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RESUMO 

Gonçalves NG. Síndrome metabólica e declínio cognitivo: papel do exercício físico [tese]. 

São Paulo: Faculdade de Medicina, Universidade de São Paulo; 2018. 

Evidências disponíveis na literatura sugerem uma conexão entre ingestão de frutose, 

síndrome metabólica e declínio cognitivo. Na sociedade ocidental, o aumento de casos de 

síndrome metabólica ocorreu em paralelo ao aumento do consumo de excesso de frutose na 

dieta. Além disso, animais que consomem excesso de frutose em sua dieta apresentam 

alterações típicas de resistência à insulina em seus cérebros, além de desenvolverem declínio 

cognitivo. Sabe-se que exercício físico é capaz de prevenir atrofia do hipocampo e atenuar 

declínio cognitivo. O objetivo desse estudo foi avaliar se exercício aeróbico é capaz de 

prevenir o declínio cognitivo associado a um excesso de frutose na dieta e investigar os 

mecanismos pelos quais isso poderia ocorrer. Ratos Wistar machos foram divididos em 

quatro grupos: controle sedentário, exercício, frutose sedentário e frutose+exercício. A 

memória operacional foi testada através do labirinto de Barnes.  A sinalização de insulina e 

de moléculas relacionadas ao exercício foram avaliados no hipocampo e no músculo 

quadríceps através de Western Blot e PCR em tempo real. A ingestão de excesso de frutose 

induziu declínio cognitivo que não foi atenuado pelo exercício. O hipocampo dos animais que 

ingeriram frutose não apresentou deficiência na sinalização de insulina, mas apresentou leve 

diminuição em BDNF e sinaptofisina, o que foi acompanhado de diminuição significativa da 

expressão de PGC1α tanto no músculo quanto no hipocampo. O musculo quadríceps dos 

animais alimentados com frutose também mostrou uma diminuição significativa na expressão 

da miocina irisina (FNDC5) e de genes ligados à autofagia, ao transporte de glicose (GLUT4) 

e à oxidação de ácidos graxos (NR4A3, PPARδ, Errα). Treino aeróbico foi incapaz de 

reverter todas essas alterações. Em contraste, tratamento metformina foi capaz de prevenir o 



 
 

declínio cognitivo de animais que ingeriram excesso de frutose. Podemos concluir que 

ingestão de frutose prejudicou a expressão de genes críticos à adaptação do músculo ao 

exercício e, como resultado, atenuou efeitos benéficos do exercício no cérebro. Tratamento 

com metformina preveniu a queda na expressão de FNDC5 e BDNF e, consequentemente, o 

declínio cognitivo em ratos alimentados com frutose através de uma ação direta no cérebro, 

apesar de não prevenir os efeitos deletérios da frutose no músculo esquelético. 

Descritores: frutose; exercício físico; músculo esquelético; hipocampo; metformina; 

memória operacional; coativador 1-alfa do receptor gama ativado por proliferador de 

peroxissomo 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

ABSTRACT 

Gonçalves NG. Metabolic syndrome and cognitive decline: role of physical exercise 

[thesis].São Paulo: “Faculdade de Medicina, Universidade de São Paulo”; 2018.  

 

Available evidence in the literature suggests a link between fructose ingestion, Metabolic 

Syndrome and cognitive impairment. In Western society, the rise in the frequency of 

Metabolic Syndrome was paralleled by a rise in consumption of a high fructose diet. 

Moreover, molecular alterations typically related to insulin resistance have been found in 

brains of fructose-induced insulin-resistant rats, and these rodents also develop cognitive 

deterioration. Physical exercise is well known to prevent hippocampal atrophy and to 

attenuate cognitive decline. The objective of this study was to evaluate if aerobic training can 

ameliorate cognitive decline associated with excessive fructose ingestion and to investigate 

the pathways through which this might occur. Male Wistar rats were divided into four 

groups: sedentary control, exercise, sedentary fructose, fructose+exercise. Working memory 

was assessed on the Barnes Maze. Intracellular insulin and exercise-related signaling 

molecules of the hippocampus and quadriceps femori were assayed using Western blot and 

Real time PCR. Fructose ingestion induced cognitive decline which was not attenuated by 

exercise. Insulin signaling was not impaired in the hippocampus in the fructose-fed animals, 

but there was a slight decrease in BDNF and synaptophysin in the hippocampus, 

accompanied by a significant decrease in exercise-induced expression of PGC1α both in the 

hippocampus and the muscle of exercised animals that ingested fructose. The quadriceps 

femori of fructose-fed animals also showed a significant decrease in expression of the 

myokine irisin (FNDC5) and of genes related to autophagy, glucose transport (GLUT4) and 

fatty acid oxidation (NR4A3, PPARδ, Errα). Exercise training was unable to reverse all of 

these alterations.  Contrarily, metformin administration ameliorated cognitive decline in 

fructose-fed rats. We conclude that fructose feeding impaired expression of genes that are 



 
 

critical to skeletal muscle adaptation to exercise, which in turn attenuated the beneficial 

effects of exercise in the brain. Treatment with metformin was able to prevent the decline in 

expression of FNDC5 and BDNF ameliorating cognitive decline in fructose fed rats by direct 

action in the brain, despite being unable to reverse the effects of fructose feeding in the 

muscle. 

Descriptors: fructose; exercise training; muscle, skeletal; hippocampus; metformin; working 

memory; peroxisome proliferator-activated receptor gamma coactivator 1-alpha 
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1. Introduction 

 1.1 Background 

The contribution of chronic diseases in morbidity and mortality in most countries in 

the world experienced and will probably continue to experience a substantial and progressive 

rise in the next decade (1). As an illustration, chronic diseases were estimated to be 

responsible for more than 60% (35 million) of all deaths in low- and middle-income countries 

in 2005 (2). Among chronic diseases, a group – namely cardiovascular disease, diabetes, 

cancer and chronic respiratory disease – stand out. This group is estimated to account for 

52% of all deaths in low and middle income countries in 2005 and this proportion will 

probably rise to 62% in 2030, in the case of unchanged epidemiologic panorama (2). These 

diseases were not segregated in a group in an artificial manner. All of them have in common 

the fact that they are strongly associated to lifestyle or environmental factors and are not 

caused by infectious agents. Additionally, there is apparently an underlying 

pathophysiological bond among cardiovascular disease, diabetes and cancer, which is 

suggested by the association of central adiposity with elevated risk of type 2 Diabetes 

Mellitus (DM2), atherosclerosis progression and coronary heart disease. Thus, Metabolic 

Syndrome (MetS) – a condition characterized by the co-occurence of abdominal obesity, 

impaired glucose tolerance, atherogenic dyslipidemia and high blood pressure (Table 1) (3) – 

might be the condition that unifies the great causes of morbidity and mortality in the world 

with a shared underlying pathophysiological background. 

MetS is a major public health problem. Estimates using data from to the National 

Health and Nutrition Examination Survey (NHANES) from 1988 to 1994, the prevalence of 

MetS in the adult population was 23.7% when the definition of the National Cholesterol 

Education Program Adult Treatment Panel (NCEP-ATP III) was used and 25.1% if one uses 

the World Health Organization (WHO) definition (4). It is worthy of note that about 25% of 



2 
 

 
 

the United States population has MetS regardless how it is defined. Brazil is in no better 

condition: most surveys conducted in the Brazilian population point to a MetS frequency of 

about 30% (5-14)  with extreme values of 19%  in the urban population of Salvador, BA (13)  

and alarming 56.1% among people residing in the city of São Paulo, SP (14) . This places 

MetS as one of the most prevalent conditions in our population. 

