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RESUMO  
 
A Síndrome Metabólica é um distúrbio, que ao longo dos anos, vem crescendo 
na população mundial. Pouco se sabe sobre sua fisiopatologia, no entanto 
acredita-se que a mudança de hábitos e a mudança na alimentação diária 
tenham um impacto sobre o aumento desta doença. Sendo assim, a busca por 
tratamentos não medicamentosos e de baixo custo tem sido uma alternativa para 
o seu tratamento. Neste sentido, o objetivo deste estudo é investigar o efeito do 
treinamento aeróbico de natação e da suplementação com cafeína sobre 
parâmetros neuroquímicos e cognitivos de ratos previamente tratados com 
frutose. Para avaliar o efeito do treinamento e da suplementação com cafeína 
foram necessários 8 grupos para contemplar todas as variáveis, o tempo do 
experimento foi de 10 semanas, o treinamento físico durou 6 semanas, onde a 
cafeína era administrada após os dias de treinamento. Nossos resultados 
mostram que os animais tratados com frutose ingerem menos comida, bebem 
mais água, mas ingeriram mais caloria durante todo o experimento, no que se 
refere às análises antropométricas foram observados que o consumo de frutose 
aumentou a gordura visceral, no entanto não apresentou aumento no peso 
corporal e do músculo sóleo, já os animais treinados tiveram o aumento no peso 
do músculo e diminuição do peso corporal e gordura visceral e a suplementação 
de cafeína foi capaz de diminuir o ganho da massa de gordura visceral. Na 
depuração de glicose foi possível observar que o treinamento e a suplementação 
de cafeína puderam reverter o efeito da frutose diminuindo a depuração de 
glicose ao longo do tempo, no perfil lipídico da mesma forma, o fator de 
treinamento físico foi capaz de reverter o efeito da frutose diminuindo o colesterol 
total, HDL e triglicerídeos, mas não nos níveis de LDL. A análise estatística 
mostrou que a administração de frutose por 10 semanas prejudicou a memória 
de curto prazo e memória espacial, mas não a memória de longo prazo, no 
entanto o treinamento físico melhorou a memória de curto prazo, longo prazo e 
espacial e pode reverter o efeito da frutose na memória de curto prazo. A 
administração de frutose induziu os ratos a passar mais tempo em braços 
fechados na tarefa de labirinto em cruz elevada, o que nos leva a crer que estes 
animais estavam mais ansiosos. O treinamento físico diminuiu o tempo gasto 
nos braços fechados e reverteu o efeito da frutose no tempo gasto nos braços 
fechados e por fim o treinamento físico aumentou os níveis de NRF2 em 
comparação com animais sedentários. Dessa forma, foi possível concluir que o 
alto consumo de frutose desenvolve desordens metabólicas como: o aumento 
de gordura visceral, aumento nos níveis lipídicos, diminuição na depuração da 
glicose e que além disso, gera danos cognitivos prejudicando a memória e 
causando ansiedade. Por outro lado o treinamento físico e a cafeína puderam 
reverter boa parte dos danos causados pela frutose, sendo assim, pode-se 
considerar o treinamento físico e a ingestão de cafeína como uma terapia 
alternativa e não medicamentosa para auxiliar na diminuição dos fatores de risco 
associados à síndrome metabólica.        
 
Palavras-chave:  frutose; cafeína; exercício físico; síndrome metabólica. 
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ABSTRACT  

Metabolic syndrome is a disorder that has been growing in the world population. 
Changes in life style and the in dietary habits is believed to have an impact on 
the increased prevalence of this disease. Therefore, the search for non-medica-
tion and low-cost therapies for the treatment of this disorder is of great interest. 
In this sense, the objective of this study is to investigate the effect of aerobic 
exercise on the neurochemical and cognitive parameters of rats submitted to a 
model of fructose-induced metabolic syndrome . To assess the effect of exercise 
training and caffeine supplementation, animals were assigned to 8 different  
groups . Animals received either fructose or vehicle for 10 weeks.  The swimming 
training started in the fourth week after the start of fructose administration. During 
the period of exercise animals were also administered with caffeine. Our results 
show that fructose consumption increased visceral fat, however there did not in-
crease the body weight and neither chaged the weight of the soleus muscle. An-
imals that were exposed to physical exercise showed an increase in muscle 
weight and a decrease in total body weight as well as visceral fat. Caffeine sup-
plementation was able to prevent against  the gain of visceral fat induced by the 
fructose treatment. Furthermore, both the caffeine treatment and the physical ex-
ercise were also able to decrease the glucose clearance over time. Physical ex-
ercise also lowered the total cholesterol, HDL and triglycerides, but not LDL levels 
induced by the fructose treatment. Statistical analysis showed that the admin-
istration of fructose for 10 weeks impaired short-term memory and localization, 
but not long-term memory, however physical training improved short-term, long-
term and localization memory and reverted the effect fructose in short-term 
memory. Physical training increased the levels of NRF2 compared to sedentary 
animals. Thus, it was possible to conclude that the high consumption of fructose 
caused animals to develop metabolic disorders such as: the increase of visceral 
fat, increase in lipid levels, increase in the clearance of glucose and that, in addi-
tion, generates cognitive damages impairing memory and causing anxiety, on the 
other hand, physical training and caffeine reverted a some of the damages 
caused by fructose, therefore, one can consider physical training and caffeine 
intake as an alternative and non-medication therapy to help reduce the risk fac-
tors associated with metabolic syndrome. 
 
Key-words: fructose; caffeine; physical exercise; metabolic syndrome. 
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1 INTRODUÇÃO 

 

O estilo de vida atual, trazido principalmente pela evolução da tecnologia, 

causa preocupação com o aumento do estilo sedentário, que por sua vez, vem 

acompanhado pelo aumento de ingesta calórica através dos alimentos 

processados, que nestes estão embutidos uma grande quantidade de frutose  

(Choi et al., 2005; Dale et al., 2014). Foi demonstrado que a inatividade física 

associada ao alto consumo de frutose está relacionada a várias disfunções 

metabólicas, como obesidade (Bluher, 2019), intolerância à glicose, aumento da 

pressão arterial, hipertrigliceridemia, baixos níveis de lipoproteína de alta 

densidade (HDL) e aterosclerose (Bidwell, 2017). Quando existe o acúmulo de 

pelo menos três dos distúrbios metabólicos mencionados, é considerado uma 

síndrome metabólica (SM) (Swarup et al., 2019). Atualmente, a SM é 

considerada um problema de saúde pública, de difícil manejo clínico, 

apresentando, entre outros, quadro de inflamação sistêmica de baixo grau e 

aumento de estresse oxidativo (Devries et al., 2008; Farinha et al., 2015; 

Rogowski et al., 2008) . Mais do que uma doença sistêmica, a SM apresenta 

várias consequências em nível de sistema nervoso central (SNC). Nesse sentido, 

foi demonstrado que pessoas com síndrome metabólica apresentam redução do 

fluxo sanguíneo cerebral, causando o declínio cognitivo, déficits de memória e 

demência (Livingston et al., 2020; Yates et al., 2012; Birdsill et al., 2013). O 

menor fluxo de sangue altera o metabolismo energético no cérebro, dessa forma 

causa aumento nas espécies reativas de oxigênio (EROs) e neuroinflamação 

(Zafar et al., 2018) Considerando a patogênese multifatorial desta síndrome 

(Scaglione et al., 2010), é difícil tratá-la como um todo. Basicamente, são 

realizadas diferentes estratégias de prevenção primária levando em 

consideração os principais fatores de risco conhecidos, que incluem perfil lipídico 

e aumento de gordura abdominal/visceral (Kohl et al., 2007; Oliveiros et al., 

2014). Portanto, estratégias terapêuticas de natureza multifatorial podem ser 

benéficas no tratamento da SM. Em consonância com essa visão, o exercício 

físico possui um caráter multifatorial devido ao potencial de atuar em diferentes 
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vias em praticamente todos os tecidos corporais (Warbunton et al., 2006) O 

treinamento físico contribui de forma aguda e crônica na promoção da saúde 

auxiliando no tratamento e prevenção de diversas doenças, como distúrbios do 

SNC (Fagard & Cornelissen, 2007) , doenças cardiovasculares crônicas (Slentz 

et al., 2005), distúrbios metabólicos como obesidade (Kraus et al., 2002) , 

diabetes (Singal et al., 2007) e hipertrigliceridemia (Di Marzo & Silvestri, 2019)  

De fato, existe uma vasta literatura que demonstra o papel benéfico do exercício 

físico no tratamento dos fatores de risco associados à SM (Sökmen et al., 2008) . 

No entanto, pouco se sabe sobre o efeito do exercício físico nas consequências 

neuroquímicas e cognitivas da SM no cérebro. A cafeína (1,3,7-trimetilxantina) 

pertence à família das xantinas e é amplamente consumida em todo o mundo, 

por meio de bebidas como café e chá (Schmidt, 2012). Tanto o consumo agudo 

quanto crônico de cafeína promove uma série de efeitos, desde que ingeridos 

em doses adequadas (Graham et al., 2008). Possui rápida absorção no sistema 

gastrointestinal e devido à sua característica química, tem rápida ação no SNC, 

antagonizando os receptores adenosinérgicos (A1, A2 e A3) (Fredhlom et al., 

1999). Os receptores de adenosina são distribuídos em vários tecidos corporais 

além do SNC, como músculo cardíaco, vasos sanguíneos, rins, pulmões, trato 

gastrointestinal e tecido adiposo (Graham et al., 2001; (Guarino et al., 2013) . 

Devido à ampla distribuição de seus receptores, diversos estudos demonstraram 

efeitos terapêuticos da cafeína em uma série de fatores de risco associados à 

SM, como controle da hipertensão (Yu et al., 2016), diabetes (Quan et al., 2013), 

obesidade (Panchal et al., 2012) , redução da glicemia em ratos submetidos a 

dieta rica em sacarose (Barcelos et al., 2020) e redução da massa corporal total 

e massa adiposa em ratos submetidos à dieta hiperlipídica (Conde et al., 2012). 

Sabe-se também que a cafeína, quando associada ao exercício aeróbio, tem 

efeito ergogênico ao aumentar os níveis de epinefrina, reduzir o uso de 

glicogênio muscular, estimular a quebra de triglicerídeos, acelerando assim o 

uso de ácidos graxos como fonte de energia durante o esforço (Costill et al., 

1978; Ivy et al., 1979). Considerando que tanto o exercício físico quanto a cafeína 

são terapias de baixo custo e facilmente acessíveis, além da possibilidade de ter 

um potencial efeito sinérgico no tratamento dos fatores de risco relacionados à 
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SM o presente estudo teve como objetivo investigar o efeito do treinamento 

aeróbio de natação combinado com a suplementação de cafeína nas alterações 

neuroquímicas e cognitivas, bem como nos fatores de risco associados à SM em 

ratos 
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2 REVISÃO DE LITERATURA 

 

2.1 Síndrome Metabólica  

 

A primeira descrição da Síndrome Metabólica (SM) foi feita por Reaven 

(Alberti et al., 2009; Hales et al., 1991) , denominada na época por síndrome X, 

por apresentar relação no desenvolvimento de doenças metabólicas para a 

prevalência de doenças cardiovasculares. Atualmente a síndrome é 

caracterizada por apresentar associação de uma ou mais disfunções 

metabólicas inter-relacionadas, tais como, obesidade, resistência à insulina, 

intolerância à glicose, entre outras. (Wilson et al., 2005; Wiernsperger et al., 

2001). No entanto, o primeiro acordo unificado sobre a definição da SM foi feito 

somente em 2005, durante um encontro organizado pela Federação 

Internacional de Diabetes (Eckel et al., 2005; McCracken et al., 2018; C. K. 

Roberts et al., 2013) . 

Quando procura-se entender sobre a fisiopatologia desta síndrome são 

encontrados vários mecanismos hipotéticos, mas o mais amplamente aceito é a 

resistência à insulina com o aumento de fluxo de ácidos graxos. Porém, outros 

mecanismos potenciais discutem sobre a inflamação crônica de baixo grau e 

estresse oxidativo. (Saltiel & Kahn, 2001) .  

 

2.1.1   Resistência à insulina  

 

O hormônio polipeptídio conhecido como insulina é secretado pelas 

células beta da ilhota pancreática de Langerhans e atua através de receptores 

de glicoproteína encontrada nos tecidos-alvo do fígado, músculo esquelético e 

adipócitos. A insulina se liga à subunidade alfa do receptor tirosina quinase, 

transmitindo um sinal através da membrana plasmática e ativa o domínio da 

subunidade beta, que resulta em uma reação de autofosforilação intercelular dos 

resíduos de tirosina. Sendo assim, quando ativada a PI3-quinase é 

desencadeada uma sequência de outras reações de fosforilação para a indução 

da migração da proteína transportadora de glicose GLUT4 para a membrana 
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celular promovendo então a entrada da glicose na célula. (Lizcano & Alessi, 

2002). A glicose é então fosforilada para ser armazenada como glicogênio ou 

metabolizada para produzir trifosfato de adenosina (ATP) (McCracken et al., 

2018).  Através desta cascata metabólica a insulina inibe a gliconeogênese e a 

glicogenólise, além de promover o armazenamento de glicose, estimular a 

transcrição genética de enzimas envolvidas nas vias sintéticas glicolíticas e de 

ácidos graxos. É desta forma que ocorre o metabolismo da glicose em 

mamíferos, variando de acordo com a necessidade energética, com a sua 

captação e principalmente com a ingestão de glicose pelo indivíduo.   

 Como mencionado anteriormente, a resistência à insulina é um dos 

principais mecanismos para o desenvolvimento da SM. Neste processo as 

células beta secretam quantidades maiores de insulina como mecanismo 

compensatório para manter os níveis glicêmicos no sangue. (Eckel et al., 2005; 

Savage et al., 2007) . Eventualmente ocorrerá uma descompensação, sendo o 

precursor para o desenvolvimento da diabetes tipo II. Uma das principais 

manifestações da resistência à insulina será a redução na síntese de glicogênio 

e no transporte de glicose.  

 Segundo Savage et al., a redução de fosforilação da tirosina, inibindo a 

ativação subsequente do PI3-quinase, pode ser o precursor do acúmulo de 

lipídios no músculo esquelético. Além disso, níveis elevados de acetil-CoA 

podem reduzir a ativação da Akt/PKB e neste caso, o acúmulo de gordura pode 

ser devido a aumento de entrega de ácidos graxos aos tecidos, onde a ingestão 

de energia ultrapassa a capacidade de armazenamento (Randle et al., 1988; 

Unger, 1995). 

 Os ácidos graxos livres são derivados principalmente de reservas de 

triglicerídeos no tecido adiposo, liberadas por ação do AMP cíclico durante a 

lipólise, esse processo é inibido pela insulina através de um mecanismo proposto 

para reduzir a atividade do AMPc. No cenário de resistência à insulina, onde os 

efeitos da insulina são reduzidos, a taxa de lipólise aumentará, resultando em 

aumento da produção de ácidos graxos. Sendo assim, o acúmulo de lipídios no 

músculo esquelético e no fígado pode resultar no aumento da entrega / síntese 

de ácidos graxos nesses tecidos (Galassetti, 2012) . 
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 O desenvolvimento da SM ainda não é totalmente compreendido, mas 

sabe-se que a obesidade central e a resistência à insulina são fatores primários 

para desencadear esta síndrome.  

