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APRESENTACAO

A presente tese de doutorado esta organizada em trés partes, conforme a seguir:

Parte I: Resumo, Resumo em inglés (abstract), Lista de abreviaturas, Lista de figuras,
Introducéo e Objetivos;

Parte 11: Resultados apresentados na forma de 2 artigos cientificos, dentre os quais um
aceito para publicacdo e outro submetido, e um depdsito de pedido de patente. A parte 11
esta separada em Capitulo | (artigo aceito), Capitulo 11 (pedido de patente) e Capitulo Il
(artigo submetido).

Parte I11: Discussdo, Conclusdes, Perspectivas, Referéncias bibliograficas e Anexos.



PARTE I

RESUMO

A prevaléncia da obesidade tem aumentado drasticamente ao longo dos dltimos 30 anos
devido a multiplos fatores. Além disso a obesidade tem sido considerada um dos
principais fatores de risco para o desenvolvimento de diversas doengas, tornando-se um
grande problema de saude publica em todo o mundo. Ha na literatura diversos tipos de
dietas que induzem a obesidade, as quais sdo muito utilizadas para se estudar os efeitos
desta desordem. A mais utilizada é a dieta hiperlipidica (do inglés high-fat diet — HFD),
mas uma das mais eficientes é a chamada dieta de cafeteria (CAF), a qual é composta por
alimentos altamente palataveis, como bolachas recheadas, bolos, biscoitos salgados,
queijo e carnes processadas. Estes alimentos contém uma quantidade substancial de sal,
acucar e gordura e tem como objetivo simular a dieta ocidental humana. Porém, os
componentes nutricionais e ndo nutricionais destes alimentos variam dependendo da
regido onde sdo adquiridos e, além disso, um animal pode escolher uma selecéo diferente
de alimentos do gque outro, 0 que poderia levar animais do mesmo grupo a apresentar
diferentes caracteristicas patoldgicas. Por esse motivo, esta dieta ndo consegue ser
replicada com precisdo tornando-a muitas vezes uma ma escolha para a pesquisa
cientifica. Portanto, n6s decidimos projetar uma dieta com alto teor de gordura, alto teor
de agUcar, alto teor de sal e baixa teor de fibras, ou seja, mais semelhante a dieta ocidental
humana, mas nutricionalmente adequada, sem aditivos e sem heterogeneidade alimentar
(mistura Unica), a fim de reunir o melhor de ambos (HFD e CAF), tornando esta dieta
mais adequada e reprodutivel. Assim a proposta deste trabalho foi comparar esta dieta,
nomeada de dieta ocidental, com outras duas dietas obesogénicas tradicionalmente
utilizadas (HFD e CAF) em relagdo a eficiéncia na indugdo de obesidade e suas
disfuncGes, bem como analisar a alteragdo da microbiota provocada pelas mesmas. Além
disso, nds pretendemos testar se 0 guarana, o qual tem sido apontado como termogénico,
é capaz de impedir as disfuncbes induzidas pela dieta ocidental proposta por nés. Nesta
tese n6s mostramos que a dieta ocidental foi mais eficiente em induzir a obesidade e
disfungdes associadas a ela do que a HFD e a CAF. Este achado nos levou a redacao de
uma patente reivindicando a composi¢do e uso desta dieta por empresas. Mostramos
também que a obesidade é independente de uma severa disbiose e, portanto, devemos
investigar os efeitos da obesidade sobre a microbiota a niveis mais especificos tais como
género e espécie. Por fim demonstramos o potencial antiobesidade do guarand e um
possivel mecanismo envolvido através da ativacdo do tecido adiposo marrom. Em
conjunto, estes dois trabalhos trazem novas perspectivas para quem trabalha com
obesidade, principalmente no contexto de padronizacdo de modelos e possibilidade de
novas terapias.

Palavras-chave: modelo de obesidade induzido por dieta, dieta ocidental, microbiota
intestinal, mecanismos antiobesidade, Paullinia cupana, tecido adiposo marrom.



ABSTRACT

Obesity prevalence has increased dramatically over the past 30 years due to multiple
factors. In addition, obesity has been considered a major risk factor for the development
of several diseases, making it a worldwide major public health problem. There are in the
literature several types of diets that induce obesity, which are widely used to study the
effects of this disorder. The most widely used is the high-fat diet (HFD), but one of the
most efficient is the so-called cafeteria diet (CAF), which is consists of highly palatable
foods such as stuffed biscuits, cakes, crackers, cheese and processed meats. These foods
contain a substantial amount of salt, sugar and fat and aim to simulate the human Western
diet. However, the nutritional and non-nutritional components of these foods vary
depending on the region where they are purchased and, in addition, the animal may
choose a different selection of foods each day that could lead to different animal
characteristics of the same group. However, the nutritional and non-nutritional
components of these foods vary depending on the region where they are purchased and,
in addition, one animal may choose a different food selection than another, which could
lead to different pathological characteristics to animals of same group. For this reason,
this diet can not be replicated accurately making it often a poor choice for scientific
research. Therefore, we decided to design a high-fat, high-sugar, high-salt, low-fiber diet,
i.e., more similar to the western human diet, but nutritionally adequate, without additives
and without food heterogeneity (unique mixture) in order to bring together the best of
both (HFD and CAF), making this diet more suitable and reproducible. Thus, the proposal
of this work was to compare this diet, termed Western diet, with two other traditionally
used obesogenic diets (HFD and CAF) in relation to the efficiency in inducing obesity
and its dysfunctions, as well as to analyse the microbiota alteration caused by them. In
addition, we intend to test whether guarana, which has been designated as thermogenic,
is able to prevent the dysfunctions induced by the Western diet proposed by us. In this
thesis, we have shown that the Western diet was more efficient in inducing obesity and
dysfunctions associated with it compared to the HFD and CAF. This finding led to the
writing of a patent claiming the composition and use of this diet by companies. We also
show that obesity is independent of severe dysbiosis and therefore we should investigate
the effects of obesity on the microbiota at more specific levels such as gender and species.
Finally, we demonstrate the potential anti-obesity of guarana and a possible mechanism
involved through the activation of brown adipose tissue. Together, these two studies bring
new perspectives to those who work with obesity, especially in the context of
standardization of models and the possibility of new therapies.

Keywords: diet-induced obesity model, western diet, gut microbiota, anti-obesity
mechanisms, Paullinia cupana, brown adipose tissue.
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1. INTRODUCAO

1.1. Obesidade
1.1.1. Definicéo e prevaléncia

A obesidade é definida por um indice de massa corporal acima de 30 kg/m2 e pode ser
desencadeada por diversos fatores como, por exemplo, uso de medicamentos, distrbios
enddcrinos, falta de sono, transtornos psiquiatricos, heranca epigenética, predisposicdo
genética (Davis et al., 2018; Duranti et al., 2017; Gérard, 2016; Valk et al., 2017). Porém,
dentre eles o mais citado é o desbalanco entre o consumo e o gasto de calorias em
favorecimento do primeiro (Haslam and James, 2005). Recentemente a American
Association of Clinical Endocrinologists e a American Medical Association declararam
oficialmente que a obesidade é uma doenca e requer tratamento, mas ainda nao ha um
consenso e a maioria dos pesquisadores ainda considera a obesidade como uma desordem

metabolica (Bosello et al., 2016).

Segundo a Organizacdo Mundial da Saide a obesidade vem aumentando rapidamente em
proporcoes epidémicas em todo o mundo, principalmente devido a um estilo de vida
sedentario, aumento no consumo alimentar e aumento no consumo de alimentos
altamente caldricos. Resultados da National Health and Nutrition Examination Survey
realizados entre 2013-2014 e do Centers for Disease Control and Prevention realizados
em 2014 indicam que nos EUA ~70% dos adultos estdo com sobrepeso (indice de massa
corporal acima de 25 kg/m?) ou s&o obesos (Maffetone and Laursen, 2017; NCHS, 2016).
Segundo dados do IBGE (Instituto Brasileiro de Geografia e Estatistica) o nUmero de
pessoas com excesso de peso (sobrepeso ou obesas) vem aumentando na populagéo
brasileira. As pesquisas mostraram que para 0 periodo entre 2002 e 2003
aproximadamente 40 % da populagédo estava com excesso de peso enquanto que para o
periodo entre 2008 e 2009 pessoas com excesso de peso representavam aproximadamente

49 % da populagéo (IBGE, 2009 e 2003).



Dados preocupantes vem de estudos bem recentes que mostram que mais de 90% dos
adultos dos EUA, Nova Zelandia, Grécia e Islandia sdo overfat, um novo termo que se
refere a um acimulo excessivo de gordura corporal que se torna suficiente para prejudicar
a saude (Maffetone et al., 2017). Essa taxa extremamente alta € explicada pelo fato de
pessoas com peso normal, mas que tenham uma proporcdo de gordura suficiente para
prejudicar a salde entram na conta, mostrando que o problema de excesso de gordura é

bem maior do que se imagina.

1.1.2. Caracteristicas fisiologicas da obesidade

O aumento excessivo do tecido adiposo (hipertrofia e hiperplasia) é a principal
caracteristica da obesidade. Antigamente, o tecido adiposo era considerado um tecido
inerte servindo principalmente como estocagem de energia; porém, atualmente sabe-se
que ele regula diversos processos fisioldgicos e patoldgicos, tais como imunidade e
inflamacdo. Hoje em dia se sabe que o tecido adiposo é uma grande fonte geradora de
citocinas pro e anti-inflamatdrias, conhecidas como adipocinas, tais como TNF-a, IL-6,
leptina, resistina e adiponectina. Sabe-se que na obesidade hd um desbalanco entre estas
adipocinas levando a um favorecimento de um estado pré-inflamatério. Por esse motivo
a obesidade esta associada a um bem descrito quadro pro-inflamatério crénico de baixo
grau, o qual pode levar a uma série de disfuncGes metabdlicas (Gonzalez-Muniesa et al.,
2017; Lee et al., 2013). Ja esta caracterizado que este quadro pro-inflamatdrio crénico
pode levar a um desbalango redox conhecido como estresse oxidativo e que este também
pode estar contribuindo para as disfungbes metabodlicas associadas a obesidade.
Adicionalmente, o estresse oxidativo pode levar a danos celulares ou teciduais e disparar
uma resposta inflamatéria, configurando um ciclo vicioso (Bondia-Pons et al., 2012;

Naderali et al., 2009). Aceita-se hoje em dia que a inflamacdo crénica e 0 estresse
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oxidativo sdo duas importantes condigdes para o desenvolvimento de sindrome
metabdlica, bem como de muitas doencas degenerativas, como por exemplo diabetes tipo
2, doengas cardiovasculares e cancer, as quais tem seu aparecimento favorecido pela

obesidade (Bondia-Pons et al., 2012; Chung et al., 2009; Gonzélez-Muniesa et al., 2017).

A sindrome metabdlica é caracterizada pela obesidade concomitante com desordens
metabolicas como: hipertrigliceridemia, reduzido HDL, pressdo arterial elevada,
resisténcia a insulina e aumento dos niveis de glicose em jejum (Kennedy et al., 2010). A
sindrome metabolica pode ser considerada um passo intermediario entre o estado pro-
inflamatdrio cronico da obesidade e o aparecimento de doencas degenerativas, uma vez
que apols o estabelecimento da sindrome ha um aumento no risco de doengas como,
diabetes tipo 2, acidente vascular cerebral, doencas cardiovasculares, determinados
canceres, doenca hepatica gordurosa nao alcodlica e doencas alérgicas (Alam et al., 2012;

Monteiro and Azevedo, 2010).

1.1.3. Etiologia e tratamento da obesidade

A etiologia da obesidade é multifactorial, englobando ambiente, genética, dieta e estilo
de vida, e pode ser diferente para cada individuo (Duranti et al., 2017). Tem se dado pouca
atencdo para a identificacdo das causas que contribuem para o ganho de peso em pacientes
com obesidade. No entanto, reconhecer esses fatores € importante para levar a estratégias
de tratamento mais especificas e eficazes. Além dos conhecidos aspectos relacionados ao
estilo de vida, a obesidade pode ser causada ou mantida por uso de medicagéo, falta de
sono, fatores epigenéticos, disturbios enddcrinos ou hipotaldamicos, doengas monogeénicas
ou sindrdbmicas e fatores psicologicos, os quais podem exigir tratamento médico

especifico (Davis et al., 2018; Duranti et al., 2017; Gérard, 2016; Valk et al., 2017).



Recentemente, a alteragdo na microbiota intestinal tem sido considerada um dos fatores
que pode levar a obesidade (Harakeh et al., 2016; Khan et al., 2016). Devido a isso,
estratégias como transplante de fezes j& estdo sendo usados e estdo mostrando bons
resultados. De certa forma, isto reforca a ideia do tratamento personalizado, uma vez que
cada vez mais se comprova a etiologia multifatorial da obesidade. Atualmente, as
estratégias mais usadas no combate a obesidade sdo alteracdo na dieta e aumento na
atividade fisica (agem sobre as causas), e utilizacdo de drogas e cirurgia (agem sobre as
consequéncias). Precisamos comecar a chamar a atencdo para os outros fatores que
causam a obesidade, assim novas abordagens terapéuticas poderdo surgir. Além disso, é
necessario comecar a classificar qual tipo de obesidade se esta estudando. Nesta tese

iremos abordar a obesidade causada por dieta, principalmente a dieta ocidental.

1.2. DIETA
1.2.1. Mudanca nos habitos alimentares

Como ja discutido, as causas da obesidade na populacdo sdo mdaltiplas e complexas.
Porém o sedentarismo e a mudanca nos habitos alimentares tém sido apontados como 0s
dois principais fatores por tras da epidemia global de obesidade (Davis et al., 2018; Hill
and Melanson, 1999). O hé&bito alimentar dos seres humanos vem mudando
continuamente, o qual € um dos fatores mais fortes que explica a obesidade mundial.
Dado que a proporgao de macronutrientes na dieta parece ndo mudar muito ao longo dos
anos (Hall, 2018), quais sdo essas mudancas? Algo que esta mudando € o tipo de
macronutriente. Se consome cada vez mais produtos processados como agucar refinado,
xarope de milho, oleos refinados (Barrett et al., 2016; Cordain et al., 2005). Outro habito
que vem aumentando € o consumo de alimentos ultraprocessados tais como bolachinhas

recheadas, salgadinhos, bolos, alimentos pré-cozidos, etc., os quais sdo altamente



caldricos e com baixo valor nutricional. Também, tem sido demonstrado que o tamanho
das por¢des de comida tem aumentado com o tempo e que isso esta associado com 0
aumento no consumo de calorias ao longo dos anos e, portanto, pode estar relacionado
com a epidemia global de obesidade (Benton, 2015; Kral and Rolls, 2011; Livingstone
and Pourshahidi, 2014; Young and Nestle, 2002). Outros fatores como o consumo de
comida de alto valor energético, frequéncia de ingestdo, bem como menor custo e maior
disponibilidade de comida também vem sendo discutidos como a causa da obesidade
global (Barrett et al., 2016; Hill, 2006; Hill and Melanson, 1999; Stein and Colditz, 2004).
De um modo geral, as mudancas nos habitos alimentares sdo cada vez mais em direcdo

a0 aumento no consumo de caloria.

1.2.2. Modelos indutores de obesidade: dieta

Diversos modelos animais tém sido utilizados para estudar a obesidade, como por
exemplo animais com alteracdes genéticas, farmacos indutores de obesidade e dietas
indutoras de obesidade. Porém, considerando que o modelo deve ser 0 mais préximo
possivel da génese da obesidade em humanos, a indugdo da obesidade via mudanga nos
habitos alimentares parece ser o mais apropriado. Um dos modelos que reflete melhor a
obesidade humana é o modelo de obesidade induzido por dieta (em inglés conhecido
como diet-induced obesity model) (revisado por Buettner et al., (2007)). Este modelo se
baseia em fornecer uma dieta hipercaldrica aos animais durante um periodo de tempo que
varia entre 1 e 6 meses, geralmente. Apds este modelo animal ser proposto novas dietas
foram testadas afim de buscar um modelo mais eficiente e/ou realista da obesidade
humana. Atualmente, duas dietas sdo as mais utilizadas, sendo que uma delas é conhecida
como dieta rica em gordura (do inglés high-fat diet), a qual apresenta uma quantidade

elevada de gordura na dieta; j& a outra dieta € conhecida como dieta de cafeteria (do inglés
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cafeteria diet), a qual é composta por diversos alimentos palataveis, hipercaldricos e
altamente industrializados (por exemplo, queijo, salame, bolo, bolacha recheada,
salgadinhos, etc.) (Buettner et al., 2007; Nilsson et al., 2012). Mais recentemente
pesquisadores tem comecado a fornecer uma dita rica em gordura e sacarose aos animais

afim de induzir mais facilmente a obesidade nesses animais.

1.2.3. Desvantagens das dietas existentes na literatura

A composicao da dieta rica em gordura ndo é padronizada e, portanto, pode variar de um
estudo para o outro em relacdo a quantidade e o tipo de gordura, podendo gerar fenotipos
diferentes entre animais de estudos diferentes, dessa forma dificultando a comparagéo
entre os diferentes trabalhos (Buettner et al., 2007; Nilsson et al., 2012). Uma outra
desvantagem da dieta rica em gordura é que quando comparada com outras dietas
indutoras de obesidade, ela é, frequentemente, menos eficiente em induzir a obesidade
(Higa et al., 2014; Sampey et al., 2011). A dieta de cafeteria, por sua vez, apresenta
vantagens e desvantagens em relacdo a dieta rica em gordura. Uma das vantagens é que
a dieta de cafeteria simula melhor a dieta ocidental humana, uma vez que apresenta
alimentos altamente industrializados e energéticos que contem grandes quantidades de
sal, acucar e gordura (Nilsson et al., 2012). Além disso, como dito anteriormente a dieta
de cafeteria é mais eficiente em induzir a obesidade do que a dieta rica em gordura (Higa
et al., 2014; Nilsson et al., 2012; Sampey et al., 2011). Porém, a dieta de cafeteria tem
sido criticada por ser menos padronizada do que a dieta rica em gordura, uma vez que
cada pesquisador faz a sua propria composicao de alimentos industrializados, pois estes
variam de regido para regido; alem disso, os préprios animais podem consumir alimentos
diferentes entre eles (Moore, 1987; Nilsson et al., 2012). Outra desvantagem desta dieta

é que os animais podem apresentar deficiéncias nutricional de proteina, vitaminas e
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minerais, uma vez que alimentos altamente industrializados séo pobres nestes nutrientes
(Moore, 1987; Nilsson et al., 2012). Por altimo, deve ser salientado que a dieta de
cafeteria apresenta varios aditivos alimentares (corantes, flavorizantes, conservantes,
emulsificantes, etc.), os quais ndo estdo presentes na racdo controle dos animais e,

portanto, poderia dificultar a interpretacdo dos resultados (Bortolin et al., 2017).

1.3. MICROBIOTA
1.3.1. Visao geral

A microbiota intestinal é um ecossistema complexo composta por inimeros
microorganismos que residem no intestino, dentre eles bactérias, arquéias, fungos, e virus
que residem em nosso intestino, o qual € a nossa maior interface com o meio externo
(200m?) (Mosca et al., 2016; Scarpellini et al., 2015). Em humanos, o nimero de células
desses micro-organismos € igual ou maior do que o nimero do préprio hospedeiro e
representam entre 0,2 e 1Kg do peso do corpo de um ser humano de porte médio. Um
novo conceito surgiu como resultado do grande nimero de células bacterianas no corpo,
hospedeiro e seus microrganismos juntos tem sido chamados de "superorganismo”
(Gérard, 2016; Sender et al., 2016; Thursby and Juge, 2017). Estes co-evoluiram junto
com o hospedeiro e assim passaram a desempenhar diversas funcdes para o hospedeiro,
tais como maturacdo do sistema imune, modulacdo de funcdes cerebrais e do
metabolismo, metabolizacdo de xenobioticos, manutencdo da integridade da barreira
intestinal, e absorcdo de nutrientes, a maioria delas de suma importancia para a 6tima
salude do hospedeiro (Gérard, 2016; Jandhyala et al., 2015; Scarpellini et al., 2015).
Portanto, é de se imaginar que um distarbio na microbiota intestinal pode acarretar em

prejuizos a satde do hospedeiro. Este distdrbio na microbiota intestinal é conhecido como
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disbiose e pode ser ocasionado por alteragéo na dieta, dentre outras fatores (Figura 3)

(Marchesi et al., 2016; Thursby and Juge, 2017).

—

Gluten

o

Fitonutrientes

Células T \
"\

Inflamagao Alergias Obesidade

Sistémica

Figura 1: Diagrama mostrado como a dieta pode interferir na microbiota intestinal e como
a disbiose proveniente de uma dieta alterada pode levar a desordens como a obesidade.

[Imagem reproduzida e adaptada de Myles (2014)]
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A microbiota intestinal de humanos, ratos e camundongos é dominada pelos filos
Firmicutes e Bacteriodetes, os quais correspondendo a mais de 80% do total (Duca and
Lam, 2014; Lecomte et al., 2015; Rabot et al., 2016). Um desequilibrio entre esses dois
filos, o qual também pode ser chamado de dishiose, tem sido tradicionalmente associado
a obesidade. No entanto estudos mais recentes tém mostrado que isso talvez nao seja uma
verdade absoluta (Rosenbaum et al., 2015). Ja a disbiose, a qual pode ser avaliada em
diversos niveis, tem sido conectada a diversas doencas, tais como obesidade, doenca do

intestino inflamado, diabetes e autismo (Figura 3) (DeGruttola et al., 2016).

1.3.2. Microbiota e obesidade

A Microbiota tem atraido muita atencdo em estudos de obesidade e disfunc¢des associadas
a ela, principalmente apds estudos com transplante de fezes em camundongo, onde foi
observado que o transplante de fezes de individuos obesos para individuos magros era
suficiente para causar obesidade nesses animais (Boulangé et al., 2016; Brown et al.,
2012; Lecomte et al., 2015; Shen et al., 2013; Sonnenburg and Béackhed, 2016; Tremaroli
and Béackhed, 2012; Wu et al., 2011). Outros estudos mostram que camundongos germ-
free que receberam a microbiota de camundongos obesos induzidos por dieta mostraram
aumento na quantidade de tecido adiposo (Clarke et al., 2014; Sonnenburg and Backhed,
2016; Walker and Parkhill, 2013) e que a microbiota de camundongos geneticamente
obesos quando transplantada a camundongos magros induz um aumento de adiposidade
(Sonnenburg and Béackhed, 2016). Além disso, foi mostrado que a microbiota de obesos
tem uma habilidade maior de retirar energia dos alimentos (Turnbaugh et al., 2006). Esses
achados em conjunto suportam a ideia da microbiota alterada como causa da obesidade.
Por outro lado, ainda é controverso se a obesidade é causa ou consequéncia microbiota

alterada (Béckhed, 2009).
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Parece ser um consenso na literatura cientifica da area que a diversidade bacteriana é um
dos principais fatores para determinar a saude da microbiota intestinal (Sonnenburg and
Backhed, 2016). A baixa diversidade microbiana intestinal tem sido associada a
obesidade, resisténcia a insulina e inflamacéo (Le Chatelier et al., 2013; Sonnenburg and
Béckhed, 2016; Turnbaugh et al., 2008). Além disso, um estudo mostrou, por exemplo,
que uma diminuicdo da diversidade da microbiota intestinal esta associada a habitos nao
saudaveis, tais como o consumo de refrigerantes, salgadinhos e alto consumo de Kcal,
enquanto uma alta diversidade foi associada a habitos saudaveis como o consumo de
vegetais, frutas e chas (Zhernakova et al., 2016). Essas descobertas em conjunto sugerem
que a diminuicdo da diversidade pode ser uma consequéncia de maus habitos e da

obesidade.

1.4. SUPLEMENTOS VEGETAIS ANTI-OBESIDADE: GUARANA
1.4.1. Historico

Plantas vem sendo usadas com uma proposito medicinal a milénios (Martel et al., 2016).
As plantas, bem como outros organismos sésseis, produzem uma variedade enorme de
compostos quimicos que atuam principalmente como defesa contra herbivora, radiacao
solar, estresse e doencgas causadas por micro-organismos (Iriti and Faoro, 2009). Muitos
desses fitoquimicos apresentam potenciais bioativos importantes em mamiferos quando
administrados em baixas quantidades, tais como anticoagulante e anti-inflamatorio (acido
salicilico), sedativo (morfina), atropina (relaxante muscular), entre varios outros (Martel
et al., 2016). O uso de suplementos e fitoquimicos derivados de plantas, bem como a
utilizagdo de infusdes a base de plantas, tem expandido no mundo todo. Estima-se que
80% da populagdo mundial utilizem produtos derivados de plantas como fonte primaria

de cuidados a saude (Ekor, 2014). Para ressaltar ainda mais a importancia dos estudos
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com produtos derivados de plantas: aproximadamente 50% de drogas farmacéuticas séo
derivadas direta ou indiretamente de plantas (Martel et al., 2016). Portanto o estudo de
derivados de plantas parece ser um bom caminho para o desenvolvimento de novas

drogas.