 

Table 1. Criteria for definition of Metabolic Syndrome according to the International 

Diabetes Federation (IDF) 

According to the IDF definition, for a person to be defined as having the Metabolic Syndrome he/she 

must have: 

Central obesity (defined as waist circumference with ethnicity specific values) 

Plus any two of the following four factors: 

Raised triglycerides 
≥ 150 mg/dL (1.7 mmol/L) or treatment for this 

lipid abnormality 

Reduced HDL cholesterol 

< 40 mg/dL (1.03 mmol/L) in males 

< 50 mg/dL (1.29 mmol/L) in females 

or treatment for this lipid abnormality 

Raised blood pressure 

Systolic BP ≥ 130mmHg or diastolic BP ≥ 

85mmHg or treatment for previously diagnosed 

hypertension 

Raised fasting plasma glucose 
≥ 100 mg/dL (5.6 mmol/L) or previously 

diagnosed type 2 diabetes 
Modified from The IDF consensus worldwide definition of the Metabolic Syndrome (3) 

The label of MetS brings important implications. A patient with MetS is an individual 

with high risk of developing DM2 (relative risk (RR) of 3.5 to 5.2, depending on which 

criterion is used,   (15)) and that also presents high risk of adverse cardiovascular events (RR 

of 1.5 to 2 (16)). Although other clinical and laboratorial features are more efficient than 

presence or absence of MetS in the prediction of risk in developing cardiovascular events or 

DM2, the diagnosis of MetS allows for the identification of a subset of patients that present 

higher cardiometabolic risk due to a shared pathophysiology which also confers high risk for 

other chronic diseases (17) . The MetS patients have a significantly higher risk of developing 

non-alcoholic fatty liver disease (18) , cholelithiasis (19) , obstructive sleep apnea (20), breast 
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cancer in post-menopausal women (21), prostate cancer (22) and pancreatic adenocarcinoma 

(23). Even more, patients with MetS frequently exhibit endocrine and reproductive alterations 

compatible with polycystic ovary syndrome (24). These associations show that MetS is not 

limited to cardiometabolic risk and suggests that due to the shared underlying 

pathophysiological background, the correction of metabolic abnormalities of MetS has the 

potential to reduce the risk for other chronic diseases. 

Recently, several lines of evidence have shown a connection between MetS and 

cognitive decline and dementia. Dementia is a phenotype caused by neuropathological 

processes that result in severe loss of cognitive function that interferes in a person’s social 

and/or occupational activities (25, 26). The causes of dementia include neurodegenerative 

processes or vascular lesions such as multiple infarcts, subcortical ischemia or strategic 

infarction (27). Alzheimer`s disease (AD) is the most common cause of dementia in the 

elderly, being accountable for 50 to 70% of all cases (28). AD is a progressive 

neurodegenerative disease that affects mainly cerebral cortex, including the hippocampus, 

leading to cognitive decline, especially in memory and executive functions followed by 

complete dependence for care and death (25, 29, 30). Dementia and AD may be considered 

typical diseases of the elderly. More than 33% of women and 20% of men aged 65 and over 

will eventually develop dementia (31) and the frequency of dementia increases exponentially 

from this age on. Interestingly, there is a parallel between the frequency of dementia and that 

of MetS as the prevalence of the latter also rises considerably from 60 years of age (32). 

The coincidence between cognitive decline and MetS goes beyond the fact that both 

are more frequent in the elderly. Epidemiologic studies suggest that hypertension (33, 34) , 

glucose intolerance (35), dyslipidemia (36), obesity (37) and central obesity (38) are 

associated with increased risk of cognitive decline.  
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All of the alterations mentioned above are individual components of MetS. When 

MetS is examined in the light of cognitive decline, an estabilished diagnosis of MetS 

increased the risk of cognitive decline, especially if the patient showed high concentrations of 

inflammatory markers (interleukin 6 and C-reactive protein (36)). Similar results were found 

among Hispanic-American elderly (with high prevalence of MetS (39)) and among the Dutch 

(31) . It is worthy of note that both studies identify that the most important predictor of 

cognitive decline was the alteration in glucose metabolism (fasting hyperglycemia or DM). 

This fact suggests that insulin resistance – which, along with visceral adiposity, is one of the 

sine qua non conditions of MetS (17) – might be detrimental to cognition. 

The two major neuropathological characteristics of AD are extracellular plaques of β 

amyloid (Aβ) and intracellular neurofibrillary tangles (NFT) of hyperphosphorylated tau 

protein (29). The β amyloid peptide results from cleavage of the amyloid precursor protein 

(APP). APP is cleaved by enzymes γ-secretase and α-secretase, resulting in a fragment of 40 

amino acids (Aβ1-40) in the non-amyloidogenic pathway, or by enzymes γ-secretase and β-

secretase, resulting in a neurotoxic fragment of 42 amino acids (Aβ1-42), in the amyloidogenic 

pathway (40). The major component of NFT is tau protein – a stabilizer of microtubules 

which is soluble under normal conditions. According to the amyloid cascade hypothesis the 

central event in AD is the imbalance between production and removal of the Aβ1-42 fragment 

in the brain, leading to insoluble plaques. Under toxic concentrations of Aβ, soluble 

monomers of tau protein aggregate and form NFTs. The accumulation of amyloid plaques as 

well as the formation of NFTs are deleterious to the structure and function of neurons, 

resulting in neuronal loss and clinical manifestations of AD (40, 41). 

AD shares many pathophysiological characteristics with DM2, including insulin 

resistance and glucose intolerance, oxidative stress, inflammation and amyloid aggregation in 

the pancreas (in DM2) or in the central nervous system (in AD) (42). These shared alterations 
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suggest that the same pathways might be disrupted in both diseases. It is not yet clear if the 

insulin signaling disruption is the cause or the consequence of cognitive decline or if it just 

accompanies it. There is however evidence that insulin resistance in the central nervous 

system (CNS) and the cognitive deficit might be concurrent with the insulin resistance in 

peripheral tissues and that CNS insulin resistance has a major role in AD.  Peripheral insulin 

resistance is frequent in AD patients (43) and the induction of peripheral insulin resistance in 

experimental animals attenuates the insulin receptor activation in the CNS (44, 45). Also, 

brain tissue of AD patients, even the non-diabetic ones, show resistance to both insulin and 

insulin-like growth factor 1 (IGF-1) (46). Finally, presence of peripheral insulin resistance is 

associated with increased accumulation of amyloid plaques in the brain (47). 

Insulin signaling is important to neurite growth, myelinated fiber regeneration and 

neural plasticity (48). Thus it is expected that disruption in insulin signal transduction might 

lead to cognitive deficit. Several other mechanisms linked to insulin resistance might 

participate in the neurodegenerative processes of AD as well. Insulin binds to is receptor on 

the cell surface which induces phosphorylation of tyrosine residues in the intracellular moiety 

of the insulin receptor (IR) as well as the docking and phosphorylation of tyrosine residues of 

insulin receptor substrate 1 (IRS1). The most important consequence of IRS1 

phosphorylation is the activation of the phosphatidylinositol 3-kinase (PI3K)/Protein kinase B 

(Akt/PKB) pathway (49). PI3K activates Akt through phosphorylation of its serine 473 e 

threonine 308. Then, Akt phosphorylates many substrates, activating anti-apoptotic factors 

and inactivating pro-apoptotic factors in the neuron (50), increasing glucose metabolism, 

adenosine triphosphate (ATP) production, insulin degrading enzyme (IDE) activity and 

decreasing glycogen synthase kinase 3 (GSK3) activity (51). Additionally, PI3K/Akt pathway 

mediates glucose translocation from the extracellular to the intracellular space via 

translocation of glucose transporter 4 (GLUT4) to the cell surface and the inhibition of liver 
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gluconeogenesis via phosphorylation and inhibition of transcription factor Forkhead box class 

O (FoxO) 1 (49). 

One of the consequences of insulin resistance is the disruption of the PI3K/Akt 

pathway (52). Disruption in this pathway affects all ATP-dependent cellular processes and 

increases GSK3 activity (53). GSK3 is a serine-threonine kinase that has many substrate 

molecules, including glycogen synthase, tau protein, IRS1 and γ-secretase (54). GSK3 

negatively regulates glycogen synthesis (51) and insulin signaling (54), increases tau protein 

phosphorylation leading to destabilization of axonal microtubules and NFT formation (53) 

and induces Aβ1-42 accumulation as a consequence of increased γ-secretase activity (52). 

Increased activity of GSK3 is also implicated in neuronal death (55). Therefore, the PI3K/Akt 

pathway disruption might promote the accumulation of amyloid plaques and NFTs. 

The role of insulin resistance in the AD pathogenesis is not limited to its potential 

involvement in the promotion of aggregation of Aβ1-42 and NFTs. Insulin as well as IGF-1 

protect neurons from the synaptotoxic effects of soluble Aβ oligomers, also known as 

amyloid beta-derived diffusible ligands (ADDLs) (56). ADDLs are capable of binding to 

sites located at specific synapses. Once bound, ADDL inhibits long term potentiation (a 

classical paradigm of synaptic mechanisms related to memory), induces 

hyperphosphorylation of tau, oxidative stress, deterioration of synapses, loss of synaptic 

spines and loss of IR in the neuron surface (57). The protective action of insulin against 

ADDL effects requires an intact IR tyrosine kinase activity (57). As expected, this protective 

effect is diminished in both insulin and IGF-1 resistance (56). 