 

2.1.2 Modelo experimental de Síndrome metabólica  

 

A SM pode ser induzida por frutose experimentalmente em ratos pela 

alimentação com alta concentração de frutose na dieta (60%) (Hwang et al., 

1987; Nakagawa et al., 2006) ou adicionando a frutose na água de beber (10 – 

20%) (Dai; Mcneill, 1995). Diferentes vias de administração podem induzir um 

consumo variável de frutose e, por sua vez, resultar em manifestações variáveis 

de componentes da SM, no entanto, ambas as administrações são capazes de 

induzir hipertensão sistêmica, hiperuricemia e hipertrigliceridemia, sendo 

modelos muito úteis na pesquisa dos mecanismos da SM e potenciais 

farmacológicos (Sánchez-lozada et al., 2007). 

A utilização da frutose em humanos e animais ocorre principalmente no fígado, 

rins e intestino delgado (Berghe, 1986). Ao contrário da glicose, a frutose pode 

entrar nas células musculares e adipócitos na ausência de insulina, usando 

GLUT facilitador. No entanto, a glicose pode entrar no músculo e no tecido 

adiposo na ausência de insulina, embora em quantidades muito pequenas. A 

frutose é transportada através da membrana basolateral pelo GLUT2 (Douard et 

al, 2008). A predominância do fígado, rim e intestino delgado no metabolismo da 

frutose é baseada na presença de três enzimas - frutocinase, aldolase tipo B e 

trioquinase, que convertem a frutose em intermediários da via glicolítico-

gluconeogênica (Boesiger et al, 1994) . Tanto a frutose quanto a glicose podem 

ser degradadas em triose-fosfato e lactato e produzir intermediários glicolíticos. 

Suas duas etapas metabólicas iniciais são diferentes: a frutose em concentração 

fisiológica não é prontamente fosforilada pela hexoquinase (a enzima que 

catalisa a síntese de glicose-6-fosfato a partir da glicose em todas as células do 

organismo) é primeiro fosforilado em frutose-1-fosfato por uma enzima 

específica, frutoquinase, e então convertido em triose-fosfato por uma segunda 

enzima, aldolase B (Rippe, 2010). Essas variações metabólicas são pequenas, 
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no entanto, têm consequências metabólicas profundas que ao longo do tempo 

podem desencadear disfunções metabólicas levando á alguma patologia.  

 

2.1.3 Processos inflamatórios e estresse oxidativo  

 

Em geral, a SM já é caracterizada por um status pró-oxidante/pró-

inflamatório, sendo o tecido adiposo o centro do desenvolvimento da 

fisiopatologia, podendo predispor pacientes a maiores eventos cardiovasculares 

(Furukawa et al., 2004) .  

O estresse oxidativo apresenta correlação positiva como o acúmulo de 

gordura, estudos em humanos mostram que o aumento da expressão de NADPH 

oxidase é concomitante com a diminuição de enzimas antioxidante (Srikanthan 

et al., 2016). Além disso, camundongos obesos tratados com inibidor da NADPH 

oxidase apresentaram produção reduzida de espécies reativas de oxigênio 

(EROS) com melhora no fenótipo de diabetes (Cinti et al., 2005; Halberg et al., 

2008). 

Os adipócitos sofrem hipertrofia e hiperplasia em resposta ao excesso 

nutricional que pode levar as células a exceder seu suprimento sanguíneo com 

indução de um estado hipóxico (Lau et al., 2005) . A hipóxia pode levar à necrose 

celular com infiltração de macrófagos e à produção de adipocitocinas, que 

incluem os mediadores pró-inflamatórios interleucina-6 (IL-6) e o fator de 

necrose tumoral alfa (TNF-α) (Bao et al., 2015; Bernberg et al., 2012) .  

Os níveis elevados de IL-6 foram medidos no tecido adiposo de pacientes 

com diabetes mellitus e obesidade, e também notavelmente em pacientes com 

características de SM. Estudos epidemiológicos demonstraram aumento das 

concentrações de IL-6 em associação com hipertensão, aterosclerose e eventos 

cardiovasculares (Azzawi, 1999) . O TNF-α, denominada citocina pró-

inflamatória, após sua atividade antitumoral, é um mediador significativo de 

inúmeras patologias cardiovasculares, incluindo aterosclerose e insuficiência 

cardíaca. (Duarte, 2015; Frisardi et al., 2010) . 

 

2.1.4 Síndrome metabólica e alterações comportamentais 
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A síndrome metabólica e a diabetes parecem demonstrar alterações 

cerebrais, aumentando o risco de comprometimento cognitivo, demência 

vascular e doença de Alzheimer (Convit et al., 2003; Duarte et al., 2009; Girault 

et al., 2019; S. M. Gold et al., 2007) . Estudos mostram que estas condições de 

déficits cognitivos estão relacionadas com atrofia, degeneração sináptica e 

alteração do metabolismo do hipocampo, causada pela diabetes (Dai & McNeill, 

1995). 

Desta forma, a SM experimental em animais pode ser induzida pelo 

consumo de altas concentrações de frutose na dieta ou na água de beber 

(Agrawal & Gomez-Pinilla, 2012). Além disso, o alto consumo de frutose está 

relacionado com a sinalização da insulina no cérebro, indicando que a frutose 

também afeta a função neuronal. (Cournot et al., 2006) . De forma que o alto 

consumo de frutose pode predispor danos cognitivos de longo prazo no cérebro 

e desordens neurológicas (Agrawal et al., 2016).  

Neste sentido, a obesidade também tem sido relacionada a problemas 

cognitivos (Ward et al., 2005)  e atrofia cerebral (Stefan M. Gold et al., 2005) . Da 

mesma maneira, a hipertensão tem sido associada à atrofia cerebral e à 

disfunção cognitiva (Heyward et al., 2012). 

Sabendo que essa síndrome é multifatorial, a obesidade, que é uma 

consequência ou um fator que leva a desenvolver esse distúrbio, pode levar 

prejuízo na memória e aprendizado. Estudos em animais, demonstraram que os 

ratos que tiveram uma dieta rica em gordura e sacarose tiveram prejuízo na 

memória e aprendizado em testes de reconhecimento de objetos (Vogel-Ciernia 

& Wood, 2014; Volk et al., 2013). O principal fator para esses déficits são as 

anormalidades na morfologia do hipocampo, déficits na plasticidade sináptica e 

neurogênese (Vogel-Ciernia & Wood, 2014; Volk et al., 2013)  

A obesidade também está relacionada ao estresse, indivíduos obesos 

podem sofrer aumento de estresse e por sua vez, promover depressão. A 

influência do estresse na obesidade é exercida por mecanismo psicológico e 

fisiológico (Wardle et al., 2011). Um mecanismo fisiológico, pelo qual o estresse 

pode impactar tanto a depressão quanto a obesidade é através de sua ação no 
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eixo hipotálamo-hipófise-adrenal (HHA), com ativação em todos os níveis do eixo 

(Chrousos & Gold, 1992). Níveis elevados de cortisol, indicando a ativação do 

HHA, não são incomuns entre pessoas obesas e isso leva a origem da chamada 

obesidade abdominal - gordura principalmente na parede abdominal. A ativação 

do eixo HHA na depressão é responsável pelas pequenas associações, 

estatisticamente significativas, entre depressão e gordura corporal/abdominal 

(Bjorntorp e Rosmond, 2000). Segundo, Rosmond e Bjorntorp (1998), 

identificaram um grupo de indivíduos a quem denominavam "ansioso-

depressivo", que pontuaram alto nas medidas de distúrbio psicológico. Esses 

autores descobriram que a resposta negativa ao Teste de Supressão da 

Dexametasona, a atividade do eixo HHA elevado, foi significativamente 

associada ao IMC e razão cintura / quadril.  

Outro transtorno relacionado a SM é a ansiedade que demonstra 

semelhança quanto ao comportamento de depressão, estes transtornos estão 

associados aos marcadores de peroxidação lipídica, que por sua vez tem relação 

com os distúrbios relacionados com dietas hipercalóricas.  Implicado como um 

fator inter-relacionado com os sinais endócrino e inflamatório que se pensa estar 

envolvido na mediação dessa conexão (Molteni et al., 2002). 

Desta forma, considerando a SM como uma doença multifatorial, que 

apresenta diversos mecanismos da sua patogênese e fisiopatologia é difícil 

encontrar um tratamento específico para a síndrome. Sendo assim, busca-se 

alternativas terapêuticas que tenham potencial de reverter os distúrbios 

metabólicos, marcadores oxidativos e inflamatórios. 

 

2.2 Cafeína  

 

A cafeína é uma substância alcalóide de fórmula química 1,3,7 – 

trimetilxantina, que pertence à família das xantinas. É o psicoestimulante mais 

consumido mundialmente, sendo encontrado principalmente em bebidas como 

café, chás e refrigerantes, assim como em alguns alimentos como o cacau 

(Gibert et al., 1976; Bernstein et al., 2002).  
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Historicamente a cafeína só foi descoberta no ano de 1819, por Friedrich 

Runge, pois percebeu-se que alguns efeitos do café poderiam ser devido à 

algum princípio ativo da planta e o mesmo já era muito consumido mundialmente 

o que levou Runge a investigar e identificar a substância que conhecemos hoje 

como cafeína (Fredholm, 2011).  

No entanto, a fórmula química da cafeína foi esclarecida pelo Hermann 

Emil Fischer em 1821, ele descobriu que a cafeína possuía um esqueleto 

heterocíclico similar ao ácido úrico (Fredholm, 2011). 

Como já foi observado, na história mais antiga do uso de metilxantina, já 

eram observados efeitos medicinais importantes (Ukers, 1922; Mair e Hoh, 

2009). Por exemplo, na Índia, onde o chá é nativo, o chá era usado há muito 

tempo para fins medicinais. Assim como havia alegações exageradas sobre os 

efeitos benéficos das bebidas feitas com café, chá ou cacau, havia alegações 

sobre as consequências negativas para a saúde. (Fredholm, 2011). 

Somente em meados do século XIX os relatos de efeitos sobre a saúde 

obtêm uma base suficientemente científica para serem levados a sério. Como foi 

observado o relato da utilidade do café na asma (Salter, 1860), também houve 

os primeiros relatos sobre os efeitos negativos de altas doses de cafeína 

(Cole,1833). 

 
2.2.1 Metabolismo  

 

A cafeína é uma substância lipossolúvel, essas propriedades hidrofóbicas 

permitem sua passagem por todas as membranas biológicas sendo rapidamente 

absorvida pelo trato gastrointestinal, atingindo o seu pico no plasma entre 30 e 

90 min após a ingestão oral (Fredholm et al., 1999; Tarnopolsky, 2010). 

Desta forma a cafeína distribui-se por todos os tecidos podendo ser 

encontrada nos fluídos corporais, tais como: plasma sanguíneo, saliva, sêmen, 

leite materno, entre outros (Arnaud, 1976) ela atravessa rapidamente a barreira 

hematoencefálica, tanto por difusão como por um sistema de transporte 

saturável (Nehlinh et al., 1992). Sendo assim, tendo o seu principal mecanismo 

de ação no Sistema Nervoso Central (SNC).  
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A metabolização acontece no fígado principalmente, sendo o sistema 

enzimático do citocromo P-450 (CYP1A2) o responsável, sendo degradada em 

dimetilxantinas, como a paraxantina (83,9%), teobromina (12,2%) e teofilina 

(3,7%) como pode ser visto na figura abaixo. Cada um destes metabólitos têm 

suas funções no organismo, sendo excretados na urina após metabolizados. 

(Mclean e Graham, 2002; Arnaud, 1987). 

 

 

Metabolismo cafeína  

 

 2.2.2 Mecanismo de ação   

 

O principal mecanismo de ação da cafeína já conhecido é o antagonismo dos 

receptores de adenosina (A1, A2A, A2B e A3). Os receptores A1, A2A são ativados 

nas baixas concentrações basais de adenosina, sendo assim esses receptores 

são provavelmente os principais alvos da cafeína e da teofilina (Fredhlom, 1999). 

Estes são ambos acoplados à proteína G, porém o receptor A1 é acoplado à 

proteína Gi causando a inibição da adenilato ciclase (AMPc) e de vários tipos de 

canais de Cálcio, enquanto os receptores A2A associam-se a proteína Gs, neste 

sentido à ativação desses receptores ativa a AMPc e os demais canais de cálcio. 

(Fredholm, 1994ª; Olah e Stiles, 1995).  

 Os receptores de adenosina são encontrados em diversos tecidos, como 

cérebro, músculo cardíaco, músculo esquelético e adipócitos, no entanto os 

receptores tipo A1 são vistos em maior número no hipocampo, córtex, tálamo e 

em algumas terminações nervosas e os receptores do tipo A2A encontram-se em 



24 
 

regiões do cérebro ricas em dopamina. (Goodman e Snyder, 1982; Fastbom et 

al., 1987; Graham, 2008).  

 Outro mecanismo de ação já descrito é a cafeína como poupador de 

glicogênio, que sugere que essa substância aumenta a liberação de 

catecolaminas (especificamente a adrenalina), o que aumenta a liberação de 

ácidos graxos livres e preserva o glicogênio muscular durante o exercício. Esse 

mecanismo pode ser particularmente relevante para pessoas com diabetes, que 

costumam ter menos reservas de glicogênio no músculo e no fígado (Bischof et 

al., 2001; Shulman et al., 1990).  

 Além disso, a cafeína está associada com a preservação da memória e o 

menor risco de desenvolver doenças neurodegenerativas como o Alzheimer 

(Espinosa et al., 2013). Pois o tratamento crônico com cafeína demonstrou ser 

eficaz na prevenção na produção de β-amilóide e déficits de memória em 

modelos animais. (Cunha & Agostinho, 2010; Dall’Igna et al., 2007).  

 

2.3 Exercício físico  

 

O exercício físico, ao longo dos anos, tem se mostrado uma terapia eficaz 

para prevenção e tratamento de doenças crônicas, melhora no estilo de vida e 

saúde em geral (Powell e Paffernbarger, 1985; Garber et al., 2011). Já existem 

evidências que a prática de exercício físico, tanto em homens como mulheres 

pode aumentar a expectativa de vida. (Blair et al., 1989).  

Os efeitos do exercício físico são bem descritos na literatura, 

principalmente, benefícios para a saúde cardiovascular (Fagard & Cornelissen, 

2007), controle e prevenção de distúrbios metabólicos (diabetes, resistência à 

insulina, obesidade, síndrome metabólica) (Singal et al., 2007; Slentz et al., 

2005), doenças musculares, articulares e em ossos (artrite, artrose, fibromialgia) 

(Metsiose et al., 2011), e também para a saúde mental, trazendo melhora na 

qualidade de vida de pessoas com depressão, ansiedade e outros transtornos 

psicológicos (Angevaren et al., 2008; Colcombe et al., 2006) 

 Neste sentido, nas últimas décadas pesquisadores têm estudado os 

efeitos neuroprotetores vindos da prática de exercício físico, acarretando 
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benefícios para o Sistema Nervoso Central (SNC). Diversos foram os estudos 

que mostraram melhora no quadro de pessoas com doenças degenerativas do 

SNC, como Esclerose Múltipla, Parkinson, Alzheimer e Epilepsia (Arida et al., 

1999; Benedetti et al., 2009; Kohl et al., 2007; Laurin et al., 2001; Tillerson et al., 

2003).  