1.4.2. Estratégias alternativas no combate contra a obesidade

Devido ao grande problema de saude publico causado pela obesidade, existe um grande
interesse em encontrar estratégias para reduzir o peso corporal. Porém, as estratégias
antiobesidade atuais, as quais visam principalmente restringir o consumo energético e
aumentar atividades fisicas sdo de eficécia variavel e estdo longe de serem satisfatorias.
Existem alguns medicamentos eficazes, mas possuem severos efeitos colaterais (Martel
et al., 2016; Pittler et al., 2005; Ravussin and Galgani, 2011). Portanto, é necessaria
urgentemente uma estratégia alternativa efetiva para aumentar o gasto energético de
maneira eficaz e segura. Bons alvos s&o compostos derivados de plantas, os quais muitos
ja tem sido mostrado atuar em diferentes mecanismos, tais como na ativagdo do tecido
adiposo marrom, reducdo do apetite e diminuicdo da absorcéao de lipidios (Martel et al.,

2016; Pittler et al., 2005; Ravussin and Galgani, 2011).

1.4.3. Seguranca e eficacia de produtos de origem vegetal usados para emagrecer

Muitos estudos mostraram potencial anti-obesidade de vérias ervas naturais, como cha
verde, café verde, feno-grego e pimenta (Martel et al., 2016). Porém, o consumo de
produtos derivados de plantas, na forma de extratos ou fitoquimicos isolados, com
objetivo de reduzir o peso tém sido muito consumidos e geralmente sem nenhuma

prescricdo de um profissional da area. Estima-se que em 2001 nos EUA tenha sido gasto
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cerca de US$ 1,3 bilhdes com estes produtos (Blanck et al., 2007; Martel et al., 2016).
Além disso, uma grande quantidade de evidéncias mostrou que alguns dos suplementos
de ervas utilizados para perda de peso em obesos foram associados a toxicidade
(loannides-Demos et al., 2006; Pittler et al., 2005; Restani et al., 2016). Por exemplo, uma
meta-andlise, que compilou dados de pilulas para perda de peso contendo estimulantes
ephedra e/ou efedrina (com ou sem cafeina), encontrou uma maior perda de peso por até
6 meses comparado com o grupo placebo, mas 0s usuérios tiveram aproximadamente 3
vezes mais chance de apresentar efeitos adversos, incluindo problemas psiquicos,
gastrointestinais e cardiacos (Shekelle et al., 2003). Porém, muitos desses produtos sao
rotulados como "naturais", um termo que muitas vezes € interpretado como “seguro”.
Podemos ressaltar ainda que para muitos desses produtos, as reivindica¢fes sobre sua
efetividade sdo falsas e enganosas (Blanck et al., 2007). Portanto a eficacia e seguranca
de produtos derivados de plantas tem se tornado uma preocupacdo atual (Ekor, 2014;
Martel et al., 2016). Em termos mais gerais, existem preocupacfes quanto a falta de
controle de qualidade (variabilidade de quantidades e contaminacéo) e a possibilidade de
efeitos colaterais, como efeitos toxicos diretos, reacdes alérgicas e interacdes com outros
suplementos ou medicamentos, especialmente para suplementos contendo estimulantes

(Blanck et al., 2007).

1.4.4. Guarana

Guarana (Paullinia cupana) é uma espécie nativa da regido amazoénica conhecida por suas
propriedades medicinais e estimulantes e utilizada ha séculos pelas comunidades
indigenas da Amazénia. E popularmente valorizado pela sua propriedade estimulante,
principalmente, mas também como afrodisiaco e para reducdo de peso. O guarana €

produzido principalmente nos estados brasileiros do Amazonas e da Bahia, e
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aproximadamente 70% da producéo é utilizada pela industria de refrigerantes e bebidas
energeéticas. Dentre os outros 30%, 10% sdo comercializados como pé de guarana para
consumo direto em cépsulas ou diluicdo em agua, e os outros 20% servem como matéria-

prima para as inddstrias farmacéutica e cosmética (revisado por Schimpl et al. (2013)).

As sementes sdo a parte comercialmente utilizada da planta, principalmente devido ao
seu conteudo do alcaloide purinico conhecido como cafeina (1,3,7-tri-metilxantina), ao
qual a propriedade estimulante do guarana ¢ atribuida. A semente de guarana contém
entre 2 e 6% de cafeina, o qual é bastante alto quanto comparado com café, cha verde e
erva mate. Porém, se sabe que outros alcalo;;;;ides purinicos, também com capacidade
estimulatoria, como teobromina e teofilina, sdo encontrados nas sementes de guarana em
uma menor quantidade (0,3%) (Schimpl et al., 2013). Além disso, Catequinas e
epicatequinas sdo presentes na semente, 0S quais juntos com as metilxantinas sdo 0s

maiores alvos de interesse cientifico da semente, devido ao seu potencial de aplicacdo na

industria farmacéutica e cosmética (Bittencourt et al., 2014; Schimpl et al., 2013).
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Figura 2: Foto mostrando o fruto do guarana. [Imagem retirada da péagina:
https://www.biovontade.com/en/products/categories/vegetable-powders-and-extracts/

other-plant-extracts/17-guarana]

O guarand comercializado para reducdo de peso geralmente estd misturado a outras
substancias. Porém, enquanto algumas evidéncias sugiram um potencial de reducéo de
peso do guarana (Andersen and Fogh, 2001; Boozer et al., 2001; Costa Krewer et al.,
2011; Opala et al., 2006), outras evidencias apontam para possiveis efeitos adversos
(Baghkhani and Jafari, 2002; loannides-Demos et al., 2006; Pittler et al., 2005; Restani et

al., 2016).
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2. OBJETIVOS

2.1. Objetivo geral
Desenvolver um modelo de dieta indutora de obesidade mais adequado que os modelos

de dietas atuais para estudar a obesidade. Utilizar o modelo de dieta mais adequado
encontrado para investigar o potencial antiobesidade do guarana (Paullinia cupana) —

uma planta nativa do Brasil.

2.2. Objetivos especificos
- Desenvolver uma dieta animal baseada no consumo ocidental humana e comparar esta

dieta com duas dietas indutoras de obesidade classicas (dieta hiperlipidica e de cafeteria)
a nivel de disfungdes metabdlicas associadas a obesidade e perfil da microbiota intestinal

(Capitulo I).

- Redigir um pedido de patente, caso a dieta desenhada por nés seja um modelo mais

robusto de dieta indutora de obesidade (Capitulo 11).

- Avaliar o potencial e antiobesidade do guarana, bem como elucidar possiveis
mecanismo envolvidos. Além disso, verificar a toxicidade do guarana e tentar encontrar

uma dose segura (Capitulo I11).
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Abstract

BACKGROUND/OBJECTIVE: Obesity is a metabolic disorder that predisposes patients to numerous
diseases and has become a major global public-health concern. Animal models of diet-induced obesity
(DIO) are frequently used to study obesity, but which DIO model most accurately reflects the pathology
of human obesity remains unclear. In this study, we designed a diet based on the human Western diet
(WD) and compared it with the cafeteria diet (CAF) and high-fat diet (HFD) in order to evaluate which
diet most closely mirrors human obesity.

METHODS: Wistar rats were fed four different diets (WD, CAF, HFD, and a low-fat diet) for 18 weeks.
Metabolic parameters and gut microbiota changes were then characterized.

RESULTS: Rats fed the four different diets exhibited completely different phenotypes, highlighting the
importance of diet selection. This study also revealed that WD most effectively induced obesity and
obesity-related disorders, and thus proved to be a robust model of human obesity. Moreover, WD-fed rats
developed obesity and obesity-related comorbidities independent of major alterations in gut microbiota
composition (dysbiosis), whereas CAF-fed rats developed the greatest dysbiosis independent of obesity.
We also characterized gut microbiota after feeding on these four different diets and identified five genera
that might be involved in the pathogenesis of obesity.

CONCLUSIONS: These data suggest that diet, and not the obese state, was the major driving force
behind gut microbiota changes. Moreover, the marked dysbiosis observed in CAF-fed rats might have
resulted from the presence of several additives present in the CAF diet, or even a lack of essential
vitamins and minerals. Based on our findings, we recommend the use of the prototypic WD (designed
here) in DIO models. Conversely, CAF could be used to investigate the effects of excessive consumption

of industrially-produced and highly-processed foods, which are characteristic of Western society.
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INTRODUCTION

Obesity is a metabolic disorder defined as having a body mass index (BMI) of >30 kg/m’. An elevated
BMI is a major risk factor for several complications, including diabetes, cardiovascular disease, cancer,
and gastrointestinal diseases, and thus it contributes to the overall disease burden worldwide'?. Moreover,
obesity prevalence has increased worldwide at an alarming rate, primarily due to reduced physical activity
and Westernization of dietary habits'>. For instance, in the USA, Western society’s archetypal country,
~70% of adults are overweight or obese according to the 2013-2014 National Health and Nutrition

Examination Survey.

The relevance of obesity worldwide has fostered a continual search for improved models for studying
obesity, and, among these, one of the most frequently used is the diet-induced obesity (DIO) model® . In
the DIO models, which provide highly human-like models, numerous obesity-inducing diets are used,
including high-fat diets (HFDs) and cafeteria diets (CAFs)*°. In HFDs, various fat sources are used in
different proportions, but no consensus exists regarding which HFD is the most appropriate; thus, the
phenotypes observed, as well as the physiological and biochemical parameters, might vary between
different studies and thereby make comparisons between them challenging’. In turn, because CAFs are
composed of diverse highly palatable energy-dense foods, (e.g., cheese, cake, salami, and cookies), that
contain substantial amounts of salt, sugar, and fat, CAFs simulate relatively more closely the human
Western diet™®. Furthermore, CAFs induce obesity and related disorders more efficiently than the
traditional HFDs”®. However, CAFs have been criticized for being even less standardized than the
predefined HFDs®. Because each animal may choose a diet with a composition different from that chosen
by other animals, and because different researchers worldwide have created their own unique CAFs based
on regional snacks, animal phenotypes might vary within, and even between studies. Moreover, because
highly processed foods commonly contain less than adequate protein, mineral, and vitamin contents,
animals that are fed such foods might experience nutritional deficiencies’. Lastly, highly processed foods
also contain large amounts of additives (e.g., preservatives, colourings) that could cause additional

interference in the results.

Based on the aforementioned issues, we sought to design a prototypic Western diet (WD) to be as similar

as possible to the human diet (i.e. a diet with high-fat, high-sugar, and high-salt content, and a low-fiber
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content), but which is nutritionally adequate, free of additives, and does not exhibit food heterogeneity
(unique mixtures). Our aim was to combine the optimal properties of HFDs and CAFs and thus generate a

diet that is highly suitable and reproducible.

In this study, we used three different DIO models. No previously published study has performed a
complete comparison between these three DIO models, encompassing evaluation of metabolic
dysfunction and gut microbiota. The gut microbiota data is of particular interest since there is an
accumulation of evidence that suggests that gut microbiota composition might be associated with the
development of obesity, and obesity-associated disorders'®'®. To establish which diet model is the most
robust and reproducible for studying obesity, we compared the prototypic WD developed by us with the
two traditional obesogenic diets, namely HFD and CAF. We hypothesized that our prototypic WD, as
compared to HFD or CAF, would provide a more adequate model of human obesity, and we confirmed
this through appropriate metabolic characterization. We also investigated and compared alterations in gut
microbiota induced by these three diets, based on considering that the documentation of these alterations

could provide a foundation for future investigations into the induction of obesity.
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MATERIAL AND METHODS

Animals

Male Wistar rats (8 weeks old) were obtained from our breeding colony. They were housed three
rats/cage with ad libitum access to water and standard commercial chow (Chow Nuvilab CR-1 type;
Curitiba, PR, Brazil). Rats were maintained on a 12 h light-dark cycle in a temperature-controlled colony
room (21°C) for two weeks before being randomly assigned to one of the four experimental diet groups

(acclimatization).

Ethics Statement

All animal experiments were performed at Departamento de Bioquimica of Universidade Federal do Rio
Grande do Sul (UFRGS) and were approved by the Ethical Committee on Animal Use (CEUA) of the
UFRGS (protocol number 27648). All experimental procedures were performed in accordance with the

Guide for Care and Use of Laboratory Animals'.

Experimental design

After the end of the acclimatization period, 10-week old rats (n = 12 per group) were then maintained, ad
libitum, for 18 weeks on either a high fat diet (HFD) containing 60% Kcal from fat, a cafeteria diet (CAF)
containing seven human snack foods (cheese, cake, salami, filled biscuit, puff biscuit, crackers, and
cookies), a Western diet (WD), or a control diet (a matched low-fat chow based on AIN-93'%). The WD
was designed to produce a more realistic model diet of the human WD, with 42.5% Kcal being derived
from fat, and being high in simple carbohydrates and salt, and low in fiber (the nutrients in our prototypic
WD and the typical human WD are compared in Table 1). Consequently, the WD was very similar to the
cafeteria diet but in a standardized way. The WD was designed based on data reporting the current
average consumption of a Western society (20-29-year-old males)™'*"”. The nutritional information about
the snacks used in the cafeteria diet are shown in Supplementary Table S1. Diets were provided in pellet
form (except CAF) and were changed every two days. The Kcal sources for each diet are provided in

Supplementary Table S2.

Analysis
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The supplementary information (Supplementary Appendix-I) describes in more detail the methodologies
related to material collection, body weight, food intake, histology, adiposity index, lipid profile, serum
metabolites, alanine aminotransferase, aspartate aminotransferase, serum cytokines and hormones levels,
the homeostatic model assessment of insulin resistance, N°-carboxymethyllysine levels, food preference
and choice, choline analysis, DNA extraction, and sequencing analysis. The exact sample size (n) for each

experimental group is shown in the Figure legends.

Statistics

Analysis was performed using ANOVA followed by Tukey post hoc test (homogeneity of variance was
tested using Levene’s test). In the case of a non-parametric distribution of data, the Kruskal-Wallis test
was used. Chi-square tests were used to compare associations of categorical variables with diagnosis of
hepatic steatosis. For food preference analysis, an ANOVA was used controlling the day effect.
Evaluation of the relationship between the different variables was carried out using Pearson’s correlation
at the p < 0.05 confidence level. Differences in microbial communities were assessed using ANOVA
followed by a Tukey-Kramer post hoc test; when only two groups needed to be compared a two-sided
Student's t-test was used. No blinding was carried out for data analysis. Samples were excluded when
they were outliers. Data are shown as means + SEM. Significant differences are indicated by * p < 0.05,
** p <0.01, or ¥** p < 0.001 for obesogenic diets vs. control, and # p < 0.05, ## p < 0.01, or ### p <
0.001 for comparison between obesogenic diets. Results were statistically evaluated using SPSS 20
(SPSS Inc., Chicago, IL, USA) and graphics were generated using GraphPad Prism 7 (GraphPad

Software Inc., San Diego, CA, USA) and STAMP 2.1.3 software.
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RESULTS

WD most effectively promoted obesity

Excessive fat accumulation is a hallmark of obesity, and hyperphagia is a common characteristic among
rats fed palatable diets'®"; therefore, we first measured food intake and animal weight. After 16 weeks,
the cumulative food intake (g/rat) was lower in rats fed obesogenic diets compared to the control diet
(Figure 1a). Conversely, cumulative energy intake (Kcal/rat) after 16 weeks was highest in CAF-fed rats
(Figure 1b). WD-fed rats gained significantly more weight than rats fed other diets (Figure lc and d),
even though the CAF-fed rats consumed more calories, which suggests that weight gain occurred
regardless of calorie consumption. Fat accumulation and adiposity index were significantly higher in
WD-fed rats compared to other diets (Figure le and f). Notably, HFD and CAF, the diets most commonly
used to induce obesity in rodent models, did not cause a significantly greater amount of fat accumulation
compared to the control diet. Similarly, Sampey and colleagues showed that rats fed a HFD gained
similar weight to rats fed a matched low-fat diet (resembling our control diet), but gained more weight
than rats fed a commercial standard chow, pointing to the importance of choosing the correct control’. In
our study, the WD and HFD contain the same micronutrient base as the control diet, and therefore,
differences between these obesogenic diets and the control diet are not due to micronutrient content. In
contrast, CAF is composed of highly processed foods, which tend to be low in minerals, and vitamins®’
(i.e. CAF is not micronutritionally matched to the control diet). This possible lack of micronutrients may
have prevented weight gain compared to control diet. Thus, we believe that CAF models a diet rich in

highly processed foods, which is characteristic of Western societies®'**,

and not obesity per se.
Collectively, these data suggest that WD was the most efficient in inducing excessive adipose tissue

accumulation, the major hallmark of obesity.

Obesogenic diets did not strongly affect serum lipid profile or levels of metabolites, alanine
aminotransferase (ALT), and aspartate aminotransferase (AST)

We then determined the serum lipid profile (feeding/fasting TG, fasting low-density lipoprotein (LDL),
fasting HDL, fasting total cholesterol (TC)) and the levels of four serum metabolites (uric acid, urea,
creatinine, and albumin) as well as AST and ALT in rats fed these four different diets (Supplementary

Table S3). The data shown in Table S3 revealed increased feeding TG levels in the HFD- and CAF-fed
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rats, an unexpected decrease in fasting TG levels in the HFD-fed rats, and a decrease in fasting TC in

CAF-fed rats.

WD and CAF were the most palatable diets

Because palatable foods lead to overeating and might contribute to the development of obesity'*?!,

we
examined diet palatability, which is critical for determining food preference®’. In food-preference tests,
both WD and CAF were more palatable than the control diet (Figure S1b and c), and the HFD (Figure
S1d and e), whereas HFD palatability was similar to the control diet (Figure Sla). Moreover, a
comparison of WD and CAF (Figure SIf) revealed a preference for CAF, which might be due to the

variety of food available in the CAF because WD and CAF contained similar amounts of salt, sugar, and

fat.

WD and CAF induced marked hepatic steatosis

Non-alcoholic fatty liver disease (NAFLD) is a pathological syndrome primarily characterized by hepatic
steatosis (TG accumulation in liver cells) and occurs in 80%-90% of obese adult humans**?. Steatosis
scoring and histologic imaging revealed that all obesogenic diets induced fat accumulation in the liver
(Figure 2a and b), but direct liver TG measurement revealed that only WD and CAF increased liver TGs
(Figure 2c), corroborating previous findings’. As expected, liver fresh weight was significantly higher in
WD- and CAF-fed rats than in HFD- and control diet-fed rats (Figure 2d). Hence, we showed that WD

and CAF induce NAFLD more efficiently than HFD in Wistar rats.

Effects of obesogenic diets on inflammation and adipokines

We also measured the serum levels of leptin, adiponectin, TNF-a, IL-6, and IL-10 (Figure 3), because
these are considered key adipokines in obesity and related disorders®. Serum TNF-a levels, in accord
with the increase in adipose tissue (Figure le and f), were higher in WD-fed rats than in CAF-fed rats
(Figure 3a). Conversely, among the obesogenic diets, only CAF induced a decrease in serum IL-10
(Figure 3b), although this might not be related to obesity because CAF did not induce a marked
accumulation of adipose tissue (Figure lc-f). The TNF-o/IL-10 ratio (an inflammation index) did not
differ between the four tested diets (Figure 3c). Unexpectedly, serum IL-6 levels were similar between the

four diets (Figure 3d). Although DIO rats and obese humans have markedly increased serum leptin levels
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relative to control rats and lean humans®, only WD induced leptinaemia in our study (Figure 3e).
Intriguingly, serum adiponectin levels, which are commonly lower in obese people than in lean people®,
were slightly higher in WD-fed rats than in rats fed the other diets (Figure 3f). Nevertheless, in WD-fed

rats, the leptin/adiponectin ratio was increased, indicating an imbalance favouring leptin (Figure 3g).

WD promoted a pre-diabetic condition

We observed a slight fasting hyperglycaemia in both HFD- and WD-fed rats (Figure 3h), although a CAF
diet was previously shown to induce higher hyperglycaemia levels than a HFD in mice®. Insulin levels
and insulin resistance (estimated using HOMA-IR) were ~3-times higher in WD-fed rats than in rats fed
other diets (Figure 3i and j). The levels of carboxymethyl-lysine, an advanced glycation end product
formed from the non-enzymatic reaction between reducing sugars and proteins®®, were higher in HFD-
and WD-fed rats than in CAF- and control diet-fed rats (Figure 3k), in line with the effects on
hyperglycaemia. Collectively, these data indicate that WD led to a greater impairment in glucose

homeostasis than the other obesogenic diets.

Serum IL-10 and liver TG levels were not correlated with adiposity index

In this study, CAF induced a maximal reduction in serum IL-10 levels and a maximal increase in liver TG
levels, but these data were not correlated with adiposity index (Figure S2), implying that serum IL-10 and
liver TG levels might be modulated by CAF-intrinsic factors (such as presence of additives or lack of
essential nutrient) and not the obese state. The low weight, the high liver TG levels and the lack of
insulin-resistance induction in CAF-fed rats reminded us of the methionine-choline-deficient (MCD) diet
model that is widely used to induce NAFLD in rats; these rats present all three of the aforementioned
characteristics. Several diets are used to induce NAFLD, such as the MCD diet, choline-deficient (CD)
diet, or diets used for DIO models, but in contrast to MCD diet, DIO-model diets induce weight gain and
insulin resistance’”**, Therefore, we hypothesized that CAF-fed rats could be choline deficient. Choline is
a nutrient essential for the formation of key compounds such as phosphatidylcholine, sphingomyelin, and
acetylcholine, and choline deficiency is associated with malnutrition®**°. Thus, in order to reveal whether
CAF-fed rats experienced choline deficiency, we assessed choline levels both in the diets and in the rat
sera. Quantification of choline chloride and natural choline in the four diets (Supplementary Table S4)

revealed that choline content was lowest in CAF, intermediate in control diet, and highest in HFD and
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WD. Serum phosphatidylcholine (the major fate of choline), levels were low in CAF-fed rats, and
intriguingly, also in the control diet-fed rats (Figure S3). Our finding suggests that this essential
compound may be evolved in the general state of CAF-fed rats, although this is likely not the only factor
because phosphatidylcholine amounts were also low in control rats. A possible explanation for this
finding is that low methionine intake can aggravate choline deficiency, because when dietary choline is

deficient, methionine can be used for choline synthesism; however, methionine levels were not assessed.

Gut microbial diversity dropped drastically in CAF-fed rats
Decreased gut microbial diversity has been linked to human obesity, insulin resistance, dyslipidaemia,

and inflammation, and also with rodent DIO models'''3?

. In this study we found that gut microbial
diversity was drastically decreased in CAF-fed rats (Figure 4a and b), suggesting microbial community
dysbiosis, which is a disruption of gut microbiota composition that it is known to participate in the

pathogenesis of diverse diseases, including obesity, type 1 diabetes, and autism™.

Scatter plot of first and third principal components (PCs) and heatmap of relative abundances at
phylum level revealed grouping of CAF samples

We used a PCA to assess whether the different diets produced distinct clusters in terms of the relative
abundances of gut microbiota at the phylum level. As a result, we found that the gut microbiota from
CAF-fed rats formed a distinct cluster from the microbiota of rats fed other diets (Figure 4c). This
separation was most apparent along the PC1 axis, which explained 89.8% of the total variation.
Moreover, the heatmap of relative abundances at the phylum level (Figure 4d) also separated CAF-fed
rats from rats fed other diets. These results, together with the diversity data, suggest that the CAF-fed rats

have widely different gut microbiota, which implies that CAF feeding leads to greater dysbiosis in rats.