In addition to the negative impact of insulin resistance in the integrity and function of 

neurons, cognitive decline in MetS could result from the low grade chronic inflammation that 

accompanies central obesity  (58). Activation of inflammatory signaling by tumor necrosis 

factor alpha (TNFα) results in phosphorylation of serines 636 and 639 of IRS-1 by both c-Jun 
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N-terminal kinase (JNK) and  inhibitor of NF-κB kinase (IKK) (59) – a phenomenon 

typically associated with peripheral insulin resistance (60). Increased levels of TNFα are also 

directly correlated to cognitive decline (61, 62), probably due to JNK induced neuronal 

apoptosis (63, 64). 

 

1.2 Skeletal Muscle and Metabolic Syndrome 

The skeletal muscle has a major role in both metabolic health and the genesis of 

Metabolic Syndrome. Rodents fed with a sucrose and lipid-rich diet present insulin resistance 

in skeletal muscle before presenting increased body adiposity or increased adipocyte size in 

abdominal fat (65). Additionally, skeletal muscle insulin resistance is a characteristic feature 

in DM2 patients (65). The association between skeletal muscle insulin sensitivity and 

metabolic health is not a coincidence. Skeletal muscle is the major site of glucose uptake in 

the organism (66).  The skeletal muscle represents about 40% of body mass in a healthy 

adult, is responsible for approximately 30% of resting metabolic rate and 80% of insulin-

stimulated glucose uptake. These figures show the critical role of the skeletal muscle in the 

regulation of glucose and metabolic homeostasis (67). 

Skeletal muscle is unique among insulin-sensitive organs as it can improve its insulin 

sensitivity through voluntary contraction (physical exercise) – its typical function. Indeed, 

both animal and human studies show that exercise improves insulin sensitivity (68). Beyond 

that, there is a well-documented inverse relationship between physical activity and risk of 

developing chronic diseases, including obesity, MetS and DM2 (69, 70). For this reason, the 

study of the contraction-dependent molecular and cellular alterations in the regulation of 

skeletal muscle insulin sensitivity is fundamental to understanding MetS and DM2 

pathophysiology. 
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The bulk of knowledge about the link of exercise and insulin sensitivity comes from 

acute exercise in animal models. Acute exercise increases insulin sensitivity, induces IR and 

IRS1 tyrosine phosphorylation and decreases protein tyrosine phosphatase 1B (PTP1B) 

activity, IRS1 serine phosphorylation and inflammatory signalization in skeletal muscle of 

diet-induced obese rats (71). The benefits of acute exercise only last 48 hours (72). 

Additionally, protein post-translational modifications and changes in abundance derived from 

acute exercise may cease with repeated physical activity despite persisting insulin sensitivity 

(72). Chronic exercise training promotes mitochondrial biogenesis, angiogenesis, muscle 

fiber-type switch and improves insulin sensitivity (73, 74) through the activation of PGC1α 

and several transcription factors, including Errα, PPARδ, NR4A3 and FoxO3A (75) (Fig 1). 

These alterations improve metabolic homeostasis and therefore are considered the mediators 

of exercise training benefits.  

Exercise also activates autophagy in several tissues. Autophagy is a self-degradative 

process activated in response to an energy stress or during critical moments in the 

development to provide cells with an alternative energy source. Autophagy has also a role in 

removal of misfolded or aggregated proteins, damaged organelles and intracellular pathogens 

(76). The term autophagy comprises three different processes all of which involve 

sequestration and proteolytic degradation of cytoplasmic components at lysosomes: macro-

autophagy, micro-autophagy and chaperone-mediated autophagy. Macro-autophagy is the 

most well-known form of autophagy and involves the formation of a double membrane 

vesicle containing the structure targeted to degradation and the fusion of this vesicle to the 

lysosome, while in micro-autophagy and in chaperone-mediated autophagy the material that 

will undergo proteolytic degradation is- respectively, delivered directly to the lysosome by 

lysosomal invagination or by mechanism that involves chaperone proteins (76). Autophagy 



9 
 

 
 

 

 

Figure 1. Signaling pathways activated by muscle contraction. Instracellular sensors transduce the 

mechanical, energetic and oxidative stresses generated by muscle contraction and induce transcription of 

PGC1α. PGC1α then co-activates several transcription factors including Errα, PPARδ, NR4A3 and FoxO3A. 

This results in adaptive resposes which include enhanced glucose and lipid metabolism, mitochondrial 

biogenesis and muscle fiber switch. Figure from Ferraro et al, 2004 (75). 

 

is frequently used as synonym for macro-autophagy (as we will do throughout in this thesis). 

Autophagy can be induced in in skeletal and cardiac muscles (77), liver, pancreatic β cells, 

adipose tissue and brain (78) in response to acute exercise. Autophagy can also occur 

independently of exercise induction, (basal autophagy) and functions as a housekeeping 

mechanism cleaning celss of dysfunctional molecules and organelles, maintaining cell 

homeostasis. More than 30 autophagy-related genes (Atg) have been described. The proteins 

encoded by Atg genes form different complexes during the various steps of the autophagy 
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process (75), which include the formation of the autophagosome (autophagic vacuole) – a 

double membrane vesicle that engulfs the structure targeted to degradation - which will then 

fuse to lysosomes, allowing defective organelles and proteins to be digested by lysosomal 

hydrolases (75) (Fig 2). Autophagy also enhances survival during nutritional stress imposed 

by decreased nutrients, therefore turning the degraded intracellular material an alternative 

source of energy (75). Defective autophagic response to exercise results in defective 

translocation of GLUT4 in skeletal muscle, decreased muscle 5’ adenosine monophosphate-

activated protein kinase (AMPK) activation, glucose uptake and insulin sensitivity (77). Mice 

with defective acute autophagic response to exercise are glucose intolerant – an alteration that 

is not corrected by exercise training (77). Voluntary chronic exercise training increases basal 

autophagy in skeletal muscle and the integrity of this response is required for exercise 

training-induced muscle remodeling (79). The maintenance of skeletal muscle mass and the 

preservation of myofiber integrity depend on the balance between protein synthesis and 

protein degradation. Along with autophagy, the ubiquitin-proteasome activity is another 

proteolytic process that mediates protein degradation in cells. Activation of mTORC2 during 

exercise prevents protein degradation by phosphorylating and inhibiting fokhead box (FoxO) 

class of transcription factors which, in turn, prevents activation of both muscle ring finger 

protein – 1 (Murf-1) and atrogin/muscle atrophy f-box (MAFBx), two E3 ubiquitin ligases, 

which promote the ubiquitination and the proteasome-mediated degradation of critical 

sarcomeric proteins (75). Dephosphorylated FoxOs migrate into the nucleus and activate 

transcription of genes that control muscle mass and autophagy including Murf-1, MAFBx, 

beclin, LC3 and Atg 12, creating a fine balance between protein synthesis and protein 

degradation (75) (Fig 2). 
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The data presented above show the importance of skeletal muscle adaptation to 

exercise training in metabolic health and suggest that interference in the muscle remodeling 

response to exercise training may be a mechanism through which metabolic diseases emerge. 

 

 

 

Figure 2. Exercise-induced activation of autophagy. Autophagy is a multi-step process in which 

damaged proteins and organelles are enveloped into autophagosomes. The autophagosome formation requires 

interaction of several proteins, including beclin, Atg5, Atg7, Atg9, Atg12 and LC3. The autophagosome is then 

fused with the lysosome, becoming autophagolysosome. The sequestered organelles and proteins are then 

digested by lysosomal hydrolases. Damaged proteins are also recycled via the ubiquitin-proteasome activity. 

Activation FoxO3 leads to increased activity of E3 ligases Murf-1 and MAFBx (Atrogin-1), which in turn 

promote the ubiquitination and proteasome-mediated degradation of damaged sarcomeric proteins. On the other 

hand, exercise-induced activation of mTORC2 inhibits cytoplasmic FoxO, and consequently Murf-1 and 

MAFBx, preventing excessive degradation of proteins, keeping the fine balance between protein synthesis and 

protein degradation. Figure from Ferraro et al, 2004 (75). 
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1.3 Fructose metabolism and Metabolic Syndrome 

In Western society, the rise in MetS frequency was paralleled by a rise in 

consumption of a high fructose diet (80, 81). Excess fructose in the diet has long been known 

to induce MetS in rodents, causing metabolic changes including insulin resistance (82, 83), 

hepatic stress response and dyslipidemia (83-85). Notably these alterations are also observed 

in humans exposed to high fructose beverages, such as soft drinks (86, 87). Additionally, 

long-term fructose feeding decreases leptin levels and the adipose tissue lipid storing capacity 

(88) and even impairs the ability of the muscle to restore glycogen reserve after fasting or 

exercise (89). 

