoneal, visceral, and epididyimal adipose tissue
depots, and glycemic and triglyceride levels, with no change in food intake and cholesterol levels.
Furthermore, the HFD-GUA group presented an increase in VO, and basal energy expenditure
(EE), as well as Pgclx, Crebl, Ampkal, Nrfl, Nrf2, and Sirt]l expression in the muscle and brown
adipose tissue. In addition, the HFD-GUA group presented an increase in mtDNA (mitochondrial
deoxyribonucleic acid) content in the muscle when compared to the HFD group. Thus, our data
showed that guarana leads to an increase in energetic metabolism and stimulates mitochondrial
biogenesis, contributing to control of weight gain, even when associated with high-fat diet.

Keywords: guarana (Paullinia cupana Kunth); obesity; mitochondrial biogenesis; energy expenditure

1. Introduction

Obesity is a major public health problem worldwide and is related to epigenetic factors, excessive
consumption of processed food rich in fat and sugar, and lack of physical activity, among other factors.
The World Health Organization (WHO) defines overweight and obesity as abnormal or excessive fat
accumulation that contribute to development of other diseases, such as diabetes mellitus, hypertension,
and kidney or coronary problems [1,2].

Energy metabolism is determined by energy expenditure and food intake, which must be balanced
for body weight maintenance. Skeletal muscle is a target organ in the context of cellular bioenergetics
due to its important role in glucose homeostasis and insulin sensitivity [3,4]. Thus, it is common that
obese subjects, that normally present an increase body fat mass and decrease in fat free mass, have a
decrease in energy expenditure.

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (Pgcla) is responsible for
regulating mitochondrial biogenesis, oxygen consumption, and oxidative phosphorylation, through
the increase of mitochondrial mass, activation of several key components of adaptive thermogenesis,
and stimulation of energy uptake, which allows the adaptation of cells and tissues to situations of high
energy demands [5]. Pgc-1a is regulated by posttranslational modification, including phosphorylation
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and deacetylation by protein kinase, AMP-activated (Ampk) and sirtuin 1 (Sirt1), respectively [6].
These three genes compose an energy-sensing network that controls energy expenditure in skeletal
muscle [7].

Several strategies for obesity control have been developed, and functional food and/or bioactive
compounds with thermogenic effects have been widely used. Green tea has been associated with
weight loss and the modulation of energy expenditure and fat metabolism [8]. Consumption of
curcumin, a member of the ginger family, increases thermogenic gene expression (such as uncoupling
protein 1 (Ucpl) and Pgcla) and increases mitochondrial content in inguinal white adipose tissue [9].
In addition, in C57BL6 mice fed with HFD and luteolin, a natural flavonoid abundant in pepper, celery,
thyme, peppermint and honeysuckle, an increase in oxygen consumption, as well as higher carbon
dioxide production and respiratory exchange ratio was observed [10]. Furthermore, resveratrol was
able to reduce oxidative stress, restoring mitochondrial functional activities and stimulating oxidative
phosphorylation and mitochondrial biogenesis gene expression in high-fat diet fed mice [11,12].

Guarana (Paullinia cupana Kunth) has been associated with weight loss, showing several protective
actions against hypertension, obesity, and metabolic syndrome [13], the capacity to reduce food
intake [14], and to modulate genes related to adipogenesis [15]. Besides that, it has already been
demonstrated that a mixture of guarana extract and green tea containing a fixed dose of caffeine
(200 mg) and variable doses of epigallocatechin-3-gallate (EGCG) increased energy expenditure
(measured in a metabolic chamber to measure 24 h energy expenditure) in healthy adults [16]. Thus,
the aim of our study was to investigate the effects and the potential mechanisms underlying the effects
of oral treatment with guarana on obesity, metabolism, and mitochondrial biogenesis.