 Além de seu efeito neuroprotetor, o exercício está relacionado 

positivamente com a regulação da plasticidade cerebral e os benefícios à 

memória, pois estudos mostram que após o treinamento as proteínas chaves, 

que são elas: fator neurotrófico derivado do cérebro (BNDF), fator de 

crescimento derivado da insulina (IGF-1) e fator de crescimento endotelial 

vascular (VEGF) (Carro et al., 2001; Fabel et al., 2003; Neeper et al., 1995), que 

são responsáveis por esta regulação, apresentam um aumento significativo, que 

podem promover a  proliferação celular, crescimento e desenvolvimento 

neuronal 

 Em contrapartida, o exercício físico agudo de alta intensidade pode 

causar danos ao tecido muscular, aumentando a produção de espécie reativa de 

oxigênio (EROs) e aumento nos processos inflamatórios (Aoi et al., 2004; Fisher-

Wellman & Bloomer, 2009). No entanto, a prática de exercício de forma crônica 

evidenciou que existe um processo de adaptação, no qual, as células tornam-se 

menos susceptíveis aos danos associados à atividade aguda do estresse 

oxidativo (Niess, 2007). Esta adaptação se dá em função ao aumento da 

biogênese mitocondrial, redução na produção de EROs e aumento das enzimas 

antioxidantes (Packer & Cadenas, 2007; Sachdev & Davies, 2008). 

 

2.3.1 Exercício Físico e Síndrome Metabólica  

 

Com a atual evolução da tecnologia, o estilo de vida sedentário tem 

aumentado progressivamente e é frequentemente acompanhado por um 

aumento no consumo de alimentos e bebidas processados, ricos em calorias e 

frutose, devido à fácil preparação, disponibilidade rápida e boa palatabilidade 

(Choi et al., 2005; Dale et al., 2014). Entre os fatores determinantes para o 

desenvolvimento da síndrome, principalmente entre os adolescentes, destaca-
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se os altos níveis de inatividade física moderada e vigorosa, e baixos níveis de 

aptidão cardiorespiratória (Steele et al., 2008) 

Foi demonstrado que a SM é considerada uma doença inflamatória de 

baixo grau, elevando consideravelmente as citocinas e processos inflamatórios 

em geral (Rogowski et al., 2008). Sendo assim, o exercício físico já foi 

considerado uma ferramenta não farmacológica em potencial para o tratamento 

desta síndrome, pois os estudos apontam os efeitos anti-inflamatórios e 

antioxidantes do exercício físico (Farinha et al., 2015; Karolkiewicz et al., 2009).  

O exercício regular ajuda a reduzir o peso, reduzir a pressão arterial e 

melhorar os distúrbios lipídicos, incluindo o aumento do HDL e a redução dos 

triglicerídeos (Myers, 2014; Pucci et al., 2017) . Além disso, outro fator importante 

é que os autores observaram um efeito favorável da atividade física regular na 

elasticidade arterial (Joo et al., 2017) e sabe-se das também do impacto 

favorável do exercício físico nas respostas fisiológicas da resistência à insulina 

(Henriksen, 2002; C. K. Roberts et al., 2013) . Tendo um importante papel no 

tratamento da diabetes, pois no momento de repouso a glicose é sensível à 

insulina, no momento do exercício, as contrações musculares aumentam a 

captação de glicose da circulação, independente de insulina. De fato, o GLUT4 

responde tanto à insulina quanto à contração muscular de forma independente.   

Em situações onde o metabolismo aumenta, como por exemplo, 

treinamento físico de alta intensidade (Korivi et al., 2012; Liu et al., 2000) e 

doenças metabólicas (Brandt e Peterson, 2010), O corpo está sujeito ao aumento 

de espécies reativas de oxigênio durante e após a prática de exercício físico de 

forma aguda. No entanto, o estresse oxidativo como o aumento da peroxidação 

lipídica e carbonilação de proteínas e juntamente com a diminuição das defesas 

antioxidantes (Liu et al., 2015) no treinamento físico crônico representa um 

estresse físico transitório que altera o metabolismo e a homeostase (Mastorakos 

et al., 2005), que causa uma adaptação benéfica e tem um papel preventivo e 

terapêutico nas principais doenças associadas ao estresse oxidativo. 
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 Desta forma, o exercício físico atua de forma benéfica em diversos tecidos 

do corpo e em diversas funções fisiológicas, sendo uma ferramenta importante 

e completa para a prevenção e tratamento da Síndrome Metabólica.  

 

2.3.2 Exercício Físico e cafeína  

 

A cafeína é popularmente conhecida como uma substância ergogênica, 

amplamente utilizada por atletas de todos os níveis. Os efeitos vindos da cafeína 

durante a prática de exercício físico é estudado durante anos, desde então 

busca-se conhecer os efeitos produzidos para a melhora do desempenho físico.  

O mecanismo atualmente considerado responsável pelos efeitos 

ergogênicos da cafeína é a ativação do SNC através dos receptores A1 e A2 de 

adenosina (Davis et al., 2003; Zheng et al., 2014), e não poupando a utilização 

de glicogênio muscular (Costill et al.,1978). O bloqueio dos receptores A2 de 

adenosina com cafeína, por exemplo, promove uma potencialização excitatória 

direta dos receptores de dopamina D2 e aumenta a atividade psicomotora em 

animais (Ferré, 2016) . A resposta ergogênica da cafeína durante o exercício de 

resistência é afetada por vários fatores, como a dose (Desbrow et al., 2009; 

Graham & Spriet, 1995), status de treinamento (O’Rourke et al., 2008), tempo de 

ingestão (Conway et al., 2003; Cox et al., 2002), efeitos de abstinência (Irwin et 

al., 2011; Van Soeren & Graham, 1998)  e fonte de cafeína (Graham et al., 1998; 

Hodgson et al., 2013). Embora os efeitos do exercício agudo no receptor de 

adenosina e na sensibilidade à cafeína não sejam conhecidos, relatou-se que 

uma única sessão de exercício de 1 hora alterou a resposta mediada pelo 

receptor de adenosina à insulina no músculo sóleo de ratos (Langfort et al., 

1993). 

A cafeína melhorou as habilidades motoras necessárias para ter sucesso 

durante jogos simulados de taekwondo, tênis, rúgbi e futebol (Hornery et al., 

2007; Lara et al., 2014; S. P. Roberts et al., 2010) (, e melhorou a agilidade, 

decisão e tempo de reação antes e depois de quatro circuitos de 20 min que 

replicavam os padrões de movimento e demandas de exercício em esportes 
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coletivos (Duvnjak-Zaknich et al., 2011). Devem ser feitos mais estudos, 

aprofundados, sobre o efeito da cafeína no SNC que reduzem a sensação de 

dor ao esforço, pois existem relatos sobre este efeito que não devem ser 

descartados (Plaskett & Cafarelli, 2001; S. P. Roberts et al., 2010). 

A cafeína tem efeitos positivos sobre o desempenho cognitivo e físico 

quando estudados separadamente, estudos mostram que doses moderadas 

melhoram muitos aspectos da função cognitiva, como atenção, memória de 

reconhecimento e velocidade psicomotora complexa, após o exercício 

(Hogervorst et al., 1999). 
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3. OBJETIVOS  

 

   3.1 Objetivo Geral  

 

Investigar o efeito do treinamento aeróbico de natação combinado com 

suplementação de cafeína em ratos previamente tratados com frutose nas 

alterações neuroquímicas e cognitivas. 

 

3.2 Objetivos Específicos   

 

Avaliar se o tratamento aeróbico com frutose induz alterações nos 

parâmetros bioquímicos e cognitivos; 

 

 

Analisar se o treinamento físico e/ou a suplementação com cafeína altera 

os parâmetros bioquímicos e cognitivos; 

 

 

Analisar o efeito do treinamento aeróbico combinado com a 

suplementação com cafeína em animais tratados com frutos nos parâmetros 

bioquímicos e cognitivos 
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Abstract:  
 
Metabolic syndrome is a disorder that has been growing in the world population. 
Changes in life style and the in dietary habits is believed to have an impact on the in-
creased prevalence of this disease. Therefore, the search for non-medication and low-
cost therapies for the treatment of this disorder is of great interest. In this sense, the 
objective of this study is to investigate the effect of aerobic exercise on the neurochemi-
cal and cognitive parameters of rats submitted to a model of fructose-induced metabolic 
syndrome . To assess the effect of exercise training and caffeine supplementation, ani-
mals were assigned to 8 different  groups . Animals received either fructose or vehicle 
for 10 weeks.  The swimming training started in the fourth week after the start of fructose 
administration. During the period of exercise animals were also administered with caf-
feine. Our results show that fructose consumption increased visceral fat, however there 
did not increase the body weight and neither chaged the weight of the soleus muscle. 
Animals that were exposed to physical exercise showed an increase in muscle weight 
and a decrease in total body weight as well as visceral fat. Caffeine supplementation 
was able to prevent against  the gain of visceral fat induced by the fructose treatment. 
Furthermore, both the caffeine treatment and the physical exercise were also able to 
decrease the glucose clearance over time. Physical exercise also lowered the total cho-
lesterol, HDL and triglycerides, but not LDL levels induced by the fructose treatment. 
Statistical analysis showed that the administration of fructose for 10 weeks impaired 
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short-term memory and localization, but not long-term memory, however physical train-
ing improved short-term, long-term and localization memory and reverted the effect fruc-
tose in short-term memory. Physical training increased the levels of NRF2 compared to 
sedentary animals. Thus, it was possible to conclude that the high consumption of fruc-
tose caused animals to develop metabolic disorders such as: the increase of visceral fat, 
increase in lipid levels, increase in the clearance of glucose and that, in addition, gener-
ates cognitive damages impairing memory and causing anxiety, on the other hand, phys-
ical training and caffeine reverted a some of the damages caused by fructose, therefore, 
one can consider physical training and caffeine intake as an alternative and non-medi-
cation therapy to help reduce the risk factors associated with metabolic syndrome. 
 
Key-words: fructose; caffeine; physical exercise; metabolic syndrome. 
 

 

 

 

INTRODUCTION 

The modern lifestyle brought mainly by technology evolution makes the 

human being progressively sedentary and it is often accompanied by increased 

consumption of processed, calorie- and fructose-rich food and beverage, due to 

easy preparation, quick availability and good palatability (CHOI, et al, 2005; DALE 

et al, 2014). It has been shown that physical inactivity associated with high 

fructose consumption are related with several metabolic dysfunctions such as 

obesity (BLÜHER, 2019), glucose intolerance, increased blood pressure, 

hypertriglyceridemia, low levels of high density lipoprotein (HDL) and 

atherosclerosis (BIDWELL, 2017). When the same individual accumulates at 

least three of the aforementioned metabolic disorders, it is considered a 

metabolic syndrome (MS) (SWARUP et al, 2019). 

 Nowadays, MS is a public health problem, with difficult clinical 

management, presenting a low-grade systemic inflammatory condition as well as 

increased oxidative stress (ROGOWSKI et al, 2008; FARINHA et al, 2015; 

DEVRIES et al, 2008). More than a systemic disease, MS has several 
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consequences at the central nervous system (CNS) level. In this sense, it has 

been shown that individuals with MS present reduced cerebral blood flow and 

that it may be related to cognitive decline, memory deficits and dementia (YATES 

et al, 2012; BIRDSILL et al, 2013; LIVINGSTON et al, 2020). In fact, lower 

cerebral blood flow may alter brain energetic metabolism, as well as increase 

reactive oxygen species production, oxidative stress and neuroinflammation 

(CONVIT et al., 2003; GOLD et al., 2007). Taking into account that MS has a 

multifactorial pathogenesis (ZAFAR et al, 2018), it is difficult to treat the syndrome 

as a whole. Basically, different strategies for primary prevention are carried out 

taking into account the main known risk factors, which includes lipid profile and 

increased abdominal/visceral fat (OLIVEIROS, et al 2014; Scaglione, et al, 2010). 

Therefore, therapeutic strategies with a multifactorial nature could be beneficial 

in MS treatment. In line with this view, physical exercise has a multifactorial 

character due to the potential to act in different pathways in virtually every body 

tissue (WARBURTON, et al 2006). The physical training contributes both in acute 

and chronic ways in health promotion assisting in the treatment and prevention 

of several diseases, such as disorders of the CNS (KOHL, et al 2007) chronic 

cardiovascular diseases (FAGARD and CORNELISSEN, 2007), metabolic 

disorders as obesity (SLENTZ, et al, 2005), diabetes (SINGAL, et al, 2007)  and 

hypertriglyceridemia (KRAUS, et al, 2002). In fact, there is a vast literature 

demonstrating the beneficial role of physical exercise in the treatment of risk 

factors associated with MS (DI MARZO and SILVESTRI, 2019). However, little is 

known about the effect of physical exercise on the neurochemical and cognitive 

consequences of MS in the brain. Caffeine (1,3,7-trimethylxanthine) belongs to 
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the xanthine family and is widely consumed worldwide, through drinks such as 

coffee and tea (SHIMIT, 2002). Both acute and chronic caffeine consumption 

promotes a series of effects, provided they are ingested in adequate doses 

(GRAHAM, et al, 2008). It has a rapid absorption in the gastrointestinal system 

and due to its chemical characteristic, it has a rapid action in the CNS, 

antagonizing adenosinergic receptors (A1, A2 and A3) (FREDHLOM, et al, 1999). 

Adenosine receptors are distributed in several body tissues in addition to the 

CNS, such as cardiac muscle, blood vessels, kidneys, lungs, gastrointestinal tract 

and adipose tissue (GRAHAM, et al, 2001; SöKMEN, et al, 2008). Due to the 

wide distribution of its receptors, several studies have shown therapeutic effects 

of caffeine on a series of risk factors associated with MS, such as hypertension 

control (YU et al, 2016), diabetes (GUARINO, et al, 2013), obesity (QUAN, et al, 

2013), reduction in blood glucose in rats submitted to a rich-sucrose diet 

(PANCHAL et al, 2012) and reduction in total body mass and adipose mass in 

rats submitted to a high-fat diet (CONDE et al., 2012). It is also known that 

caffeine, when associated with aerobic exercise, has an ergogenic effect by 

increasing epinephrine levels, reducing muscle glycogen usage, stimulating 

triglycerides breakdown, thus accelerating fatty acids usage as an energy source 

during effort (COSTILL et al 1978, IVY et al 1979; BARCELOS et al, 2020). 

Considering that both physical exercise and caffeine are low cost and easily 

accessible therapies, in addition to the possibility of having a potential synergistic 

effect in the treatment of risk factors related to MS, and that to the best of our 

knowledge, they have never been tested in combination on risk factors 

associated with MS, nor even on cognitive consequences and neurochemical 
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changes in the brain, the present study aimed to investigate the effect of aerobic 

swimming training combined with caffeine supplementation in rats previously 

treated with fructose on neurochemical and cognitive changes, as well as risk 

factors associated with MS. 

 

MATERIAL AND METHODS 

 

Animals and Reagents 

Adult male Wistar rats approximately two months old (200-250 g; n=64) 

were purchased from the central bioterium of Federal University of Santa Maria. 

Rats were transported and maintained in the Animal Bioterium of the Federal 

University of Pampa (UNIPAMPA) in appropriate cages (4 rats per cage) in a 

controlled environment (12:12 h light-dark cycle, 24±1 °C, 55% relative humidity), 

with free access to water (when they were not under fructose treatment) and food 

(standard rat chow) during all the experimental procedures. Animals body weight, 

food intake, water (or fructose) intake were measured daily throughout the study. 

Animal utilization protocols followed the Official Government Ethics guidelines 

and were approved by the University Ethics Committee of Federal University of 

Pampa (#026/2018). All reagents were purchased from Sigma (St. Louis, MO, 

USA) or from local suppliers. 