CAF induced major phylum- and genus-level changes in gut microbiota of rats

In CAF-fed rats, the relative abundance of Firmicutes decreased, whereas the abundance of Bacteroidetes
increased, compared to HFD- or WD-fed rats (Figure 4e and f). Moreover, our data showed that TM7
abundance in gut microbiota was lower in CAF-fed rats than in WD-fed rats, and Euryarchaeota

abundance was lower in CAF-fed rats than in HFD- and WD-fed rats (Figure 4g and h).
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CAF-fed rats presented gut microbial community dysbiosis at the genus level

In complete agreement with the results shown in Figure 4, Bacteroidetes genera (Prevotella and
Parabacteroides) bloomed, whereas the major Firmicutes genera (Coprococcus, Oscillospira, Roseburia,
Ruminococcus) dropped in CAF-fed rats (Figure S4). Lactobacillus (Firmicutes) also showed a tendency
to decrease in CAF-fed rats compared to rats fed the other obesogenic diets, and was higher in HFD-fed
rats than in control diet-fed rats (Figure S4d). Among Archaea, the abundance of VadinCAll, a genus
included in the phylum Euryarchaeota, was diminished in CAF-fed rats (Figure S4h), which agrees with

the decrease seen in Euryarchaeota (Figure 4h).

The abundance of five genera was altered in gut microbiota from WD-fed rats

The aforementioned findings showed that WD induced more obesity hallmarks than HFD and CAF
suggesting that WD induces an obesity phenotype more closely related to humans. Therefore, in order to
verify the relationship between the microbiota and obesity, we decided to evaluate alterations in gut
microbiota at the genus level specifically between the WD and control diet using a Student's #-test. This
analysis revealed that five genera were changed in abundance in the gut microbiota of WD-fed rats
relative to control: Clostridium, Eubacterium, Anaerotruncus, and Holdemania were increased and

Candidatus arthromitus was decreased (Figure 5).

11

32



288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

DISCUSSION

Obesity is a metabolic disorder that predisposes to numerous diseases and due to its epidemic increase
worldwide has made it a major global public-health concern'?. Pre-clinically, obesity is studied using
several models, one of which is the DIO model. Diverse obesogenic diets have been used to create DIO
models, including HFDs, which vary in the source and proportion of fat, and CAFs, which are prepared
using various commonly consumed snacks™®. However, it is challenging to find a diet that encompasses
efficiency in inducing obesity and obesity-related disorders, experimental reproducibility, and effectively
models the human WD. Therefore, we aimed to design a diet that combines these three elements, and to
assess its efficiency in inducing obesity, obesity-associated metabolic disorders, and gut microbiota

alterations through a comparison with two traditional obesogenic diets.

The advantages and disadvantages of each of the diets are summarized in Table S5, a “pros and cons”
table prepared based on the literature and our data. The table lists ten parameters, which are discussed
individually. Obesity is described as excessive body-fat accumulation, but not all “obesogenic™ diets
induce obesity™**. In this study, WD, but not HFD and CAF, generated excessive fat accumulation in rats
(Figure lc-f), revealing the importance of diet choice. CAFs were found to induce obesity and obesity-
related dysfunctions more efficiently than HFDs"®. However, based on a consideration of all the
metabolic dysfunctions evaluated here, i.e. hepatic steatosis (Figure 2), inflammation (Figure 3a), fasting
hyperleptinaemia (Figure 3e), fasting hyperglycaemia (Figure 3h), fasting hyperinsulinemia (Figure 3i),
and dyslipidaemia (Supplementary Table S3), we conclude that these obesity-related disorders were
induced with low, moderate, and high efficiencies in rats fed HFD, CAF, and WD, respectively. Diet
palatability is an important food characteristic because it promotes overeating, which contributes to the
development of obesity®?'. Palatability tests revealed that WD and CAF were the most palatable among
the tested diets (Figure S1). HFDs, which commonly vary between 20%-60% Kcal from fat, have been
widely used in DIO models but do not fully represent Western human food consumption habits’. For this
reason, CAFs have been considered by certain investigators to provide a superior DIO model, because
CAFs more accurately reflect the variety of highly palatable energy-dense foods prevalent in Western
society, and also more efficiently induce obesity®’. However, CAFs have been criticized for (1) being
difficult to standardize in terms of nutritional content, primarily because the type and manufacturing of

snacks varies from region to region; (2) they inherently contain food heterogeneity, which could lead to
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each animal showing preference for a diet composition that differs in nutritional aspects from that
selected by every other animal, and this, in turn, might generate phenotypic differences within the
animals; and (3) they are composed of highly processed foods, which tend to be low in proteins, minerals,

and vitamins, and because of this animals might experience nutritional deficiencies®’.

It is known that the nutrient deficiencies may lead to development of obesity-associated metabolic
diseases™°. Thus, the differences noted in CAF, including the altered microbiome profile, may be due to
lack of nutrients. In addition to the aforementioned drawbacks, CAFs also contain diverse food additives
such as preservatives, colourings, flavourings, artificial antioxidants, and emulsifiers that are used in
industrialised foods, but are typically absent in control diets. In our CAF for example, we identified 17
additives (Supplementary Table S6), several of which are preservatives used to prevent microbial growth
in food. Thus, these preservatives might be responsible for the marked dysbiosis that we observed in
CAF-fed rats. Similarly, the additives as a whole, might be at least partly responsible for the metabolic
disorders observed in CAF-fed rats. Therefore, except where the aim is to study the effects of highly
processed foods, the results obtained using CAFs must be interpreted with care. In this regard, it might
also be preferable to use, as in our study, control diets featuring the same nutritional base of the
obesogenic diets, which would help in avoiding bias in the interpretation of results. For instance, Sampey
and colleagues obtained distinct results when they compared obesogenic diets with a commercial standard
chow or a matched low-fat diet’. Lastly, because CAFs are more prone to breaking and crumbling than
other diets, the diet can be easily lost among wood shavings (as we observed here) and this prevents

accurate measurement of food consumption.

The microbiota plays a critical role in the development of obesity and obesity-associated dysfunctions,
and transplantation of the microbiota from obese mice into lean mice is sufficient to make the lean mice
obese'™""*7* However, our data revealed that certain obesogenic diets (e.g., our WD) might induce
obesity and obesity-related comorbidities in the absence of marked gut microbiota alterations (in this
study, the WD effect was different only when compared with control diet; Figure 5), corroborating

40

previous findings™. Although mild compared to gut microbiota changes in rats fed CAF, these gut

microbiota changes may still be involved in the development of obesity and obesity-related disorders.

Conversely, other obesogenic diets (e.g., the CAF diet used here) can induce large gut microbiota changes
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regardless of the obesity state. Collectively, these data suggest that diet was the driving force behind the
gut microbiota changes that we observed, and although rats fed CAF and WD had different gut
microbiota profiles, these profiles may both be involved in the metabolic changes found in each group.
Furthermore, we suggest that the marked dysbiosis developed in CAF-fed rats was potentially due to the
presence of several additives in the diet or even the lack of essential vitamins and minerals (Tables S5 and
S6). Lastly, we characterized gut microbiota in these three different diets and identified five genera that

might be involved in the pathogenesis of obesity (Figure 5).

Reproducibility has emerged as a growing concern in the scientific literature' . Because the obesogenic
diets used for DIO models are not standardized (as discussed above), these diets induce phenotypes that
vary considerably among studies and therefore cannot be readily compared®. Consequently, such studies
evaluate, for example, the effects of diet X or Y, and not the effects of obesity. Accordingly, the rats in
our study showed completely different phenotypes depending on the diet they were fed. Therefore, diets
must be selected based on the study’s purpose. We believe that it is an important goal to define an optimal
diet, because this would make obesity studies comparable. Based on our work, we propose the use of the
prototypic WD (designed here) for studying obesity and obesity-associated disorders in DIO models.
Conversely, CAFs could be used for examining the effects of excessive consumption of industrialised and

highly processed foods, which is characteristic of Western society®'®*

, and not for obesity studies per se;
otherwise, caution should be exercised when interpreting the results and comparing them with the
findings from other studies. Moreover, the single HFD tested here revealed itself to be a poor model for
studying obesity. Finally, diet effects depend not only on diet composition but also on the rodent type,

strain and sex’. Female rodent models, for example, are more prone to DIO than males®. Therefore, these

factors should also be taken into account for better metabolic characterization of these diets.
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FIGURE LEGENDS

Figure 1 | Western diet (WD) was the most effective in promoting obesity. (A) 16 week cumulative
food intake (g/rat). (B) 16 week cumulative energy intake (Kcal/rat). (C) Body weight (g) development
during treatment. (D) 16 week weight gain (g). (E) Total white adipose tissue (WAT) (g). (F) Adiposity
index (WAT weight/body weight). Data are expressed as means = SEM. (A-D) n = 12 and (E-F) n = 8.
Significant differences are indicated by * p < 0.05, ** p <0.01 or *** p <0.001 for obesogenic diets vs.
control, and # p < 0.05, ## p < 0.01 or ### p < 0.001 for comparison between obesogenic diets (ANOVA

followed by Tukey).

Figure 2 | Cafeteria (CAF) and western diet (WD) induced more pronounced hepatic steatosis than
high fat diet (HFD). (A) Representative liver sections stained with H&E. (B) Mean hepatic steatosis
score. (C) Liver triglycerides (mg/g protein). (D) Liver weight (g). Data are expressed as means = SEM.
(A-B) n =4 and (C-D) n = 8. Significant differences are indicated by * p < 0.05, ** p < 0.01 or *** p <
0.001 for obesogenic diets vs. control, and # p < 0.05, ## p < 0.01 or ### p < 0.001 for comparison
between obesogenic diets (ANOVA followed by Tukey except hepatic steatosis for which a Chi-square

test was applied).

Figure 3 | A Western diet led to an increase in serum levels of pro-inflammatory cytokine (TNF-a)
and was the only diet that induced insulin resistance as well as increased the leptin/adiponectin
ratio. (A) Serum TNF-a expressed in pg/mL. (B) Serum IL-10 expressed in pg/mL. (C) Inflammatory
state measured as serum TNF-o/IL-10 ratio. (D) Serum IL-6 expressed in pg/mL. (E) Serum fasting leptin
expressed as ng/mL. (F) Serum fasting adiponectin expressed as pg/mL. (G) Balance between the
adipokines of opposite effects was measured as the leptin/adiponectin ratio. (H) Serum fasting glucose
expressed in mg/dL. (I) Serum fasting insulin expressed in pg/L. (J) Insulin resistance measured by the
homeostatic model assessment of insulin resistance (HOMA-IR) index. (K) Evaluation of serum
advanced glycation end products assessed by N*-carboxymethyllysine levels (% of control). Data are
expressed as means + SEM. (A-K) n = 8-12. Significant differences are indicated by * p < 0.05, ** p <

0.01 or *** p < 0.001 for obesogenic diets vs. control, and # p < 0.05, ## p < 0.01, or ### p < 0.001 for
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comparison between obesogenic diets (ANOVA followed by Tukey except for the non-parametric

distribution of IL-10 data, which the Kruskal-Wallis test was used).

Figure 4 | Cafeteria diet (CAF) led to major changes in gut microbiota. (A) Representative
rarefaction curves of estimated species richness (Chaol) of faecal samples. (B) Calculations of within-
community richness (a-diversity). Data are expressed as means + SEM. (A-B) Control and CAF (n = 4),
and HFD and WD (n = 3). Significant differences are indicated by * p < 0.05, ** p < 0.01 or *** p <
0.001 for obesogenic diets vs. control, and # p < 0.05, ## p < 0.01, or ### p < 0.001 for comparison
between obesogenic diets (ANOVA followed by Tukey). (C-D) Principal component analysis (PCA) and
heatmap of relative abundances at phylum level revealed grouping of cafeteria diet samples. (C) Scatter
plot of the principal component analysis of the phylum level (unclassified reads were removed) showing
all four treatment groups (D) Heatmap showing the relative abundances of bacterial phylum (unclassified
reads were removed) in faecal samples. Control and CAF (n = 4), and HFD and WD (n = 3). (E-H)
Relative abundances of statistically different phyla: (E) Firmicutes, (F) Bacteroidetes, (G) TM7 and (H)
Euryarchaeota. The box-plot shows the median of the data as a line, the mean of the data as a star, and
data points outside of the whiskers as crosses (E-G). Bar plots indicate the mean proportion of sequences
assigned to each feature (H). Control and CAF diet (n = 4) and HFD and WD diet (n = 3). Significant
differences are indicated by * p < 0.05, ** p <0.01 or *** p < 0.001 for obesogenic diets vs. control, and
#p<0.05,#p<0.01, or #H p < 0.001 for comparison between obesogenic diets (ANOVA followed by

Tukey-Kramer post hoc).

Figure 5 | Gut microbial community differences between control and western diet (WD) at genera
levels. Extended error bar plot showing all genera where Student's t-test produces a p-value > 0.5.
Unclassified reads were removed and family was chosen as the parent level (results were based on
number of sequences assigned to the family category). Control diet n =4 and WD diet n = 3. p-values are

shown in the figure and p < 0.05 was considered statistically significant.
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Table 1:

Diet Composition

Approximate
Human
High-Fat . Western Diet
Diet components Cafeteria
Control Diet (60% Western Diet | Consumption
(g/Kg of chow) Diet
Kcal) (only for
comparison)
*)
Soy protein 200 200 - 200 -
.E
E Total 200 200 ~ 180 200 ~178
Lard 0 315 - 180 -
P Soy oil 40 40 - 40 -
©
=
= Total 40 355 ~210 220 ~176.5
Corn starch 550 235 - 170 -
;g Simple sugars” 100° 100* - 300" ~252
o]
i Fiber 50 50 - 25" ~34
S
£
o] Total 700 385 ~ 485 495 ~607
Salt (sodium) 525(2) 5.25(2) ~19.6 (~7.7) 20 (7.86)¢ ~19.6 (~7.7)
2 Vitamin mix 10 10 - 10 -
=
§ Mineral mix 40 40 n 40 .
g‘ Choline’ PN L - 2 ~0.675
5 Methionine 3 3 - 3 -
=
IS Lysine 3 3 - 3 -
Cholesterol (mg) 0° 0.296° - 0.169¢ ~0.588
Total (g) 998 998 ~998 989 998

* Human western diet (only for comparison): mean amounts consumed per individual (men from 20 to 29

years old) in the United States, 2011-2012 (National Health and Nutrition Examination Survey -

NHANES). In order to facilitate comparison, the values (taken from NHANES) were adapted to complete

an amount of 998 grams.

“Sucrose was added to control, high-fat, and Western diet.

Fiber was halved in our Western Diet because according Cordain and colleagues (2005) the content of

ingested fiber in the United States is half of that recommended.

“Salt was increased in our Western Diet to achieve a concentration close to the human Western diet.
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“Choline was added to control, high-fat, and Western diet in the choline chloride form (52% purity). The
choline value of human Western Diet (0.675) was derived from NHANES data and therefore covers
choline in different forms (100% purity).

“This cholesterol comes from the lard added to diets taking into account that 100 g of lard has 94 mg of
cholesterol (no pure cholesterol was added).

“_»

The symbol “-” represents “‘unknown nutrients” whereas “~" represents “approximately”.
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Figure 4
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Figure 5
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Supplementary Materials and Methods

Body weight and food intake

The amount of food consumed per cage was monitored by calculating the difference between
the weight of the food offered and the weight of the food removed two days later. Individual

animals were weighted once a week.

Material collection

After 16 weeks of the experimental diet, animals were fasted overnight (12 h) and 0.5 mL of
blood was collect via a tail snip procedure, whereby a cut is made 1 mm from the tip of the
tail using scalpel blade. Moreover, fresh fecal pellets were collected in clean boxes and stored
at —80 °C for DNA extraction and microbiota composition analysis. Serum was also
separated after blood clot formation by centrifugation at 2000 xg for 10 min at 15 °C and
stored at —80 °C. Furthermore, after 18 weeks of the experimental diet, animals were
sacrificed by decapitation. Blood was collected and serum was separated by centrifugation
after clot formation as described. Liver and white adipose tissues (WATs) were rapidly
isolated, washed in ice-cold 50 mM phosphate buffer saline (PBS) (pH 7.4), patted dry, and
weighed before storage at —80 °C. A portion of the liver was also fixed in buffered 10%

formaldehyde (pH 7.4) for histologic analysis.

Histology

Formaldehyde fixed liver samples were dehydrated in increasing concentrations of ethanol
(70, 80, 90, 95, and 100%), diaphonized in xylol, and embedded in paraffin wax blocks
according to routine histological procedures. Serial coronal sections (5 pm thick) of the
paraffin-embedded tissues were cut with a microtome and stained using hematoxylin—eosin

histochemical (H&E) methods. To evaluate histological changes, the sections were examined
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microscopically and the best fields were photographed using a Microscopy EVOS™ FL Auto
Imaging System (AMAFD1000 — Thermo Fisher Scientific; MA, USA). Liver steatosis was
evaluated according to the nonalcoholic fatty liver disease (NAFLD) scoring system as
described by Kleiner and colleagues', whereby the percentage of steatosis area (<5%, 5-33%,

33-66%, and >66%) were scored as 0, 1, 2, and 3, respectively.

Adiposity index
To calculate the adiposity index, total body fat was divided by body weight as follows:

[(epididymal+visceral+retroperitoneal+omental)/final body weight] x 100.

Lipid profile

The fasting serum lipid profile (triglycerides (TG), total cholesterol, high-density lipoprotein
(HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol), feeding serum TG, and
liver TG were determined using an automatic biochemical analyzer (Konelab® 30i, Thermo
Electron Corporation, Vantaa, Finland) with specific analysis kits by the Wiener lab group
(Rosario, Argentina). To measure liver TG, liver homogenate was diluted to 6 pg of

protein/uL in 50 mM PBS (pH 7.4).

Serum metabolites, alanine aminotransferase (ALT), and aspartate aminotransferase
(AST)

Serum uric acid (UA), creatinine, albumin, ALT, and AST concentrations were determined
using an automatic biochemical analyzer (Cobas 8000 C702, Roche Diagnostics, Mannheim,

Germany). Analyses were performed using the specified kits from Roche Diagnostics.

Serum cytokines and hormone levels
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Serum tumor necrosis factor (TNF)-a, interleukin (IL)-6, and IL-10 levels were determined
with a rat ELISA kit from Sigma-Aldrich (St. Louis, MO, USA). Levels of leptin and
adiponectin were measured in fasting serum with a rat ELISA kit from Millipore (Billerica,

MA, USA).

Homeostasis model assessment of insulin resistance (HOMA-IR) and N&-
carboxymethyllysine

Fasting blood glucose concentrations were determined by using a portable glucometer
(Accucheck Active, Roche Diagnostics, Mannheim, Germany). Fasting serum insulin
concentrations were determined with an ultra-sensitive rat insulin ELISA kit (Mercodia AB,
Uppsala, Sweden). Insulin resistance (IR) was estimated according to the homeostatic model
assessment (HOMA) index using the following formula: fasting serum insulin (ug/L) x
fasting plasma glucose (mg/dL)/405. Furthermore, N*-carboxymethyllysine was quantified by
indirect ELISA. In this analysis, serum was incubated in an ELISA plate and, after 24 h, the
plates were washed three times with Tween—Tris-buffered saline (TTBS, 100 mM Tris—HCl,
pH 7.5, containing 0.9% NaCl and 0.1% Tween-20). Subsequently, 200 pL of anti-N*-
carboxymethyllysine (Abcam, Cambridge, MA, USA) (1:1000) was added and incubated for
24 h at 4 °C. The plates were then washed three times with TTBS and incubated with rabbit
IgG peroxidase-linked secondary antibody (1:1000) for 2 h according to the manufacturer’s
instructions. After washing the plate three times with TTBS, 100 pL of substrate solution
(TMB spectrophotometric ELISA detection kit) was added to each well and incubated for 10
min. The reaction was stopped with 50 pL/well of 2 M sulfuric acid, and the plate read at 450

nm in a microplate reader.

Food preference and choice
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For food preference, we used a different set of male Wistar rats (80 days old). Twelve
animals were separated into six cages with two animals per cage. Each cage corresponded to
a different treatment group. The animals received two different diets ad libitum, allowing
them to choose between the two types of food for six days (Control vs. high fat diet (HFD),
Control vs. Western diet (WD), Control vs. cafeteria diet (CAF), WD vs. CAF, HFD vs.
CAF, or WD vs. HFD). The food was weighed prior to feeding and the remaining quantity
was measured each day to evaluate consumption. The food was weighed every day at the
same time. Food consumption was measured per cage and the amount of food consumed was
divided by the number of animals per cage to determine the mean consumption per animal
and then divided by the average weight of the animals. To verify the amount of kilocalories
consumed per animal, we multiplied the amount of food ingested in grams by the caloric
content per gram of specific chow (in CAF, we multiplied the amount of food ingested in
grams by the mean caloric content per gram). The results were expressed as the average Kcal
intake/day/100 g rat weight during a five-day interval. This experiment was repeated three
times for the same animals, which were randomized between one experiment and another
after a washout period of 1 month. The first day of consumption was excluded as it is
considered an exploration phase during which the animal consumes the two diets equally in

order to evaluate flavor and texture and therefore does not represent the animal’s preference.

Choline analysis

Choline levels obtained from food (choline chloride and natural choline) were evaluated by
liquid chromatography tandem mass spectrometry (LC-MS/MS) at the Laboratério ALAC
Ltda/Eurofins  Scientific. ~Serum  phosphatidylcholine was measured with a

phosphatidylcholine colorimetric assay kit (BioVision Inc, Milpitas, CA, USA).
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DNA extraction

Fecal pellets were collected during the 16™ week in aseptic conditions and stored at —80 °C
for two months. Microbial DNA extraction was performed using a QIAmp DNA stool mini
kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol, and the subsequent
samples were stored at —20 °C for subsequent analysis. Total extracted DNA was quantified
with a Qubit® 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA) using a Qubit® dsDNA HS
Assay kit (Invitrogen, Carlsbad, CA, USA). DNA purity was determined by measuring the
A260/280 ratio using a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific,

Waltham, MA, USA).

Sequencing analysis

The bacterial 16S rRNA hypervariable regions (V4) were amplified from the extracted DNA
samples by polymerase chain reaction (PCR) using 515F (GTGCCAGCMGCCGCGGTAA)
and 806R (GGACTACHVGGGTWTCTAAT) primers. In order to determine if
contamination occurred during the microbiome analysis, a sample devoid of any fecal content
(blank) was included in the PCR run. The PCR products were then purified, submitted to
emulsion PCR, and sequenced on an Ion Torrent Personal Genome Machine (Life
Technologies, Carlsbad, CA, USA). All of the raw data was exported as an unique fastq file
and submitted to the Brazilian Microbiome Project (BMP) analysis pipeline’.. The BMP
pipeline utilizes different scripts and software, such as QIIME and UPARSE, to evaluate the
16S rRNA phylogenetic profile. Briefly, sequences were demultiplexed and filtered based
upon size (200 bp) and quality scores. Operational taxonomic units (OUTs) were clustered
based on 97% similarity (at the species level) and then representative OTUs were assigned to

each phylogenetic identity using the Greengenes v. 13.8 database®. Differences in microbial
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communities between groups were investigated using the STAMP software*. Alpha diversity

was performed with the respective QIIME scripts (alpha_diversity.py).
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Supplementary Figures

Figure S1
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Figure S1: Western diet (WD) and cafeteria diet (CAF) proved to be the most palatable diets. (A, B
and C) Food preference between control and obesogenic diets. Results are expressed as Kcal
intake/day/100 g rat weight. Diets were offered in pairs where one of them was always the control. (D, E
and F) Food preference between obesogenic diets. Results are expressed as Kcal intake/day/100 g rat
weight. Obesogenic diets were offered in pairs. Data are expressed as means + SEM. Significant differences
are indicated by * p < 0.05, ** p < 0.01, or *** p < 0.001 (ANOVA controlling the day effect.). These
experiments were conducted using a different set of animals (male Wistar rats, 80 days old) over a period

of five days.
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Figure S2
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Figure S2: Linear regression plots and Pearson’s correlation analysis between adiposity index and
multiple metabolic parameters with the intention of verifying which parameters are more related to
obesity than other factors. (A) Adiposity index vs. serum IL-10. (B) Adiposity index vs. serum TNF-a.
(C) Adiposity index vs. serum TNF-o/IL-10. (D) Adiposity index vs. serum fasting glucose. (E) Adiposity
index vs. serum fasting insulin. (F) Adiposity index vs. HOMA-IR. (G) Adiposity index vs. serum fasting

leptin. (H) Adiposity index vs. serum fasting adiponectin. (I) Adiposity index vs. liver TG. Pearson’s
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Figure S3

Serum phosphatidylcholine
(nmol/puL)
N

Figure S3: Western (WD) and cafeteria diet (CAF) presented higher serum phosphatidylcholine
levels than control and high fat diet (HFD). (A) Serum phosphatidylcholine expressed as nmol/mL (n =
8). Data are expressed as means = SEM. Significant differences are indicated by * p < 0.05, ** p <0.01 or
*##% p <(0.001 for obesogenic diets vs. control, and # p < 0.05, ## p < 0.01, or ### p < 0.001 for comparison

between obesogenic diets (ANOVA followed by Tukey).
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Figure S4
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Figure S4: CAF-fed rats presented gut microbial community dysbiosis at genus level. (A-H) Relative
abundances of statistically different genera: (A) Prevotella, (B) Parabacteroides, (C) Coprococcus, (D)
Lactobacillus, (E) Oscillospira, (F) Roseburia, (G) Ruminococcus and (H) vadinCA1 1. The box-plot shows
the median of the data as a line, the mean of the data as a star, and data points outside of the whiskers as
crosses. Control and CAF diet n = 4 and HFD and WD diet n = 3. Significant differences are indicated by
*p <0.05, ** p <0.01, or *** p <0.001 for obesogenic diets vs. control, and # p < 0.05, ## p < 0.01, or

### p < 0.001 for comparison between obesogenic diets (ANOVA followed by Tukey-Kramer post hoc).

60



Supplementary Tables

Supplementary Table 1: Nutritional information for the snacks that make up the cafeteria diet

according to the manufacturer.