2. Material and Methods

2.1. Experimental Design

All animal experiments were performed in accordance with the Brazilian Government'’s ethics
and were approved by the Animal Experimental Ethics Committee (CEUA) of the Sao Francisco
University, Braganga Paulista, SP, Brazil, under protocol no. 001.05.2015. All procedures including
housing and welfare were carried out in accordance with the recommendations in the Guiding
Principles for Biomedical Research Involving Animals of the International Council for Laboratory
Animal Science (ICLAS), countersigned by the Conselho Nacional de Controle de Experimentagao
Animal (CONCEA: Brazilian National Consul for the Control of Animal Experimentation). C57BL6]
male mice at approximately 4 weeks of age were obtained from Sao Paulo University (Sao Paulo, Brazil)
and maintained in a 12/12 h artificial light/dark cycle and temperature (22 £ 2 °C) in individual
cages for 4 weeks. After randomization, C57BL6] mice were given either a high-fat diet (HFD group,
n = 6) or a high-fat diet + guarana (Paullinia cupana) (1 g/kg of body weight) (HFD-GUA group, n = 6)
for 8 weeks. Guarana was administered daily by gavage using an orograstric cannula. HFD group
received gavage with pure water (vehicle) in the similar volume of HFD-GUA group for 8 weeks.
The composition of the experimental diet is presented in Table 1. In addition, the composition of
guarana used in this study was previously determined; 2.42% of flavonoids, 9.18% of total phenolics,
and high caffeine content (12.4%) [15].



Nutrients 2018, 10, 165 3o0f12

Table 1. High-fat diet composition.

High-Fat Diet

Composition
gkg™! kcal kg ™!
Cornstarch 115.5 462
Casein 200 800
Sucrose 100 400
Dextrinated starch 132 528
Lard 312 2808
Soybean oil 40 360
Cellulose 50 -
Mineral mix 35 -
Vitamin mix 10 -
L-cystine 3 -
Choline 2.5 -
TOTAL 1000 5358

2.2. Indirect Calorimetry

Basal energy expenditure of the animals was evaluated by indirect calorimetry. Forty-eight hours
before euthanasia, mice were acclimatized for 24 h in individual metabolic cages (OXYLET System—for
rodents) and monitored for another 24 h. The amount of O, (VO;) consumed and the amount of
CO; (VCOy) produced was measured at 25-min intervals for 24 h. Respiratory exchange rate (RER)
was calculated using the following formula: (RER) = VCO,/VO,. Basal energy expenditure (EE) was
determined using following formula: kcal/day/kg 075 = 1.44 x VO, x (3815 + 1232 x RER) [17].

2.3. Animal Procedure and Tissue Dissection

Food intake and body weight was measured weekly. Glycemic, triglycerides, and cholesterol
levels were determined by Accutrend Plus (Roche Diagnostics GmbH, Mannheim, Germany) using
specific strips. At the end of 8 weeks, mice were anesthetized (after 12 h of fasting) with a 1:1 solution
of 2% xylazine/10% ketamine (1 uL/g of body weight) and blood samples were collected by cardiac
puncture. Adipose tissue depots (subcutaneous, retroperitoneal, visceral, and epididyimal) were
dissected and weighed. Gastrocnemius muscle and brown adipose tissue samples were dissected and
stored at —80 °C until analysis.

2.4. mRNA (Messenger Robonucleic Acid) Expression Analysis

Muscle samples were used for quantitative real time PCR analysis. Total RNA extraction,
complementary DNA (cDNA) synthesis, and quantitative PCR were performed as previously
described [18], using specific primers (Table 2). First, all samples were normalized using housekeeping
18S gene and after, the HFD-GUA group was normalized by HFD group. The equation 22t was
used to calculate the fold change.

Table 2. Primers used for real-time PCR.

Gene Primer Sequence (5’ —3’)
Sirt1 Sense AGTGGCACATGCCAGAGTC
Antisense TCCAGATCCTCCAGCACAAT
Crebl Sense TTTGTCCTTGCTTTCCGAAT
Antisense CACTTTGGCTGGACATCTTG
Ampkal Sense TGAGAACGTCCTGCTTGAATG
Antisense ATCATTGGCTGAGCCACAGC
Ampka?2 Sense ACAGGCCATAAAGTGGCAGT
Antisense GTCGGAGTGCTGATCACGTG
Pgcla Sense CCGAGAATTCATGGAGCAAT

Antisense TTTCTGTGGGTTTGGTGTGA
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Table 2. Cont.