To understand the origin of such alterations, one must first understand how fructose is 

metabolized. The liver is the major site of fructose metabolism which breaks fructose down 

into  

metabolic intermediates that enter promptly the triose pool in a process that bypasses the 

phosphofructokinase rate-limiting step in glycolysis. The expansion of triose phosphate 

pool is responsible for metabolic adaptations to acute fructose load while the responses to 

long-term load will depend on enzymatic adaptation (90). 

The metabolic consequences of fructose loading depends on the feeding status. In the 

liver of fructose-fed animals, the increase in the flux through glycolytic pathway leads to 

lactate production, activation of pyruvate dehydrogenase and enhancement of oxidative 

pathway with carbon dioxide and ketone body production (90). This metabolic environment 

also favors esterification of non-esterified fatty acids (NEFAs) augmenting the liver 

production and secretion of very low density lipoprotein (VLDL) (90) (Fig. 3). In starved 

animals, activation of gluconeogenesis enzymes leads to formation of glucose from fructose 

(90). Long-term load of fructose causes the liver to form more glucose and glycogen from 

fructose and respond more intensely to the actions of fructose in promoting VLDL output. 
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In adipose tissue, fructose impairs both glucose utilization and esterification of fatty 

acids. This raises NEFAs concentration and increases VLDL production. Increased 

concentration of triglyceride and NEFAs impair glucose utilization in skeletal muscle (90). 

The consequence is increased insulin resistance, hyperinsulinemia and formation of a 

vicious cycle in which insulin resistance will stimulate the already increased VLDL 

production by the liver. Thus chronic fructose feeding will produce metabolic derangement 

similar to that found in MetS. 
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Figure 3. Fructose and glucose metabolism. The liver is the major site of fructose metabolism which 

breaks fructose down into metabolic intermediates that enter promptly the triose pool in a process that 

bypasses the phosphofructokinase rate-limiting step in glycolysis. This leads to enhanced production of lactate 

and pyruvate and the activations of oxidative pathway with the formation of ketone bodies. This metabolic 

environment also favors the production of non-esterified fatty acids (NEFAs) and the production and secretion 

of very low density lipoprotein. Modified from Mayes, PA, 1993 (90). 
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1.4 Role of fructose in cognitive decline 

 Several lines of evidence have shown that the negative effects of fructose load are not 

limited to peripheral tissues, but also occur in the central nervous system (CNS), being a risk 

factor to cognitive decline and dementia (91).  

 Based on existing evidence, the pathophysiology underlining the cognitive decline 

linked to a fructose-rich diet can be summarized into two general pathways:  

1. Insulin resistance. The brain was once considered an insulin-insensitive organ, but it is 

now estabilished that insulin plays an important role in several areas of the brain, including 

the hippocampus. Insulin action is required neuronal survival, synaptic plasticity, learning 

and memory (92) (Fig. 4). Nutritionally induced insulin resistance significantly affects the 

neural insulin signaling pathway (44), decreasing brain-derived neurotrophic factor (BDNF) 

protein expression and dendritic spine density (93), which is accompanied by decreased 

phosphorylation of cAMP response element-binding protein (CREB) and synapsin and 

synaptophysin levels in fructose-fed rats (94). In this model, improvement of insulin 

resistance by dietary supplementation of n-3 fatty acid is paralleled by amelioration of 

deficiency in BDNF, synapsis and synaptophysin concentrations and in CREB 

phosphorylation (94), suggesting that brain insulin resistance may contribute to cognitive 

impairment.  

2. Hypertriglyceridemia. The n-methyl-d-aspartate (NMDA) receptor is the predominant 

receptor for controlling synaptic plasticity and memory function (95). For the receptor to be 

activated, both glutamate and glycine must bind to it, which in turn, opens the ionic channel 

and allow the entry of Na+ and Ca2+ ions to enter the post-synaptic neuron. This, in turn, 

results in depolarization of the neuron (96) which is important for various forms of synaptic 

plasticity, including long-term potentiation and for hippocampal-dependent spatial learning 
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and memory (97) (Fig 4). High levels of triglyceride induced by excess of fructose in the diet 

impair NMDA-mediated maintenance of hippocampal long-term synaptic potentiation and 

induces oxidative stress in the brain (98), causing cognitive decline in both humans (99) and 

rodents (98). Lowering triglycerides can reverse the cognitive impairment in the brain by also 

reducing oxidative stress (98). 

 

Figure 4. Insulin- and NMDA-signaling in the neuron. Insulin binds to its cognate receptor on the neuron cell 

surface, leading to the activation of IRS and the PI3K-Akt pathway. This in turn, promotes neuronal survival, 

activates anti-apoptotic factors and inactivates GSK3β, preventing the phosphorylation and destabilization of 

microtulubes. Glutamate and glycine bind to the NMDA receptor, opening the ionic channel and allowing the 

entry of positive ions in the neuron. This leads to long-term potentiation and learning and memory. Figure by 

Natalia Gomes Gonçalves. 

 

 Exercise has the ability to improve multiple aspects of MetS  (100-102) and to reduce 

high fat diet-induced cognitive decline (103), but its effects in fructose-induced cognitive 

decline are not known. Given that athletes and the general public often consume energy 
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drinks and other beverages that contain substantial amounts of fructose (104-106), it is 

important to investigate this issue. Therefore we designed this study to investigate if ingestion 

of fructose can impair working memory and the mechanisms by which this might occur and if 

exercise can prevent these effects.  
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2. Aims and Objectives  

In view of the known positive effects of exercise in memory, learning, insulin 

sensitivity and metabolic syndrome, the objectives of this study are:  

 

1. To evaluate if physical training is can reverse experimental insulin resistance 

caused by fructose ingestion associated cognitive decline;  

2. To verify if the improvement of cognitive function is a result of enhanced insulin 

sensitivity, diminished inflammation activity or another mechanism. 

 

In order to achieve these aims, rats were be submitted to a protocol of inductions of 

metabolic syndrome. Animals´ memory was be evaluated with cognitive testing in the Barnes 

Maze and intracellular signaling molecules from hippocampus were be assessed for insulin 

resistance and inflammatory pathways by Western Blot and Real Time PCR, as discussed in 

the next session. 
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3. Methods 

 3.1 Animals  

Eight week old male Wistar rats were used in this study. They were kept in cages with 

4-5 animals under a 12h light/dark cycle. Animals were randomly assigned into the following 

groups:  

1. Control (C) – rats did not undergo exercise training, fructose feeding or metformin 

treatment 

2. Exercise (E) - rats underwent exercise training, but not fructose feeding or metformin 

treatment 

3. Frutose (F) – rats were given standard chow (2990kcal/kg) as a solid diet and a 15% 

fructose solution was given as drinking solution but did not undergo exercise training 

or metformin treatment. 

4. Fructose+Exercise (FE) - rats were given standard chow (2990kcal/kg) as a solid diet 

and a 15% fructose solution was given as drinking solution. Additionally they 

underwent exercise training but not metformin treatment. 

5. Fructose+Metformin (FM) - rats were given standard chow (2990kcal/kg) as a solid 

diet and a 15% fructose solution was given as drinking solution. They also received 

metformin in the drinking water (500mg/kg/day) (107). These rats did not undergo 

exercise training. 

 

All animals underwent 8 weeks of experimental treatment. Animals in the 

exercise/fructose protocol were trained in the Barnes maze for 5 days after the 8 weeks of the 

protocol. The test in the maze occurred 48h after the last training session. Twenty-four hours 

after the test their tissues were harvested (Fig.5A). Animals in the metformin/fructose 

protocol were trained in the Barnes maze for 5 days in the week before the beginning of the 
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experimental protocol. In the first day of experimental protocol animals were tested in the 

Barnes Maze which was followed by the beginning of the metformin/fructose treatment. 

Animals were tested in the maze every 2 weeks during treatment until 8 weeks of treatment, 

after which there was tissue collection (Fig.5B). 

This study was approved by the Ethics Committee of University of São Paulo School 

of Medicine under the number 073/13 and all animal experiments were performed according 

to procedures approved at our institution.  