Measures Energy Protein Carbohydrates Lipids Fiber Sodium
(Kcal) (g (2) (g (8 (g
Cheese (Prince) 102 8 1 7.4 0 0.16
Cake (Croissant) 144 1.9 22 55 0.2 0.107
Salami (Majestade) 172 16 0 12 0 0.624
Ham filled biscuit (Parati) 143 247 17 6.91 0.48 0.296
Puff biscuit (Zezé) 140 2:7 19 59 1 0.27
Cracker (Pioneiro) 128 3.1 24 1.7 0.9 0.088
Strawberry cookie (Nestle) 130 3.1 19 4.7 1.3 0.077
Mean 137 53 14.5 6.1 0.5 0.231

Values correspond to portions of 30 grams.

Supplementary Table 2: Sources of Kcal in each diet.

High Fat Diet
Macronutrients Control Cafeteria Diet Western Diet
(60% Kcal)

Protein 21 % 15 % ~16 % 17 %

Lipids 10 % 60 % ~42 % 42.5 %
Carbohydrates 69 % 25% ~42 % 40.5 %

Total Kcal/Kg of
3760 5335 ~4543 4660
chow
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Supplementary Table 3: Serum lipid profile, metabolites, ALT and AST.

Parameter Control HFD CAF WD
(n=7-9) (n=7-9) (n=7-9) (n=7-9)

Feeding TG (mg/dL) 115.1 £ 13.1 196.6 + 24.8* 206.7 + 14.5% 167.5 £15.9
Fasting TG (mg/dL) 160.3 £22.2 73.8 £ 6.0* 127.2 £ 13.5 1245+74
Fasting LDL (mg/dL) 13.8+1.2 16.7+0.9 13516 13.6 £0.9
Fasting HDL (mg/dL) 262+14 23.6+1.7 205+14 23.0+1.0
Fasting total cholesterol (mg/dL) 69.7+2.7 60.3+25 55.9 +2.8* 61.2+£22
Uric acid (mg/dL) 1.4£0.1 1.5+0.1 1.4+0.07 1.2 £0.04
Urea (mg/dL) 41+1.1 33.5+1.7 353+£37 33.13£0.5
Creatinine (mg/dL) 0.3 £0.007 0.4 +0.01* 0.38£0.01 0.34£0.01
Albumin (g/dL) 4.5£0.09 4.3 £0.06* 4.4+£0.03 4.3 £0.03*
ALT (U/L) 51.2+49 63.3+8.5 472+38 50.8+3.8
AST (U/L) 293.7£335 330.8 +50.1 291.7+31.9 247 +19.7

Values are presented as mean = SEM. * p < 0.05 vs. control and # p < 0.05 vs. WD

Supplementary Table 4: Choline levels in diets.
Parameter Control HFD CAF WD
Choline chloride (mg/kg) 1420 2450 722 2180
Natural choline (mg/kg) 1060 1830 539 1628

Results from food analysis.
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Supplementary Table 5: Characterization of obesogenic diets

Diets HFD CAF WD
Efficiency in inducing obesity? Low Low High
Efficiency in inducing obesity-related disorders? Low Moderate High
Palatability®® Low High High
Human Western diet similarity®® Low High High
Reproducibility®® High Low High
Food heterogeneity®® No yes No
Phenotypic heterogeneity®®° Low Moderate Low
Lack of vitamins and/or minerals*®° No Possibly No
Presence of preservatives, colorings,

No Yes No
flavorings, artificial antioxidants, etc.?
Crumbly? No Yes No
Appropriate obesogenic diet X x v

Characterization was based on this study and literature. Negative points are highlighted in red underlined
italic.

2Qur data contributed to the characterization. Superscript numbers are literature references.

Supplementary Table 6: Additives present in the cafeteria diet used in this study.

Additive category Additives

Preservatives Calcium propionate*, tert-butylhydroquinone, sodium erythorbate, sodium

metabisulfite* and sodium nitrite*

Stabilizer Soy lecithin

Flavor enhancer Monosodium glutamate

Flavoring Unspecified artificial flavoring

Coloring Natural coloring carmin

Baking powder Monocalcium phosphate, sodium bicarbonate and ammonium bicarbonate
Flour enricher Reduced iron and folic acid

Acidifier Citric acid

Humectant Propylene glycol

Stabilizer Calcium carbonate

* prevents microbial growth
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Capitulo 11

Pedido de patente depositado

Composicéo indutora de obesidade em ratos e uso da composicéo
para o preparo de uma composicdo para induzir obesidade em
ratos

(NUmero do processo: BR10.2018.000453-0)
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INSTITUTO

870180001879

1. PJ .o AT
A FH o (AR RERRAVATA AT
29409161710795858

Pedido nacional de Invengao, Modelo de Utilidade, Certificado de
Adicéo de Invengao e entrada na fase nacional do PCT

Nuamero do Processo:

Dados do Depositante (71)

BR 10 2018 000453 0

Depositante 1 de 1

Nome ou Raz&o Social:
Tipo de Pessoa:
CPF/CNPJ:
Nacionalidade:
Qualificagao Juridica:
Enderego:

Cidade:

Estado:

CEP:

Pais:

Telefone:

Fax:

Email:

Dados do Pedido

UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
Pessoa Juridica

92969856000198

Brasileira

Instituicdo de Ensino e Pesquisa

AV. PAULO GAMA N¢ 110, 6° ANDAR, CENTRO, PORTO ALEGRE,
RS, BRASIL
Porto Alegre

RS

90040-060
Brasil
(51)3308.3800
(51)3308.4237

propriedadeintelectual@ufrgs.br

Natureza Patente:

Titulo da Invengéo ou Modelo de
Utilidade (54):

Resumo:

Figura a publicar:

10 - Patente de Invencéo (PI)

COMPOSIQ/:\O INDUTORA DE OBESIDADE EM RATOS E USO DA
COMPOSIGCAO PARA O PREPARO DE UMA COMPOSIGAO PARA
INDUZIR OBESIDADE EM RATOS

A presente invengao descreve uma composigao alimenticia para
dieta indutora de obesidade Util para estudos de obesidade em
animais de laboratério principalmente ratos da linhagem Wistar. A
presente invengao se situa nos campos da Medicina e Nutrigao.

1

PETICIONAMENTO
ELETRONICO

Peticao 870180001879, de 09/01/2018, pag. 1/31

Esta solicitagéo foi enviada pelo sistema Peticionamento Eletronico em 09/01/2018 as
12:18, Peticao 870180001879
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Dados do Inventor (72)

Inventor 1 de 2

Nome:

CPF:
Nacionalidade:
Qualificagéo Fisica:
Enderego:
Cidade:
Estado:

CEP:

Pais:
Telefone:

Fax:

Email:

Inventor 2 de 2

Nome:

CPF:
Nacionalidade:
Qualificagéo Fisica:
Enderego:
Cidade:
Estado:

CEP:

Pais:
Telefone:

Fax:

Email:

RAFAEL CALIXTO BORTOLIN
01778785093

Brasileira

Pesquisador

Joao Alfredo 694, apto 403
Porto Alegre

RS

BRASIL

00159410@ufrgs.br

JOSE CLAUDIO FONSECA MOREIRA
31758444134

Brasileira

Professor do ensino superior

Rua Eroni Soares Machado no. 300 casa 24
Porto Alegre

RS

BRASIL

00006866@ufrgs.br

PETICIONAMENTO
ELETRONICO

Peti¢ao 870180001879, de 09/01/2018, pag. 2/31

Esta solicitagao foi enviada pelo sistema Peticionamento Eletrénico em 09/01/2018 as
12:18, Peticao 870180001879
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Documentos anexados

Tipo Anexo Nome

Comprovante de pagamento de GRU 200 Comprovante de pagamento GRU.pdf

7 e RD - Dieta animal indutora de obesidade util-
Relatério Descritivo FINAL paf
T Reivindicagdes - Dieta animal indutora de
Retindicagso obesidade til-FINAL2.pdf
Resumo - Dieta animal indutora de obesidade
Bestimo atil-FINALS. pdf
Desenho Figuras - Dieta animal indutora de obesidade

util-FINAL4.pdf
Declaracéo de periodo de graga Artigo_periodo_de_graga.pdf

Portaria PORTARIA + DOU.pdf

Acesso ao Patrimonio Genético

Declaragao Negativa de Acesso - Declaro que o objeto do presente pedido de patente de invengao
nao foi obtido em decorréncia de acesso a amostra de componente do Patriménio Genético
Brasileiro, o acesso foi realizado antes de 30 de junho de 2000, ou nao se aplica.

Declaragao de Divulgagao Anterior Nao Prejudicial

|Z[ Artigo 12 da LPI - Periodo de Graga.

Declaragéo de veracidade

MDecIaro, sob as penas da lei, que todas as informagdes acima prestadas sao completas e
verdadeiras.

PETICIONAMENTO

Esta solicitagao foi enviada pelo sistema Peticionamento Eletrénico em 09/01/2018 as
ELETRONICO 12:18, Petigo 870180001879

Peticao 870180001879, de 09/01/2018, pég. 3/31
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Relatorio Descritivo de Patente de Invencao
COMPOSICAO INDUTORA DE OBESIDADE EM RATOS E USO DA

COMPOSICAO PARA O PREPARO DE UMA COMPOSICAO PARA INDUZIR
OBESIDADE EM RATOS
Campo da Invencao

[0001] A presente invengao descreve uma nova dieta indutora de obesidade. A
presente invengao se situa nos campos da Medicina e Nutricao.

Antecedentes da Invencéao
[0002] A obesidade é uma desordem metabdlica que predispdéem as pessoas a

inUmeras doengas, tais como diabetes, doencas cardiovasculares, cancer,
entre outras. Sua prevaléncia tem aumentado mundialmente em proporgées
epidémicas. Por conta disso tem se tornado um dos maiores problemas de
salde publica do mundo.

[0003] Estudos cientificos para encontrar terapias adequadas para o
tratamento da obesidade tém aumentado a cada ano e geralmente séo usados
modelos animais para o estudo de obesidade. Um dos modelos que reflete
melhor a obesidade humana é o modelo de obesidade induzido por dieta (em
inglés conhecido como DIO - diet-induced obesity).

[0004] Este modelo se baseia em fornecer uma dieta hipercalérica aos animais
durante um periodo de tempo que varia entre 1 e 6 meses geralmente. Apos
este modelo animal ser inventado, novas dietas foram criadas afim de buscar
um modelo mais eficiente e/ou realista da obesidade humana.

[0005] Atualmente duas dietas sdo mais utilizadas, uma delas é conhecida
como dieta rica em gordura (do inglés HFD - high-fat diet), a qual apresenta
uma quantidade elevada de gordura na dieta; a outra dieta € conhecida como
dieta de cafeteria (do inglés CAF - cafeteria diet), a qual é composta por
diversos alimentos palataveis, hipercaléricos e altamente industrializados (por
exemplo, queijo, salame, bolo, bolacha recheada, salgadinhos, etc.).

[0006] A composicao da dieta rica em gordura nao € padronizada e, portanto,
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pode variar de um estudo para o outro em relagdo a quantidade e o tipo de
gordura, podendo gerar fenoétipos diferentes entre animais de estudos
diferentes, dessa forma dificultando a comparacdo entre os diferentes
trabalhos. Uma outra desvantagem da dieta rica em gordura é que quando
comparada com outras dietas indutoras de obesidade, ela é, frequentemente,
menos eficiente em induzir a obesidade.

[0007] A dieta de cafeteria por sua vez, tem sido criticada por ser menos
padronizada do que a dieta rica em gordura, ja que cada pesquisador faz a sua
prépria composicao de alimentos industrializados, pois estes variam de regiao
para regiao. Além disso, o consumo do tipo de alimento pode varias de um
animal para outro devido a preferéncia de cada animal.

[0008] Outra desvantagem desta dieta se baseia no fato de que os animais
podem apresentar deficiéncias nutricionais de proteina, vitaminas e minerais,
uma vez que alimentos altamente industrializados s&o pobres nestes
componentes. Por ultimo, deve ser salientado que a dieta de cafeteria
apresenta varios aditivos alimentares (corantes, flavorizantes, conservantes,
emulsificantes, etc.), os quais nao estdo presentes na ragdo controle dos
animais e, portanto, poderiam dificultar a interpretagao dos resultados.

[0009] Devido a esses fatos, se faz interessante o desenvolvimento de novas
dietas indutoras de obesidade.

[0010] Na busca pelo estado da técnica em literaturas cientifica e patentaria,
foram encontrados os seguintes documentos que tratam sobre o tema:

[0011] O documento de patente de nimero de publicagdo CN104705258-A,
intitulado “Construction method and application of diet-induced insulin
resistance model” revela uma dieta para induzir resisténcia a insulina em ratos.
[0012] O documento de patente de nimero de publicacdo CN102812921-A
intitulado como “Method for establishing type 2 diabetes animal model and
application of type 2 diabetes animal model in screening of blood sugar
reducing medicaments”, revela dietas para induzir diabetes tipo 2 em ratos.
Bem como os documentos CN103461660-A, WO2009135778-A1 e
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CA2551868 intitulados respectivamente como “Diabetes-inducing high-fat feed
and application thereof to preparation of diabetic foot ulcer rat experimental
model”, “Animal model for diabetes ” e “Method for producing diabetic rat with
high fat diet”.

[0013] O documento de patente de nimero de publicacio CN104509705-A,
intitulado “Application of composite high-fat forage to construct non-alcoholic
fatty liver disease rat model” revela dietas para induzir doenga do figado graxo
nao alcodlicas em ratos. Bem como os documentos CN102696535-A,
CN102106476 e CN104509705 intitulados como “Method for constructing tree
shrew nonalcoholic simple fatty liver animal models”, “High-fat feed and
application thereof in building animal model with non-alcoholic fatty liver” e
“Application of composite high-fat forage to construct non-alcoholic fatty liver
disease rat model”.

[0014] O documento de patente de numero de publicacdo JP2009178143-A,
intitulado “steatohepatitis-liver cancer model animal” revela dietas para induzir
esteatose hepatica em ratos. Bem como o documento de patente de nimero de
publicagcado WO02017066228A2 intitulado como “a mouse model of nonalcoholic
steatohepatitis and uses thereof”.

[0015] O documento de patente de nimero de publicagdo CN106234298-A
intitulado “Method for establishing hyperlipidaemia rat model in short term”
revela dietas para induzir hiperlipidemia em ratos.

[0016] O documento de patente de numero de publicagio CN102771673-A
intitulado “High-fat purified feed establishing metabolic syndrome animal model
and processing technology” revela dietas para induzir sindrome metabdlica em
ratos. Bem como o documento de patente de numero de publicagdo
CN0288232 intitulado como “High-fat purified feed establishing metabolic
syndrome animal model and processing technology”.

[0017] O documento de patente de numero de publicagio CN104509705-A
intitulado “Application of composite high-fat forage to construct non-alcoholic
fatty liver disease rat model” revela dietas para induzir a doenga do figado
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graxo nao alcodolica em ratos.

[0018] O documento de patente de numero de publicacdo CN103416352
intitulado como “Animal model of hypertension comprehensively caused by
high-salt, high-sugar and high-fat diet”, revela dietas para induzir hipertenséo
em ratos.

[0019] Estes documentos de patente aqui citados revelam dietas baseadas na
alteraca@o das concentragdes de agucar, frutose, gordura, colesterol ou mais de
um desses nutrientes concomitantemente, e muitas delas utilizam farmacos
além da dieta para conseguir desenvolver as disfungdes previstas em cada
uma das patentes. Entretanto, nenhuma dessas patentes aqui avaliadas
revelam métodos desenvolvidos para induzir especificamente obesidade e
desordens associadas a ela como caracteristica principal exclusivamente
através de dieta.

[0020] O documento de patente de nimero de publicacdo JP2005110632
intitulado como “model animal for obesity-related diabete” revela um modelo de
obesidade para camundongo que possuem peso maior que a média quando
expostos a uma dieta rica em gordura. Ou seja, essa patente envolve dois
processos: alteracdo na dieta e escolha dos animais. E um modelo usado para
se estudar individuos propensos a obesidade enquanto o modelo aqui proposto
€ usado para estudar individuos obesos, sejam eles propensos ou mais
resistentes a obesidade, ou seja, sdo modelos que estudam individuos em
condicdes diferentes. A dieta desenvolvida na presente invengdo pode ser
aplicada em ratos independentemente de seu peso, ndao sendo assim
selecionados individuos que ja se apresentam ser propensos a obesidade.
Além disso é relevante ressaltar que algumas dietas, como a HFD, funcionam
em camundongo, mas néo funcionam tdo bem em ratos.

[0021] O documento de patente de nimero de publicacdo CN102792919
intitulado como “Method of establishing gnotobiotic animal obesity model and
application of model” revela um modelo de obesidade através de inoculagdo
por bactéria. Este modelo também envolve dois processos (alteracdo na dieta e
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inoculagao bacteriana), enquanto que a presente invencdo envolve apenas um
processo, 0 que facilita a execugdo do modelo. Além disso, a composi¢ao da
dieta utilizada nessa patente ndo € a mesma da presente invencao. Por fim,
estudos atuais mostram que nao existe uma populagao microbiana Unica entre
0s obesos, portanto uma inoculagdo com bactérias especificas diminuiria a
variacao natural bacteriana.

[0022] As empresas Prag Solucoes, Envigo e Research Diets revelam vérias
dietas para a inducdo da obesidade, em que estas dietas se diferenciam entre
si pela quantidade de gordura, aglcar e colesterol, bem como pelo tipo de
gordura, entretanto nenhuma delas apresenta alteragdo na quantidade de
fibras e de sal como na presente invengao.

[0023] Essas patentes aqui citadas se diferenciam da presente invengado no
que se refere a aplicagao, sendo que no caso da presente invengao se objetiva
a indugdo de obesidade. Além disso, a composi¢cdo da dieta revelada na
presente invencao também se diferencia dos documentos dados como
anterioridade. Apesar de os documentos citados também apresentarem
grandes quantidades de gordura e sacarose, e em diversas proporcoes, na sua
composi¢do, nenhuma dessas dietas possuem alteragées na quantidade de
fibras e sal como na presente invencao.

[0024] Assim, do que se depreende da literatura pesquisada, nao foram
encontrados documentos antecipando ou sugerindo os ensinamentos da
presente invencdo, de forma que a solugdo aqui proposta possui novidade e
atividade inventiva frente ao estado da técnica.

[0025] Assim esta nova invengdo se mostra como uma alternativa para
resolver os diversos problemas e inconvenientes presentes nas dietas ja
existentes na intengdo de avangar em diregdo a uma dieta ideal através da
solugéo aos problemas de baixa eficiéncia em induzir obesidade e disfungbes
associadas a obesidade, de baixa palatabilidade (Figura 1) e de baixa
similaridade com a dieta ocidental humana presentes na dieta rica em gordura.
Bem como, resolve os problemas de baixa reprodutibilidade, de niveis
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inadequados de vitaminas, proteinas e minerais, e da presenga de aditivos
alimentares encontrados na dieta de cafeteria.

Sumario da Invencao

[0026] Dessa forma, a presente invencao tem por objetivo resolver os
problemas constantes no estado da técnica a partir de uma dieta indutora de
obesidade util em animais de laboratério, principalmente ratos da linhagem
Wistar.

[0027] A dieta da presente invengado apresenta um aumento na quantidade de
sal e uma diminuicdo na quantidade de fibras, além de um aumento na
quantidade de gordura e acucar. Em proporcbes que se mostraram ser
bastante eficientes na inducao de obesidade em ratos.

[0028] O aumento na quantidade de sal na dieta se comparado com as dietas
atuais tem por propdsito aumentar a palatabilidade da dieta, a qual esta
associada a hiperfagia que por sua vez esta associada a obesidade.

[0029] Enquanto que a diminuicdo na quantidade de fibras por sua vez esta
relacionada ao aumento de peso, uma vez que a observada reducéo de fibras
na dieta da populagdo humana pode estar por trds da crescente epidemia de
obesidade, como sugerido em diversos trabalhos cientificos.

[0030] Além disso, estes dois nutrientes foram adicionados a dieta baseados
na quantidade referente ao consumo humano destes nutrientes, assim
tornando ela mais similar a dieta ocidental humana.

[0031] A mudanca nos habitos alimentares tem sido indicada como a grande
causa da epidemia global de obesidade. O consumo de agucar tem aumentado
na mesma proporcao da epidemia global de obesidade e a conexdao com a
obesidade tem uma base bioquimica forte. Ao ingerir agucares simples como a
sacarose os niveis de glicose no sangue se elevam imediatamente e se esse
aclcar nao é usado ele é estocado na forma de gordura no nosso tecido
adiposo.

[0032] O consumo de gordura também tem aumentado apesar de ser em
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proporcées menores que a do agucar. Porém a gordura tem 9 calorias por
grama enquanto carboidratos tem apenas 4 calorias por grama. Ou seja,
qualquer consumo a mais de gordura pode levar a um aumento no peso,
principalmente se for associado ao consumo de carboidratos. E facilmente
encontrado na literatura cientifica trabalhos mostrando a conexado entre
consumo de gordura e obesidade. Além disso, camundongos (0s quais sao
usados como modelos em estudos de obesidade) engordam facilmente ao
acrescentar apenas gordura a sua ragao padrao.

[0033] Esta nova dieta possui diversas vantagens como a alta eficiéncia em
induzir obesidade, alta eficiéncia em induzir disfuncbes associadas a
obesidade, alta palatabilidade, alta similaridade com a dieta ocidental humana,
alta reprodutibilidade, adequada nutricionalmente e sem aditivos alimentares.
[0034] Levando em conta estes fatores esta nova dieta apresenta uma
qualidade maior do que as demais testadas no que se refere aos meios de
inducao a obesidade.

[0035] E revelado assim uma nova composi¢do de dieta indutora de obesidade
em ratos com altas quantidades de sal na sua composicdo e baixas
quantidades de fibras conforme definido e revelado na descricdo detalhada e
pelas figuras do presente pedido de patente.

[0036] E um objeto da presente invengao uma composigao de dieta indutora de
obesidade em ratos.

[0037] E um outro objeto da presente invengdo o método de indugédo de
aumento de peso em ratos.

[0038] E um outro objeto da presente invencdo o uso de uma composi¢ao de
dieta indutora de obesidade em ratos.

[0039] Ainda, o conceito inventivo comum a todos os contextos de protecéo
reivindicados se refere a uma composi¢cdao, um método de preparo e o uso de
uma nova dieta indutora de obesidade em ratos. Sendo que todos esses
contextos aqui reivindicados resolvem da mesma forma o problema da baixa

eficiéncia em induzir obesidade em ratos.
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[0040] Estes e outros objetos da invencao serdo imediatamente valorizados
pelos versados na arte e pelas empresas com interesses no segmento, e serdao

descritos em detalhes suficientes para sua reproducao na descri¢cdo a seguir.