 

Fructose administration protocol and experimental design 

After a 10-days acclimatization period, animals were randomly divided into 

the control (n= 32; drinking water) or fructose (n=32; 15% w/v) group. Fructose 
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treatment and lasted 10 weeks, as shown in timeline (Figure 1). Four weeks after 

fructose treatment in drinking water started, all animals were subjected to the 

Glucose Tolerance Test (GTT) and then randomly divided into the following eight 

groups (Table 1): 

 

 
 
Figure 1 - Timeline showing the periods of fructose administration (10 weeks), caffeine 

supplementation (6 weeks, concomitantly with physical training and fructose administration) and 
swimming training (6 weeks, concomitantly with caffeine and fructose administration) as well as 
behavioral and biochemical assays timepoint. 

 

Table 1 - experimental groups design 

Experimental 
group 

Fructose 
(15% w/v) 

Swimming 
Training 

Caffeine 
(6 mg/kg) 

n 

Group 1 - - - 8 

Group 2 + - - 8 

Group 3 - - + 8 

Group 4 + - + 8 

Group 5 - + - 8 

Group 6 + + - 8 

Group 7 - + + 8 

Group 8 + + + 8 
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Glucose Tolerance Test (GTT) 

GTT was performed in two moments: 1) four weeks after fructose 

treatment begins, before the physical training and caffeine supplementation starts 

and 2) at the end of the physical training period and supplementation with 

caffeine. Blood glucose level was measured using a glucose meter (AccuChek 

active® Roche Diagnostics, Mannheim, Germany). After 8-hours of overnight 

fasting it was collected a small drop of blood from the tail vein for fasting glucose 

level measuring. After first measurement (time 0 - fasting glucose level), rats were 

injected with 50% dextrose (2 g/kg body weight; i.p.) and a drop of blood was 

collected again at 15, 30, 60, 90 and 120 minutes after dextrose administration 

to measure glucose clearance (Agrawal et al., 2016). 

 

Swimming training protocol and caffeine supplementation 

Animals were subjected to the swimming training protocol by a period of 6 

weeks, beginning 4 weeks after fructose treatment. The training tank used for this 

study was 80 cm in diameter and deep, with water temperature at 32 ± 1 °C. 

Swimming training was always performed between 9:00 and 11:00 a.m.. In the 

first week of the aerobic physical training, animals (groups 5, 6, 7 and 8) were 

subjected to the water adaptation during 5 days, by 20 minutes on the first day, 

30 minutes on the second day and so on, until 1 hour on day 5, without body 

overload. The aerobic swimming training during the remaining 5 weeks consisted 

of swimming sections lasting 60 minutes a day, 5 times a week, with an overload 

of 5% of the body weight adjusted in backpacks in the dorsal region. The overload 

was adjusted once a week due to the natural weight gain of rats. Animals of the 
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sedentary groups (groups 1, 2, 3 and 4), which were not submitted to physical 

training, were placed in the tank with shallow water, at a height of 5 cm, at the 

same conditions, for the same time as the training groups, for reduce the stress 

caused by daily handling, without promoting adaptation to physical training 

(Souza et al., 2009). During all physical training period the animals were 

supplemented with caffeine (6 mg/kg) or water, by an orogastric probe 30 minutes 

before swimming sections (Fredholm, et al., 1999). 

 

Behavioral Analysis 

Open field (exploratory and locomotor activity and habituation memory) 

On the penultimate day before the end of the physical training period, rats 

were placed in a wooden square box open field measuring 50 x 50 x 50 cm with 

the floor divided into 25 equal squares. Each rat was left 5 minutes into the arena 

in a room and the exploratory and locomotor behavior was recorded in a camera 

for further off-line analysis for the number of crossing and rearing. To evaluate 

the habituation memory to the open field, 24-hours after, animals were placed 

again in the center of the open field and the same parameters were recorded. 

The entire apparatus was cleaned with 30% ethanol before and after each animal 

be placed in the arena (Barros et al., 2006) . 

 

Object Recognition Test 

The object recognition test was performed 24 hours after the last 

habituation session in the same arena as open field. The objects to be 

discriminated were figures of similar size and texture (8–10 cm high) fixed to the 
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floor with adhesive tape. To avoid olfactory stimuli, the objects were carefully 

cleaned and washed with 30% ethanol solution after each individual session. The 

previous open field task was considered as an habituation, in turn to reduce 

possible neophobic responses. In the first trial animals were placed in the open 

field with two distinct objects (A and B) for free exploration and the time spent 

exploring each object was recorded during 5 minutes. The short-term memory 

was tested three hours after the first trial and the animals were replaced in the 

same arena for 5 minutes with one of the objects changed by a new one (objects 

A and C). To assess the long-term memory, 24 hours after the first trial animals 

were replaced in the open field for 5 minutes with one different object (objects A 

and D). The cumulative time that each rat spent at each of the objects was 

manually recorded by an observer, who was not aware of treatments. Exploration 

of an object was defined as follows: directing the nose to the object or touching it 

with the nose or front paws; turning around or sitting on the object was not 

considered as exploratory behavior. The percentage of total time exploration that 

each animal spent investigating the novel object was the measure of recognition 

memory, defined at the Discrimination Index (DI). It was calculated using the 

following formula: (time spent investigating new object) − (time spent 

investigating known object)/time spent in investigating both objects*100 (Ferreira 

et al., 2014). 

 

Elevated Plus-maze Test 

The elevated plus-maze consisted of two horizontal wooden surfaces 

aligned at the ends (open arms), crossed at right angles with two other surfaces 
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of the same alignment (closed arms). All arms have the same size (50 x 10 cm), 

with the closed arms being surrounded by 40 cm high walls, except in the central 

part (10 x 10 cm), where the surfaces intersect. The entire apparatus is raised 50 

cm from the floor. The test consisted of gently placing each animal in the central 

area of the apparatus, with the snout facing one of the closed arms, left alone in 

a room, and free exploration was allowed for five minutes. The number of entries 

and the time spent within each arm were measured. All the behavior was 

recorded in a camera for further off-line analysis. In the intervals between animals 

analysis the entire apparatus was cleaned with 30% ethanol. The elevated plus-

maze test was performed 24 hours after the last object recognition session 

(Izquierdo et al., 2002) . 

  

Inhibitory avoidance task 

Twenty four hours after elevated plus-maze test, all the animals were 

subjected to a single training session in a step-down inhibitory avoidance 

apparatus, consisting of a 25 x 25 x 35 cm acrylic box with a grid floor composed 

by parallel stainless steel bars (1.0 mm diameter) spaced 1.0 cm apart and the 

left portion covered by a wooden platform measuring 7 x 25 x 2.5 cm. Each 

individual rat was placed gently on the platform facing the rear left corner. Once 

the rat stepped down with all 4 paws on the grid, a 3 s, 0.3 mA shock was applied 

to the grid. After training session, animals were returned to their home cages and 

tested for retention 24 h later. A step-down latency test was taken as a measure 

of retention, with a cut-off time of 300 s (Guerra et al., 2012). 
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Sample processing 

 

Blood, muscle and visceral adipose tissue 

Twenty four hours after the last behavioral test animals were euthanized 

by decapitation and their blood was collected from decapitated neck in 

heparinized test tubes for further biochemical assays. Immediately after 

collection, the blood was centrifuged at 3000 g for 15 min at 4 ºC to obtain serum 

samples. Serum was maintained in a -4 ºC freezer until use. Soleus muscle and 

visceral adipose tissue were removed and immediately weighted in a high 

precision balance. 

 

Brain 

At the same time that blood was being collected, an experimenter collected 

the hippocampus by quickly skull opening in the sagittal suture and parietal bones 

removal. Brain was gently watered with cold artificial cerebrospinal fluid  (aCSF) 

and immediately removed from the skull to a petri dish, with ice underneath, cold 

aCSF and filter paper inside to facilitate tissue adherence and removal of the 

hippocampi. Hippocampi was collected and immediately frozen in liquid nitrogen 

and maintained in a -80 ºC freezer until use. 

 

Biochemical assays 

Serum HDL, LDL, total cholesterol and triglycerides level were determined 

with standard commercial kits (Bioclin-Quibasa, MG, Brazil), according to the 
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manufacturer’s protocol. Samples absorbances were read 

spectrophotometrically at a wavelength of 500 nm for triglycerides and total 

cholesterol, 550 nm for HDL and 546 nm for LDL. 

 

Western blot test 

Western blot analysis was performed according to De Zorzi et al. (2019) 

with some modifications. Hippocampal samples were lysed on ice in RIPA (radio-

immunoprecipitation assay) and centrifuged for 20 min at 12,700 rpm at 4 °C. 

The protein concentration of each sample was determined by bicinchoninic acid 

protein assay (Thermo Fisher Scientific). Then, samples (30 μg protein) were 

subjected to a 10% SDS polyacrylamide gel electrophoresis and transferred to a 

nitrocellulose membrane using Trans-Blot® Turbo™ Transfer System. Equal 

protein loading was confirmed by Ponceau S staining (Sigma Aldrich - P7170). 

After specific blocking, the blots were incubated overnight at 4 °C with rabbit anti-

Nrf2 (1:1000; sc-722, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and 

rabbit anti-Adenosine A1-Receptor (1:1000; sc-28995, Santa Cruz 

Biotechnology, Santa Cruz, CA, USA). Mouse anti-β-Actin antibody (1:10.000; 

sc-69879, Santa Cruz Biotechnology, Santa Cruz, CA, USA) was stained as 

additional control of protein loading. After primary antibody incubation, 

membranes were washed with TBS-T (TBS plus 0.1% Tween 20) twice at room 

temperature for 15 min and incubated with anti-rabbit (sc-2004, Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) or anti-mouse (sc-2005, Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) secondary antibodies conjugated with 

horseradish peroxidase (1:5000) for 2 h at room temperature. Bands were 



43 
 

visualized by enhanced chemiluminescence using ECL Western Blotting 

Substrate (Pierce ECL, BioRad) and the signals were captured with a ChemiDoc 

XRS+ (BioRad). The blots were stripped and probed again for mouse anti-β-Actin 

(43 kDa) antibody (sc-69879, Santa Cruz Biotechnology, Santa Cruz, CA, USA) 

to verify equal protein loading. The density of the specific bands was quantified 

with Image Lab software 6.0 (Bio-Rad). Values are expressed as a percentage 

of the control. 

 

Statistical analysis 

Statistical analyses were carried out by t-test, one- or two or three-way 

analysis of variance (ANOVA). Values of F are only presented if P<0.05. Post 

hoc analyses were carried out, when appropriate, by the Tukey’s test. All data 

are expressed as mean and S.E.M. 

 

 

RESULTS 

Dietetic analysis 

Figure 1 shows the food (Fig. 1A), water (or fructose) (Fig. 1B) and total caloric 

intake (Fig. 1C) throughout the experimental period. Statistical analysis revealed 

that fructose-treated animals eat less food [F(1,56)=2168; p<0.001], drink more 

water [F(1,56)=272; p<0.001] and ingested more calories [F(1,56)=626; p<0.001] 

over time in comparison to animals on a regular diet. 
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Figure 1. Effect of fructose (FRU), training (EXE) and caffeine (CAF) on food 
intake (g/rat/week), water intake (mL/rat/week) and total caloric intake 
(kcal/rat/week) during ten weeks of treatment. Data are expressed in mean ± 
SEM. * indicates significant difference between groups SED-FRU-SAL versus 
SED-H2O-SAL; # between groups SED-FRU-CAF versus SED-FRU-SAL; † 
between groups EXE-FRU-CAF versus SED-FRU-SAL. 

 

Anthropometric assays 

Figure 2 shows the effect of caffeine and/or physical training on fructose-induced 

changes in total body weight (Fig. 2A), soleus weight (Fig. 2B) and visceral fat 

mass (Fig. 2C). Statistical analysis revealed that fructose treatment by 10-weeks 

increased visceral fat mass but interessantly didn’t increase the average soleus 

weight nor the body weight. In opposition, physical training decreased visceral fat 

mass, increased soleus weight and decreased body weight per se compared with 

untrained rats. Caffeine supplementation had no per se effect on any of the 

parameters analyzed, but was able to decrease the fructose-induced visceral fat 

mass gain [F(1,56)=5,236; p<0.05]. Swimming training also decreased the effect 

of fructose on visceral fat mass [F(1,56)=7,306; p<0.01] and body weight 

[F(1,56)=4,480; p<0.05]. 
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Figure 2. Effect of fructose, training and caffeine on body weight (g), soleus 
weight (g) and visceral fat mass (g) after ten weeks of treatment. Data are 
expressed in mean ± SEM. * indicates a significant difference of groups 
Sedentary; # of group Sedentary more Fructose and Saline; § different from all 
groups. 
 

GTT 

Figure 3 shows the effect of fructose treatment by four weeks (Fig. 3A) and the 

effect of caffeine and/or physical training on fructose-induced changes on 

glucose clearance (Fig. 3B). Statistical analysis (paired t-test) showed that 

fructose treatment (15%) by four weeks altered glucose clearance after fasting 

dextrose injection [t(62)=3,463; p<0.05]. Individual comparison revealed that 

except for baseline, the fructose-treated group presented higher glucose levels 

in all other time points. These results confirmed that fructose treatment by four 

weeks was effective in promoting at least one metabolic syndrome-like effect. 

After this analysis, all animals were randomly divided into eight experimental 

groups. Animals receiving fructose continued under fructose regimen for six more 

weeks, concomitantly to physical training or caffeine treatment. The three-way 

ANOVA (fructose x caffeine x training) with repeated measures (different points 

of time) showed a significant interaction effect [F(5,51)=3,028; p<0.05). Post hoc 

analysis revealed that aerobic swimming training as well as caffeine treatment for 
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6 weeks were able to revert the effect of fructose on decreasing glucose 

clearance along time. 

Figure 3. Effect of fructose (FRU), training (EXE) and caffeine (CAF) on glucose 
clearance (mg/dL) at six different points of times (0, 15, 30, 60, 90 and 120 min) 
after fasting dextrose injection. The treatment consisted of four weeks of fructose 
(A), followed for six weeks of physical training plus caffeine, concomitantly with 
fructose (B). Data are expressed in mean ± SEM. * indicates significant difference 
between groups SED-FRU-SAL versus SED-H2O-SAL; # between groups SED-
FRU-CAF versus SED-FRU-SAL; † between groups EXE-FRU-CAF versus SED-
FRU-SAL; § SED-FRU-SAL group is different from all groups. 
 

Lipid Profile 

In order to analyze the effect of physical training and caffeine supplementation 

on fructose-induced lipid profile changes, we performed the analysis of total 

cholesterol, triglycerides, HDL and LDL. Statistical analysis revealed a significant 

effect of interaction for total cholesterol [F(1,48)=7,130; p<0,05] (Fig. 4A), 

triglycerides [F(1,48)=17,180; p<0.0001] (Fig. 4B), and HDL [F(1,48)=14,650; 

p<0.001] (Fig. 4C) but not for LDL (Fig. 4D). Statistical analysis also confirmed 

the hypothesis that fructose ingestion could increase total cholesterol and LDL 

as well as decrease HDL levels, but not altered triglycerides levels. In the same 

way, physical training factor was able to revert the effect of fructose on total 
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cholesterol, HDL and triglycerides but not on LDL levels. Caffeine 

supplementation was able to revert the effect of fructose on total cholesterol, 

triglycerides, HDL and LDL levels. Interessantly, post hoc analysis showed that 

physical training per se increased HDL levels. Caffeine per se increased HDL 

and decreased LDL levels. 