 

 3.2 Treadmill exercise protocol 

Rats were initially adapted to the treadmill (KT 400, Imbramed, RS, Brasil, Fig. 6) for 

3 days (10min/day, 0,3km/h). After that, a maximal exercise capacity test was performed 

with an initial velocity of 0,3km/h for 5 minutes followed by an increase of 0,1km/h every 

1,5min until animal exhaustion. Total test time, velocity and distance were recorded for each 

rat. Rats were trained at moderate intensity (60% of maximal velocity) for 60 min/day, 5 days 

a week for 8 weeks. After 8 weeks, the maximal exercise capacity test was repeated. Aerobic 

training began the same day as the beginning of the fructose diet (Fig. 6). No electrical shock 

was applied to the animals during all the protocol. 

 

 3.3 Barnes Maze 

All animals were trained in the Barnes Maze (108) with Poucet’s modification (109) 

in order to evaluate working memory (110).  

The apparatus consisted of a circular platform, 115cm diameter with 18 equally-

spaced circular holes 8cm in diameter. A dark escape box was located beneath one of the 

holes. The start box was an open-ended cylinder 30cm in diameter located in the center of the 
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platform. Extra-maze clues were placed around the room (Fig. 7). A video camera was 

positioned 1,60m above the maze.  

 

Figure 5. Overview of the experimental protocol. A. Animals were trained in the Barnes maze for 5 days after 

the 8 weeks of exercise/fructose protocol and 48h after the last training session. 24h after the test there was 

tissue collection. B. Animals were trained in the Barnes maze for 5 days in the week before the beginning of the 

experimental protocol. In the first day of experimental protocol animals were tested in the Barnes Maze which 

was followed by the beginning of the metformin/fructose treatment. Animals were tested in the maze every 2 

weeks during treatment until 8 weeks of treatment, after which there was tissue collection. Figure by Camila 

Vega and Chin Jia Lin. 
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Figure 6. Treadmill exercise training. Picture: Natalia Gomes Gonçalves. 

 

For the behavioral procedures, animals were trained to locate the escape box for 5 

days after 8 weeks of the exercise/fructose protocol (Fig. 5A) or animals were trained to 

locate the escape box for 5 days in the week before the beginning of the metformin/fructose 

protocol and every 2 weeks during the experimental protocol until 8 weeks of treatment (Fig. 

5B). The location of the escape box was arbitrarily chosen for the first day of trial. Afterward, 

before the trials of subsequent days, the escape box was randomly relocated to a new position 

which was used in all trials of that day. On the first day of the maze, the rats were free to 

explore the maze for 4 minutes and then they were put inside the escape box for 1 min. No 
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data were collected in the first day. On the other 5 days animals were given 2 trials a day with 

1h interval between trials. In the first trial (acquisition) the animal learned the location of the 

escape box that day. The second trial (test) was given 1 hour after the first to evaluate the 

retention of the memory. In both acquisition and test, the trial began with positioning the 

animal inside the start box which was placed at the center of the maze. After 30s the animal 

was released and allowed to explore the maze to look for the escape box. An aversive noise 

was played during the time the animal was exploring the maze and was turned off as soon as 

the trial ended. The trial ended when the animal found the escape box or if the animal did not 

find the box after a pre-determined time (3 min). The parameters used to evaluate retention of 

memory were number of errors (number of nose pokes in holes that did not contain the 

escape box), distance and time to locate the escape box. Image analysis was performed with 

Tracker, version 4.8 (111). 

 

 3.4 Tissue collection and Biochemical analysis 

After 8 weeks, 7 or 8 rats of each group were fasted overnight and anaesthetised 

(75mg/km ketamine + 10mg/kg xilazine, i.p.). Blood was collected by cardiac puncture and 

centrifuged at 5000rpm at 4°C to obtain serum samples. After the blood collection, the rats 

were decapitated and hippocampus and quadriceps muscle were dissected, preserved in 

RNAlater (Ambion) and stored at -80°C until use.   

Serum insulin levels were measured with an ELISA kit (Millipore) as per 

manufacturer´s instructions. Serum triglyceride and glucose levels were measured by 

enzymatic colorimetric assay in the Cobas c111 analyzer (Roche). 
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Figure 7. Barnes Maze. The apparatus consisted of a circular platform, 115cm diameter with 18 equally-spaced 

circular holes 8cm in diameter. A dark escape box was located beneath one of the holes (its position was 

arbitrarily chosen for the day). Animals were given 2 trials a day with 1h interval between trials. In the first trial 

(acquisition) the animal learned the location of the escape box that day. The second trial (test) was given 1 hour 

after the first to evaluate the retention of the memory. In both acquisition and test, the trial began with 

positioning the animal inside the start box which was placed at the center of the maze. After 30s the animal was 

released and allowed to explore the maze to look for the escape box. An aversive noise was played during the 

time the animal was exploring the maze and was turned off as soon as the trial ended. The trial ended when the 

animal found the escape box or if the animal did not find the box after a pre-determined time (3 min). Figure by  

Larissa Langhi. 
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 We used the HOMA2 model (112, 113) to evaluate insulin resistance (HOMA-IR), 

pancreatic beta cell reserve (HOMA-%B) and insulin sensitivity (HOMA-%S). The indexes 

were calculated with the Oxford HOMA calculator (114). 

  

 3.5 RNA extraction and gene expression analysis  

Total RNA from hippocampus and quadriceps was obtained with Tri Reagent 

(Invitrogen) as per manufacturer´s instructions. RNA was then treated with DNaseI for 20-30 

min at 37°C for genomic DNA removal. RNA was reversely transcribed into DNA with a 

commercial kit (High Capacity cDNA Reverse Transcription Kit, ABI) as per manufacturer´s 

instructions. Gene expression analysis was performed using Quantitative Real Time 

Polimerase Chain Reaction in assay buffer which contains EvaGreen fluorescent dye (Solis 

BioDyne, Tartu, Estonia) using the primers listed in Table 2. Relative gene expression was 

calculated using procedures reported previously (115). A sample collected from an untreated 

control was used as a calibrator in all Real Time PCR quantification experiments. 

 

 3.6 Protein extraction and Western Blot 

After 8 weeks, 5 rats of each group were anaesthesised and the abdominal cavity was 

opened. Insulin (10
-6

 mol/L in saline) was injected in the portal vein and after 90s rats were 

decapitated and hippocampus was collected for Western Blot analysis. Hippocampus was 

homogenized with ceramic beads in the Precellys homogenizer (Bertin) in RIPA buffer 

(150mM NaCl, 50mM Tris-HCl pH 8.0, 1% NP-40, 0,5% sodium deoxicholate, 0,1% SDS) 

containing protease and phosphatase inhibitors (Protease Inhibitor Cocktail Tablets and Phos-

STOP Phosphate Inhibitor Cocktail Tablets, Roche) at 4°C. The resulting solution was then 

centrifuged at 12000rpm for 20min at 4ºC. Supernatant was used for protein quantification 

with a colorimetric method (660nm Protein Assay Reagent, Pierce). Proteins were denatured 
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in Laemmli buffer, run on SDS-PAGE and transferred to PVDF membranes. PVDF 

membranes were blocked for 1h in 5% BSA, probed in primary antibody overnight and 

secondary antibody for 2h. Blots were revealed by chemiluminescence (ECL reagent, Pierce) 

in the GE ImageQuant equipment. Antibodies used to probe the membranes were: α-tubulin, 

IRS-1 pS
616

, IRS-1 pS
312 

from Invitrogen; BDNF, insulin-receptor β, IRS-1, GSK-3β, GSK-

3β pY
216 

from Santa Cruz; synaptophysin from Millipore; Akt and pAkt from Cell Signaling. 

Secondary antibodies used were anti-mouse (Invitrogen) and anti-rabbit (Pierce). 