Breve Descricao das Figuras

[0041] Com o intuito de melhor definir e esclarecer o conteudo do presente
pedido de patente, sdo apresentadas as presentes figuras:

[0042] A figura 1 mostra uma série de graficos em que a dieta da presente
invengao esta representada pela sigla “WD”, (A) 16 semanas de consumo
alimentar cumulativo (g / rato). (B) Ingestdo cumulativa de energia de 16
semanas (Kcal / rato). (C) Peso corporal (g) desenvolvido durante o tratamento.
(D) Ganho de peso de 16 semanas (g). (E) Tecido adiposo branco total (WAT)
(9). (F) indice de adiposidade (peso WAT / peso corporal). Os dados sdo
expressos como médias £+ SEM. (AD) n = 12 e (EF) n = 8. As diferengas
significativas sao indicadas por * p <0,05, ** p <0,01 ou *** p <0,001 para dietas
obesogénicas versus controle e # p <0,05, # # p <0,01 ou ### p <0,001 para
comparagao entre dietas obesogénicas (ANOVA seguida de Tukey).

[0043] A figura 2 mostra em (A) Segdes de figado representativas coradas com
H & E. (B) Pontuagao da esteatose hepatica média. (C) Triglicerideos do figado
(mg / g de proteina). (D) Peso do figado (g). Os dados sdo expressos como
médias £ SEM. (A-B) n = 4 e (C-D) n = 8. As diferengas significativas sao
indicadas por * p <0,05, ** p <0,01 ou *** p <0,001 para dietas obesogénicas
versus controle e # p <0,05, # # p <0,01 ou ### p <0,001 para comparacao
entre dietas obesogénicas (ANOVA seguida de Tukey, exceto a esteatose
hepatica para a qual um teste de Qui-quadrado foi aplicado).

[0044] A figura 3 mostra em (A) TNF-a do soro expresso em pg/mL. (B) IL-10
sérica expressa em pg / mL. (C) Estado inflamatério medido como uma relagao
sérica de TNF-a / IL-10. (D) IL-6 sérica expressa em pg / mL. (E) Leptina de
jejum no soro expressa em ng / mL. (F) adiponectina de jejum sérico

expressada em ug / mL. (G) O equilibrio entre as adipocinas de efeitos opostos
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foi medido pela propor¢do de leptina / adiponectina. (H) Glicemia de jejum
sérico expresso em mg / dL. (I) insulina de jejum sérico expressada em ug / L.
(J) Resisténcia a insulina medida pela avaliagdo do modelo homeostatico do
indice de resisténcia a insulina (HOMA-IR). (K) Avaliagdo dos produtos finais
de glicagdo avancada do soro avaliados pelos niveis de N-carboximetilissina
(% do controle). Os dados sao expressos como médias + SEM. (A-K) n = 8-12.
As diferencgas significativas sao indicadas por * p <0,05, ** p <0,01 ou *** p
<0,001 para dietas obesogénicas versus controle, e # p <0,05, ## p <0,01, ou
### p <0,001 para comparacgao entre dietas obesogénicas (ANOVA seguida de
Tukey, exceto a distribuicdo nao-paramétrica de dados de IL-10, que utilizou o
teste de Kruskal-Wallis).

Descricao Detalhada da Invencéao
[0045] E um primeiro objeto da presente invengdo, uma composicdo de dieta

indutora de obesidade em ratos com altas quantidades de sal na sua
composicao e baixas quantidades de fibras.

[0046] Foram efetuados testes em ratos da linhagem Wistar, os quais
consumiram a dieta por 18 semanas. A dieta WD se mostrou mais eficiente em
induzir obesidade (Figura 1) do que outras duas dietas comumente utilizadas
em estudos de obesidade, as quais sdo a dieta rica em lipidio (HFD — high fat
diet) e a dieta de cafeteria (CAF).

[0047] Pode-se ver na Figura 1E que o acumulo de gordura (WAT — white
adipose tissue) foi quase o dobro no grupo de ratos que consumiu a WD em
relagdo aos que consumiram a dieta controle. Na Figura 1D podemos ver que
os animais que comeram as dietas HFD e CAF nao engordaram (comparacao
com o controle).

[0048] Curiosamente, a dieta HFD e CAF, as quais induzem um acumulo
excessivo de gordura corporal na linhagem de camundongo C57, animal mais
usado em estudos de obesidade induzida por dieta, ndo foram capazes de
elevar o peso dos animais nem induzir o acumulo excessivo de gordura
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corporal em ratos da linhagem Wistar (Figura 1).

[0049] Outros estudos também mostram a ineficiéncia da HFD (uma das dietas
mais utilizadas para induzir a obesidade) em induzir a obesidade em ratos da
linhagem Wistar, o que aponta para a importancia em encontrar dietas mais
eficientes para induzir a obesidade nesta linhagem.

[0050] Em resumo, a Figura 1 traz um resultado muito importante uma vez que
0 ganho de peso é um fator determinante neste modelo ao mostrar que a dieta
da presente invengao, representada pela sigla “WD” no grafico, foi a mais
eficaz na promocao da obesidade.

[0051] O acumulo excessivo de gordura no figado (esteatose hepatica) é
frequentemente visto em pessoas obesas, assim um bom modelo de obesidade
deveria induzir esteatose.

[0052] Na Figura 2 podemos ver um maior aumento de gordura (triglicerideos)
no figado, bem como um aumento no peso deste 6rgdo nos animais que
consumiram a CAF e a WD. Em outras palavras, cafeteria (CAF) e dieta
ocidental (WD) induziram esteatose hepatica mais pronunciada do que dieta
com alto teor de gordura (HFD).

[0053] A inflamacao crbnica, resisténcia a insulina e desregulacao hormonal da
leptina sdo caracteristicas negativas (geralmente associadas ao
desenvolvimento de doencas) frequentemente presente em individuos obesos
e que deveriam estar presentes nos modelos de obesidade induzidos por dieta.
[0054] Conclui-se da figura 3 que a dieta ocidental (WD) levou a um aumento
nos niveis séricos de citoquina pré-inflamatéria (TNF-a) e foi a Unica dieta que
induziu a resisténcia a insulina e aumentou a proporcdo de leptina /
adiponectina.

[0055] Na Figura 3A podemos ver que 0s animais que consumiram a dieta WD
apresentam quase o dobro de TNF-a no soro (marcador inflamatério) em
relacdo a dieta controle e a CAF. Na Figura 3E podemos ver que os niveis de
leptina sdo o dobro ou mais que o dobro nos animais que comeram a WD do
que nas demais dietas, mostrando uma desregulacdo hormonal, a qual nao
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existe nas outras duas dietas. Na Figura 3J podemos ver através do HOMA
(indice de resisténcia a insulina) que os animais que consumiram a WD
apresentaram aproximadamente 3 vezes mais resisténcia a insulina do que as
demais dietas.

[0056] Levando em conta esses resultados pode-se concluir que a HFD e a
CAF nao foram capazes de induzir a obesidade (bem como disfungbes
importantes para o modelo) em ratos da linhagem Wistar, a qual é bastante
utilizada em estudos cientificos. A WD representa o melhor modelo de
obesidade induzida por dieta.

[0057] Esta nova dieta possui diversas vantagens como a alta eficiéncia em
induzir obesidade, alta eficiéncia em induzir disfungcdes associadas a
obesidade, alta palatabilidade, alta similaridade com a dieta ocidental humana,
alta reprodutibilidade, adequada nutricionalmente e sem aditivos alimentares.

Exemplos - Concretizacoes

[0058] Os exemplos aqui mostrados tém o intuito somente de exemplificar uma
das inUmeras maneiras de se realizar a invengdo, contudo sem limitar, o

escopo da mesma.

Exemplo | — Preparacdo da Dieta

[0059] Todos os ingredientes presentes na Tabela 1 foram pesados e
adicionados a um recipiente. Junto a estes ingredientes se adiciona 200 ml de
agua para cada Kg (a agua ajuda a dar liga ao produto). A partir dai se mistura
a massa com as maos até que a mesma fique homogénea. Apds isso se
modela e massa em formato cilindrico de 5 cm de comprimento e 1,5 cm de
didmetro (pellets). Os pellets sdo o produto final, os quais sé@o fornecidos aos
animais. O método industrial de ser feito é através de uma peleteira (maquina
que faz pellets). Nesse caso se adiciona todos os ingredientes a um
compartimento desta maquina e a mesma se encarrega de homogeneizar e
fazer os pellets. Quando é feito a partir de uma peleteira a adigao de agua pode
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ser dispensavel, pois a maquina tem forga o suficiente para formar os pellets a
partir dos insumos iniciais (sem precisar dar a liga com a agua).

Table 1: Composicéo da dieta

Componentes da Dieta ocidental
dieta (g9/Kg alimento)
g Proteina de soja 200
[0
S Total 200
2 Banha de porco 180
8 Oleo de soja 40
5 Total 220
8 Amido de milho 170
©
% Sacarose 300
£
8 Total 470
® Sal 20°
Q : b
% Fibra 25
5 Mix de vitamina 10
g Mix de Mineral 40
8 Colina® 2
8 Metionina 3
= Lisina 3
d
Colesterol (mg) 0.169
Total (g) 989

®A quantidade de sal foi aumentada em nossa dieta ocidental para atingir uma
concentracao proxima da dieta ocidental humana.

®A fibra foi dividida pela metade em nossa Dieta Ocidental porque, de acordo
com Cordain et al. (2005), o contetudo de fibra ingerida nos Estados Unidos é
metade da recomendada.

°Adicionou-se Colina na forma de cloreto de colina (52% de pureza).

9Este colesterol vem da banha adicionada as dietas, levando em conta que 100
g de banha de porco tem 94 mg de colesterol (ndo foi adicionado colesterol
puro).

[0060] A fonte de fibras utilizada na composicdo da presente invengéo é a

celulose.
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[0061] Dois produtos dessa dieta podem ser substituidos. Sao eles: a fonte de
proteinas e mix de minerais.

[0062] A proteina isolada de soja pode ser substituida por caseina.

[0063] O mix de minerais tem duas versdes (tabela 2): AIN-93G-MX (que é
para animais em fase de crescimento) e a AIN-93M-MX (que é uma dieta de
manutengdo para animais que ja chegaram ao seu tamanho final adulto)
(Reeves P. G., 1997).

Tabela 2. Misturas de minerais que fornecem as concentracées recomendadas
de minerais para as dietas AIN-93G e AIN-93M (Reeves P. G., 1997)

Ingredientes [ AIN-93G-MX | AIN-93M-MX
g ou mg/kg mix
Carbonato de calcio anidro 357,00 357,00
Fosfato monobasico de potassio 196,00 250,00
Citrato de potéassio, tripotassio monohidratado 70,78 28,00
Cloreto de sédio 74,00 74,00
Sulfeto de sédio 46,00 46,00
Oxido de magnésio 24,00 24,00
Citrato de ferro 6,06 6,06
Carbonato de zinco 1,65 1,65
Meta-silicato de sédio 1,45 1,45
Carbonato de manganés 0,63 0,63
Carbonato de cobre 0,30 0,30
Sulfato de cromo (lll) e potéssio 0,275 0,275
Acido bérico (mg) 81,5 81,5
Fluoreto de sédio (mg) 63,5 63,5
Carbonato de niquel (mg) 31,8 31,8
Cloreto de litio (mg) 17,4 17,4
Selenato de sédio anidro (mg) 10,25 10,25
lodeto de potéssio (mg) 10,0 10,0
Molibdato de aménia (mg) 7,95 7,95
Vanadato de amonia (mg) 6,6 6,6
Sacarose em po 221,026 209,806

[0064] A tabela 3 apresenta os ingredientes e a quantidade em gramas dos
sais usados na producgdo da dieta animal indutora de obesidade utilizados na

presente invengao.
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Tabela 3. Ingredientes de uma versdo da dieta simplificada.

Sais gramas
KH,PQO4 (fosfato monobasico de potassio) 389
CaCOQOj; (carbonato de calcio) 381,4
NaCl (cloreto de s6dio) 139,3
MgSO, 7 H,0 (sulfato de magnésio heptahidratado) | 117,2
FeSO4 7H,0 (sulfato ferroso Il heptahidratado) 27
MnSO4 H2O (sulfado de manganés) 4
ZnSQO4 7H,0 (sulfato de zinco heptahidratado) 0,548
CuSO4 5H,0 (sulfato de cobre pentahidratado) 0,477
CoCl, 6H,0 (cloreto de cobalto Il hexahidratado) 0,023
Kl (iodeto de potéssio) 0,79

[0065] Nao ha mais de uma versao para a composigao deste mix de vitaminas,
a composicao do mix de vitaminas esta apresentada na Tabela 4.

[0066] Tabela 4 - Mistura de vitamina AIN-93-VX recomendada para uso com
as formulacdes de dieta AIN-93G e AIN-93M (Reeves P. G., 1997).

Vitamina | Quantidade
g/kg mistura
Acido nicotinico 3,000
Ca pantotenato 1,600
Piridoxina-HCI 0,700
Tiamina-HCI 0,600
Riboflavina 0,600
acido folico 0,200
biotina 0,020
Vitamina B-12 2,500
Vitamina E 15,000
Vitamina A 0,800
Vitamina D-3 0,250
Vitamina K-1 0,075
Sacarose em p6 974,655

[0067] A composicao da nova dieta (Tabela 1) foi desenvolvida com base em
trabalhos que reportam o consumo atual médio de nutrientes de uma dieta
ocidental seguido por algumas modificagcdes. Com relagdo a uma dieta padrao
para ratos, esta nova dieta apresenta maior quantidade de gordura, agucar, sal
e uma diminuicao das fibras.

[0068] Apesar de ter valores fixos desses nutrientes na Tabela 1, uma variagao
na quantidade desses nutrientes muito provavelmente ird produzir uma dieta
igualmente eficiente.

[0069] A quantidade de gordura que possivelmente é tao eficiente quanto ou
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melhor do que a apresentada na tabela varia de 175 a 300 g por Kg de ragéo, a
de agucar varia de 200 a 400 g por Kg de racao, a de sal varia de 16 a 25 g por
Kg de racao e a quantidade de fibras varia de 20 a 40 g por Kg de ragéao.

[0070] Autores tém usado dietas que aumentam a quantidade de lipideos e de
sacarose, pois estes macronutrientes ja sdo descritos como indutores de
obesidade. Porém, em relacdo as dietas ja existentes na literatura esta nova
dieta apresenta um aumento na quantidade de sal e uma diminuicdo na
quantidade de fibras, as quais sdo as novidades desta dieta.

[0071] O sal é relevante para aumentar a palatabilidade da dieta, a qual esta
associada a hiperfagia que por sua vez esta associada a obesidade. As fibras
por sua vez sao relacionadas a redugéo de peso e a observada redugéo de
fibras na populacdo pode estar por tras da crescente epidemia de obesidade.
Além disso, estes dois nutrientes foram alterados na dieta baseado no
consumo humano destes nutrientes, assim tornando ela mais similar a dieta
ocidental humana.

Usos e aplicacées

[0072] Existem muitas empresas que produzem ragdes animais para serem
usadas na pesquisa. Estas empresas se especializam em produzir e
comercializar dietas especificas voltadas diretamente para centros de
pesquisa.

[0073] Dentre estas dietas as indutoras de obesidade sao as mais comuns.
Existe uma diversidade de ragces que sao usadas para indugéo de obesidade.
A dieta proposta é uma dieta mais eficiente em induzir a obesidade em ratos da
linhagem Wistar em comparagdo com os produtos e alternativas propostas
atualmente no mercado, portanto, essa dieta se apresenta com um alto
potencial de comercializacao.

[0074] Os versados na arte valorizarao os conhecimentos aqui apresentados e
poderdo reproduzir a inven¢cdo nas modalidades apresentadas e em outras

variantes, abrangidas no escopo das reivindicacdes anexas.
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Reivindicacoes

1. Composicao indutora de obesidade em ratos caracterizada por
compreender

- uma fonte de proteina selecionada a partir do grupo consistindo de:
proteina de soja, caseina, ou combinagbes das mesmas;

- uma fonte de lipideos selecionada a partir do grupo consistindo de:
banha de porco, éleo de soja ou combinagdes dos mesmos;

- uma fonte de carboidratos selecionada a partir do grupo consistindo de:
amido de milho, sacarose ou combinagdes dos mesmos;

- uma fonte de fibras selecionada a partir do grupo consistindo de:
celulose;

- um mix de vitaminas selecionado a partir do grupo consistindo de:
Acido nicotinico, Ca pantotenato, Piridoxina-HCI, Tiamina-HCI, Riboflavina,
acido folico, biotina, Vitamina B-12, Vitamina E, Vitamina A, Vitamina D-3,
Vitamina K-1, Sacarose em p6 todos combinados;

- um mix de minerais selecionado a partir do grupo consistindo de:
KH.PQO, (fosfato monobasico de potassio), CaCOj; (carbonato de calcio), NaCl
(cloreto de sédio), MgSQO4 7 HoO (sulfato de magnésio heptahidratado), FeSO4
7H20 (sulfato ferroso Il heptahidratado), MnSO4 H,O (sulfado de manganés),
ZnSO4 7H,0 (sulfato de zinco heptahidratado), CuSO4 5H.0O (sulfato de cobre
pentahidratado), CoCl, 6H,0 (cloreto de cobalto Il hexahidratado), Kl (iodeto de
potassio) todos combinados;

- NaCl;

- cloreto de colina;

- metionina; e

- lisina.

2. Composicéao, de acordo com a reivindicagdo 1, caracterizada por
estar na forma solida.

3. Composicao, de acordo com a reivindicagdo 1, caracterizada por
compreender de 16 a 25 g de NaCl, 20 a 40 g da fonte de fibras, 175 a 300 g
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da fonte de lipideos, 200 a 400 g da fonte de sacarose, sendo que todas essas
medidas sdo por Kg de ragao.

4. Uso da composicao, conforme definida na reivindicagdo 1,
caracterizado por ser para o preparo de uma composicao para indugao do
aumento de peso em ratos.
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Resumo
CoMPOSICAO INDUTORA DE OBESIDADE EM RATOS E USO DA

COMPOSICAO PARA O PREPARO DE UMA COMPOSIGAO PARA INDUZIR
OBESIDADE EM RATOS

A presente invengdo descreve uma composicao alimenticia para dieta
indutora de obesidade util para estudos de obesidade em animais de
laboratério principalmente ratos da linhagem Wistar. A presente invengao se
situa nos campos da Medicina e Nutrigao.
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Figura 2

Peti¢do 870180001879, de 09/01/2018, pag. 24/31

88



3/3

Figura 3
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Abstract

Background/Objectives:

Obesity is a metabolic disorder that predisposes patients to numerous diseases
and has become a major global public-health concern. Animal models of diet-
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induced obesity (DIO) are frequently used to study obesity, but which DIO
model most accurately reflects the pathology of human obesity remains unclear.
In this study, we designed a diet based on the human Western diet (WD) and
compared it with the cafeteria diet (CAF) and high-fat diet (HFD) in order to
evaluate which diet most closely mirrors human obesity.

Methods:

Wistar rats were fed four different diets (WD, CAF, HFD and a low-fat diet) for
18 weeks. Metabolic parameters and gut microbiota changes were then
characterized.

Results:

Rats fed the four different diets exhibited completely different phenotypes,
highlighting the importance of diet selection. This study also revealed that WD
most effectively induced obesity and obesity-related disorders, and thus proved
to be a robust model of human obesity. Moreover, WD-fed rats developed
obesity and obesity-related comorbidities independent of major alterations in
gut microbiota composition (dysbiosis), whereas CAF-fed rats developed the
greatest dysbiosis independent of obesity. We also characterized gut microbiota
after feeding on these four different diets and identified five genera that might
be involved in the pathogenesis of obesity.

Conclusions:

These data suggest that diet, and not the obese state, was the major driving force
behind gut microbiota changes. Moreover, the marked dysbiosis observed in
CAF-fed rats might have resulted from the presence of several additives present
in the CAF diet, or even a lack of essential vitamins and minerals. Based on our
findings, we recommend the use of the prototypic WD (designed here) in DIO
models. Conversely, CAF could be used to investigate the effects of excessive
consumption of industrially produced and highly processed foods, which are
characteristic of Western society.
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SERVICO PUBLICO FEDERAL

PORTARIA N° 7906 de 05/10/2016

Delegacdo de competéncia ao Secretario
de Desenvolvimento Tecnolégico.

O REITOR DA UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL, no uso de suas atribuicdes e tendo
em vista o disposto nos artigos 11 e 12 do Decreto-Lei n°® 200, de 25 de fevereiro de 1967, regulamentado
pelo Decreto n° 62.460, de 25 de margo de 1968,

RESOLVE:

Artigo 1° - Delegar competéncia ao Professor JOSE LUIS DUARTE RIBEIRO, Secretario de
Desenvolvimento Tecnoldgico, para, a partir de 30 de setembro de 2016 e sem prejuizo das atribui¢des que
regimentalmente competem ao titular do mesmo cargo, praticar os atos administrativos a seguir
enumerados:

1. Solicitagdo de registro da propriedade intelectual, junto aos 6rgdos competentes do
pais e do exterior, bem como instrumentos de licenciamento de tecnologia, sem exclusividade, a seguir
relacionados:

1.1 - registro de patente (patentes de invengdo, modelos de utilidade, desenho
industrial, etc.);

1.2 - certificado de adi¢do;

1.3 - registro de marca;

1.4 - transferéncia de titularidade;

1.5 - registro de software;

1.6 - registro e protecao de cultivares;

1.7 - peti¢des para pagamento de anuidade, atendimanto de exigéncias, exames de
patentes, etc;

1.8 - demais documentos que tenham por objetivo solicitar registro de propriedade

intelectual da UFRGS;

1.9 - contratos de licenciamento de propriedade intelectual da UFRGS, na forma nédo

exclusiva para o licenciante, com prévia analise da Procuradoria Geral da UFRGS.

2. Instrumentos legais firmados com parceiros externos, que ndo envolvem recursos
financeiros, apenas resguardam direitos de propriedade intelectual da institui¢do.

2.1 - contratos de Co-Titularidade - Estes instrumentos legais sdo Firmados com o
objetivo de estabelecer os percentuais de co-titularidade e as obriga¢des de
cada uma das partes, com relacdo ao uso e manutencao dos direitos de
propriedade intelectual sobre uma tecnologia;

Documento gerado sob autenticagdo N° JNC.436.095.UH3, disponivel no Documento certificado eletronicamente, conforme Portaria n°
endereco http://www.ufrgs.br/autenticacao 3362/2016, que institui o Sistema de Documentos Eletrénicos da UFRGS.
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2.2 - acordos de Confidencialidade - Os Acordos de Confidencialidade tém por
objetivo proteger a tecnologia, desenvolvida pelos pesquisadores da
UFRGS, com vistas a possibilitar seu emprego no processo produtivo econémico
por parte de algum parceiro externo;

2.3 - acordos de Transferéncia de Material Biolégico - Estes Acordos visam assegurar
os direitos das partes sobre os materiais biolégicos de sua propriedade, na
transferéncia, para fins de pesquisa, para uma institui¢do parceira.

3. Firmar documentos, na esfera de competéncia da Secretaria de Desenvolvimento
Tecnolégico - SEDETEC, com parceiros externos onde ndao ocorram repasse de recursos financeiros, nem

envolvam despesas para as partes.
3.1 - contratos onde, no objeto, estejam previstas atividades de P&D, com prévia

analise legal pela Procuradoria Geral da UFRGS;
3.2 - termos de compromisso.

4. Firmar documentos onde exista repasse de recursos do exterior, voltados para P&D,
mas que nao gerem obriga¢des financeiras para a Instituicdo.
4.1 - auxilio de paises desenvolvidos;
4.2 - doag8es oriundas do exterior;
4.3 - recursos de fundos perdidos.

Paragrafo Unico: A administragdo financeira destes recursos, ficard a cargo da PROPLAN/UFRGS.

Artigo 2° - As assinaturas de convénios ndo estdo incluidas na delegacdo de competéncia constante no
artigo anterior, permanecendo com a tramitacao atual e firmada pelo Reitor.

Artigo 3° - A autoridade a que se refere o artigo 1° da presente Portaria, considerando a necessidade
do servico, podera subdelegar os poderes que, por este ato, Ihe sdo delegados.

Artigo 4° - Revogam-se as disposi¢des em contrario.

RUI VICENTE OPPERMANN,
Reitor.