Figure 4. Effect of fructose, training and caffeine on levels of Total cholesterol 
(A), Triglycerides (B), HDL (C) and LDL (D) after ten weeks of treatment. Data 
are expressed in mean ± SEM. * indicates a significant difference of groups 
Sedentary; # of group Sedentary more Fructose and Saline; § different from all 
groups. 
 

Object recognition 

Aiming to analyze a putative effect of fructose on cognitive performance we 

design a series of experiments as follows, beginning in object recognition task. 
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Statistical analysis (three way ANOVA) showed that fructose administration for 

10 weeks impaired short-term [F(1,56)=4,154; p<0.05] (Fig. 5A) and location 

[F(1,56)=6,931; p<0.05] (Fig. 5C), but not long-term memory [F(1,56)=0,025; 

p>0.05] (Fig. 5B) in object recognition task. On the other hand, physical training 

improved short-term [F(1,56)=18,250; p<0.0001], long-term [F(1,56)=5,083; 

p<0,05] and location [F(1,56)=10,810;p<0.01] memory and reverted the effect of 

fructose on short-term memory. Caffeine supplementation had no effect per se 

on object recognition task but was able to revert the effect of fructose on short-

term memory. 

Figure 5. Effect of fructose, training and caffeine on discrimination index during 
the Short-term memory test (A), Long-term memory test (B) and Location memory 
test (C) after ten weeks of treatment. Data are expressed in mean ± SEM. * on 
the line indicates a significant difference of groups Sedentary; * only indicates a 
significant difference of groups Sedentary more Water and Saline; # of group 
Sedentary more Fructose and Saline. 
 

Elevated plus maze 

Statistical analysis (three way ANOVA) showed that fructose administration for 

10 weeks induced rats to spend more time in closed arms [F(1,56)=10,160; 

p<0.01] (Fig. 6A) in elevated plus maze task. In addition, physical training 

decreased the time spent in closed arms [F(1,56)=7,549; p<0.01] (Fig. 6A) and 

reverted the effect of fructose on time spent in closed arms [F(1,56)=19,930; 
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p<0.001] (Fig. 6A). Caffeine supplementation had no effect per se on any task 

analyzed on elevated plus maze, but was able to revert the fructose-induced 

decrease on time spent in closed arms [F(1,56)=4,685; p<0.05] (Fig. 6A). None 

of the treatments changed the number of head dipping incidence in elevated plus 

maze task (Fig. 6B). 

Figure 6. Effect of fructose, training and caffeine on time spent in closed arms 
(A) and the number of head dipping incidence (B) during the plus maze task, after 
ten weeks of treatment. Data are expressed in mean ± SEM. * indicates a 
significant difference of groups Sedentary more Saline and Water; # of group 
Sedentary more Fructose and Saline. 
 

Inhibitory avoidance 



50 
 

Statistical analysis did not show any influence of the treatments on step down 

latency to the platform in the inhibitory avoidance test (Fig. 7). 

Figure 7. Effect of fructose, training and caffeine on Inhibitory avoidance test 
(Stepdown latency) after ten weeks of treatment. Data are expressed in mean ± 
SEM. There was no significant difference between groups. 
 

Hippocampal NRF2 levels 

In order to understand a possible mechanism involved in the effects of caffeine 

and/or physical exercise on fructose-induced changes, we assessed NRF2 

protein levels. Statistical analysis revealed that physical training increased NRF2 

levels compared with sedentary animals [F(1,56)=21,480; p<0.001] (Fig. 8). Both 

fructose and caffeine did not alter NRF2 levels. 
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Figure 8. Effect of fructose, training and caffeine on NRF2 (Arbitray units) after 
ten weeks of treatment. Data are expressed in mean ± SEM. * indicates a 
significant difference of groups Sedentary. 
 

DISCUSSION 

We showed here that fructose intake for four weeks decreased glucose 

clearance compared with regular dietary intake. We also noticed that rats already 

treated for four weeks with fructose who started a six-week physical training 

protocol or caffeine supplementation, or the combination of these two factors 

were able to reverse the deleterious effects of fructose on glucose clearance, 

even when the consumption of fructose remains the same. Several evidence 

indicates that increased fructose availability in diet, especially in sugar-

sweetened beverages may be associated with an increased risk of 

cardiovascular diseases (Khan et al., 2019), type 2 diabetes and metabolic 

syndrome (Malik et al., 2010) . In an opposite way, It has been shown over the 

last few years that physical exercise has the ability to improve glucose tolerance 

as well as insulin sensitivity (Sato et al., 2003; D. Yang et al., 2019). It is important 
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to note that in our study we didn’t analyze the insulin sensibility, however it is 

plausible to purpose that our fructose regimen has impaired the sensibility to 

insulin, since we have demonstrated several other changes similar to those found 

in metabolic syndrome, including the decreased glucose clearance, that in turn is 

associated with insulin downstream (Petersen & Shulman, 2018). It has also been 

shown that long-term caffeine supplementation improves glucose metabolism in 

some metabolic disorders (Park et al., 2007; Urzúa et al., 2012). Our results are 

in accordance with literature data, since we found that both physical exercise and 

caffeine reverted the effect of fructose on glucose clearance decrease. We also 

found here an addictive effect of training and caffeine in all time points after 

fasting dextrose injection at the end of the experimental period (10 weeks of 

fructose; 6 weeks of caffeine and 6 weeks of physical training), except at the 90-

minute point, where we found no difference between groups. 

In the present study we showed that fructose regimen (10 weeks) did not 

increase the total body weight, nor changed the soleus muscle weight, but 

increased the visceral fat mass. This is an important fact about our fructose 

treatment. Studies have shown that increased visceral fat mass is a predictor for 

the development of cardiometabolic diseases and metabolic syndrome (Cho er 

al., 2017; Sasai et al., 2015; Sullivan et al., 2015). In fact, it has been shown that 

the increase of visceral fat mass may be associated with higher risk of metabolic 

syndrome development, even in subjects with normal body weight (Goodpaster 

et al., 2005). Both caffeine and physical exercise counteracted the effect of 

fructose on visceral fat mass. Furthermore, physical exercise decreased visceral 

fat mass per se. This finding was expected, since physical training was effective 
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in promoting physiological adaptations. It has been previously shown that 

physical training reduces abdominal visceral fat in different populations studied 

(Irvin et al., 2009; Dugan et al., 2010; Zaiac-Gawlak et al., 2017). In the same 

sense, caffeine may decrease fat accumulation due to inhibition of fatty acid 

synthesis, as well as increase in β-oxidation enzymes activity (Sugiura et al., 

2012). In addition to individual effects, a recent meta-analysis showed that 

caffeine supplementation prior to an exercise session may effectively increase fat 

oxidation during aerobic exercise (Collado-Mateo et al., 2020) . However, in our 

experimental model we did not find an additive effect of exercise and caffeine on 

reducing visceral fat mass. Our experimental data suggests that both 

interventions can be considered as therapy to treat or even prevent the 

development of metabolic syndrome or associated metabolic disorders, such as 

obesity or increased visceral fat mass. 

One can question whether the training was indeed effective in promoting 

physiological adaptations. In fact, we did not perform any measurement of 

physiological or biochemical parameters (i.e. resting heart rate, citrate synthase 

enzyme activity, lactate levels in an increasing load test, etc.) to confirm that 

aerobic swimming training for six weeks promoted adaptations. However we can 

assume that the increase of soleus weight, decrease of total body weight and 

visceral fat mass may be considered as an adaptation, reflection of six weeks of 

aerobic swimming training and thus serve as a proof that physical training was 

effective in promoting physiological adaptations. 

We avoided naming our protocol of fructose administration of a model of 

metabolic syndrome, but our data show several parameters similar to those found 
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in human metabolic syndrome. In this sense, another important fact that 

corroborates the view that our model can be considered similar to the metabolic 

syndrome are the findings on the lipid profile after 10 weeks of fructose intake. 

We found an increase in LDL and total cholesterol as well as a decrease in HDL 

levels. This body of evidence is in accordance with the dyslipidemia found in 

conditions of high-fructose consumption (Basciano et al., 2005; Stanhope e 

Havel, 2008; Park et al., 2020). It has been shown that a single session of aerobic 

physical exercise was able to alter the lipid pattern in women with dyslipidemia 

(Costa et al., 2020). In another study in a specific population authors found that 

physical exercise increased HDL levels (Hsu et al., 2019) . Two reviews showed 

that aerobic exercise has the potential to increase HDL as well as decrease LDL 

and triglycerides level (Mann et al., 2014; Wang & Xu, 2017). Our results 

completely agree with literature data. Our findings on the effect of caffeine 

treatment on fructose-induced dyslipidemia did not agree with the findings in the 

literature if consumption of caffeinated drinks is considered. In fact, some studies 

have shown that the intake of caffeinated coffee is related to increased total 

cholesterol, LDL and triglycerides level, also depending on different ways of 

preparing coffee (Haffner et al., 1985) Lee et al., 2001; Cai et al., 2012). However, 

most studies present several biases, i.e. they do not consider whether beverages 

are ingested with sugar or even the other components of the beverages that may 

contribute, in some way, to the increase in blood lipids. On the other hand, other 

studies showed that acute caffeine (isolated) administration prior to exercise 

increased lipid metabolism (Collado-Mateo et al., 2020). Currently, even the 

consensus on the effects of caffeine on the improvement in physical performance 
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has been contested. A recent study lists the factors that may influence the 

discrepant results regarding the effects of caffeine supplementation. It is possible 

that these factors may also be responsible for the controversy regarding the 

effects on the lipid profile. To know, these factors are subdivided into the effects 

of caffeine, daily habits, physiological and genetic factors (Martins et al., 2020). 

In our study we treated animals with caffeine diluted in saline and we found an 

important reversal effect of caffeine on fructose-induced dyslipidemia. 

Our protocol also revealed that the treatment with fructose for 10 weeks 

impaired the object recognition memory in the short-term and localization memory 

and induced treated animals to stay longer in the closed arm in the elevated plus-

maze apparatus. Except for the localization memory, physical exercise and 

caffeine supplementation reverted the effect of fructose on cognitive and anxiety 

parameters. Interestingly, the combination of treatments (caffeine and physical 

training) did not present an additive effect. In fact, the deleterious effects of 

fructose on cognitive performance were expected, since increased visceral fat 

mass, as well as obesity and diabetes (isolated components of the metabolic 

syndrome) are associated with cognitive deficits (Kumari et al., 2000; Schwartz 

et al., 2013; Tanaka et al., 2020). In addition, several studies have shown the 

cognitive decline in individuals with metabolic syndrome (Yaffe et al., 2004; Yates 

et al., 2012). Several mechanisms may be involved in cognitive impairments, 

such as systemic inflammatory status, reduced brain circulation and oxygenation 

(Guicciardi et al., 2019; Mellendijk et al., 2015).  It has been shown that caffeine 

supplementation has the potential to prevent weight gain in a high-fat diet, and 

therefore also reduce cognitive impairments (Moy & McNay, 2013). One putative 
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mechanism proposed is the caffeine-induced increase in BDNF levels. In the 

same way, physical exercise has the potential of improve cognitive functions per 

se, however the effects of physical exercise on syndrome metabolic-induced 

cognitive deficits are controversial, or at least needs more robust data to clarify if 

and how physical exercise improve cognition in this population (Mandolesi et al., 

2018; Zhao et al., 2018; Lin et al., 2019). We found, in the present study, that 

physical training improved cognitive performance and also decreased the 

cognitive deficits induced by fructose. Additionally, we also found an effect of 

caffeine and physical exercise in reducing anxiety like-behavior induced by 

fructose. In fact, it has been shown that individuals presenting metabolic 

syndrome have an increased prevalence of anxiety and depression (Shinkov et 

al., 2018). There are few studies about anxiety and metabolic syndrome and even 

less focusing on how to treat or prevent anxiety and depression in this population. 

In our study we showed that both interventions have the potential to treat or 

prevent anxiety-like behavior as well as cognitive deficits induced by fructose.  

One putative mechanism involved in the effects of physical exercise can 

be explained, at least in part, by Nrf2 increase. We found here that neither 

fructose nor caffeine altered Nrf2 levels, but physical training was able to increase 

hippocampal Nrf2 levels. It is important to note that Nrf2 deficient mice present 

exacerbated oxidative stress, neurovascular dysfunction, blood-brain barrier 

disruption and neuroinflammation (Tarantini et al., 2018). It was also shown that 

a decrease in Nrf2 levels may be associated with metabolic syndrome 

development  (Zhang et al., 2014). Furthermore, therapies with the potential to 

activate the Nrf2 pathway has the potential to prevent or even treat metabolic 
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syndrome (Chartoumpekis & Kensler, 2013; Vasileva et al., 2020; M. Yang et al., 

2018). Our study showed that physical exercise increased hippocampal Nrf2 

levels and that can be responsible, at least for the effects of physical exercise on 

cognition and maybe anxiety. 

 

 

CONCLUSION 

Thus, it is possible to conclude that the high fructose consumption 

develops metabolic disorders such as: the increase of visceral fat mass, increase 

in lipid levels, decrease in the glucose clearance and that, in addition, generates 

cognitive damages impairing memory and causing anxiety. On the other hand, 

physical training and caffeine can reverse, at least in part, the damages caused 

by fructose. Therefore, one can consider physical training and caffeine intake as 

an alternative and non-pharmacological therapy to help reduce the risk factors 

associated with the metabolic syndrome. 
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5. CONSIDERAÇÕES FINAIS  

 

De acordo com os resultados apresentados nesta dissertação podemos 

concluir que:  

 

- A frutose prejudica as funções metabólicas como: o aumenta da massa 

visceral, aumenta os níveis de colesterol total, LDL e diminui o HDL;  

 

- O treinamento físico e a suplementação de cafeína puderam reverter o 

aumento no peso, nos níveis de colesterol total e triglicerídeos; 

 

-  Além disso, o treinamento físico foi capaz de melhorar a memória de 

curto prazo, longo prazo e localização e foi capaz de reverter o efeito da 

frutose na memória de curto prazo; 

 

- O treinamento físico e a suplementação de cafeína pode ser um 

tratamento alternativo não medicamentoso na síndrome metabólica.  

 

 

 

 

  



59 
 

6. REFERÊNCIAS  

  

Agrawal, R., & Gomez-Pinilla, F. (2012). “Metabolic syndrome” in the brain: 

Deficiency in omega-3 fatty acid exacerbates dysfunctions in insulin 

receptor signalling and cognition. Journal of Physiology, 590(10), 2485–

2499. https://doi.org/10.1113/jphysiol.2012.230078 

Alberti, K. G. M. M., Eckel, R. H., Grundy, S. M., Zimmet, P. Z., Cleeman, J. I., 

Donato, K. A., Fruchart, J. C., James, W. P. T., Loria, C. M., & Smith, S. C. 

(2009). Harmonizing the metabolic syndrome: A joint interim statement of 

the international diabetes federation task force on epidemiology and 

prevention; National heart, lung, and blood institute; American heart 

association; World heart federation; International atherosclerosis society; 

And international association for the study of obesity. In Circulation (Vol. 

120, Issue 16, pp. 1640–1645). Lippincott Williams & Wilkins. 

https://doi.org/10.1161/CIRCULATIONAHA.109.192644 

Angevaren, M., Aufdemkampe, G., Verhaar, H., Aleman, A., & Vanhees, L. 