Gene Primer Sequence (5'—3')
Nrfl Sense CAACAGGGAAGAAACGGAAA
Antisense CACTCGCGTCGTGTACTCAT
Nrf2 Sense AGGACATGGAGCAAGTTTGG
Antisense TCTGTCAGTGTGGCTTCTGG
Ucpl Sense TCAGGGCTGAGTCCTTTTGT
Antisense CTGAAACTCCGGCTGAGAAG
Ucp3 Sense CTCACTTTTCCCCTGGACAC
Antisense GTCAGGATGGTACCCAGCAC
18S Sense AAACGGCTACCACATCCAAG
Antisense CAATTACAGGGCCTCGAAAG

2.5. Mitochondrial DNA Quantification (Mtdna)

Mitochondrial DNA (mtDNA) quantification was performed by quantitative real time-PCR. Briefly,
DNA (deoxyribonucleic acid) extraction (from muscle and brown adipose tissue) was performed
using the phenol/chloroform method. Next, real time-PCR was performed using Platinum® SYBR
GREEN® gqPCR Supermix Uracil-DNA-glycosylase (UDG) (Invitrogen, CA, USA) according to the
manufacturer’s protocol. For mtDNA quantification, we used mitochondrial Cox1 (cytochrome c
oxidase subunit I) (FW 5-GCCCCAGATATAGCATTCCC-3' and RV 5'-GTTCATCCTGTTCCTGCTCC-3')
and as an endogenous control, 185 rRNA (FW 5-TAGAGGGACAAGTGGCGTTC-3" and RV
5-CGCTGAGCCAGTCAGTGT-3'). Real time-PCR was performed in a 7500 real-time PCR system
(Applied Biosystems Foster City, CA, USA) and analyzed using RQ Study Software (Applied
Biosystems). The relative quantification of mtDNA copies was obtained by the DNAmt/nuclear
DNA ratio, and after normalization with housekeeping gene 18S, the fold change was determined
using the equation: 2724t method.

2.6. Western Blotting Analysis

To obtain cell extracts, samples of muscle and brown adipose tissue were treated to protein
extraction using ice-lysis buffer containing protease inhibitors. Subsequently, the homogenates were
centrifuged (12,000 rpm, 4 °C, 10 min) and stored at —80 °C. Briefly, protein concentrations were
determined by the bicinchoninic acid protein assay kit (Thermo Scientific, Rockford, IL, USA). Samples
(30 pug of total protein) were separated by 8.5% SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis) according to the molecular weight of each protein and transferred to nitrocellulose
membranes (Hybond ECL; Amersham Pharmacia Biotech, Amersham, London, UK). Rainbow
standard markers (KaleidoscopeTM, Bio-Rad Laboratories, Hercules, CA, USA) were run in parallel
to estimate molecular weights. The membranes were blocked with 5% blotting-grade blocker
(Bio-Rad Laboratories) in Tween-Tris-buffered saline (20 mM-Tris-HCI, pH 7.5, 500 mM-NaCl and
0.1% Tween-20) for 1 h. Specific primary antibodies were used, anti-Aampk, anti-p-Ampk, anti-Pgcla,
anti-Ucp1, anti-Ucp3, anti- Oxidative phosphorylation (OXPHOS) (complexes I to V), and anti-vinculin
(Abcam, Cambridge, UK) for 1 h. Subsequently, samples were incubated in specific HRP-linked
secondary antibodies (DAKO Corporation, Hamburg, Germany) for more 1 h. The targeted proteins
were detected by enhanced chemiluminescence (Amersham Pharmacia Biotech, Piscataway, NJ,
USA) and then exposed to X-ray film. The images were scanned, and the bands were quantified
by densitometry using Image J 1.34 s software (Wayne Rasband National Institute of Health, Bethesda,
MA, USA). All measurements were normalized to the vinculin protein band intensity.