Documento certificado eletronicamente, conforme Portaria n®
3362/2016, que institui o Sistema de Documentos Eletrénicos da UFRGS.
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Abstract

Background/Objectives: The adverse health consequences of being obese/overfat and the alarming
number of people with these conditions, as well as the search for a global beauty standard, have led to the
uncontrolled pursuit of weight loss. This has encouraged many people to utilize nonprescription herbal
weight-loss supplements without knowledge of their safety or efficacy. Many studies have shown the
anti-obesity potential of several natural herbs. However, mounting evidence has shown that some herbal
supplements used for weight loss are associated with adverse effects. Guarana seed powder is a popular
nonprescription dietary herb supplement marketed for weight loss, but no study has demonstrated its
efficacy or safety when administered alone. Methods: Wistar rats were fed four different diets (low-fat
diet and Western diet (WD) with or without guarana supplementation) for 18 weeks. Metabolic
parameters, gut microbiota changes, and toxicity were then characterized. Molecular docking was
performed to verify possible binding of guarana compounds with the activation site of AMP-activated
protein kinase (AMPK). Results: Guarana seed powder supplementation prevented weight gain, insulin
resistance, and adipokine dysregulation induced by WD compared to the control diet. Guarana induced
brown adipose tissue (BAT) expansion, mitochondrial biogenesis, uncoupling protein-1 overexpression,
AMPK activation, and minor changes in gut microbiota. Molecular docking suggested a direct activation
of AMPK by four guarana compounds tested here. The dose and form of administration used here did not
induce any toxic effects. We estimated the safe human-equivalent dose to be used in future clinical trials.
Conclusions: We propose that BAT activation is one of the action mechanisms involved in guarana
supplementation-induced weight loss and that direct AMPK activation may underlie this mechanism. In

summary, guarana is an attractive potential therapeutic agent to treat obesity.

Keywords: Paullinia cupana, AMPK, UCP1, western diet, gut microbiota.
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INTRODUCTION

Obesity is a metabolic disorder associated with adverse health consequences that has increased worldwide
at an epidemic rate’. Currently, over 90% of adults in the US, New Zealand, Greece, and Iceland are
estimated to be overfat, a new term that refers to an accumulation of excess body fat that becomes
sufficient to impair health®>. Indeed, being overfat shares direct links to cardiovascular disease, stroke,
type 2 diabetes (T2D), cancer, gallbladder disease, osteoarthritis, pulmonary diseases, and sleep apnea’.
These alarming numbers and adverse health consequences of being obese/overfat, as well as the desire to
achieve accepted global beauty standards, has led people to take nonprescription herbal weight-loss
supplements without knowing their safety or efficacy®’. Many studies have shown the anti-obesity
potential of several natural herbs, such as green tea, green coffee, fenugreek, and pepper’®. However,
ample evidence has shown that some herbal supplements used for weight loss in the management of
obesity are associated with toxicity’ . Many of these supplements are labeled as “natural,” a term that is
often misinterpreted as meaning “safe™. This has been reflected in the scientific literature, where most of
the focus has centered on weight loss, while the toxicity and action mechanisms of many herbal extracts

remain unevaluated.

Guarana (Paullinia cupana) is a native plant from the Amazon, rich in catechins and methylxanthines.
Extracts from its roasted seeds have been used as stimulants, aphrodisiacs, tonics, and for weight loss'™!".
Because of its aforementioned potential, it has been widely used as a constituent of medicinal/dietary

1215717 other studies

supplements”™'®'>"'*, While some evidence suggests its potential in reducing weight
indicate possible adverse effects™”'*'"®. It is worth noting that many adverse effects associated with
guarana are generally observed in mixtures where guarana is only one active ingredient, and the toxic

potential of guarana itself is unknown. In this regard, the effectiveness and toxicity of guarana seed

powder (GSP) needs to be further explored, preferably in the same study.

Anti-obesity mechanisms of plant extracts and isolated phytochemicals have been widely explored. These
mechanisms include appetite reduction, modulation of lipid absorption and metabolism, thermogenesis,
and changes in the gut microbiota®. Brown adipose tissue (BAT) is the major site of thermogenesis, which
is characterized by fat burning associated with heat production instead of ATP production, through a

process called uncoupled respiration mediated by uncoupling protein-1 (UCP1)'**. BAT activation
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(increased thermogenesis) has gained much attention among anti-obesity therapies because recent studies
have suggested that substantial amounts of metabolically active BAT are present in humans™"”, which
differs from what was previously believed. BAT expansion, UCP1 content, and mitochondrial numbers

21,22

are key factors that indicate BAT activation and, therefore, have been widely evaluated. Many plant

23

extracts and phytochemicals have been found to activate BAT* 2. Moreover, plant derivatives have been

found to activate AMP-activated protein kinase (AMPK)>%*

, another mechanism to enhance energy
expenditure. AMPK acts as an intracellular energy sensor, regulating energy status by increasing
catabolic processes to increase ATP production. Furthermore, AMPK activation may lead to BAT

activation by stimulating mitochondrial biogenesis™***’.

Given that ~50% of pharmaceuticals are estimated, directly or indirectly, to be plant derivatives®,
knowing the effects of plant derivatives is essential for drug development. GSP is a popular non-
prescription dietary herb supplement for weight loss, but no study has shown its efficacy and safety when
administered alone. In addition, if guarana presents anti-obesity potential, its mechanism of action needs
to be clarified. Therefore, we assessed the effectiveness, possible mechanisms of action, and toxicity of

GSP in rats using a diet-induced obesity model.
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MATERIALS AND METHODS

Animals

Male Wistar rats (8 weeks old) were obtained from our breeding colony. They were housed three
rats/cage with ad libitum access to water and standard commercial chow (Chow Nuvilab CR-1 type;
Curitiba, PR, Brazil). Rats were maintained on a 12 h light-dark cycle in a temperature-controlled colony
room (21°C) for two weeks before being randomly assigned to one of the four experimental diet groups

(acclimatization).

Ethics statement

All animal experiments were performed at the Departamento de Bioquimica of Universidade Federal do
Rio Grande do Sul (UFRGS) and were approved by the Ethical Committee on Animal Use (CEUA) of the
UFRGS (protocol number 27648). All experimental procedures were performed in accordance with the

Guide for Care and Use of Laboratory Animals™.

Guarana (Paullinia cupana Mart)
We utilized a commercial GSP from Lifar (RS, Brazil) to supplement the rat diets. The bioactive
compounds of GSP were previously determined and quantified in our laboratory®': caffeine (34.19 + 1.26

mg/g), theobromine (0.14 + 0.01 mg/g), (+)-catechin (3.76 + 0.12 mg/g), and (-)-epicatechin (4.05 + 0.16

mg/g).

Experimental design

After the acclimatization period, 10-week-old rats (n = 12 per group) were maintained ad libitum for 18
weeks on either control diet (matched low-fat chow based on AIN-93*?), control diet supplemented with
0.5% (w/w) guarana (Control + Gua), Western diet (WD), or WD supplemented with 0.5% (w/w) guarana
(WD + Gua). Our previous study demonstrated that the WD produces a more realistic and robust model
of human obesity compared to the traditional high-fat diet (HFD) or cafeteria diet (CAF) in Wistar rats®.
The WD is high in fat, simple carbohydrates, and salt, and low in fiber (Supplementary Table S1). Diets
were provided in pellet form and were replaced every two days. The kcal sources for each diet are
provided in Supplementary Table S2. The concentration of 0.5% guarana supplementation was obtained

by two different calculations taking into account the manufacturer’s dosage recommendation (3 g for a 70
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kg individual per day, i.e., 42.85 mg/kg/day). When multiplied by a factor based on body surface area,
which is correlated with metabolic rate (6.2 times higher in rats than humans), we obtained a value of
265.67 mg/kg/day; whhich was reached when we supplement the diet with 0.5% guarana, taking into
account that the rats utilized in this study eat ~24 g per day and weigh ~450 g****. Another calculation
considered that a 70 kg individual consumes ~600 g of food per day, so the 3 g per day recommended by
the manufacturer corresponds to 0.5% of the diet (food consumption is also correlated with metabolic

rate).

Analysis

The supplementary information (Supplementary Material and Methods) describes in detail the
methodologies related to material collection, body weight, food intake, adiposity index, lipid profile,
serum metabolites, alanine aminotransferase, aspartate aminotransferase, liver oxidative damage markers,
serum cytokine and hormone levels, homeostatic model assessment of insulin resistance (HOMA-IR), N°*-
carboxymethyllysine levels, mitochondrial copy number, protein immunocontent (immunoblots), DNA
extraction, sequencing analysis, molecular docking and behavioral tests. The exact sample size (n) for

each experimental group is shown in the Figure Legends.

Statistics

Analysis was performed using ANOVA followed by Tukey post-hoc tests (homogeneity of variance was
tested using Levene’s test) for comparison between Control, WD, and WD + Gua groups. In the case of a
non-parametric distribution of data, the Kruskal-Wallis test was used. Differences in microbial
communities were assessed using ANOVA followed by Tukey-Kramer post-hoc tests. No blinding was
performed for data analysis. Samples were excluded when they were outliers. Data are shown as means +
SEM. Significant differences are indicated by * p < 0.05, ** p < 0.01, or *** p < 0.001. Results were
statistically evaluated using SPSS 20 (SPSS Inc., Chicago, IL, USA), and graphics were generated using

GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA, USA) and STAMP 2.1.3 software.
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RESULTS
Anti-obesity potential of guarana
Given that clinical trials have shown the potential of several herbal supplement mixtures containing

121516 and that an epidemiological study has

guarana in reducing the weight of overweight patients
suggested an anti-obesity effect of guarana'’, we addressed whether guarana alone is effective in reducing
weight. We first evaluated the impact of guarana on weight gain and fat accumulation. Guarana
supplementation to the WD decreased weight gain compared to WD (Figure 1A and B) and prevented
excessive fat accumulation (Figure 1C and D), supporting the aforementioned studies. Second, we
evaluated whether the observed weight decrease was due to lower energy consumption. Energy and food
intake were not significantly different between the WD- and WD + Gua-fed rats (Figure 1E and F),

demonstrating that the guarana added to diets did not induce a reduction in food intake. Taken together,

these results suggest an anti-obesity effect of guarana, which is independent of caloric intake.

Protective effect of guarana against insulin resistance and adipokine deregulation

We then asked whether guarana had any effect on common negative conditions associated with obesity,
such as insulin resistance, high serum triglycerides (TG), hepatic steatosis, adipokine deregulation, and
inflammation®*®. Treatment of WD-fed rats with guarana prevented hyperglycemia after 12 weeks of
treatment (but not 16 weeks), hyperinsulinemia, and insulin resistance (estimated using HOMA-IR)
(Figure 2A-C). In contrast, the elevated levels of carboxymethyllysine, an advanced glycation end
product formed from non-enzymatic reactions between reduced sugars and proteins®’, observed in WD-
fed rats were not prevented by guarana (Figure 2D). We observed a significant decrease in fasting serum
TG in WD-fed rats treated with guarana compared to the controls, whereas in non-fasting animals, we
observed a nonsignificant decreasing tendency of TG in guarana-treated groups (Figure 2E). Curiously,
despite the guarana effect on weight and fat accumulation, guarana did not affect hepatic fat accumulation
(hepatosteatosis) measured by liver TG (Figure 2F). In Figure 2G, we showed that guarana prevented
high leptin levels in serum, which is a common hallmark of obesity®®. Similarly, guarana prevents
adiponectin deregulation (Figure 2H). Consistent with the results presented in Figure 2G, the imbalance
favoring leptin in the leptin/adiponectin ratio was restored by guarana (Figure 2I). These results suggest
that guarana treatment improved glucose homeostasis and adipokine deregulation. Intriguingly, neither

WD nor guarana had any effect on cholesterol or the inflammatory profile (Supplementary Figure S1).
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Guarana supplementation was not toxic

Many herbal weight-loss supplements have been associated with toxicity’, and some studies have
suggested possible adverse effects of guarana (in different doses and administration forms than used in
this study), such as irritability, heart palpitations, anxiety, and other central nervous system adversities,
while other studies have shown no toxicity”*'®'®. Therefore, having elucidated the great anti-obesity
potential of guarana, we decided to determine whether the investigated guarana dose (0.5% supplemented
in the diet) chronically administered is toxic. To this end, we first examined whether guarana induces
damage to the liver, kidneys, or central nervous system (CNS). We found that guarana did not cause liver
damage (Figure 3A-D), and it prevented WD-induced lipoperoxidation (Figure 3B). Consistently, guarana
did not lead to loss of renal function (Figure 3E and F). Consistent with the lack of toxicity to the liver
and kidneys, we detected no damage to the cortex, hippocampus, or hypothalamus (Figure 3G and H).
Intriguingly, WD decreased damage biomarkers in the hippocampus (Figure 3G and H). We next
examined whether guarana affects emotional reactivity and/or memory. We first performed an open-field
test for 5 min to examine emotional reactivity parameters. Guarana did not induce changes in exploratory
behavior (Figure 41 and J), anxiety-like behavior (Figure 3K), or behavioral inhibition (Figure 3L). We
then performed a Y-maze test and an object recognition test (ORT) to examine working memory. We did
not observe changes in spontaneous alternation or total arm entries in the Y-maze task between groups
(Figure 3M and N), which are used to measure short-term memory (working memory). In the Y-maze
task, guarana-supplemented rats did not explore more of the novel object at 4 or 24 h, which is an index
of recognition memory, suggesting that guarana did not affect working memory or long-term memory.
Taken together, these findings indicate that the guarana supplementation used in this study did not induce
hepatotoxicity, nephrotoxicity, or neurotoxicity.

7.9,10,18,38

Given that studies have suggested a possible adverse effect of guarana , we calculated the safe

human-equivalent dose (HED)***

. In this study, rats lost weight and did not exhibit adverse effects by
consuming approximately 265.67 mg/kg/day of the GSP. Therefore, we found the dose and
administration form to be safe and effective in rats. Thus, this value was divided by a conversion factor of

6.2 (rat to human) and subsequently divided by a safety factor of 10 in order to obtain the safe HED (4.28
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mg/kg/day or 0.3 g for a 70 kg individual per day). We suggest that a guarana dose of 4.28 mg/kg/day be

used in future clinical trials and that it should be administered with a meal.

Guarana induces minor changes in gut microbiota
Given that GSP was effective in reducing weight and was nontoxic, we examined some possible anti-
obesity action mechanisms. Evidence has indicated that gut microbiota composition might be associated

with the development of obesity and obesity-associated disorders*

, so we investigated whether the
guarana effects on weight loss and metabolic dysfunction amelioration may be connected to gut
microbiota changes. Both guarana and WD did not alter the within-community richness (a-diversity), nor
the Firmicutes/Bacteroidetes ratio (Figure 4A and B), which has been linked to human obesity, insulin
resistance, dyslipidemia, and inflammation, and also with rodent diet-induced obesity (DIO) models****
#_ At the genus level, we found an increase in Butyricicoccus and Streptococcus abundance, as well as a
decrease in Holdemania in the guarana co-treatment group compared to the WD group (Figure 4C-E).
The Venn diagram in Figure 4F shows the presence of genera that are specific for each group, as well as
the presence of Bifidobacterium only in the group fed WD + Gua. Bifidobacterium is considered a
probiotic that produces benefits for the host health*, whereas Acinetobacter and Sphingomonas, uniquely
present in the WD group, have been positively associated with obesity®***. At the species level, we
found a decrease in the abundance of Bacteroides uniformis and Bacteroides eggerthii in the WD and

WD + Gua groups compared to the control, but there was no difference between WD and WD + Gua.

These results show that guarana induces minor changes in the gut microbiota.

Guarana increases BAT mass and activity

1947 and that guarana decreased

Given that BAT activation has been associated with obesity protection
weight gain and prevented excessive fat accumulation (Figure 1A-D), we investigated whether guarana
leads to BAT activation. An increase in BAT weight was observed only in the WD + Gua group
compared to the control (Figure 5A). In parallel, the BAT mitochondrial copy number was higher in rats
fed WD + Gua than in rats fed WD (Figure 5B). Consistent with the increase in mitochondrial number,
UCPI immunocontent increased in the WD + Gua group (Figure 5C and F). To identify the mitogenesis

pathway and metabolic activation of BAT, we examined the protein content of Sirtl and

phosphorylation/activation of AMPK, which act as intracellular energy sensors regulating the energy
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status by stimulating mitochondrial biogenesis and catabolic processes to increase ATP production when
cells encounter an energy crisis®*’. Sirtl immunocontent did not differ between groups, but AMPK
phosphorylation/activation was higher in rats fed WD + Gua than in rats fed control chow (Figure 5D-G).
Collectively, these data suggest that guarana, in association with WD, promoted BAT activation (BAT

expansion, mitochondrial biogenesis, UCP1 overexpression, and AMPK activation).

Docking

Several allosteric AMPK activators have been described. Among them are natural compounds derived
from plants and synthetics, such as A-769662, PF-06409577, PF-249, PF-739, and salicylate”. Most of
these activators bind to a specific region of AMPK located between the regulatory B-subunit and the
catalytic o-subunit, protecting against AMPK dephosphorylation*®*. Thus, we investigated by molecular
docking whether four guarana compounds present in GSP could act as direct AMPK activators. All tested
compounds (caffeine, theobromine, catechin, and epicatechin) were shown to bind to the same site of the
described activators (and therefore, are putative AMPK activators) in both rat and human AMPK (Figure
6A and B). In rat AMPK, catechin and theobromine have a greater probability of interaction with the
AMPK activation site than PF-06409577 and salicylate do, whereas caffeine and epicatechin have a
greater probability of interaction than salicylate does (Figure 6A). The interactions of the ligands with the
amino acid residues of rat AMPK are shown in Supplementary Table S3. Our data from molecular
docking suggest that caffeine, theobromine, catechin, and epicatechin directly activate AMPK. Other
studies have also used the docking approach to find possible AMPK activators®™*'. We then examined
whether rat and human AMPK had a well-conserved structure using the Protein Data Bank (PDB) blast
sequence. We found an identity of approximately 80% and similarity of approximately 90% between rat
and human AMPK. The superposition of rat and human AMPK is shown in Figure 6C. Then, we
investigated whether the four guarana compounds could also act as direct human-AMPK activators to
predict if the guarana compound can act in humans. In human AMPK, epicatechin showed the second
highest score, suggesting a greater probability of interaction with the AMPK activation site than the other
compounds, including the known activators (Figure 6B). The interactions of the ligands with the amino
acid residues of human AMPK are shown in Supplementary Table S4. Together, our data indicate that at

least four guarana compounds could activate rat and human AMPK and contribute to BAT activation.
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DISCUSSION

It has been shown that reducing body weight by > 5% has many beneficial effects on health. However,
many current anti-obesogenic therapies have limited effectiveness and/or adverse effects’. Thus,
identifying safe therapies that contribute to weight reduction is of great importance. Therefore, we
assessed the effectiveness and possible mechanisms of action, as well as the toxicity, of guarana seed
powder (GSP) in a rat diet-induced obesity model. Overall, we showed that GSP supplemented to the
Western diet (WD) prevented weight gain, insulin resistance, and adipokine dysregulation induced by
WD as compared to the control diet. Moreover, we proposed the BAT activation as one of the action
mechanisms of guarana in reducing body weight and that AMPK activation may contribute to BAT
activation. Finally, we showed that the dose and administration form used here did not induce toxic

effects.

Insulin resistance and adipokine dysregulation are two common metabolic disorders related to obesity,
which may connect obesity and T2D****. Overweight and obesity are the main risk factors for T2D; ~80%
of the people who develop T2D are overweight or obese™. Therefore, compounds that act not only by
reducing weight but also by controlling other metabolic disorders, such as insulin resistance, are more
appropriate as therapeutic agents. Here, we have shown that GSP prevented weight gain, insulin
resistance, and adipokine dysregulation induced by WD as compared to the control diet. Moreover,
insulin resistance is more intense in young obese people than in adult obese people, leading to a high risk
of developing juvenile T2D, which is characterized by high therapeutic failure rates. In this regard, a
relevant finding was that GSP supplemented to WD prevented the high glucose levels induced by WD as
compared to the control diet. Given that AMPK activation is associated with metabolic dysfunction
amelioration®*®, we speculate that a direct AMPK activation by guarana compounds may be underlying

the observed metabolic amelioration.

Guarana has been utilized in various doses and administration forms, with controversial outcomes,
sometimes producing adverse effects as aforementioned, and sometimes producing no toxicity and

17,38,57,58

beneficial effects or contradictory effects'>"*. In this study, we were able to determine an effective
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and nontoxic dose and administration form. Furthermore, we suggest a safe HED of guarana to be used in

future clinical trials, preferentially together with meals.

Regarding the mechanism of action of guarana, we found only minor changes in gut microbiota, which
may be a reflection of the improved metabolic state. Despite other studies showing that plant extracts may

protect against metabolic dysfunction by modulating gut microbiota®*®

, in this study, we did not find a
connection between metabolic amelioration and gut microbiota modulation. Interestingly, diet-induced
obese mice treated with green and black tea showed an increase in hepatic AMPK activation, which was
associated with gut microbiota modulation®. Another explored mechanism was BAT activation.
Accumulating evidence has demonstrated that BAT activation is a potential target for the treatment of

1961 In the present study, guarana activated BAT by promoting mass

obesity and metabolic syndrome
increase, mitochondrial biogenesis, and UCP1 overexpression, which are important mechanisms of BAT
activation”"*. Corroborating our data, many other extracts/compounds effective in weight management

have been shown to activate BAT in humans and animal models* .

Because AMPK plays a critical role in the regulation of energy metabolism, it has attracted widespread
interest as a potential therapeutic target of drugs for treating metabolic diseases, including obesity and
T2D*, Indeed, many activators of AMPK have shown great results in the treatment of metabolic
disorders™. Given that AMPK activation may promote mitochondrial biogenesis™, we suggest that the
increased mitochondrial biogenesis in BAT induced by guarana resulted from AMPK activation. This
hypothesis was reinforced by our molecular docking data, which suggested that guarana compounds

directly activate AMPK.

Consistent with our data, other studies have shown that many plant extracts rich in catechins and
methylxanthines, like guarana, may activate AMPK concomitantly with reducing weight®?” and increase

24,63-65

energy expenditure . Interestingly, when administered together, catechin and caffeine increase

energy expenditure in subjects with metabolically active BAT but not in subjects with negligible

activity®, suggesting that the anti-obesity effect of catechin and caffeine occurs via BAT activation.
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336 In summary, we propose that BAT activation is one of the action mechanisms of guarana in reducing
337 weight and that AMPK activation may contribute to BAT activation by promoting mitochondrial
338  biogenesis. Moreover, molecular docking suggests that guarana compounds directly activate AMPK.
339 Finally, we have shown that the dose and administration form used here did not induce toxic effects or
340 promote large changes in gut microbiota.
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FIGURE LEGENDS

Figure 1 | Anti-obesity effect of guarana in DIO model. (A) Body weight (g) development during 16-
week treatment (asterisks are showed differences between Control and WD). (B) Weight gain (g) in 16-
week treatment. (C) Total white adipose tissue (WAT) (g) in 18-week treatment. (D) Adiposity index
(WAT weight/body weight) in 18-week treatment. (E) Cumulative food intake (g/rat) in 16-week
treatment. (F) Cumulative energy intake (Kcal/rat) in 16-week treatment. Data are expressed as means +
SEM. (A-B) n = 12 and (C-D) n = 8. (E-F) data relating to 12 animals. Significant differences are
indicated by * p < 0.05, ** p < 0.01 or *** p < (0.001 (ANOVA followed by Tukey between Control,

WD, and WD + Gua groups).

Figure 2 | Guarana attenuates insulin resistance and hyperleptinemia. (A) Fasting serum glucose
(mg/dL) in 12 and 16-week treatment. (B) Serum fasting insulin expressed in pg/L. (C) Insulin resistance
measured by the homeostatic model assessment of insulin resistance (HOMA-IR) index. (D) Evaluation
of serum advanced glycation end products assessed by N*-carboxymethyllysine levels (% of control). (E)
Fasting and feeding serum triglycerides (TG) (mg/dL). (F) Liver TG levels expressed in mg/g of protein.
(G) Fasting serum leptin expressed as ng/mL. (H) Fasting serum adiponectin expressed as pg/mL. (I)
Balance between the adipokines of opposite effects was assessed using the leptin/adiponectin ratio. Data
are expressed as means = SEM. (A-I) n = 8-12. Significant differences are indicated by * p <0.05, ** p <

0.01 or *** p <0.001 (ANOVA followed by Tukey between Control, WD, and WD + Gua groups).