 

 3.7 Statistical analysis 

 All data are presented as mean ± standard error of the mean (SEM). Normality of 

samples was assessed with Shapiro-Wilk test. Homocesdasticity (homogeneity of variances) 

was assessed with Fligner-Killeen test. Since there was no violation of normality or 

homogeneity of variances, no transformation of original data was necessary. Multi-group 

comparisons were performed using two-way ANOVA for the Barnes Maze test or ANOVA 

with Tukey post hoc test for the other experiments. p<0.05 was considered statistically 

significant.  
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Table 2. Primer pairs used in Real Time PCR experiments 

 
Forward Tm° Reverse Tm° NCBI Reference Sequence 

Atg7 GCTCCTCACTTTTTGCCAACA 60.6 GGAGCCACCACATCATTGC 62.3 NM_001012097.1 

Atg9 AATGTGGTGCCAAGGTGATTT 58.7 CAGTTTGACACTGAATACCAGCG 62.8 NM_001014218.1 

Atg12 CACCACTGCACCTGCCTCCATTTTTAACTC 67.5 ATGGCACACATGGCTGAGGACTACTCTG 69 NM_001038495.1 

BDNF TGGCCCTGCGGAGGCTAAGT 72.1 AGGGTGCTTCCGAGCCTTCCT 71.3 NM_001270638.1 

Beclin TGAATGAGGGCGACAGTGAACA 62.7 GCATCTGGTTCTCTACACTCTTG 62.8 NM_053739.2 

Bnip3 TTCCACTAGTACCTTTTGATGA 57.1 GAACACCGCATTTACAAAACAA 57.1 NM_053420.3 

CAMK IV AGGAGACCTCCAGTATGGTGC 64.5 CTCCTCAGTCATGGGGTCCAT 64.5 NM_012727.3  

CPT1a TCTTGCAGTCGACTCACCTT 60.4 TCCACAGGACACATAGTCAGG 62.6 NM_031559.2 

CS GATTGTGCCCAATGTCCTCT 60.4 TTCATCTCCGTCATGCCATA 58.4 NM_130755.1 

Ctsl CTATCGCCACCAGAAGCACA 62.4 AACCACACTGGCCCTGATTC 62.4 NM_013156.2 

CypA CTTCTTGCTGGTCTTGCCATTCC 64.6 TATCTGCACTGCCAAGACTGAGTG 64.6 NM_017101.1 

ERRα GCAGGGCAGTGGGAAGCTA 64.5 CCTCTTGAAGAAGGCTTTGCA 60.6 NM_001008511.2 

FNDC5 ATGAAGGAGATGGGGAGGAA 60.4 GCGGCAGAAGAGAGCTATGACA 64.5 NM_001270981.1 

FoxO3A GCAAGCCGTGTACCGTGGA 64.5 CGGGAGCGCGATGTTATCT 62.3 NM_001106395.1 

GLUT4 GCAGCGAGTGACTGGAACA 62.3 CCAGCCACGTTGCATTGTAG 62.4 NM_012751.1 

Lamp2 CATATAAGAACTTCCCAGAGGAGCAT 63 TGGCTCAGCTTTCCTTGTTTC 60.6 NM_017068.2 

LC3 AGTGCTGTCCCGAATGTCTC 62.4 CGTCCTGGACAAGACCAAGT 62.4 NM_022867.2 

MAFBx TGGGTGTATCGAATGGAGAC 60.4 TCAGCCTCTGCATGATGTTC 60.4 NM_133521.1  

Murf-1 CTTCGTGTTCCTTGCACATC 60.4 ACCTGCTGGTGGAGAACATC 62.4 NM_080903.1 

NR4A3 TCAGCCTTTTTGGAGCTGTT 58.4 TGAAGTCGATGCAGGACAAG 60.4 NM_031628.1 

PGC1α1 GGACATGTGCAGCCAAGACTCT 64.5 CACTTCAATCCACCCAGAAAGCT 62.8 NM_031347.1 

PPARδ CTCCTGCTCACTGACAGATG 62.4 TCTCCTCCTGTGGCTGTTC 62.3 NM_013141.2 
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4. Results 

 4.1 Body weight and metabolic profile  

The animals were weighted before the exercise/metformin/fructose protocols started 

(week 0) and after 8 weeks of the protocols. There was no statistical difference among groups 

in pre-treatment weight (F3,72=0.54, p=0.658). In the 8
th

 week, there was a statistically 

significant difference in group E compared to groups C and FE (F3,37=5.24, p=0.005) (Table 

3). 

There was a slight increase in serum triglyceride levels in the F and FE groups, but 

that did not reach significance (F3,22=2.040, p=0.135). There were also no differences among 

groups in glucose (F3,22 = 1.000 p = 0.411) and insulin (F3,22=0.290, p=0.835) serum levels. 

Also, there were no significant differences in HOMA-IR (F3,22=0.940, p=0.436), HOMA-%S 

(F3,22=0.650, p=0.588) and HOMA-%B (F3,22=0.000, p=1.000) (Table 3). 

 

Table 3. Metabolic profile of animals 8 weeks after experimental treatment 

 %Body 

weight 

gain 

Glucose 

(mg/dL) 

Triglyceride 

(mg/dL) 

Insulin 

(mUI/mL) 

HOMA2-IR HOMA2-%B HOMA2-%S 

C (7) 74.35 ± 

5.23 

168.43 ± 

8.06 

46.01 ± 6.42 17.13 ± 0.44 2.51 ± 0.06 53.19 ± 4.02 40.17 ± 1.07 

E (8) 58.55 ± 

5.54* 

160.29 ± 

5.93 

41.05 ± 1.49 17.31 ± 0.49 2.54 ± 0.09 52.75 ± 2.80 39.8 ± 1.47 

F (7) 82.89 ± 

4.75 

191.14 ± 

19.49 

52.3 ± 6.45 18.13 ± 0.77 2.82 ± 0.17 53.28 ± 8.77 36.68 ± 2.33 

FE 

(7) 

111.90 ± 

6.85 

166.86 ± 

5.87 

62.76 ± 5.40 17.36 ± 0.92 2.54 ± 0.13 53.20 ± 2.32 40.33 ± 2.06 

Animals in group E gained significantly less weight than the other groups. There was no significant difference 

among groups in the other parameters. Results are presented as mean ± SEM. The numbers in parenthesis 

represent the number of animals included in the experiment. * p<0.010 
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 4.2 Effect of Exercise in Physical Fitness  

 In the initial maximal exercise capacity test, there was no statistical difference in 

velocity between groups (F3,59=1.47, p=0.234). After 8 weeks of treadmill training, groups E 

and FE were both able to run significantly faster than the non-trained groups C and F 

(F3,24=37.24, p<0.001) and to reach higher velocities than they did during the initial test (E: 

p=0.047; FE: p=0.001). Interestingly, non-trained animals performed poorer in the final test 

relative to the initial test (C: p=0.001; F: p=0.035, Fig. 8A).  

 The same trend is seen both in duration and distance. For duration, there was no  

difference among groups in the initial test (F3,24=0.59, p=0.660). After 8 weeks of treadmill 

training, groups E and FE were capable of running at maximal velocity for longer time than 

the non-trained groups C and F (F3,24=58.66, p<0.001) and also than themselves at their own 

initial test (E: p<0.001; FE: p=0.001). Non-trained animals performed poorer in the final test 

relative to the initial test (C: p=0.003; F: p=0.008, Fig. 8B). For distance, there was no 

statistical difference among groups in the initial test (F3,24=2.28, p=0.090). After 8 weeks of 

treadmill training, the distance groups E and FE were capable of running at maximal velocity 

was significantly longer than the non-trained groups C and F (F3,24=42.34, p<0.001) and 

also than their own initial test (E: p<0.001; FE: p<0.001). Again, non-trained animals 

performed poorer in the final test relative to the initial test (C: p=0.005; F: p=0.009, Fig. 8C). 
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Figure 8. Maximal exercise capacity test. A. Velocity. After 8 weeks of treadmill training, both group E and 

FE were able to run significantly faster than the untrained groups C and F. B. Time. After 8 weeks of treadmill 

training, groups E and FE were capable of running at maximal velocity for longer time than the untrained 

littermates (groups C and F, respectively). C. Distance. After 8 weeks of treadmill training, the distance groups 

E and FE were capable of running at maximal velocity was significantly longer than their untrained counterparts 

(groups C and F). Groups: C – control, E – exercise, F – fructose, FE – fructose+exercise Results are presented 

as mean ± SEM.. * p<0.001. 

 

 4.3 Barnes Maze  

Animals were subjected to the Barnes Maze to assess the working memory 

performance. Testing took place for 5 days after the 8 weeks of exercise/fructose protocol – 

each animal was tested twice on the same day with an interval of 1h between trials. The 

escape box was placed in a different location each day. Number of errors an animal made 

before entering the box, distance it traveled and time it took to locate the escape box were 

recorded.  