2.7. Statistical Analysis

Data are presented as mean values & SEM. GraphPad Prism 5 was used for statistical analyses
and graphics (GraphPad Software, Inc., San Diego, CA, USA). Experimental data were analyzed by
Student’s unpaired t test. For body weight analysis, two-Way Analysis of Variance (ANOVA) was used.
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3. Results and Discussion

The effects of guarana (Paullinia cupana) extract on body weight control, food intake, protection
against hypertension, and in the modulation of some genes and miRNAs associated with the adipogenesis
process have been previously shown [13-15]. In addition, in this study, it was demonstrated that guarana
might control body weight by enhancing thermogenesis and mitochondrial biogenesis.

Our data show that the HFD group presented an increase in body weight from the first week,
while the HFD-GUA group did not change in body weight for the entire period of experiment
(Figure 1A). These data confirm that guarana is able to prevent weight gain (even associated with
HFD), despite the same food intake for both groups in this experimental model (Figure 1B). These
results indicate that the consumption of guarana, even when associated with an increased calorific
intake, was able to prevent weight gain independently of satiety, since the food intake was not
changed during the experiment. In obese subjects, however, a formulation containing guarana with
yerba mate and damiana (denominated “YGD”) was associated with a decrease in food intake [14].
In a recent randomized, single blind, placebo-controlled study realized with overweight and obese
women, YGD was able to modulate gastrointestinal hormones, leading to a decrease in acylated
ghrelin and an increase in glucagon-like peptide 1 (GLP-1) levels that caused a reduction of energy and
macronutrient intake [19]. Additionally, guarana also showed protective effect against hypertension,
obesity, and metabolic syndrome in elderly healthy volunteers [13]. Recently, it has been shown
that the consumption of a multi-ingredient product (containing guarana in addition to many other
compounds) in healthy subjects lead to an increase in fatty acid oxidation, decrease in rate of perceived
exertion during exercise, and improved satiety [20].

Furthermore, HFD-GUA mice showed a decrease in subcutaneous, retroperitoneal, visceral and
epididyimal adipose tissues weight (—74%, —90%, —83% and —82%, respectively) when compared to
mice fed with HFD. These data indicate that guarana is able to prevent adipose tissue accumulation.
Fasting glycemic and triglyceride levels were lower in the HFD-GUA group when compared to those
in the HFD group (—21% and —28%, respectively), with no difference in total cholesterol. Accordingly,
previous data from our group indicated that guarana modulates adipogenesis [15] as well as increases
fatty acid oxidation [20], which could contribute to the observed results here.

Additionally, the data presented indicate that guarana can exert some effects on energy
expenditure and metabolism. Indirect calorimetry showed that guarana treatment was able to increase
VO; in light cycle to a greater extent than in the dark cycle (Figure 2A), and also EE (+20% in the light
cycle and +16% in the dark cycle, p < 0.05, Figure 2B,C) when compared to the HFD group. Despite
mice presenting night activity, it is possible that the major increase in EE in the light cycle (+20%) is due
to the gavage being performed during this cycle and not in the dark cycle. Furthermore, respiratory
exchange ratio (RER) was calculated to determine if predominant fuel source was carbohydrate or fat.
It is known that RER of 0.70 indicates predominant fat oxidation; RER of 0.85 suggests a mix of fat
and carbohydrates, and a value of 1.00 or above is suggestive of carbohydrate oxidation [21,22]. Our
data showed a decrease of RER in the light cycle mainly after gavage (Figure 2D) in the HFD-GUA
group when compared to the HFD group (Figure 2E), which indicates increased fatty acid utilization
in animals treated with guarana. However, we do not observe a difference in RER in the dark
cycle (Figure 2F). Accordingly, guarana extract consumed together with green tea and EGCG was
able to increase energy expenditure (measured in a metabolic chamber to measure 24 h energy
expenditure) in healthy adults [16]. It is known that guarana has a high concentration of caffeine [15,23],
and some studies have already demonstrated that caffeine is able to modulate metabolism and energy
expenditure [24-26].