Figure 3| Guarana supplementation used in this study was not toxic. (A-D) The guarana dose
supplemented to WD (0.5%) did not lead to liver damage and renal function alteration in the animals. (A)
Liver protein damage expressed as nmol carbonyl groups/mg protein. (B) Liver lipip peroxidation level
expressed as nmol thiobarbituric acid reactive substances (TBARS)/mg protein. (C) Serum aspartate

aminotransferase level (U/L). (D) Serum alanine aminotransferase level (U/L). (E-F) Nephrotoxicity
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evaluation of guarana dose. (E) Serum creatinine level (mg/dL). (F) Serum uric acid level (mg/dL). (G-
H) Protein damage and Lipip peroxidation level on cortex, hippocampus, and hypothalamus. Data are
expressed as means = SEM. Significant differences (n = 8) are indicated by * p < 0.05 and ** p < 0.01
(ANOVA followed by Tukey). (I-P) Guarana supplementation (0.5%) did not induce behavior changes or
memory impairment in Wistar rats. (I-L)Emotional behavioral parameters in open-field test: total distance
as a measure of horizontal exploratory activity (I), rearing time as a measure of vertical exploratory
activity (J), center time as a measure of anxiety-like behavior (K), and freezing time as a measure of
behavioral inhibition (L). (M-P) Behavioral parameters in learning and memory tasks: (M) % of
spontaneous alternation and (N) total entries in arms in the Y-maze test as a measure of spatial working
memory, and (O-P) time of novel object exploration 4h (O) and 24 h (P) after object familiarization in
the novel object recognition task as a measure of short and long-term recognize memory, respectively.
Data are expressed as means = SEM. Significant differences (n = 12) are indicated by * p < 0.05

(ANOVA followed by Tukey).

Figure 4 | Guarana induces minor changes in the gut microbiota. (A) Calculations of within-
community richness (a-diversity) by Chaol estimate. (B) Calculation of ration between Firmicutes and
Bacteroidetes phyla. (A-B) Data are expressed as means + SEM. Significant differences (n = 4) are
indicated by * p < 0.05 (ANOVA followed by Tukey). (C-E) Relative abundances of statistically
different genera: (C) Butyricicoccus, (D) Holdemania, and (E) Streptococcus. (F) Venn diagram showing
presence of unique genera of each group. (G-H) Relative abundances of statistically different species: (C)
Bacteroides uniformis and (H) Bacteroides eggerthii. (C-E and G-H) The box-plot shows the median of
the data as a line, the mean of the data as a star, and data points outside of the whiskers as crosses.
Significant differences (n = 4) are indicated by * p < 0.05 and ** p < 0.01 (ANOVA followed by Tukey-

Kramer post hoc).

Figure 5 | Guarana promotes BAT activation. Guarana supplemented to WD increased BAT mass (A),
promote mitochondrial biogenesis in BAT (mtDNA copy number) (B), increase UCP1 immunocontent (C

and F), did not shown any difference different in the Sirtl immunocontent (D and F), and increase
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phosphorylation/activation of AMPK (E and G) . Data are expressed as means = SEM. (A) n =8 and (B-
G) n = 6. Significant differences are indicated by * p < 0.05, ** p < 0.01 or *** p < 0.001 (ANOVA

followed by Tukey between Control, WD, and WD + Gua groups).

Figure 6 | Molecular docking summary for AMPK and ligands inspected in this work. The detail
(rightmost panel) is rotated in respect to the central image for clarity. (A) Rat AMPK. (B) Human AMPK.
(C) Superposition of rat and human AMPK structures (yellow and blue, respectively), highlighting their

fold similarity (all-atom RMS of 1.5A).
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Figure 6
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Supplementary Materials and Methods
Body weight and food intake
The amount of food consumed per cage was monitored by calculating the difference between the weight of the

food offered and the weight of the food removed two days later. Individual animals were weighted once a week.

Material collection

After 16 weeks of the experimental diet, animals were fasted overnight (12 h) and 0.5 mL of blood was collect
via a tail snip procedure, whereby a cut is made 1 mm from the tip of the tail using scalpel blade. Moreover,
fresh fecal pellets were collected in clean boxes and stored at —80 °C for DNA extraction and microbiota
composition analysis. Serum was also separated after blood clot formation by centrifugation at 2000 xg for 10
min at 15 °C and stored at —80 °C. Furthermore, after 18 weeks of the experimental diet, animals were sacrificed
by decapitation. Blood was collected and serum was separated by centrifugation after clot formation as
described. Liver and white adipose tissues (WATSs) were rapidly isolated, washed in ice-cold 50 mM phosphate

buffer saline (PBS) (pH 7.4), patted dry, and weighed before storage at —80 °C.

Adiposity index
To calculate the adiposity index, total body fat was divided by body weight as follows:

[(epididymal+visceral+retroperitoneal+omental)/final body weight] x 100.

Lipid profile

The fasting serum lipid profile (triglycerides (TG), total cholesterol, high-density lipoprotein (HDL) cholesterol,
and low-density lipoprotein (LDL) cholesterol), feeding serum TG, and liver TG were determined using an
automatic biochemical analyzer (Konelab® 30i, Thermo Electron Corporation, Vantaa, Finland) with specific
analysis kits by the Wiener lab group (Rosario, Argentina). To measure liver TG, liver homogenate was diluted

to 6 pg of protein/uL in 50 mM PBS (pH 7.4).

Serum metabolites, alanine aminotransferase (ALT), and aspartate aminotransferase (AST)
Serum uric acid (UA), creatinine, ALT, and AST concentrations were determined using an automatic
biochemical analyzer (Cobas 8000 C702, Roche Diagnostics, Mannheim, Germany). Analyses were performed

using the specified kits from Roche Diagnostics.
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Liver oxidative damage markers

As an index of protein oxidative damage, the carbonyl groups were determined as previously described'. This
method is based on the reaction of 2,4-dinitrophenylhydrazine (DNPH) with the protein carbonyl groups, and
the absorbance is read in a spectrophotometer at 370 nm. Lipoperoxidation was determined from the
quantification of TBARS (thiobarbituric acid reactive substances) originated from reaction of TBA with
lipoperoxides in an acid-heating medium? (Draper et al. 1990). After precipitation with trichloroacetic acid 10%,
supernatant was mixed with 0.67% (1:1) and heated in a boiling water bath for 25 min. TBARS were

determined by the absorbance in a spectrophotometer at 532 nm.

Serum cytokines and hormone levels
Serum tumor necrosis factor (TNF)-a, interleukin (IL)-6, and IL-10 levels were determined with a rat ELISA kit
from Sigma-Aldrich (St. Louis, MO, USA). Levels of leptin and adiponectin were measured in fasting serum

with a rat ELISA kit from Millipore (Billerica, MA, USA).

Homeostasis model assessment of insulin resistance (HOMA-IR) and N¢-carboxymethyllysine

Fasting blood glucose concentrations were determined by using a portable glucometer (Accucheck Active,
Roche Diagnostics, Mannheim, Germany). Fasting serum insulin concentrations were determined with an ultra-
sensitive rat insulin ELISA kit (Mercodia AB, Uppsala, Sweden). Insulin resistance (IR) was estimated
according to the homeostatic model assessment (HOMA) index using the following formula: fasting serum
insulin (pg/L) X fasting plasma glucose (mg/dL)/405. Furthermore, N°®-carboxymethyllysine was quantified by
indirect ELISA. In this analysis, serum was incubated in an ELISA plate and, after 24 h, the plates were washed
three times with Tween-Tris-buffered saline (TTBS, 100 mM Tris—HCI, pH 7.5, containing 0.9% NaCl and
0.1% Tween-20). Subsequently, 200 pL of anti-N°-carboxymethyllysine (Abcam, Cambridge, MA, USA)
(1:1000) was added and incubated for 24 h at 4 °C. The plates were then washed three times with TTBS and
incubated with rabbit IgG peroxidase-linked secondary antibody (1:1000) for 2 h according to the
manufacturer’s instructions. After washing the plate three times with TTBS, 100 pL of substrate solution (TMB
spectrophotometric ELISA detection kit) was added to each well and incubated for 10 min. The reaction was

stopped with 50 pL/well of 2 M sulfuric acid, and the plate read at 450 nm in a microplate reader.
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Mitochondrial DNA copy number

Total were isolated from BAT with the QIAamp® DNA Mini kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. DNA concentration was assessed with a BioPhotometer Plus (Eppendorf, Hamburg,
Germany). Mitochondrial DNA (mtDNA) and genomic DNA (gDNA) content was quantified using a
StepOnePlus™ real-time PCR system (Applied Biosystems, CA, USA). The content of cytochrome oxidase 2
(Cox2; single-copy mtDNA) were normalized to the content of fatty-acid synthase (Fasn; single-copy gDNA) to
evaluate the mitochondria number. Primer sequences were as follows:

Mt-Cox2: Forward GACGCCACATCACCTATCATAG:; Reverse GGAGGGAAGGGCAATTAGAAT,

Fasn: Forward TGATCTACTCTAGGGAACGGG:; Reverse CGGAGATGGGTAATGGTACAG.

Western blotting

For immunoblotting experiments, tissues were homogenized using a radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris-HCI, 150 mM NaCl, 0.1% sodium dodecyl sulfate, 1 % IGEPAL® CA-630, 0.5% bile salt, 1
mM sodium orthovanadate, ImM phenylmethylsulfonyl fluoride, pH 7.5) and protein lysates were clarified by
centrifugation. Protein concentrations were determined using BCA Protein Assay kit (Thermo Scientific Pierce;
Rockford, IL, USA). Samples were denatured in 2x Laemmli buffer containing 10 % of 2-mercaptoethanol, and
heated at 95 °C for 5 min. A total of 20-30 pg/well of protein was loaded in polyacrylamide gel (812 % SDS-
PAGE), electrophoresed at 100 V and transferred to a nitrocellulose membranes (Hybond-ECL, GE Healthcare
Lifesciences) using a transfer tank (Bio-Rad, CA, USA). Protein loading and electroblotting efficiency were
verified through Ponceau S staining. After, membranes were washed in TTBS [100 mM Tris— HCI, pH 7.5, 137
mM NaCl, 0.1 % (v/v) Tween-20] and blocked in solution of TTBS with 5% (w/v) BSA for 2 hour at room
temperature. After, membranes were washed three times in TTBS and incubated overnight at 4°C with primary
antibodies in the dilution recommended by manufacturer. Antibodies used including: anti-AMPK (Abcam,
#ab80039), anti-phospho-AMPK (Abcam, #ab133448), anti-UCP1 (Thermo Fisher Scientific, #PA1-24894),
anti-Sirt] (Cell Signaling, #9475), and anti-B-actin (Sigma, #A1978). Afterward, membranes were washed and
incubated with specie-specific HRP-conjugated secondary antibodies at 1:3000 in TTBS with 5 % BSA for 2 h
at room temperature. The immunoreactivity was detected by enhanced chemiluminescence using Supersignal
West Pico Chemiluminescent kit from Thermo Fisher Scientific (MA, USA). The chemiluminescence was
captured with an ImageQuant LAS 4000 (GE Healthcare; SP, Brazil). Densitometric analysis of the images were

performed using ImagelJ software (ImageJ v1.49, National Institute of Health, USA).
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DNA extraction

Fecal pellets were collected during the 16" week in aseptic conditions and stored at —80 °C for two months.
Microbial DNA extraction was performed using a QIAmp DNA stool mini kit (Qiagen, Hilden, Germany)
following the manufacturer’s protocol, and the subsequent samples were stored at —20 °C for subsequent
analysis. Total extracted DNA was quantified with a Qubit® 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA)
using a Qubit® dsDNA HS Assay kit (Invitrogen, Carlsbad, CA, USA). DNA purity was determined by
measuring the A260/280 ratio using a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Waltham,

MA, USA).

Sequencing analysis

The bacterial 16S rRNA hypervariable regions (V4) were amplified from the extracted DNA samples by
polymerase chain reaction (PCR) wusing 515F (GTGCCAGCMGCCGCGGTAA) and 806R
(GGACTACHVGGGTWTCTAAT) primers. In order to determine if contamination occurred during the
microbiome analysis, a sample devoid of any fecal content (blank) was included in the PCR run. The PCR
products were then purified, submitted to emulsion PCR, and sequenced on an Ion Torrent Personal Genome
Machine (Life Technologies, Carlsbad, CA, USA). All of the raw data was exported as an unique fastq file and
submitted to the Brazilian Microbiome Project (BMP) analysis pipeline®. The BMP pipeline utilizes different
scripts and software, such as QIIME and UPARSE, to evaluate the 16S rRNA phylogenetic profile. Briefly,
sequences were demultiplexed and filtered based upon size (200 bp) and quality scores. Operational taxonomic
units (OUTSs) were clustered based on 97% similarity (at the species level) and then representative OTUs were
assigned to each phylogenetic identity using the Greengenes v. 13.8 database*. Differences in microbial
communities between groups were investigated using the STAMP software®. Alpha diversity was performed

with the respective QIIME scripts (alpha_diversity.py).

Behavioral tests

Behavioral tests were used for neurotoxicity screening. Behavioral tests were conducted at the light phase
(between 8:00 AM and 3:00 PM) in a homogeneously illuminated room (~70 lux) and were videotaped and
analyzed using the ANY-maze video tracking software, version 5.1 (Stoelting Co., Wood Dale, IL, USA). This

software is an advanced video tracking system designed to provide an automated analysis in behavior test.
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Y-maze spontaneous alternation behavior (SAB): SAB test was used as a measure of the working memory
(spatial short-term memory). This test was conducted two weeks before animals were euthanized. The Y-maze
apparatus consisted of three black arms in Y-shape (50 cm lengthx10 cm widthx30 cm height). Each rat was
placed at the end of one arm, and then the rat exploration in the maze were recorded for 8 min using the ANY-
maze software. The sequence and total number of arms entered was recorded. Entry into an arm was considered
valid only when all four paws of the rat were inside that arm. Spontaneous alternation (%) was defined as
consecutive entries in 3 different arms (ABC), divided by the number of possible alternations (total arm entries

minus 2)°.

Object recognition test (ORT): The time of exploration of the novel object was used as a measure of the
working memory (4 h after training) and long-term memory (24 h after training). This test was conducted one
week before animals were euthanized. Open field box (black open-top cube 50x50x50 cm) was used for this
test. The objects to be discriminated were a Coca-Cola glass bottle (237 mL) as familiar object, Falcon tissue
culture flask (10 cm height) filled with water as 4 h-novel object, and cylinder plastic bottle (8 cm diameter and
10 cm height) as 24 h-novel object. ORT was divides in three session: habituation with apparatus,
familiarization with two identical objects, and test phase with two different objects (familiar and novel). Briefly,
rats were individually habituated during 5 min to the open field box shortly before to start ORT. After that, rats
were replaced in the open field apparatus and given 5 min to explore two objects that were placed at opposite
corners of the field (diagonal). Four and twenty four hours later the animals were re-exposed to one familiar
object (old object) together with a novel object (new object) for 5 min. After each session, the objects and box
were cleaned with 70% ethanol to minimize olfactory cues. The exploratory behavior to each object was
recorded in all sessions. The time of object exploration was measured with the ANY-maze software. The time of

exploration of the novel object was expressed as percent of the total exploration time of both objects”*.

Open-field test (OFT): The OFT was used here as a measure of emotional reactivity. OFT was conducted
during habituation phase of the ORT. All rats were individually tested in an open-field apparatus consisting of a
black open-top cube (50x50x50 cm). Each single rat was placed in the middle of the chamber, and then rat
activities were recorded for 5 min using the ANY-maze software. Total distance traveled was used as an index

of horizontal exploratory behavior, rearing behavior time was used as an index of vertical exploratory behavior,

132



151

152

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

total time in the center of apparatus was used as an index of anxiety-like behavior, and total time in freezing was
used as an index of behavioral inhibition (mutual activation of sympathetic and parasympathic nervous system).

Rats were considered to be freezing if no movement was detected for 3 s°.

Molecular docking

To estimate binding affinities for the compounds inspected in this work with AMPK, molecular docking was
performed in comparison with known activators of this protein. Rat and human AMPK structures were retrieved
from RCSB PDB (PDB ids SUFU and 4ZHX, respectively) '*!!. Ligand structures were obtained from the same
databank via SMILES search. The docking calculations were carried out with DockThor version 2 1213 under its
virtual screening protocol. Receptor and ligand molecules were prepared with dedicated tools from DockThor
server. The gridbox was defined using the binding sites for the activators present in the employed
crystallographic structures of AMPK. The box edges measured 22A in all axes, with a discretization of 0.25A.
The standard DockThor virtual screening setup was used (500000 evaluations, population size of 750, 12 runs).

Resulting conformers were clustered at 2A of RMSD. Ligand-receptor contacts were evaluated with LigPlot
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Supplementary Figures:
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Figure S1 | Neither WD nor guarana had any effect on cholesterol or the inflammatory profile. (A)
Fasting HDL (mg/dL). (B) Fasting LDL (mg/dL). (C) Serum IL-6 (pg/mL). (D) Serum TNF-o/IL-10 ration.
Data are expressed as means + SEM. Significant differences (n = 8) are indicated by * p < 0.05 (ANOVA
followed by Tukey between Control, WD, and WD + Gua groups).
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Supplementary Tables

Supplementary Table S1: Diet Composition

Diet components Western
Control )
(g/Kg of chow) Diet
Soy protein 200 200
=
4
2 Total 200 200
~
Lard 0 180
) Soy oil 40 40
=
i
2 Total 40 220
Corn starch 550 170
w
= Sucrose 100 300
1=}
=2 Fiber 50 25
=
S
=
3 Total 700 495
Salt (sodium) 5.25/(2) 20 (7.86)
@ Vitamin mix 10 10
=
§ Mineral mix 40 40
2
g Choline* 2 2
; Methionine 3 3
=
3 Lysine 3 3
Cholesterol (mg)® 0 0.169
Total (g) 998 989

“Choline was added in the choline chloride form (52% purity).
"This cholesterol comes from the lard added to diets taking into account that 100 g of lard has 94 mg of

cholesterol (no pure cholesterol was added).
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Supplementary Table S2: Sources of Kcal in each diet.

Macronutrients Control Western Diet
Protein 21 % 17 %
Lipids 10 % 42.5 %

Carbohydrates 69 % 40.5 %

Total Kcal/Kg of
3760 4660
chow
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Supplementary Table 3: Interactions detected for the inspected ligands and rat AMPK.

Residue  Catechin Epicatechin Theobromine Caffeine Salicylate PF-06409577 PF-249 PF-739

Valll A - - - - - NB NB NB
Leul8 A - - - - - - NB NB
Glyl9 A - - - - - - NB HB
Phe27 A - - - - - - - NB
Lys29 A HB HB HB HB HB HB NB NB
Lys31 A NB - - - - NB NB HB
Iled6 A NB NB NB NB NB NB NB NB
Asn48 A HB HB NB NB NB NB - HB
Lys51 A NB HB HB HB - - - NB
Asp88 A NB - NB NB NB HB HB HB
Phe90 A - - - - NB - -
Val8l B NB - - - - NB - NB
Arg83 B NB NB NB NB NB NB NB NB
Thr106 B - - - - - NB - NB
Argl07 B - - - - - NB - -
Aspl08 B - - - - - NB NB NB
Asnlll B NB NB - - NB NB NB -
Vall13 B NB - - - - NB NB NB
Ilel15 B - - - - - - - NB

HB: hydrogen bond; NB: non-bonded contact (Van der Waals and hydrophobic interactions).
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Supplementary Table 4: Interactions detected for the inspected ligands and human AMPK.

Residue Catechin Epicatechin Theobromine Caffeine Salicylate PF-06409577 PF-249 PF-739
Gly9 A HB - - - - - - -
Valll A NB - - - - - - NB
Leul8 A NB - - - - - - NB
Glyl9 A - - - - - - - NB
Gly28 A - NB NB NB - - NB -
Lys29 A - HB HB HB HB HB HB -
Lys31 A NB NB - - HB NB HB NB

lled6 A - NB HB NB - NB NB NB
Asnd8 A - - NB NB - NB NB NB
Lys51 A - HB HB HB - HB NB HB
Asp88 A - - NB - - - - -
Arg83 B - NB - - - NB NB NB
Thr106 B HB - - - - - - HB
Argl07 NB - - - - - - NB
Sepl08 B HB HB - - HB - HB NB
His109 B HB - - - NB HB - -
Asnlll B HB NB - - HB NB HB -
Vall13 B - - - - NB NB - NB

HB: hydrogen bond; NB: non-bonded contact (Van der Waals and hydrophobic interactions).
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PARTE 11l

4. DISCUSSAO
A presente tese procura ampliar o conhecimento cientifico no campo de estudos de

obesidade por apontar um modelo de dieta indutora de obesidade mais robusto do que 0s
modelos classicos de dieta, bem como por destacar o potencial antiobesidade de um
produto brasileiro — o guarana. A relevancia do assunto esta na alta prevaléncia da
obesidade na populacédo, na redugdo da qualidade de vida destes individuos e na falta de
tratamentos seguros e eficientes (Bosello et al., 2016; Maffetone and Laursen, 2017).
Diante das limitagdes dos modelos atuais para inducdo de obesidade, bem como a falta
de padronizacdo de dietas indutoras de obesidade nés entendemos que sdo necessarios
estudos que avancem na dire¢ao de uma dieta ideal. Da mesma forma, diante as limitagdes
dos tratamentos atuais, Sd0 necessarios estudos que apontem terapias alternativas,
eficazes e seguras contra a obesidade com o intuito de fornecer melhor qualidade de vida
a estes individuos.

Esta tese € composta por um artigo (Capitulo 1) que compara trés dietas obesogénicas
quanto as disfuncdes associadas a obesidade e quanto as alteragfes na microbiota, e
sugere a dieta mais adequada para estudos de obesidade e a dieta mais adequada para
estudos de alimentos ultraprocessados. E composta ainda por um dep6sito de pedido
patente de uma nova dieta indutora de obesidade, que vem como uma consequéncia do
primeiro artigo e traz uma inovacéo tecnoldgica nesta area (Capitulo 11). Por Gltimo, esta
tese também apresenta outro artigo (Capitulo 111) que descreve o potencial e um possivel
mecanismo antiobesidade do guarana, juntamente com uma avaliacdo da toxicidade deste
produto, sugerindo 0 guarana como um novo agente terapéutico seguro no combate a

obesidade.

140



4.1. Reprodutibilidade e escolha adequada da dieta controle: capitulo |

Tem se discutido muito na literatura cientifica a dificuldade de reproduzir resultados.
Reiterando esta afirmacéo, saiu uma edicéo inteira, no més de marc¢o de 2017, na Animal
Lab (uma revista da Nature Research) sobre este tema. Em um dos artigos desta edi¢do
(Garner et al., 2017) os autores discutem de forma introdutoria o que esta sendo chamado
de “reproducibility crisis”. Artigos anteriores, mas atuais, também tem discutido a baixa
reprodutibilidade de muitos modelos (Casadevall and Fang, 2010; Collins and Tabak,
2014; Reardon, 2016; Servick, 2016) mostrando a importancia que tem se dado a este
tema. O primeiro artigo desta tese aborda modelos de dieta indutoras de obesidade. Neste
artigo nés fazemos uma comparacdo entre duas dietas que ja sdo utilizadas (dieta
hiperlipidica, do inglés high-fat diet — HFD; e a dieta de cafeteria, do inglés cafeteria diet
— CAF) e um prototipo de dieta proposto por nos tentando chegar mais proximo de uma
dieta ocidental humana (do inglés Western diet — WD). A intencdo deste trabalho era
encontrar a dieta mais adequada para estudos de obesidade e incentivar o uso da mesma
para que houvesse um aumento na reprodutibilidade nesta area de pesquisa, pois
atualmente muitos tipos de dieta sdo utilizados, dificultando a comparacéo entre estudos.
O que este trabalho nos revela ndo é apenas qual é o melhor modelo de dieta para o estudo
da obesidade, mas também que os trabalhos com obesidade estéo estudando os efeitos de
cada uma das dietas e ndo da obesidade, uma vez que cada uma das dietas induz um
fendtipo diferente nos animais. Acreditamos que este seja um dos principais achados do
artigo, pois isto mostra um dos motivos pelos quais é dificil de reproduzir um
experimento, principalmente em “estudos de obesidade”. Assim, este artigo nos mostra
que os “estudos de obesidade” sdo na verdade estudos sobre o efeito de dietas especificas.
Como podemos encontrar medidas terapéuticas para a obesidade se para cada dieta

testada com a mesma medida terapéutica o resultado for diferente?
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A dieta proposta por nos neste primeiro artigo € um prototipo de dieta, o que significa que
ela ainda pode ser mudada para se tornar ainda mais eficiente e parecida com a dieta
ocidental humana. Como exemplo, poderiamos aumentar a quantidade de colesterol, a
qual est& abaixo do consumo ocidental humano na nossa dieta proposta (USDA, 2012).
Outro ingrediente que tem invadido produtos industrializados é a frutose, a qual pode
levar a sindrome metabdlica (Mamikutty et al., 2014). Como a frutose e o colesterol varios
outros compostos estdo tendo seu consumo aumentado em sociedades ocidentais, e por
ISSO seria interessante (como uma perspectiva) testar uma dieta que seja ainda mais
parecida com a dieta ocidental humana.