 Figure 9 shows that there was no difference among groups before the 

exercise/fructose protocol (day 1; latency: F3,31=1.70, p=0.190; distance: F2,53=1.650, 

p=0.200; number of errors F2,53=2.160 p=0.115), but along the weeks the F and FE groups 
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performed poorer than the C and E groups. Indeed, two-way ANOVA showed an effect of 

day and group in latency to find the escape box (day: p<0.001, group: p<0.001) and post-hoc 

test showed that F and FE groups performance was significantly worse than the C and E 

groups in day 4 (p=0.006) and the F group performed significantly poorer than the other three 

groups in day 5 (p<0.001) (Fig. 9A). The two other tested parameters followed a similar trend 

with two-way ANOVA indicating an effect of day and group in distance (day: p=0.028, 

group: p<0.001) and number of errors (day: p=0.006, group: p<0.001). Post-hoc test showed 

F and FE groups traveled significantly longer distances than the C and E groups in days 4 

(p=0.014) and 5 (p=0.006) (Fig. 9B). The F and FE groups also had significantly higher 

number of errors than C and E groups in day 4 (p=0.008) and the F group had significantly 

higher number of errors than the other groups in day 5 (p<0.001) (Fig. 9C). These results 

suggest that fructose induces cognitive decline in working memory and that it is not 

prevented by exercise. 

 

4.4 Fructose does not impair insulin signaling in the hippocampus 

Brain insulin resistance has often been reported to be the cause of cognitive decline 

observed in Alzheimer`s and metabolic diseases (44, 46, 57, 116). Therefore, we investigated 

the effect of fructose in the insulin pathway in the hippocampus. There was no significant 

inter-group difference in IR(F3,13=1.04, p=0.419), IRS-1(F3,15=2.22, p=0.144), IRS-1 p
S312

 

(F3,14=0.74, p=0.550, IRS-1 p
S616 

(F3,15=1.54, p=0.260) (Fig. 10), Akt (F3,15=0.99, p=0.435), 

Akt p
S473

 (F3,12=0.93, p=0.470), GSK3β (F3,17=2.68, p=0.090) and GSK3β p
S216

(F3,18=1.39, 

p=0.287) (Fig. 11), suggesting that the fructose load did not cause deficiency in insulin 

signaling.  
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Figure 9. Evaluation of working memory in the Barnes Maze test. A. Latency. F and FE groups took longer 

to find the escape box than the C and E groups in day 4 and the F group performed significantly poorer than the 

other three groups in day 5. B. Traveled distance before entering the escape box. F and FE groups traveled 

significantly longer distances than the C and E groups in days 4 and 5. C. Number of errors before entering 

the escape box. F and FE groups had significantly higher number of errors than C and E groups in day 4 and the 

F group had significantly higher number of errors than the other groups in day 5.  Groups: C – control, E – 

exercise, F – fructose, FE – fructose+exercise. The symbols above the curves indicate statistical significance; *: 

p=0.006, F+FE x C+E; #: p<0.001, F x FE+C+E; §: p<0,02, F+FE x C+E; ‡: p=0.008, F+FE x C+E.  

 

4.5 Effect of fructose in accumulation of markers of brain plasticity 

 BDNF is induced in many parts of the brain with exercise, more vigorously in the 

hippocampus (117). BDNF promotes neurogenesis, synaptogenesis and plasticity, which are 

critical to learning and memory (48, 118, 119). We sought to investigate how fructose affects 

protein expression of BDNF and synaptophysin, a marker of synapse growth. There was a 

slight increase in both BDNF and synaptophysin in the exercise group compared to the other 

groups, but that did not reach statistical significance. It is also worthy of note that both the 

levels of BDNF and synaptophysin remain as low in the fructose+exercise group as in the 

untrained groups (BDNF: F3,18=0.86, p=0.485; synaptophysin: F3,17=0.78, p=0.527) (Fig. 12). 

 



33 
 

 
 

 

 

Figure 10. Effect of fructose on accumulation of IR and IRS protein in hippocampus. A. Representative 

Western Blots. B. IR protein levels. C. IRS protein levels. D. IRS-1 p
S312 

protein levels. E. IRS-1 p
S616 

protein 

levels. Groups: C – control, E – exercise, F – fructose, FE – fructose+exercise. Results are presented as mean ± 

SEM. There was no significant difference among groups. 

 

 

Figure 11. Effect of fructose on Akt and GSK3β protein concentration in hippocampus. A. Representative 

Western Blots. B. Akt protein levels. C. Akt p
S473

 protein levels. D. GSK3β protein levels. E. GSK3β p
S216 

protein levels. Groups: C – control, E – exercise, F – fructose, FE – fructose+exercise. Results are presented as 

mean ± SEM. There was no significant difference among groups. 
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Figure 12. Effect of fructose on BDNF and synaptophysin protein content in hippocampus. A. 

Representative Western Blots. B. BDNF protein levels. C. Synaptophysin protein levels. Groups: C – control, E 

– exercise, F – fructose, FE – fructose+exercise. Results are presented as mean ± SEM. There was no significant 

difference among groups. 

 

 4.6 Fructose attenuates expression of PGC1α and FNDC5 

 Exercise is known to increase expression of peroxisome proliferator-activated 

receptor gamma (PPARγ) coactivator 1 alpha (PGC1α) and fibronectin type III domain-

containing protein 5 (FNDC5). The latter is exported into the blood stream as irisin (120). 

Irisin is the hormone responsible for the increase in neuronal BDNF (121). As we found no 

evidence of increase in BDNF in the fructose+exercise group, we decided to study the 

expression of transcript 1 PGC1α and FNDC5 in both the muscle and the hippocampus. 

 Figure 13 shows that exercise was not able to increase the expression of PGC1α1 and 

FNDC5 when accompanied by ingestion of fructose. Indeed, factorial ANOVA showed that 

fructose was the only variable to affect expression of PGC1α1 and FNDC5 both in the muscle 

(PGC1α1 p=0.004; FNDC5 p=0.01) and in the hippocampus (PGC1α1 p=0.066; FNDC5 

p=0.024).  

 Quantitative real-time PCR experiments showed that groups F and FE have a 67% 

decrease in the expression of PGC1α1 (p=0.006) and a 63% decrease in the expression of 

FNDC5 (p=0.011) in striated muscle compared to groups C and E (Fig. 13A and 13C). A 

similar trend was found in the hippocampus, where groups F and FE have a 80% decrease in 
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the expression of PGC1α1 (p=0.016) and a 64% decrease in the expression of FNDC5 

(p=0.008) compared to groups C and E (Fig. 13B and 13D). 

 

 Figure 13. Ingestion of fructose blunted the expression of PGC1α1 and FNDC5 in both skeletal 

muscle and hippocampus. A. PGC1α1 expression in muscle. Groups F and FE showed 67% decrease in the 

expression of PGC1α1 compared to groups C and E. B. PGC1α1 expression in hippocampus. Groups F and 

FE have an 80% decrease in the expression of PGC1α1 compared to groups C and E. C. FNDC5 expression in 

muscle. Groups F and FE have a 63% decrease in the expression of FNDC5 compared to groups C and E. D. 

FNDC5 expression in hippocampus. Groups F and FE have a 64% decrease in the expression of FNDC5 

compared to groups C and E. Groups: C – control, E – exercise, F – fructose, FE – fructose+exercise. Results 

are presented as mean ± SEM. *  p<0.020. 

 

 4.7 Effect of fructose on upstream regulators and downstream targets of PGC1α 

 PGC1α is a transcriptional coactivator and is involved in pathways related to energy 

and nutrient homeostasis (122), thus we investigated some of its upstream regulators and 

downstream targets.  Figure 14 shows that along with downregulation of PGC1α, its 

downstream targets are also downregulated in muscle of rats exposed to fructose. Factorial 
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ANOVA shows that fructose was the only variable to affect expression of nuclear receptor 

subfamily 4 group A member 3 (NR4A3) (p=0.024). Groupwise comparison of expression 

indicated that F and FE groups have an 80% decrease in the expression of NR4A3 compared 

to groups C and E (p=0.027). Expression of GLUT4 followed a similar trend, as factorial 

ANOVA showed that fructose was the only factor affecting its expression (p=0.038), which 

was 78% decreased in the F and FE groups compared to C and E groups (p=0.022). By 

contrast, exercise was the only variable to affect expression of FoxO3A gene (p=0.029), as 

exercise partially reverses the downregulation of FoxO3A induced by fructose (E+FE x C+F, 

p=0.038). Expression of both estrogen-related receptor alpha (Errα) and peroxisome 

proliferator-activated receptor delta (PPARδ) was increased in the exercise group (66% and 

79%, respectively) compared to all other groups (Errα: F3,15=31.54, p<0.001; PPARδ:  

F3,14=18.08, p<0.001). Taken together, these results suggest that fructose feeding might 

induce a decrease in fatty acid oxidation and glucose transport in the skeletal muscle and that 

exercise is not able to reverse these alterations. 