Caffeine is a natural ingredient in tea and coffee that demonstrates several beneficial actions
in weight loss and other anti-obesity effects without undesirable effects [27,28]. Recently, it was
demonstrated that caffeine can regulate energy metabolism through the modulation of hypothalamic
neuronal activities. Peripheral administration of caffeine (by gavage) in diet-induced obese (DIO)
mice reduced their food intake, increased wheel running activities, consumption of O,, and CO,
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production [26]. Other recent study demonstrated that C57BL6 mice that received caffeine showed a
lipolysis improve which resulted in considerable weight loss [29]. Furthermore, the administration
of caffeine to the mouse brain increased the number of c-Fos* cells in regions of the hypothalamus,
such as the paraventricular nucleus (PVN), arcuate (Arc), and ventromedial and dorsomedial (DMH)
nuclei. These results indicate that caffeine stimulates neuron activity involved with energy balance
control [26]. In humans, a randomized, double-blind, placebo-controlled and cross-over trial with
healthy female volunteers showed that the consumption of a thermogenic supplement (containing
compounds rich in caffeine) was able to increase resting metabolic rate at 60 min, 120 min, and 180 min
post ingestion compared to baseline values [30]. In vitro experiments showed that caffeine (250 and
500 uM) was able to increase relative metabolic rate in human muscle rhabdomyosarcoma cells after
24 h of incubation [25]. These results are in agreement with our findings and it is plausible that the
high caffeine content in guarana extract used [15] may have contributed to increase in VO, and EE in
these mice.
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Figure 1. (A) Body weight (g) of high fat diet (HFD)-group (n = 6) and high fat diet + Guarana
(HFD-GUA) group (n = 6) during eight weeks of treatment; (B) Food intake (g) of HFD-group (1 = 6)
and HFD-GUA group (n =6) during eight weeks of treatment; (C) Adipose tissue depots (g) of
Sub—subcutaneous adipose tisse, Retro—retroperitoneal adipose tissue, Visc—visceral adipose tissue
and Epi—epididyimal adipose tissue after eight weeks of treatment; (D) Glycemia (mg/dL) after 12 h
of fasting; (E) Triglycerides (mg/dL) after 12 h of fasting; (F) Cholesterol (mg/dL) after 12 h of fasting.
Black line/bars correspond to HFD-group (1 = 6) and grey line/bars correspond to HFD-GUA group
(n=6). *p<0.05,*p <0.01 and *** p < 0.001 when compared with HFD group.
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Figure 2. (A) [llustrative evolution of VO, (mL/min/ kg0'75 ) during 24 h after eight weeks of treatment.
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Mitochondria play a key role in energy metabolism in many tissues such as skeletal and cardiac
muscle, as well as in the liver, brain, and adipose tissue [31]. Our data shows that treatment with
guarana for eight weeks increased the amount of mtDNA in the gastrocnemius muscle (Figure 3B),
but this difference was not observed in the brown adipose tissue (Figure 4C). Complementarily,
gastrocnemius muscle of the HFD-GUA group showed up-regulated expression of mitochondrial
biogenesis genes, such as Sirt1, Crebl, Ampkal, Pgcla, Nrfl, and Nrf2 (Figure 3A). With regard to
brown adipose tissue, our data showed that animals treated with guarana (HFD-GUA group) showed
up-regulated expression of mitochondrial biogenesis genes, such as Sirtl, Crebl, Ampka2, Pgcla,
and Nrfl (Figure 4A) and of thermogenic genes, such as Ucpl (Figure 4B) when compared to the HFD
group. These data probably contributed to the increase in energy expenditure of the HFD-GUA group
as compared to HFD group. The results obtained by western blotting showed the same characteristics,
such as higher Pgcl-a in the gastrocnemius muscle (Figure 3C,D) as well as a higher content of
p-Ampk/Ampk, Pgcl-a, and Ucpl in the brown adipose tissue (Figure 4D,E). Furthermore, the data
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showed an increase of OXPHOS complex I, II, III, IV and V in the gastrocnemius muscle (Figure 3E,F)
and an increase of OXPHOS complex I, II, III and IV in the brown adipose tissue (Figure 4FG).
These data demonstrated that mitochondrial biogenesis and thermogenesis induced by guarana is
not restricted to skeletal muscle, since the modulation was also observed in the brown adipose tissue.
Other authors have already demonstrated that functional food and its bioactive compounds can
modulate the expression of mitochondrial biogenesis-related genes. Resveratrol (mixed with a pelleted
high-fat diet) was able to up-regulate uncoupling protein 2 (Ucp2) and nuclear respiratory factor 1
and 2 (Nrfl and Nrf2) expression as compared to mice fed with a high-fat diet without resveratrol [32].
Caffeine induces increases in the mRNA levels and protein levels of a number of mitochondrial
enzymes in rat epitrochlearis muscle after 18 h of incubation [33], as well as being able to modulate
hypothalamic neuronal activities, increasing energy expenditure and thermogenesis [26]. Taken all
together, the modulation caused by guarana treatment contributed to the lower fat accumulation in
all adipose tissue depots and the increase in energy expenditure, as well as the higher content of
mitochondria in skeletal muscle. This action is demonstrated in Figure 5.
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Figure 3. (A) Muscle mRNA expression of Pgclw, Crebl, Ampkal, Ampka2, Mkp1, Slc2a4, Nrfl, Nrf2, Sirt1
and Mttfa after eight weeks of treatment; (B) mtDNA quantification after eight weeks of treatment in
gastrocnemius muscle; (C,D) Muscle protein level of PGCla and p-Ampk/Ampk and illustrative images
of protein content by western blotting; (E,F) Muscle protein level of subunits of the five OXPHOS
complexes and illustrative images of protein content by western blotting. All samples were normalized
using housekeeping 18S gene and, afterwards, the HFD-GUA group was normalized by the HFD