Um fato chamou a nossa atencdo neste primeiro artigo: 0s animais que consumiram as
dietas mais utilizadas para induzir a obesidade em modelos de roedores (HFD e CAF),
ndo ganharam peso em relacdo a dieta controle usada por nés. Levantamos algumas
hipoteses que podem explicar este desfecho. 1) Alguns trabalhos mostram a ineficiéncia
das dietas HFD e CAF em induzir ganho de peso aos animais (Higa et al., 2014; Sampey
et al., 2011). 2) A dieta de cafeteria € muito pouco padronizada e pode gerar resultados
de ganho de peso diferentes conforme a escolha dos alimentos, como podemos observar
quando comparamos os trabalhos de Higa et al. (2014) e Soares et al. (2017). 3) As vezes,
a falta de diferenca no peso dos animais pode ser devido a escolha do grupo controle.
Existem duas dietas comumente utilizadas como controle. Uma destas € uma ragao padrao
feita a base de gréos (produtos néo refinados) (conhecido em inglés com Standard Chow,
Unpurified Diet ou Grain-based Diet) que pode ser visualizada na Figura 1A. A outra é
uma racdo com baixo conteudo de gordura feita com produtos refinados, geralmente
contendo a mesma base nutricional da dieta obesogénica utilizada (conhecida em inglés

como refined low-fat diet — rLFD) e pode ser visualizada na Figura 1B. H4 uma grande
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diferenca entre elas, por exemplo tem sido mostrado que 0s animais que consomem uma
rLFD (utilizada neste trabalho) ganham bem mais peso do que os animais que consomem

uma racao padrdo baseada em gréos (Chassaing et al., 2015; Sampey et al., 2011).

O baixo ganho de peso dos animais que consumiram a HFD em nosso primeiro artigo
pode englobar estas trés possibilidades citadas acima, pois uma nao exclui a outra. Porém,
aqui nesta tese eu gostaria de discutir a terceira por ndo ter sido tdo abordada no artigo e
porque a discussao sobre a escolha de uma dieta controle adequada tem comecado a
aparecer nos artigos recentemente (Dalby et al., 2017; Pellizzon and Ricci, 2018). Como
discutem Dalby et al. (2017) e Pellizzon e Ricci (2018), a maioria dos pesquisadores que
avaliam o efeito de dietas obesogénicas, as quais sdo (na maioria dos casos) feitas com
produtos refinados, comparam estas dietas com uma dieta controle feita com produtos
ndo refinados (racdo padrao baseada em grdos). Tal comparacéo entre dois tipos de dieta
completamente diferentes torna impossivel tirar conclusbes sobre as diferencas

fenotipicas conduzidas pela dieta.

Para discutir melhor o tema é necessario destacar as diferencas que poderiam confundir
a interpretacdo de resultados. A racdo padrdo baseada em graos € composta, geralmente,
por trés graos integrais: milho, aveia e trigo (Figura 3A). Este tipo de racdo ainda pode
incluir farelo de alfafa, racdo para peixe, levedura de cerveja, conservantes, e um
adicional de vitaminas e minerais que, na maioria dos casos, ndo leva em consideracdo o
que ja esta presente nos graos integrais acrescentados (Pellizzon and Ricci, 2018). Por
outro lado, as ragdes purificadas (rLFD e a maioria das refined high-fat diet - rHFD) s&o
feitas com ingredientes refinados tais como caseina, proteina isolada de soja, amido de
milho, sacarose, celulose, e éleos refinados, os quais contém um nutriente principal e

pouquissimo de outros nutrientes e ndo-nutrientes (Figura 3B).
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Ragdo padrao baseada em graos Dieta feita com ingredientes refinados

Figura 3: A esquerda uma racéo padrao baseada em gréos e a direita um dieta purificada
que pode ser tanto uma low-fat diet (dieta pobre em gordura) quanto uma high-fat diet

(dieta rica em gordura). [Imagem reproduzida e adaptada de Pellizzon e Ricci, 2017].

Parece claro que comparar uma rHFD com uma rLFD é mais adequado que comparar
com uma ragdo padrdo baseada em graos. Porém, Warden e Fisler (2008), ao revisarem
artigos que comparavam dietas publicados em 5 revistas de alto impacto, verificaram que
apenas 14% dos artigos compararam dietas usando 0s mesmos nutrientes variando apenas
na quantidade de carboidrato e gordura. Em 9% dos artigos foram usados dois tipos de
dieta como controle — a ragdo padrdo baseada em grdos e a rLFD. Ja em 43% dos artigos
compararam inapropriadamente uma dieta purificada com uma ragdo padréo baseada em
gréos, e em 34% os dados foram insuficientes. Pellizzon e Ricci (2018) reavaliaram esses
numeros com artigos publicados em 2016 e encontraram que em 19% dos artigos foram
comparadas dietas contendo a mesma base nutricional. Esse nimero aumentou, mas ainda
é baixo. Assim, é possivel que os pesquisadores atribuam diferencas fenotipicas em
animais alimentados com uma racdo padrao baseada em grdos ou rHFD as diferencas na
quantidade de gordura (ou ao desfecho obeso), quando, de fato, elas podem ser devido a

inimeras outras diferencas nutricionais entre as dietas.
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Para exemplificar o grande problema que isto gera, eu destaco aqui um trabalho realizado
por Dalby e colaboradores (2017) que pretende mudar a ideia que se tem da relagéo causal
entre obesidade e microbiota intestinal. H4 muito tempo pesquisadores vem mostrando
uma grande alteracdo na microbiota intestinal de ratos obesos. Porém na maioria das
vezes a comparagdo e feita com uma dieta controle inapropriada. No trabalho de Dalby e
colaboradores (2017), ele mostrou que camundongos obesos por consumirem uma rHFD
apresentam uma grande diferenga na microbiota intestinal quando comparado com o0s
animais que consumiram uma ragdo padréo baseada em gréos, mas quando comparada
com os que consumiram uma rLFD contendo a mesma base nutricional da rHFD essa
diferenca foi perdida. Ou seja, ele mostrou que a obesidade é independente de uma grande
alteracdo na microbiota intestinal, diferente do que vinha sendo discutido na literatura.
Este resultado também pode ser visto no nosso primeiro artigo (publicado antes que o
trabalho de Dalby citado acima) onde ha apenas uma pequena alteracdo na microbiota
intestinal entre os animais que consumiram a LFD e os que consumiram a HFD ou a WD.
O resultado obtido por Dalby e colaboradores (2017) mostra que deve ter um componente
presente na racdo padrdo baseada em graos que causa esta diferenca, a qual também pode

ser vista a nivel morfolégico no ceco e célon (Figura 4).

Ja ha bastante tempo é conhecido o potencial das fibras em alterar a microbiota intestinal
e reduzir o peso (Kuo, 2013; Slavin, 2005). Chassaing e colaboradores (2017, 2015)
apontam a quantidade e o tipo de fibras como os maiores causadores destas diferencas.
Segundo Pellizzon e Ricci (2018) uma rLFD tem aproximadamente 5% de fibras (fibras
insolUveis apenas) enquanto uma ragdo padrdo baseada em grdos pode chegar a ter 25%
(fibras sollveis e insoluveis). Isto sugere que as fibras presentes na racdo padrdo a base
de gréos podem ser responsaveis pela alteragdo na microbiota, observada quando esta é

comparada com uma rHFD, antes associada a obesidade. Portanto, quando se estuda a
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obesidade, quanto mais fatores se alteram entre uma dieta e outra mais dificil se torna a
interpretacdo dos resultados. Toda essa discussdo em conjunto mostra a importancia da
escolha da dieta controle, que também esta relacionada com o tema da reprodutibilidade

discutido anteriormente.

Ragao baseada em graos rLFD rHFD
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Figura 4: Imagem mostrando a diferenca morfologica do ceco e do colon de animais que
comeram uma ragao padréo baseada em gréos (esquerda), uma rLFD (meio) e uma rHFD

(direita). [Imagem reproduzida e adaptada de Dalby et al., 2017]

Dentre os resultados mais importantes do primeiro artigo podemos apontar 1) uma dieta

pobre em fibras e rica em gordura, actcar e sal € mais eficiente em induzir a obesidade e

146



suas disfuncbes quando comparada com duas dietas classicas — dieta hiperlipidica e dieta
de cafeteria. 2) Mostramos também que a microbiota intestinal, a qual é necesséria para
a saude do hospedeiro, é muito mais sensivel a uma dieta rica em alimentos ultra-
processados do que a uma dieta rica em gordura ou uma dieta tipo ocidental. Discutimos
que isso deve estar relacionado com a alta quantidade de conservantes (inibidores de
crescimento bacteriano) ou outros aditivos alimentares que nds identificamos nesses
alimentos. 3) A dieta HFD né&o induziu a obesidade, provavelmente porque foi comparada
com uma dieta contendo a mesma base nutricional que ela, diferente do que se costuma
observar na literatura cientifica da area. 4) A obesidade ndo leva a uma grande alteracéo
na microbiota intestinal. Diferente do que vinha sendo sugerido na literatura cientifica.
Isto sugere, portanto, que devemos investigar os efeitos da obesidade sobre a microbiota

em niveis mais especificos tais como género e espécie.

Estes achados em conjunto irdo auxiliar pesquisadores a escolher a dieta mais adequada
para compor o seu desenho experimental. Pudemos concluir que cada dieta serve para
investigar um fator ou um desfecho especifico e que nem todas podem ser usadas para se
estudar a obesidade. Por exemplo, a dieta hiperlipidica deve ser usada para investigar 0s
efeitos de uma dieta rica em gordura e se caso 0s animais ficarem obesos entdo é possivel
estudar a obesidade induzida pelo excesso de gordura na dieta. A dieta de cafeteria deve
ser usada para investigar os efeitos de uma dieta rica em alimentos ultra-processados e/ou
os efeitos da obesidade induzida por alimentos ultra-processados. Da mesma forma, a
dieta tipo ocidental deve ser usada para investigar os efeitos de uma dieta ocidental

humana e/ou estudar os efeitos da obesidade induzida pela dieta ocidental.

Outra contribui¢do importante do primeiro artigo € a discusséo sobre 0s possiveis efeitos
deletérios dos aditivos alimentares na dieta sobre a microbiota intestinal, os quais sdo

pouco estudados ainda. Na dieta de cafeteria utilizada por n6s foram identificados 17

147



aditivos alimentares diferentes dentre eles corantes, flavorizantes, conservantes,
emulsificantes e estabilizantes. N6s acreditamos que estes aditivos alimentares sejam,
pelo menos em parte, responsaveis pela severa disbiose vista no intestino dos animais que
consumiram a dieta de cafeteria. Dentre esses aditivos, nds acreditamos que o0s
conservantes sejam o0s principais causadores da disbiose, pois sdo, por natureza,
inibidores de crescimento bacteriano. Portanto, conservantes poderiam impedir o
crescimento da grande maioria das bactérias e favorecendo o crescimento de poucas
bactérias resistentes, dessa forma diminuindo a diversidade bacteriana. Uma das
principais caracteristicas da disbiose causada pela dieta de cafeteria foi a enorme reducéo
na diversidade bacteriana do intestino dos animais, pois, como discutido na introducéo
desta tese, a diversidade bacteriana é um dos principais fatores para determinar a salde
da microbiota intestinal (Sonnenburg and Béckhed, 2016). Corroborando com nossos
dados, um estudo mostrou que uma diminui¢do da diversidade da microbiota intestinal
esta associada a habitos ndo saudaveis, tais como o consumo de refrigerantes, salgadinhos
e alto consumo de Kcal (Zhernakova et al., 2016). Para finalizar, alimentos ultra-
processados geralmente apresentam mais de um destes aditivos concomitantemente.
Dificilmente encontramos na literatura cientifica trabalhos investigando os efeitos desses
aditivos alimentares em conjunto. Portanto, sdo necessarios estudos que avaliem o efeito

destes aditivos em conjunto, que é a forma que eles se apresentam nos alimentos.

4.2. Importancia da patente e potencial comercial da dieta: Capitulo 11
N&o temos no Brasil uma forte interacdo entre ciéncia e tecnologia dentro das

universidades. Locais onde essa interacdo é mais forte pesquisadores transitam entre
producdo de patentes e de artigos cientificos. A importancia da producdo de artigos

cientificos para a expansdo do conhecimento € incontestavel, enquanto as patentes tém

148



sua importancia como fonte geradora de informacdo tecnoldgica, a qual é de grande
relevancia para o desenvolvimento social e econémico de um pais e como fonte
alternativa de captacdo de recursos pela universidade (Moura et al., 2005). Nesse
contexto, deve-se reconhecer que os documentos de patentes sdo fontes riquissimas de
informagdes. Contudo, o0 uso dessas informagdes ainda é insipiente no Brasil, mesmo nas
universidades (Brandéo, 2016).

Dado o potencial inventivo da dieta desenvolvida, nés buscamos a producdo desses dois
tipos de documento na intencdo de expandir o conhecimento cientifico e tecnoldgico.
Assim, baseado nos dados do primeiro artigo desta tese, nds fizemos um pedido de
patente, o qual estd depositado com o nimero BR10.2018.000453-0. A invencéo descreve
uma nova dieta indutora de obesidade, a qual buscou uma maior similaridade com a dieta
ocidental humana em relagdo a quatro itens (gordura, acucar, fibra e sal). Assim, esta
dieta apresenta uma maior quantidade de gordura, sacarose e sal e uma menor quantidade

de fibras.

Ha diversas patentes de composicdo de dieta utilizadas para induzir disfuncdes
especificas. Muitas destas composicdes patenteadas apresentam grandes quantidades de
gordura e sacarose, e em diversas proporcGes, mas nenhuma dessas dietas possuem
alteracdes na quantidade de fibras e sal como na presente invencdo. O sal é relevante para
aumentar a palatabilidade da dieta, a qual esta associada a hiperfagia que por sua vez esta
associada a obesidade (Berthoud and Zheng, 2012; Cocores and Gold, 2009). As fibras
por sua vez sdo relacionadas a reducdo de peso e a observada reducdo de fibras na
populacéo pode estar por tras da crescente epidemia de obesidade (Slavin, 2005). Além
disso, estes dois nutrientes foram alterados na dieta baseado no consumo humano destes
nutrientes, assim tornando ela mais similar a dieta ocidental humana. Vale ressaltar que

néo foi encontrado nenhuma patente de um produto para inducdo de obesidade que fosse
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unicamente uma dieta. Assim, a composicdo da dieta revelada na patente

BR10.2018.000453-0 é Unica e se diferencia dos documentos anteriores encontrados.

N&o ha uma dieta ideal para a inducdo da obesidade (Buettner et al., 2007), assim esta
nova dieta tenta resolver diversos problemas presentes nessas dietas ja existentes na
intencdo de avancar em direcdo a uma dieta ideal. De uma forma mais especifica, a nova
dieta resolve os problemas de baixa eficiéncia em induzir obesidade e disfuncdes
associadas a obesidade, de baixa palatabilidade e de baixa similaridade com a dieta
ocidental humana presentes na dieta rica em gordura. Bem como, resolve os problemas
de baixa padronizacdo, de niveis inadequados de vitaminas, proteinas e minerais, e da

presenca de aditivos alimentares encontrados na dieta de cafeteria.

H& muitas empresas que produzem ragdes animais para serem usadas na pesquisa. Muitas
dessas racOes sdo usadas para inducédo de obesidade. As empresas Prag Solugdes, Envigo
e Research Diets comercializam vérias dietas para a inducéo da obesidade, em que estas
dietas se diferenciam entre si pela quantidade de gordura, agucar e colesterol, bem como
pelo tipo de gordura, entretanto nenhuma delas apresenta alteracdo na quantidade de
fibras e de sal como na presente invencdo. Portanto a dieta proposta apresenta alto
potencial de comercializacdo. Vale a pena ressaltar que estas empresas comercializam
estas dietas para todas as espécies/linhagens de roedores e a presente invencdo foi testada
apenas em ratos da linhagem Wistar. Por fim, a patente reivindica principalmente a

composicao e o uso desta composicdo de uma dieta indutora de obesidade.

4.3. Seguranca da utilizacdo do guarana em po: Capitulo 111
No Artigo Il desta tese n6s apontamos 0 guarand como um agente seguro para tratar a

obesidade com base em varios dados toxicoldgicos. Porém, aqui eu gostaria de levantar
uma discussao sobre os possiveis efeitos adversos de um consumo excessivo do guarana.
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A semente do guarané possui uma concentragdo muito alta de cafeina, podendo chegar a
6%, que € 2 a 5 vezes mais do que se encontra nas sementes do café Arabico (Schimpl et
al., 2013). Esse composto tem potencial estimulatério do metabolismo podendo ser tdxico
em grandes quantidades (Hursel and Westerterp-Plantenga, 2010). Em adultos a dose letal
da cafeina é estimada em 5-10 g por dia, que é equivalente a 75 xicaras de café. Porém,
individuos que ingeriram 400 mg de cafeina (~3-6 xicaras) ou mais ja mostram efeitos
adversos tais como aumento na pressao arterial, palpitacdo, ansiedade, dor de cabeca,
inquietacdo e tontura, quando comparado com o grupo placebo (Astrup et al., 1990). Além
da cafeina o guarand contém outras metilxantinas, tais como teofilina e teobromina, as
quais tem sido associadas a convulsdes em pacientes sem epilepsia e a exacerbacdo de

convulsdo em pacientes com epilepsia (Boison, 2011; Schimpl et al., 2013).

No segundo artigo (capitulo I1) utilizamos um guarand em pd da marca Lifar Sanitas
(Porto Alegre, RS, Brasil) que contem cerca de 3,5% de cafeina. Segundo o vendedor
para reduzir a fadiga motora e psiquica é indicado consumir cerca de 1 g de guarand em
po trés vezes ao dia, totalizando entre 100 e 120 mg de cafeina (dependendo do lote). A
ingestdo desta dosagem estd dentro do limite recomendado pela European Food and
Safety Authority, que é de 3 mg/Kg/dia (210 mg para um individuo de 70 Kg) (Temple et
al., 2017). Porém ¢ facilmente ultrapassada com a adi¢do de um xicara de café de 150 ml,

a qual contém em média 90 mg (Temple et al., 2017).

Apesar de mortes por ingestdo excessiva de cafeina serem raras, um numero alto de
hospitalizacbes tem sido registrado. Mais especificamente 79.438 entre 2005 e 2011
(Temple et al., 2017). O consumo excessivo geralmente é feito através de pilulas (Temple
etal., 2017) e estimulantes muito provavelmente por falta de conscientizagdo do potencial

toxico do consumo excessivo. Portanto, apesar de compostos contendo cafeina, bem
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como outras metilxantinas, serem seguros quando o consumo moderado, uma mensagem

de alerta nos rotulos desses produtos seria adequada.

Dentre os resultados mais importantes do primeiro artigo podemos apontar 1) guarana
impediu ganho de peso, resisténcia a insulina e desbalanco das adipocinas induzidos pela
dieta tipo ocidental. 2) Guarané levou a ativagédo do tecido adiposo marrom. 3) Guarana
causou apenas uma pequena alteracdo na microbiota intestinal. 4) Sugerimos por docking
molecular que quatro compostos presentes no guarand poderiam ativar diretamente a
AMPK. 5) N6s mostramos que a dose e forma de administracdo utilizado por nés foi
segura e a partir disso estimamos a dose humana equivalente que foi corrigida ainda por

um fator de seguranca de 10.

O segundo artigo mostra como produtos derivados de plantas podem ser bons alvos de
investigagcdo no combater a obesidade. Em conjunto, os achados deste artigo destacam a
importancia de investigar os efeitos adversos dos produtos derivados de plantas, por mais
seguros gque possam parecem. Além disso, 0 artigo também mostra também o uso da

bioinforméatica como uma ferramenta alternativa para explorar mecanismos de acao.
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5. CONCLUSAO

5.1. Concluséo geral

Estes dois trabalhos junto trazem novas perspectivas para quem trabalha com obesidade.
Além disso, eles trazem muita informag&o acerca do fen6tipo metabdlico e alteracéo na
microbiota induzido pelas dietas ou pelo guarana. No segundo artigo utilizamos, ainda,
ferramentas de bioinformaética para ajudar a hipotetizar um dos mecanismos de acéo do

guarana.

5.2. Conclusoes especificas

- As trés dietas obesogeénicas estudadas tem respostas diferentes entre si, sugerindo que
sdo modelos diferentes e que, portanto, devem ser utilizadas para investigar objetivos
diferentes. Além disso, a dieta ocidental (desenvolvida por nds) foi, dentre as trés dietas,
o modelo mais robusto para estudar obesidade, enquanto que a dieta hiperlipidica pode
ser um bom modelo para se investigar o excesso de gordura na dieta, e a dieta de cafeteria
poderia ser usada para investigar o efeito do excesso de ultra-processados na dieta

(Capitulo I).

- Redigimos um pedido de patente a partir da dieta desenvolvida por nos (Capitulo 11).

- O guarana em po tem potencial como agente terapéutico no combate contra a obesidade.
Mostrou-se seguro na dose e forma de administracdo utilizados. Mostramos, também, um
possivel mecanismo antiobesidade do guaranad através da ativacdo do tecido adiposo
marrom (mitogénese, aumento de UCP e expansdo do tecido adiposo marrom). Por
ultimo, n6s mostramos, através de docking molecular, que parte da ativacéo pode ter sido

via ativacdo direta da AMPK (Capitulo I11).
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6. PERSPECTIVAS

I. Aprimorar a dieta tipo ocidental com base no consumo ocidental humano de
componentes da dieta que vem sendo associados a disfuncbes metabdlicas como

colesterol, xarope de milho e 6leos refinados.

Il. Comparar as dietas utilizadas no Artigo I na linhagem de camundongo C57BL/6, 0
qual é o organismo mais utilizado em estudos de obesidade e que responde,

aparentemente, bem a dieta hiperlipidica.

I11. Investigar os efeitos dos aditivos alimentares de forma mais controlada, como por
exemplo adicionando estes a uma ragdo padréo definida, a qual também deve ser usada

no grupo controle.

IV. Fazer um ensaio clinico em pacientes obesos com o0 guarana na dose sugerida no

Artigo II.

V. Compreender melhor os mecanismos antiobesidade do guarana explorando melhor a
via avaliada no Artigo Il e explorando vias ndo avaliadas como, por exemplo, a liberacéo

de catecolaminas, e inibi¢do da fosfodiesterase e da catechol O-methyl- transferase.

VI. Testar se a cafeina, teobromina, catequina e epicatequina sdo capazes de ativar

diretamente a AMPK como sugerido pelo docking molecular.
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8. ANEXOS

8.1 Cépia da carta de aprovacao da comissdo de ética no uso de animais (CEUA)
para o desenvolvimento dos experimentos in vivo.

UFRG S PRO-REITORIA DE PESQUISA %C E
3 L o UFRGS
@ UNIVERSIDADE FEDERAL Comissao De Etica No Uso De Animais
DO RIO GRANDE DO SUL

CARTA DE APROVACAO

Comissao De Etica No Uso De Animais analisou o projeto:

Namero: 27648

Tilo; Dieta de cafeteria padronizada como um modelo mais robusto e reprodutivel para estudar a
sindrome metabdlica e a obesidade associada a dieta ocidéntal: papel de extratos
hepatoprotetores e termogénico

Pesquisadores:

Equipe UFRGS:

JOSE CLAUDIO FONSECA MOREIRA - coordenador desde 01/09/2014
DANIEL PENS GELAIN - pesquisador desde 01/09/2014
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Juciano Gasparotto - Aluno de Doutorado desde 01/09/2014

Comissao De Etica No Uso De Animais aprovou o mesmo , em reuniéo realizada em
15/09/2014 - Sala | do Gabinete do Reitor - Prédio da Reitoria - Campus do Centro - Porto
Alegre, em seus aspectos éticos e metolodolégicos, para a utilizagao de 132 ratos machos
Wistar de 60 dias, de acordo com as Diretrizes e Normas Nacionais e Internacionais,
especialmente a Lei 11.794 de 08 de novembro de 2008 que disciplina a criacao e utilizagcao
de animais em atividades de ensino e pesquisa.
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