(2008). Physical activity and enhanced fitness to improve cognitive function 

in older people without known cognitive impairment. In Cochrane Database 

of Systematic Reviews. John Wiley & Sons, Ltd. 

https://doi.org/10.1002/14651858.cd005381.pub3 

Aoi, W., Naito, Y., Takanami, Y., Kawai, Y., Sakuma, K., Ichikawa, H., Yoshida, 

N., & Yoshikawa, T. (2004). Oxidative stress and delayed-onset muscle 

damage after exercise. Free Radical Biology and Medicine, 37(4), 480–

487. https://doi.org/10.1016/j.freeradbiomed.2004.05.008 

Arida, R. M., Scorza, F. A., dos Santos, N. F., Peres, C. A., & Cavalheiro, E. A. 

(1999). Effect of physical exercise on seizure occurrence in a model of 

temporal lobe epilepsy in rats. Epilepsy Research, 37(1), 45–52. 

https://doi.org/10.1016/S0920-1211(99)00032-7 

Azzawi, M. (1999). Tumour necrosis factor alpha and the cardiovascular 

system: its role in cardiac allograft rejection and heart disease. 

Cardiovascular Research, 43(4), 850–859. https://doi.org/10.1016/S0008-

6363(99)00138-8 

Bao, P., Liu, G., & Wei, Y. (2015). Association between IL-6 and related risk 

factors of metabolic syndrome and cardiovascular disease in young rats. 



 

60 
 

International Journal of Clinical and Experimental Medicine, 8(8), 13491–

13499. www.ijcem.com/ 

Barcelos, R. P., Lima, F. D., Carvalho, N. R., Bresciani, G., & Royes, L. F. 

(2020). Caffeine effects on systemic metabolism, oxidative-inflammatory 

pathways, and exercise performance. In Nutrition Research (Vol. 80, pp. 1–

17). Elsevier Inc. https://doi.org/10.1016/j.nutres.2020.05.005 

Barros, D., Amaral, O. B., Izquierdo, I., Geracitano, L., do Carmo Bassols 

Raseira, M., Henriques, A. T., & Ramirez, M. R. (2006). Behavioral and 

genoprotective effects of Vaccinium berries intake in mice. Pharmacology 

Biochemistry and Behavior, 84(2), 229–234. 

https://doi.org/10.1016/j.pbb.2006.05.001 

Benedetti, M. G., Gasparroni, V., Stecchi, S., Zilioli, R., Straudi, S., & Piperno, 

R. (2009). Treadmill exercise in early mutiple sclerosis: A case series 

study. European Journal of Physical and Rehabilitation Medicine, 45(1), 

53–59. 

Bernberg, E., Ulleryd, M. A., Johansson, M. E., & Bergström, G. M. L. (2012). 

Social disruption stress increases IL-6 levels and accelerates 

atherosclerosis in ApoE -/- mice. Atherosclerosis, 221(2), 359–365. 

https://doi.org/10.1016/j.atherosclerosis.2011.11.041 

Bischof, M. G., Krssak, M., Krebs, M., Bernroider, E., Stingl, H., Waldhausl, W., 

& Roden, M. (2001). Effects of Short-Term Improvement of Insulin 

Treatment and Glycemia on Hepatic Glycogen Metabolism in Type 1 

Diabetes. Diabetes, 50(2), 392–398. 

https://doi.org/10.2337/diabetes.50.2.392 

Boesiger P, Buchli R, Meier D, Steinmann B, Gitzelmann R. Changes of liver 

metabolite concentrations in adults with disorders of fructose metabolism 

after intravenous fructose by 31P magnetic resonance spectroscopy. 

Pediatr Res. 1994 Oct;36(4):436-40. doi: 10.1203/00006450-199410000-

00004. PMID: 7816517. 

Carro, E., Trejo, J. L., Busiguina, S., & Torres-Aleman, I. (2001). Circulating 

Insulin-Like Growth Factor I Mediates the Protective Effects of Physical 

Exercise against Brain Insults of Different Etiology and Anatomy. The 

Journal of Neuroscience, 21(15), 5678–5684. 

https://doi.org/10.1523/JNEUROSCI.21-15-05678.2001 

Chartoumpekis, D., & Kensler, T. (2013). New Player on An Old Field; the 

Keap1/Nrf2 Pathway as a Target for Treatment of Type 2 Diabetes and 



 

61 
 

Metabolic Syndrome. Current Diabetes Reviews, 9(2), 137–145. 

https://doi.org/10.2174/1573399811309020005 

Chrousos, G. P., & Gold, P. W. (1992). The concepts of stress and stress 

system disorders. Overview of physical and behavioral homeostasis. 

JAMA, 267(9), 1244–1252. 

Cinti, S., Mitchell, G., Barbatelli, G., Murano, I., Ceresi, E., Faloia, E., Wang, S., 

Fortier, M., Greenberg, A. S., & Obin, M. S. (2005). Adipocyte death 

defines macrophage localization and function in adipose tissue of obese 

mice and humans. Journal of Lipid Research, 46(11), 2347–2355. 

https://doi.org/10.1194/jlr.M500294-JLR200 

Colcombe, S. J., Erickson, K. I., Scalf, P. E., Kim, J. S., Prakash, R., McAuley, 

E., Elavsky, S., Marquez, D. X., Hu, L., & Kramer, A. F. (2006). Aerobic 

exercise training increases brain volume in aging humans. Journals of 

Gerontology - Series A Biological Sciences and Medical Sciences, 61(11), 

1166–1170. https://doi.org/10.1093/gerona/61.11.1166 

Collado-Mateo, D., Lavín-Pérez, A. M., Merellano-Navarro, E., & Del Coso, J. 

(2020). Effect of acute caffeine intake on the fat oxidation rate during 

exercise: A systematic review and meta-analysis. In Nutrients (Vol. 12, 

Issue 12, pp. 1–18). MDPI AG. https://doi.org/10.3390/nu12123603 

Convit, A., Wolf, O. T., Tarshish, C., & De Leon, M. J. (2003). Reduced glucose 

tolerance is associated with poor memory performance and hippocampal 

atrophy among normal elderly. Proceedings of the National Academy of 

Sciences of the United States of America, 100(4), 2019–2022. 

https://doi.org/10.1073/pnas.0336073100 

Conway, K. J., Orr, R., & Stannard, S. R. (2003). Effect of a divided caffeine 

dose on endurance cycling performance, postexercise urinary caffeine 

concentration, and plasma paraxanthine. Journal of Applied Physiology, 

94(4), 1557–1562. https://doi.org/10.1152/japplphysiol.00911.2002 

Cournot, M., Taraszkiewicz, D., Galinier, M., Chamontin, B., Boccalon, H., 

Hanaire-Broutin, H., Puel, J., & Ferriãres, J. (2006). Is exercise testing 

useful to improve the prediction of coronary events in asymptomatic 

subjects? European Journal of Preventive Cardiology, 13(1), 37–44. 

https://doi.org/10.1097/01.hjr.0000198447.26613.3d 

Cox, G. R., Desbrow, B., Montgomery, P. G., Anderson, M. E., Bruce, C. R., 

Macrides, T. A., Martin, D. T., Moquin, A., Roberts, A., Hawley, J. A., & 

Burke, L. M. (2002). Effect of different protocols of caffeine intake on 



 

62 
 

metabolism and endurance performance. Journal of Applied Physiology, 

93(3), 990–999. https://doi.org/10.1152/japplphysiol.00249.2002 

Cunha, R. A., & Agostinho, P. M. (2010). Chronic Caffeine Consumption 

Prevents Memory Disturbance in Different Animal Models of Memory 

Decline. Journal of Alzheimer’s Disease, 20(s1), S95–S116. 

https://doi.org/10.3233/JAD-2010-1408 

Dai S, McNeill JH. Fructose-induced hypertension in rats is concentration- and 

duration-dependent. J Pharmacol Toxicol Methods. 1995 Apr;33(2):101-7. 

doi: 10.1016/1056-8719(94)00063-a. PMID: 7766916. 

Dai, S., & McNeill, J. H. (1995). Fructose-induced hypertension in rats is 

concentration- and duration-dependent. Journal of Pharmacological and 

Toxicological Methods, 33(2), 101–107. https://doi.org/10.1016/1056-

8719(94)00063-A 

Dall’Igna, O. P., Fett, P., Gomes, M. W., Souza, D. O., Cunha, R. A., & Lara, D. 

R. (2007). Caffeine and adenosine A2a receptor antagonists prevent β-

amyloid (25–35)-induced cognitive deficits in mice. Experimental 

Neurology, 203(1), 241–245. 

https://doi.org/10.1016/j.expneurol.2006.08.008 

Davis, J. M., Zhao, Z., Stock, H. S., Mehl, K. A., Buggy, J., & Hand, G. A. 

(2003). Central nervous system effects of caffeine and adenosine on 

fatigue. American Journal of Physiology - Regulatory Integrative and 

Comparative Physiology, 284(2 53-2), R399–R404. 

https://doi.org/10.1152/ajpregu.00386.2002 

Desbrow, B., Barrett, C. M., Minahan, C. L., Grant, G. D., & Leveritt, M. D. 

(2009). Caffeine, cycling performance, and exogenous CHO oxidation: A 

dose-response study. Medicine and Science in Sports and Exercise, 41(9), 

1744–1751. https://doi.org/10.1249/MSS.0b013e3181a16cf7 

Devries, M. C., Hamadeh, M. J., Glover, A. W., Raha, S., Samjoo, I. A., & 

Tarnopolsky, M. A. (2008). Endurance training without weight loss lowers 

systemic, but not muscle, oxidative stress with no effect on inflammation in 

lean and obese women. Free Radical Biology and Medicine, 45(4), 503–

511. https://doi.org/10.1016/j.freeradbiomed.2008.04.039 

Di Marzo, V., & Silvestri, C. (2019). Lifestyle and metabolic syndrome: 

Contribution of the endocannabinoidome. Nutrients, 11(8), 1956. 

https://doi.org/10.3390/nu11081956 



 

63 
 

Douard V, Ferraris RP. Regulation of the fructose transporter GLUT5 in health 

and disease. Am J Physiol Endocrinol Metab. 2008 Aug;295(2):E227-37. 

doi: 10.1152/ajpendo.90245.2008. Epub 2008 Apr 8. PMID: 18398011; 

PMCID: PMC2652499. 

Duarte, J. M. N. (2015). Metabolic alterations associated to brain dysfunction in 

diabetes. In Aging and Disease (Vol. 6, Issue 5, pp. 304–321). International 

Society on Aging and Disease. https://doi.org/10.14336/AD.2014.1104 

Duarte, J. M. N., Carvalho, R. A., Cunha, R. A., & Gruetter, R. (2009). Caffeine 

consumption attenuates neurochemical modifications in the hippocampus 

of streptozotocin-induced diabetic rats. Journal of Neurochemistry, 111(2), 

368–379. https://doi.org/10.1111/j.1471-4159.2009.06349.x 

Duvnjak-Zaknich, D. M., Dawson, B. T., Wallman, K. E., & Henry, G. (2011). 

Effect of caffeine on reactive agility time when fresh and fatigued. In 

Medicine and Science in Sports and Exercise (Vol. 43, Issue 8, pp. 1523–

1530). https://doi.org/10.1249/MSS.0b013e31821048ab 

Eckel, R. H., Grundy, S. M., & Zimmet, P. Z. (2005). The metabolic syndrome. 

Lancet, 365(9468), 1415–1428. https://doi.org/10.1016/S0140-

6736(05)66378-7 

Espinosa, J., Rocha, A., Nunes, F., Costa, M. S., Schein, V., Kazlauckas, V., 

Kalinine, E., Souza, D. O., Cunha, R. A., & Porciúncula, L. O. (2013). 

Caffeine Consumption Prevents Memory Impairment, Neuronal Damage, 

and Adenosine A2A Receptors Upregulation in the Hippocampus of a Rat 

Model of Sporadic Dementia. Journal of Alzheimer’s Disease, 34(2), 509–

518. https://doi.org/10.3233/JAD-111982 

Fabel, K., Fabel, K., Tam, B., Kaufer, D., Baiker, A., Simmons, N., Kuo, C. J., & 

Palmer, T. D. (2003). VEGF is necessary for exercise-induced adult 

hippocampal neurogenesis. European Journal of Neuroscience, 18(10), 

2803–2812. https://doi.org/10.1111/j.1460-9568.2003.03041.x 

Fagard, R. H., & Cornelissen, V. A. (2007). Effect of exercise on blood pressure 

control in hypertensive patients. In European Journal of Preventive 

Cardiology (Vol. 14, Issue 1, pp. 12–17). 

https://doi.org/10.1097/HJR.0b013e3280128bbb 

Farinha, J. B., Steckling, F. M., Stefanello, S. T., Cardoso, M. S., Nunes, L. S., 

Barcelos, R. P., Duarte, T., Kretzmann, N. A., Mota, C. B., Bresciani, G., 

Moresco, R. N., Duarte, M. M. M. F., dos Santos, D. L., & Soares, F. A. A. 

(2015). Response of oxidative stress and inflammatory biomarkers to a 12-



 

64 
 

week aerobic exercise training in women with metabolic syndrome. Sports 

Medicine - Open, 1(1), 1–10. https://doi.org/10.1186/s40798-015-0011-2 

Ferré, S. (2016). Mechanisms of the psychostimulant effects of caffeine: 

implications for substance use disorders. In Psychopharmacology (Vol. 

233, Issue 10, pp. 1963–1979). Springer Verlag. 

https://doi.org/10.1007/s00213-016-4212-2 

Ferreira, A. P. O., Rodrigues, F. S., Della-Pace, I. D., Mota, B. C., Oliveira, S. 

M., De Campos Velho Gewehr, C., Bobinski, F., De Oliveira, C. V., Brum, 

J. S., Oliveira, M. S., Furian, A. F., De Barros, C. S. L., Dos Santos, A. R. 

S., Ferreira, J., Fighera, M. R., & Royes, L. F. F. (2014). HOE-140, an 

antagonist of B2 receptor, protects against memory deficits and brain 

damage induced by moderate lateral fluid percussion injury in mice. 

Psychopharmacology, 231(9), 1935–1948. https://doi.org/10.1007/s00213-

013-3336-x 

Fisher-Wellman, K., & Bloomer, R. J. (2009). Acute exercise and oxidative 

stress: a 30 year history. Dynamic Medicine, 8(1), 1. 

https://doi.org/10.1186/1476-5918-8-1 

Frisardi, V., Solfrizzi, V., Seripa, D., Capurso, C., Santamato, A., Sancarlo, D., 

Vendemiale, G., Pilotto, A., & Panza, F. (2010). Metabolic-cognitive 

syndrome: A cross-talk between metabolic syndrome and Alzheimer’s 

disease. In Ageing Research Reviews (Vol. 9, Issue 4, pp. 399–417). 

Ageing Res Rev. https://doi.org/10.1016/j.arr.2010.04.007 

Furukawa, S., Fujita, T., Shimabukuro, M., Iwaki, M., Yamada, Y., Nakajima, Y., 

Nakayama, O., Makishima, M., Matsuda, M., & Shimomura, I. (2004). 

Increased oxidative stress in obesity and its impact on metabolic syndrome. 