group. The equation 2~ AACt

was used to calculate the fold change. * p < 0.05 using Student’s ¢-test.
Black bars correspond to the HFD group (1 = 6) and grey bars correspond to the HFD-GUA group

(n = 6). Error bars reflect SEM.
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Sirt1 after eight weeks of treatment; (B) Brown adipose tissue mRNA expression of Ucpl and Ucp3
after eight weeks of treatment; (C) mtDNA quantification after eight weeks of treatment; (D,E) Brown
adipose tissue protein level of Pgcla, p-Ampk/Ampk, Ucpl and Ucp3; and illustrative images of protein
content by western blotting; (F,G) Brown adipose tissue protein level of subunits of the five OXPHOS
complexes and illustrative images of protein content by western blotting. All samples were normalized
using housekeeping 18S gene and, afterwards, the HFD-GUA group was normalized by the HFD
group. The equation 2-*2Ct was used to calculate the fold change. * p < 0.05 using Student’s t-test.
Black bars correspond to the HFD-group (1 = 6) and grey bars correspond to the HFD-GUA group
(n = 6). Error bars reflect SEM.
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Figure 5. Effects of guarana treatment on mitochondrial biogenesis in gastrocnemius muscle and
brown adipose tissue.

4. Conclusions

This study demonstrated that guarana prevents adipose tissue accumulation, as well as increasing
energy expenditure, probably because of the modulation of several genes related to mitochondrial
biogenesis in gastrocnemius muscle and brown adipose tissue. Animals treated with guarana, even
when fed with a high-fat diet, presented lower body weight, lower fat deposits, and higher energy
expenditure. Together, our data demonstrate that guarana presents an important role in metabolism
and energy expenditure that could contribute to the therapeutic treatment of obesity.
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CONCLUSAO

Podemos concluir que os polifénois como erva-mate e guarana provaram ser
excelentes reguladores termogénicos e estimuladores da biogénese mitocondrial. A erva-
mate melhorou a fungdo mitocondrial, estimulou a biogénese mitocondrial a expressao de
UCPs, levando a um aumento da capacidade respiratéria sobressalente e dissipacado de

energia tanto no musculo estriado esquelético como no tecido adiposo marrom.

O guarana levou ao aumento do metabolismo energético e estimulou a biogénese
mitocondrial no musculo estriado esquelético e no tecido adiposo marrom e atuou sobre a

reducdo do ganho do peso mesmo com a dieta hiperlipidica.

O guarana e a erva-mate sao compostos naturais que modulam a fungéo mitocondrial
que contribuem para a redugcdo do peso como também reestabelecem a homeostase
metabdlica. Desta forma estes polifenois apresentam uma esperanca para a prevencao e

tratamento da obesidade.
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