Journal of Clinical Investigation, 114(12), 1752–1761. 

https://doi.org/10.1172/JCI21625 

Galassetti, P. (2012). Inflammation and oxidative stress in obesity, Metabolic 

syndrome, and diabetes. In Experimental Diabetes Research (Vol. 2012). 

https://doi.org/10.1155/2012/943706 

Girault, F. M., Sonnay, S., Gruetter, R., & Duarte, J. M. N. (2019). Alterations of 

Brain Energy Metabolism in Type 2 Diabetic Goto-Kakizaki Rats Measured 

In Vivo by 13C Magnetic Resonance Spectroscopy. Neurotoxicity 

Research, 36(2), 268–278. https://doi.org/10.1007/s12640-017-9821-y 

Gold, S. M., Dziobek, I., Sweat, V., Tirsi, A., Rogers, K., Bruehl, H., Tsui, W., 

Richardson, S., Javier, E., & Convit, A. (2007). Hippocampal damage and 



 

65 
 

memory impairments as possible early brain complications of type 2 

diabetes. Diabetologia, 50(4), 711–719. https://doi.org/10.1007/s00125-

007-0602-7 

Gold, Stefan M., Dziobek, I., Rogers, K., Bayoumy, A., McHugh, P. F., & Convit, 

A. (2005). Hypertension and hypothalamo-pituitary-adrenal axis 

hyperactivity affect frontal lobe integrity. Journal of Clinical Endocrinology 

and Metabolism, 90(6), 3262–3267. https://doi.org/10.1210/jc.2004-2181 

Goodpaster, B. H., Krishnaswami, S., Harris, T. B., Katsiaras, A., Kritchevsky, 

S. B., Simonsick, E. M., Nevitt, M., Holvoet, P., & Newman, A. B. (2005). 

Obesity, regional body fat distribution, and the metabolic syndrome in older 

men and women. Archives of Internal Medicine, 165(7), 777–783. 

https://doi.org/10.1001/archinte.165.7.777 

Graham, T. E., & Spriet, L. L. (1995). Metabolic, catecholamine, and exercise 

performance responses to various doses of caffeine. Journal of Applied 

Physiology, 78(3), 867–874. https://doi.org/10.1152/jappl.1995.78.3.867 

Guarino, M. P., Ribeiro, M. J., Sacramento, J. F., & Conde, S. V. (2013). 

Chronic caffeine intake reverses age-induced insulin resistance in the rat: 

Effect on skeletal muscle Glut4 transporters and AMPK activity. Age, 35(5), 

1755–1765. https://doi.org/10.1007/s11357-012-9475-x 

Guerra, G. P., Mello, C. F., Bochi, G. V., Pazini, A. M., Rosa, M. M., Ferreira, J., 

& Rubin, M. A. (2012). Spermidine-induced improvement of memory 

involves a cross-talk between protein kinases C and A. Journal of 

Neurochemistry, 122(2), 363–373. https://doi.org/10.1111/j.1471-

4159.2012.07778.x 

Guicciardi, M., Crisafulli, A., Doneddu, A., Fadda, D., & Lecis, R. (2019). Effects 

of metabolic syndrome on cognitive performance of adults during exercise. 

Frontiers in Psychology, 10. https://doi.org/10.3389/fpsyg.2019.01845 

Haffner, S. M., Knapp, J. A., Stern, M. P., Hazuda, H. P., Rosenthal, M., & 

Franco, L. J. (1985). Coffee consumption, diet, and lipids. American 

Journal of Epidemiology, 122(1), 1–12. 

https://doi.org/10.1093/oxfordjournals.aje.a114067 

Halberg, N., Wernstedt-Asterholm, I., & Scherer, P. E. (2008). The Adipocyte as 

an Endocrine Cell. In Endocrinology and Metabolism Clinics of North 

America (Vol. 37, Issue 3, pp. 753–768). Elsevier. 

https://doi.org/10.1016/j.ecl.2008.07.002 



 

66 
 

Hales, C. N., Barker, D. J. P., Clark, P. M. S., Cox, L. J., Fall, C., Osmond, C., & 

Winter, P. D. (1991). Fetal and infant growth and impaired glucose 

tolerance at age 64. British Medical Journal, 303(6809), 1019–1022. 

https://doi.org/10.1136/bmj.303.6809.1019 

Henriksen, E. J. (2002). Invited Review: Effects of acute exercise and exercise 

training on insulin resistance. Journal of Applied Physiology, 93(2), 788–

796. https://doi.org/10.1152/japplphysiol.01219.2001 

Heyward, F. D., Walton, R. G., Carle, M. S., Coleman, M. A., Garvey, W. T., & 

Sweatt, J. D. (2012). Adult mice maintained on a high-fat diet exhibit object 

location memory deficits and reduced hippocampal SIRT1 gene 

expression. Neurobiology of Learning and Memory, 98(1), 25–32. 

https://doi.org/10.1016/j.nlm.2012.04.005 

Hogervorst, E., Riedel, W. J., Kovacs, E., Brouns, F., & Jolles, J. (1999). 

Caffeine improves cognitive performance after strenuous physical exercise. 

International Journal of Sports Medicine, 20(6), 354–361. 

https://doi.org/10.1055/s-2007-971144 

Hornery, D. J., Farrow, D., Mujika, I., & Young, W. B. (2007). Caffeine, 

carbohydrate, and cooling use during prolonged simulated tennis. 

International Journal of Sports Physiology and Performance, 2(4), 423–

438. https://doi.org/10.1123/ijspp.2.4.423 

Hsu, C. S., Chang, S. T., Nfor, O. N., Lee, K. J., Lee, S. S., & Liaw, Y. P. 

(2019). Effects of regular aerobic exercise and resistance training on high-

density lipoprotein cholesterol levels in taiwanese adults. International 

Journal of Environmental Research and Public Health, 16(11). 

https://doi.org/10.3390/ijerph16112003 

Hwang IS, Ho H, Hoffman BB, Reaven GM. Fructose-induced insulin resistance 

and hypertension in rats. Hypertension. 1987 Nov;10(5):512-6. doi: 

10.1161/01.hyp.10.5.512. PMID: 3311990. 

Irwin, C., Desbrow, B., Ellis, A., O’Keeffe, B., Grant, G., & Leveritt, M. (2011). 

Caffeine withdrawal and high-intensity endurance cycling performance. 

Journal of Sports Sciences, 29(5), 509–515. 

https://doi.org/10.1080/02640414.2010.541480 

Izquierdo, L. A., Barros, D. M., Vianna, M. R. M., Coitinho, A., De Silva, T. D., 

Choi, H., Moletta, B., Medina, J. H., & Izquierdo, I. (2002). Molecular 

pharmacological dissection of short- and long-term memory. In Cellular and 



 

67 
 

Molecular Neurobiology (Vol. 22, Issue 3, pp. 269–287). 

https://doi.org/10.1023/A:1020715800956 

Joo, H. J., Cho, S. A., Cho, J. Y., Lee, S., Park, J. H., Yu, C. W., Hong, S. J., & 

Lim, D. S. (2017). Different relationship between physical activity, arterial 

stiffness, and metabolic status in obese subjects. Journal of Physical 

Activity and Health, 14(9), 716–725. https://doi.org/10.1123/jpah.2016-0595 

Karolkiewicz, J., Michalak, E., Pospieszna, B., Deskur-Śmielecka, E., Nowak, 

A., & Pilaczyńska-Szcześniak, Ł. (2009). Response of oxidative stress 

markers and antioxidant parameters to an 8-week aerobic physical activity 

program in healthy, postmenopausal women. Archives of Gerontology and 

Geriatrics, 49(1), e67–e71. https://doi.org/10.1016/j.archger.2008.09.001 

Khan, T. A., Tayyiba, M., Agarwal, A., Mejia, S. B., de Souza, R. J., Wolever, T. 

M. S., Leiter, L. A., Kendall, C. W. C., Jenkins, D. J. A., & Sievenpiper, J. L. 

(2019). Relation of Total Sugars, Sucrose, Fructose, and Added Sugars 

With the Risk of Cardiovascular Disease. Mayo Clinic Proceedings, 94(12), 

2399–2414. https://doi.org/10.1016/j.mayocp.2019.05.034 

Kohl, Z., Kandasamy, M., Winner, B., Aigner, R., Gross, C., Couillard-Despres, 

S., Bogdahn, U., Aigner, L., & Winkler, J. (2007). Physical activity fails to 

rescue hippocampal neurogenesis deficits in the R6/2 mouse model of 

Huntington’s disease. Brain Research, 1155, 24–33. 

https://doi.org/10.1016/j.brainres.2007.04.039 

Kraus, W. E., Houmard, J. A., Duscha, B. D., Knetzger, K. J., Wharton, M. B., 

McCartney, J. S., Bales, C. W., Henes, S., Samsa, G. P., Otvos, J. D., 

Kulkarni, K. R., & Slentz, C. A. (2002). Effects of the Amount and Intensity 

of Exercise on Plasma Lipoproteins. New England Journal of Medicine, 

347(19), 1483–1492. https://doi.org/10.1056/NEJMoa020194 

Kumari, M., Brunner, E., & Fuhrer, R. (2000). Minireview: Mechanisms by which 

the metabolic syndrome and diabetes impair memory. Journals of 

Gerontology - Series A Biological Sciences and Medical Sciences, 55(5). 

https://doi.org/10.1093/gerona/55.5.B228 

Langfort, J., Budohoski, L., Dubaniewicz, A., Challiss, R. A. J., & Newsholme, 

E. A. (1993). Exercise-Induced Improvement in the Sensitivity of the Rat 

Soleus Muscle to Insulin Is Reversed by Chloroadenosine-The Adenosine 

Receptor Agonist. Biochemical Medicine and Metabolic Biology, 50(1), 18–

23. https://doi.org/10.1006/bmmb.1993.1043 



 

68 
 

Lara, B., Gonzalez-Millán, C., Salinero, J. J., Abian-Vicen, J., Areces, F., 

Barbero-Alvarez, J. C., Muñoz, V., Portillo, L. J., Gonzalez-Rave, J. M., & 

Del Coso, J. (2014). Caffeine-containing energy drink improves physical 

performance in female soccer players. Amino Acids, 46(5), 1385–1392. 

https://doi.org/10.1007/s00726-014-1709-z 

Lau, D. C. W., Dhillon, B., Yan, H., Szmitko, P. E., & Verma, S. (2005). 

Adipokines: Molecular links between obesity and atheroslcerosis. In 

American Journal of Physiology - Heart and Circulatory Physiology (Vol. 

288, Issues 5 57-5, pp. 2031–2041). American Physiological Society. 

https://doi.org/10.1152/ajpheart.01058.2004 

Laurin, D., Verreault, R., Lindsay, J., MacPherson, K., & Rockwood, K. (2001). 

Physical Activity and Risk of Cognitive Impairment and Dementia in Elderly 

Persons. Archives of Neurology, 58(3). 

https://doi.org/10.1001/archneur.58.3.498 

Livingston, J. M., McDonald, M. W., Gagnon, T., Jeffers, M. S., Gomez-Smith, 

M., Antonescu, S., Cron, G. O., Boisvert, C., Lacoste, B., & Corbett, D. 

(2020). Influence of metabolic syndrome on cerebral perfusion and 

cognition. Neurobiology of Disease, 137, 104756. 

https://doi.org/10.1016/j.nbd.2020.104756 

Lizcano, J. M., & Alessi, D. R. (2002). The insulin signalling pathway. In Current 

Biology (Vol. 12, Issue 7). Cell Press. https://doi.org/10.1016/S0960-

9822(02)00777-7 

Malik, V. S., Popkin, B. M., Bray, G. A., Després, J. P., Willett, W. C., & Hu, F. 

B. (2010). Sugar-sweetened beverages and risk of metabolic syndrome 

and type 2 diabetes: A meta-analysis. Diabetes Care, 33(11), 2477–2483. 

https://doi.org/10.2337/dc10-1079 

Mann, S., Beedie, C., & Jimenez, A. (2014). Differential effects of aerobic 

exercise, resistance training and combined exercise modalities on 

cholesterol and the lipid profile: review, synthesis and recommendations. In 

Sports Medicine (Vol. 44, Issue 2, pp. 211–221). Sports Med. 

https://doi.org/10.1007/s40279-013-0110-5 

McCracken, E., Monaghan, M., & Sreenivasan, S. (2018). Pathophysiology of 

the metabolic syndrome. Clinics in Dermatology, 36(1), 14–20. 

https://doi.org/10.1016/j.clindermatol.2017.09.004 

Mellendijk, L., Wiesmann, M., & Kiliaan, A. J. (2015). Impact of nutrition on 

cerebral circulation and cognition in the metabolic syndrome. In Nutrients 



 

69 
 

(Vol. 7, Issue 11, pp. 9416–9439). MDPI AG. 

https://doi.org/10.3390/nu7115477 

Molteni, R., Barnard, R. J., Ying, Z., Roberts, C. K., & Gómez-Pinilla, F. (2002). 

A high-fat, refined sugar diet reduces hippocampal brain-derived 

neurotrophic factor, neuronal plasticity, and learning. Neuroscience, 112(4), 

803–814. https://doi.org/10.1016/S0306-4522(02)00123-9 

Moy, G. A., & McNay, E. C. (2013). Caffeine prevents weight gain and cognitive 

impairment caused by a high-fat diet while elevating hippocampal BDNF. 

Physiology and Behavior, 109(1), 69–74. 

https://doi.org/10.1016/j.physbeh.2012.11.008 

Myers, J. (2014). New American Heart Association/American College of 

Cardiology Guidelines on Cardiovascular Risk. Mayo Clinic Proceedings, 

89(6), 722–726. https://doi.org/10.1016/j.mayocp.2014.03.002 

Nakagawa T, Hu H, Zharikov S, Tuttle KR, Short RA, Glushakova O, Ouyang X, 

Feig DI, Block ER, Herrera-Acosta J, Patel JM, Johnson RJ. A causal role 

for uric acid in fructose-induced metabolic syndrome. Am J Physiol Renal 

Physiol. 2006 Mar;290(3):F625-31. doi: 10.1152/ajprenal.00140.2005. 

Epub 2005 Oct 18. PMID: 16234313. 

Neeper, S. A., Góauctemez-Pinilla, F., Choi, J., & Cotman, C. (1995). Exercise 

and brain neurotrophins. Nature, 373(6510), 109–109. 

https://doi.org/10.1038/373109a0 

Niess, A. M. (2007). Response and adaptation of skeletal muscle to exercise - 

the role of reactive oxygen species. Frontiers in Bioscience, 12(12), 4826. 

https://doi.org/10.2741/2431 

O’Rourke, M. P., O’Brien, B. J., Knez, W. L., & Paton, C. D. (2008). Caffeine 

has a small effect on 5-km running performance of well-trained and 

recreational runners. Journal of Science and Medicine in Sport, 11(2), 231–

233. https://doi.org/10.1016/j.jsams.2006.12.118 

Packer, L., & Cadenas, E. (2007). Oxidants and antioxidants revisited. New 

concepts of oxidative stress. Free Radical Research, 41(9), 951–952. 

https://doi.org/10.1080/10715760701490975 

Panchal, S. K., Wong, W. Y., Kauter, K., Ward, L. C., & Brown, L. (2012). 

Caffeine attenuates metabolic syndrome in diet-induced obese rats. 

Nutrition, 28(10), 1055–1062. https://doi.org/10.1016/j.nut.2012.02.013 

Park, S., Jang, J. S., & Hong, S. M. (2007). Long-term consumption of caffeine 

improves glucose homeostasis by enhancing insulinotropic action through 



 

70 
 

islet insulin/insulin-like growth factor 1 signaling in diabetic rats. 

Metabolism, 56(5), 599–607. https://doi.org/10.1016/j.metabol.2006.12.004 

Petersen, M. C., & Shulman, G. I. (2018). Mechanisms of Insulin Action and 

Insulin Resistance. Physiological Reviews, 98(4), 2133–2223. 

https://doi.org/10.1152/physrev.00063.2017 

Plaskett, C. J., & Cafarelli, E. (2001). Caffeine increases endurance and 

attenuates force sensation during submaximal isometric contractions. 

Journal of Applied Physiology, 91(4), 1535–1544. 

https://doi.org/10.1152/jappl.2001.91.4.1535 

Pucci, G., Alcidi, R., Tap, L., Battista, F., Mattace-Raso, F., & Schillaci, G. 

(2017). Sex- and gender-related prevalence, cardiovascular risk and 

therapeutic approach in metabolic syndrome: A review of the literature. In 

Pharmacological Research (Vol. 120, pp. 34–42). Academic Press. 

https://doi.org/10.1016/j.phrs.2017.03.008 

Quan, H. Y., Kim, D. Y., & Chung, S. H. (2013). Caffeine attenuates lipid 

accumulation via activation of AMP-activated protein kinase signaling 

pathway in HepG2 cells. BMB Reports, 46(4), 207–212. 

https://doi.org/10.5483/BMBRep.2013.46.4.153 

Randle, P. J., Kerbey, A. L., & Espinal, J. (1988). Mechanisms decreasing 

glucose oxidation in diabetes and starvation: Role of lipid fuels and 

hormones. Diabetes/Metabolism Reviews, 4(7), 623–638. 

https://doi.org/10.1002/dmr.5610040702 

Reaven, G. M. (1988). Role of insulin resistance in human disease. Diabetes, 

37(12), 1595–1607. https://doi.org/10.2337/diab.37.12.1595 

Rippe JM. The health implications of sucrose, high-fructose corn syrup, and 

fructose: what do we really know? J Diabetes Sci Technol. 2010 Jul 

1;4(4):1008-11. doi: 10.1177/193229681000400433. PMID: 20663468; 

PMCID: PMC2909536. 

Roberts, C. K., Hevener, A. L., & Barnard, R. J. (2013). Metabolic Syndrome 

and Insulin Resistance: Underlying Causes and Modification by Exercise 

Training. In Comprehensive Physiology. John Wiley & Sons, Inc. 

https://doi.org/10.1002/cphy.c110062 

Roberts, S. P., Stokes, K. A., Trewartha, G., Doyle, J., Hogben, P., & 

Thompson, D. (2010). Effects of carbohydrate and caffeine ingestion on 

performance during a rugby union simulation protocol. Journal of Sports 

Sciences, 28(8), 833–842. https://doi.org/10.1080/02640414.2010.484069 



 

71 
 

Rogowski, O., Shapira, I., & Berliner, S. (2008). Exploring the usefulness of 

inflammation-sensitive biomarkers to reveal potential sex differences in 

relation to low-grade inflammation in individuals with the metabolic 

syndrome. Metabolism: Clinical and Experimental, 57(9), 1221–1226. 

https://doi.org/10.1016/j.metabol.2008.04.015 

Sachdev, S., & Davies, K. J. A. (2008). Production, detection, and adaptive 

responses to free radicals in exercise. Free Radical Biology and Medicine, 

44(2), 215–223. https://doi.org/10.1016/j.freeradbiomed.2007.07.019 

Saltiel, A. R., & Kahn, C. R. (2001). Insulin signalling and the regulation of 

glucose and lipid metabolism. In Nature (Vol. 414, Issue 6865, pp. 799–

806). Nature. https://doi.org/10.1038/414799a 

Sánchez-Lozada LG, Tapia E, Jiménez A, Bautista P, Cristóbal M, 

Nepomuceno T, Soto V, Avila-Casado C, Nakagawa T, Johnson RJ, 

Herrera-Acosta J, Franco M. Fructose-induced metabolic syndrome is 

associated with glomerular hypertension and renal microvascular damage 

in rats. Am J Physiol Renal Physiol. 2007 Jan;292(1):F423-9. doi: 

10.1152/ajprenal.00124.2006. Epub 2006 Aug 29. PMID: 16940562. 

Sato, Y., Nagasaki, M., Nakai, N., & Fushimi, T. (2003). Physical Exercise 

Improves Glucose Metabolism in Lifestyle-Related Diseases. Experimental 

Biology and Medicine, 228(10), 1208–1212. 

https://doi.org/10.1177/153537020322801017 

Savage, D. B., Petersen, K. F., & Shulman, G. I. (2007). Disordered lipid 

metabolism and the pathogenesis of insulin resistance. In Physiological 

Reviews (Vol. 87, Issue 2, pp. 507–520). American Physiological Society. 

https://doi.org/10.1152/physrev.00024.2006 

Scaglione, R., Di Chiara, T., Cariello, T., & Licata, G. (2010). Visceral obesity 

and metabolic syndrome: Two faces of the same medal? In Internal and 

Emergency Medicine (Vol. 5, Issue 2, pp. 111–119). Springer-Verlag Italia 

s.r.l. https://doi.org/10.1007/s11739-009-0332-6 

Schwartz, D. H., Leonard, G., Perron, M., Richer, L., Syme, C., Veillette, S., 

Pausova, Z., & Paus, T. (2013). Visceral fat is associated with lower 

executive functioning in adolescents. International Journal of Obesity, 

37(10), 1336–1343. https://doi.org/10.1038/ijo.2013.104 

Shinkov, A., Borissova, A. M., Kovatcheva, R., Vlahov, J., Dakovska, L., 

Atanassova, I., & Petkova, P. (2018). Increased prevalence of depression 

and anxiety among subjects with metabolic syndrome and known type 2 



 

72 
 

diabetes mellitus–a population-based study. Postgraduate Medicine, 

130(2), 251–257. https://doi.org/10.1080/00325481.2018.1410054 

Shulman, G. I., Rothman, D. L., Jue, T., Stein, P., DeFronzo, R. A., & Shulman, 

R. G. (1990).  Quantitation of Muscle Glycogen Synthesis in Normal 

Subjects and Subjects with Non-Insulin-Dependent Diabetes by 13 C 

Nuclear Magnetic Resonance Spectroscopy . New England Journal of 

Medicine, 322(4), 223–228. https://doi.org/10.1056/nejm199001253220403 

Slentz, C. A., Aiken, L. B., Houmard, J. A., Bales, C. W., Johnson, J. L., Tanner, 

C. J., Duscha, B. D., & Kraus, W. E. (2005). Inactivity, exercise, and 

visceral fat. STRRIDE: A randomized, controlled study of exercise intensity 

and amount. In Journal of Applied Physiology (Vol. 99, Issue 4, pp. 1613–

1618). https://doi.org/10.1152/japplphysiol.00124.2005 

Sökmen, B., Armstrong, L. E., Kraemer, W. J., Casa, D. J., Dias, J. C., 

Judelson, D. A., & Maresh, C. M. (2008). Caffeine use in sports: 

Considerations for the athlete. In Journal of Strength and Conditioning 

Research (Vol. 22, Issue 3, pp. 978–986). NSCA National Strength and 

Conditioning Association. https://doi.org/10.1519/JSC.0b013e3181660cec 

Souza, M. A., Oliveira, M. S., Furian, A. F., Rambo, L. M., Ribeiro, L. R., Lima, 

F. D., Corte, L. C. D., Silva, L. F. A., Retamoso, L. T., Corte, C. L. D., 

Puntel, G. O., De Avila, D. S., Soares, F. A. A., Fighera, M. R., De Mello, C. 

F., & Royes, L. F. F. (2009). Swimming training prevents pentylenetetrazol-

induced inhibition of Na +, K+-ATPase activity, seizures, and oxidative 

stress. Epilepsia, 50(4), 811–823. https://doi.org/10.1111/j.1528-

1167.2008.01908.x 

Srikanthan, K., Feyh, A., Visweshwar, H., Shapiro, J. I., & Sodhi, K. (2016). 

Systematic review of metabolic syndrome biomarkers: A panel for early 

detection, management, and risk stratification in the West Virginian 

population. In International Journal of Medical Sciences (Vol. 13, Issue 1, 

pp. 25–38). Ivyspring International Publisher. 

https://doi.org/10.7150/ijms.13800 

Steele, R. M., Brage, S., Corder, K., Wareham, N. J., & Ekelund, U. (2008). 

Physical activity, cardiorespiratory fitness, and the metabolic syndrome in 

youth. In Journal of Applied Physiology (Vol. 105, Issue 1, pp. 342–351). 

https://doi.org/10.1152/japplphysiol.00072.2008 

Sugiura, C., Nishimatsu, S., Moriyama, T., Ozasa, S., Kawada, T., & Sayama, 

K. (2012). Catechins and caffeine inhibit fat accumulation in mice through 



 

73 
 

the improvement of hepatic lipid metabolism. Journal of Obesity, 2012. 

https://doi.org/10.1155/2012/520510 

Tanaka, H., Gourley, D. D., Dekhtyar, M., & Haley, A. P. (2020). Cognition, 

Brain Structure, and Brain Function in Individuals with Obesity and Related 

Disorders. Current Obesity Reports, 9(4), 544–549. 

https://doi.org/10.1007/s13679-020-00412-y 

Tarantini, S., Valcarcel-Ares, M. N., Yabluchanskiy, A., Tucsek, Z., Hertelendy, 

P., Kiss, T., Gautam, T., Zhang, X. A., Sonntag, W. E., De Cabo, R., 

Farkas, E., Elliott, M. H., Kinter, M. T., Deak, F., Ungvari, Z., & Csiszar, A. 

(2018). Nrf2 Deficiency Exacerbates Obesity-Induced Oxidative Stress, 

Neurovascular Dysfunction, Blood-Brain Barrier Disruption, 

Neuroinflammation, Amyloidogenic Gene Expression, and Cognitive 

Decline in Mice, Mimicking the Aging Phenotype. Journals of Gerontology - 

Series A Biological Sciences and Medical Sciences, 73(7), 853–863. 

https://doi.org/10.1093/gerona/glx177 

Tillerson, J. ., Caudle, W. ., Reverón, M. ., & Miller, G. . (2003). Exercise 

induces behavioral recovery and attenuates neurochemical deficits in 

rodent models of Parkinson’s disease. Neuroscience, 119(3), 899–911. 

https://doi.org/10.1016/S0306-4522(03)00096-4 

Unger, R. H. (1995). Lipotoxicity in the pathogenesis of obesity-dependent 

NIDDM: Genetic and clinical implications. In Diabetes (Vol. 44, Issue 8, pp. 

863–870). American Diabetes Association Inc. 

https://doi.org/10.2337/diab.44.8.863 

Urzúa, Z., Trujillo, X., Huerta, M., Trujillo-Hernández, B., Ríos-Silva, M., Onetti, 

C., Ortiz-Mesina, M., & Sánchez-Pastor, E. (2012). Effects of chronic 

caffeine administration on blood glucose levels and on glucose tolerance in 

healthy and diabetic rats. Journal of International Medical Research, 40(6), 

2220–2230. https://doi.org/10.1177/030006051204000620 

Van den Berghe G. Fructose: metabolism and short-term effects on 

carbohydrate and purine metabolic pathways. Prog Biochem Pharmacol. 

1986;21:1-32. PMID: 3523498.  

Van Soeren, M. H., & Graham, T. E. (1998). Effect of caffeine on metabolism, 

exercise endurance, and catecholamine responses after withdrawal. 

Journal of Applied Physiology, 85(4), 1493–1501. 

https://doi.org/10.1152/jappl.1998.85.4.1493 



 

74 
 

Vasileva, L. V., Savova, M. S., Amirova, K. M., Dinkova-Kostova, A. T., & 

Georgiev, M. I. (2020). Obesity and NRF2-mediated cytoprotection: Where 

is the missing link? In Pharmacological Research (Vol. 156). Academic 

Press. https://doi.org/10.1016/j.phrs.2020.104760 

Vogel-Ciernia, A., & Wood, M. A. (2014). Examining object location and object 

recognition memory in mice. Current Protocols in Neuroscience, 2014(1), 

8.31.1-8.31.17. https://doi.org/10.1002/0471142301.ns0831s69 

Volk, L. J., Bachman, J. L., Johnson, R., Yu, Y., & Huganir, R. L. (2013). PKM-ζ 

is not required for hippocampal synaptic plasticity, learning and memory. 

Nature, 493(7432), 420–423. https://doi.org/10.1038/nature11802 

Wang, Y., & Xu, D. (2017). Effects of aerobic exercise on lipids and lipoproteins. 

In Lipids in Health and Disease (Vol. 16, Issue 1). BioMed Central Ltd. 

https://doi.org/10.1186/s12944-017-0515-5 

Ward, M. A., Carlsson, C. M., Trivedi, M. A., Sager, M. A., & Johnson, S. C. 

(2005). The effect of body mass index on global brain volume in middle-

aged adults: A cross sectional study. BMC Neurology, 5(1), 23. 

https://doi.org/10.1186/1471-2377-5-23 

Wardle, J., Chida, Y., Gibson, E. L., Whitaker, K. L., & Steptoe, A. (2011). 

Stress and adiposity: A meta-analysis of longitudinal studies. Obesity, 

19(4), 771–778. https://doi.org/10.1038/oby.2010.241 

Wilson, P. W. F., D’Agostino, R. B., Parise, H., Sullivan, L., & Meigs, J. B. 

(2005). Metabolic syndrome as a precursor of cardiovascular disease and 

type 2 diabetes mellitus. Circulation, 112(20), 3066–3072. 

https://doi.org/10.1161/CIRCULATIONAHA.105.539528 

Yaffe, K., Kanaya, A., Lindquist, K., Simonsick, E. M., Harris, T., Shorr, R. I., 

Tylavsky, F. A., & Newman, A. B. (2004). The metabolic syndrome, 

inflammation, and risk of cognitive decline. Journal of the American Medical 

Association, 292(18), 2237–2242. 

https://doi.org/10.1001/jama.292.18.2237 

Yang, D., Yang, Y., Li, Y., & Han, R. (2019). Physical Exercise as Therapy for 

Type 2 Diabetes Mellitus: From Mechanism to Orientation. In Annals of 

Nutrition and Metabolism (Vol. 74, Issue 4, pp. 313–321). S. Karger AG. 

https://doi.org/10.1159/000500110 

Yang, M., Jiang, Z. huan, Li, C. guang, Zhu, Y. juan, Li, Z., Tang, Y. zhao, & Ni, 

C. lin. (2018). Apigenin prevents metabolic syndrome in high-fructose diet-



 

75 
 

fed mice by Keap1-Nrf2 pathway. Biomedicine and Pharmacotherapy, 105, 

1283–1290. https://doi.org/10.1016/j.biopha.2018.06.108 

Yates, K. F., Sweat, V., Yau, P. L., Turchiano, M. M., & Convit, A. (2012). 

Impact of metabolic syndrome on cognition and brain: A selected review of 

the literature. Arteriosclerosis, Thrombosis, and Vascular Biology, 32(9), 

2060–2067. https://doi.org/10.1161/ATVBAHA.112.252759 

Zafar, U., Khaliq, S., Ahmad, H. U., Manzoor, S., & Lone, K. P. (2018). 

Metabolic syndrome: an update on diagnostic criteria, pathogenesis, and 

genetic links. In Hormones (Vol. 17, Issue 3, pp. 299–313). Springer. 

https://doi.org/10.1007/s42000-018-0051-3 

Zheng, X., Takatsu, S., Wang, H., & Hasegawa, H. (2014). Acute intraperitoneal        

injection of caffeine improves endurance exercise performance in 

association with increasing brain dopamine release during exercise. 

Pharmacology Biochemistry and Behavior, 122, 136–143. 

https://doi.org/10.1016/j.pbb.2014.03.027 

 