 We also investigated the expression of calcium/calmodulin-dependent protein kinase 

type IV (CAMK IV), a transcription activator of PGC1α (123). We found no significant 

difference in the expression of CAMK IV (F3,15=0.82, p=0.510) (Fig. 14), which suggests that  

the decrease in PGC1α expression is not caused by a decrease in CAMK IV expression.  
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Figure 14. Fructose ingestion negatively affected the expression of regulators and downstream targets of 

PGC1α1 in skeletal muscle. Groups F and FE groups have an 80% decrease in the expression of NR4A3 and 

78% decrease in expression of GLUT4 compared to groups C and E. Group E has an increase of 66% in the 

expression of Errα and an increase of 79% in the expression of PPARδ compared to the other groups. There was 

no significant difference among groups in the expression of CAMK IV. Groups E and FE have increased 

expression of FoxO3A compared to groups C and F. Groups: C – control, E – exercise, F – fructose, FE – 

fructose+exercise. Results are presented as mean ± SEM.* p<0.040; # p<0.001. 

 

 4.8 Effect of fructose in muscle autophagy 

To investigate the effect of fructose and exercise in autophagy, we performed qRT-

PCR analysis in quadriceps muscle. We first investigated expression of genes involved in 

autophagosome formation (beclin 1 and autophagy-related proteins (Atg) 7, 9 and 12). 

Expression of beclin and Atg7 in groups E and FE was significantly higher than in groups C 

and F (Atg6: F3, 15 = 7.95, p=0.004; Atg7: F3, 23=10.97, p=0.001, Fig. 15). In contrast, 

groups F and FE showed decreased expression of Atg9 (F3, 18 = 11.26, p=0.001, Fig. 15). 

Atg9 expression was lowest in FE group although the rats in group E showed highest 

expression of Atg9 (Fig. 15). Groups E and FE showed a trend for a more intense expression 
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of Atg12 than groups C and F did (F3, 19= 2.91, p=0.069, Fig. 15). These results indicate that 

exercise induces expression of genes involved in autophagosome formation and that fructose 

attenuates the effects of exercise on expression of Atg9. The final steps of autophagy were 

assessed by analyzing expression of microtubule-associated proteins 1A/1B light chain 3B 

(LC3) – a marker of autophagosome accumulation - and of lysosome-associated membrane 

protein 2 (Lamp-2). We found no significant difference in LC3 expression (F3, 24=0.62, 

p=0.610, Fig. 16A). In contrast, expression of Lamp-2 in group E was higher than in group 

FE (F3, 24=3.44, p=0.040, Fig. 16A). The expression of lysosomal cathepsin L (Ctsl) in 

skeletal muscle was also investigated. Animals from group E showed a more intense 

expression of Ctsl than animals from other groups but this was not statistically significant 

(F3, 18=3.10, p=0.061, Fig. 16B). 

We also evaluated the effect of fructose on ubiquitin-proteasome by studying the 

expression of E3 ubiquitin ligases muscle atrophy F-box (MAFBx) and muscle ring finger-1 

(Murf-1). There was no difference in MAFBx expression across the groups (F3, 21 =1.66, 

p=0.213, Fig. 17). However, group E showed a significantly higher expression of MurF-1 

when compared to group FE (F3, 23=5.56, p=0.007, Fig. 17). Finally, we assessed the 

expression of  BCL2 interacting protein 3 (Bnip3) – a marker of mitochondrial autophagy – 

and no statistically significant difference in Bnip3 expression was detected across the 

experimental groups (F3, 15= 2.06, p=0.164, Fig. 18). 
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Figure 15. Effects of fructose and exercise training on expression of the Atg family genes. Expression of 

beclin and Atg7 in groups E and FE was significantly higher than in groups C and F. Expression of Atg9 was 

significantly lower in the FE group compared to the E group. There was no significant difference among groups 

in the expression of Atg12. Groups: C – control, E – exercise, F – fructose, FE – fructose+exercise. Results are 

presented as mean ± SEM. * p<0.005, # p=0.001. 

 

 

 

Figure 16. Expression of genes involved in the final steps of autophagy pathway under the effects of 

fructose feeding and exercise training A. Autophagy marker LC3 and lysosomal marker Lamp-2. There 

was no differenc in expression of LC3 among groups. Expression of Lamp-2 in group E was significantly higher 

than in group FE B. Lisosomal enzyme Ctsl. There was no significant difference in expression of Ctsl among 

groups. Groups: C – control, E – exercise, F – fructose, FE – fructose+exercise. Results are presented as mean ± 

SEM.  * p=0.040. 
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 Figure 17. Expression of ubiquitin ligases Murf-1 and MAFBx in the context of fructose loading and 

chronic aerobic exercise. Group E showed a significantly higher expression of MurF-1 when compared to 

group FE. There was no significant difference in expression of MAFBx among groups. Results are presented as 

mean ± SEM. Groups: C – control, E – exercise, F – fructose, FE – fructose+exercise. * p=0.007 

 

 

Figure 18. Effects of chronic fructose ingestion and aerobic training on expression of mitochondrial 

function regulator Bnip3. There was no significant difference in expression of Bnip3 among groups. Groups: 

C – control, E – exercise, F – fructose, FE – fructose+exercise. Results are presented as mean ± SEM. There was 

no significant difference among groups 
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 4.9 Effect of fructose and metformin in the working memory 

 AMPK activation reportedly enhances expression of several glucose and lipid 

metabolism genes (124, 125), including FNDC5 (126), therefore we tested the effects of the 

AMPK activator metformin in working memory and genes involved in muscle metabolism. 

Animals were subjected to the Barnes Maze in order to assess the working memory 

performance. Figure 19 shows that there was no difference among groups before the 

fructose/metformin protocol (week 0; latency: F2,53=1.11 p=0.337; distance: F2,53=0.46, 

p=0.663; number of errors F2,53=0.02 p=0.981), but along the weeks the F group performed 

poorer than the C and FM groups. Indeed, two-way ANOVA showed an effect of time and 

group in latency to find the escape box (time: p=0.005, group: p=0.014) and post-hoc test 

showed that F group performance was worse than the C and FM groups (F-C p=0.036, F-FM 

p=0.026, FM-C p=0.991) (Fig. 19A). The two other tested parameters followed a similar 

trend with two-way ANOVA indicating an effect of time and group in distance (time: 0.005, 

group: 0.019) and number of errors (time: 0.008, group: 0.023). Post-hoc test showed a 

difference in group for both distance (F-C 0.035, F-FM 0.041, FM-C p = 0.998) (Fig. 19B) 

and number of errors (F-C 0.048, F-FM 0.043, FM-C p =0.998) (Fig. 19C). These results 

suggest that metformin was able to prevent the decline in working memory induced by 

fructose loading.  

 



42 
 

 
 

 

Figure 19. Effect of fructose and metformin in the working memory. The working memory was tested 

once every two weeks during the experimental protocol as described in Methods. There was no significant 

difference among groups before the fructose/metformin protocol in any of the three tested parameters. Along the 

weeks the F group performed poorer than the C and FM groups in all of the tested parameters. A. Latency. F-C 

p=0.036, F-FM p=0.026, FM-C p=0.991. B. Traveled distance before entering the escape box. F-C 0.035, F-

FM 0.041, FM-C p = 0.998. C. Number of errors before entering the escape box. F-C 0.048, F-FM 0.043, 

FM-C p =0.998. Groups C – control, F – fructose, FM – fructose+metformin 

 

 4.10 Effect of fructose and metformin in muscle metabolism 

 We assessed how fructose and metformin might affect the metabolism of striated 

muscle through comparison of the expression of PGC1α, FNDC5, GLUT4 and beta oxidation 

pathway genes carnitine palmitoyltransferase 1A (CPT1a) and citrate synthase (CS). Figure 

20 shows that fructose negatively affects PGC1α expression in the quadriceps femori, which 

is prevented by metformin (F2, 9=21.75 p=0.002). There was no significant difference among 

groups in the expression of GLUT4 (F2,10=1.17, p=0.364), FNDC5 (F2,10=1.14, p=0.365), 

CPT1a (F2,10 = 0.58, p=0.587) and CS (F2,10=2.19, p=0.183).  
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Figure 20. Effect of fructose and metformin on expression of GLUT4, PGC1α, FNDC5, CPT1a and CS in 

skeletal muscle. Group F showed decrease in PGC1α expression compared to groups C and FM. There was no 

significant difference among groups in the expression of GLUT4, FNDC5, CPT1a and CS. Groups C – control, 

F – fructose, FM – fructose+metformin. Results are presented as mean ± SEM. * p = 0.002 

 

 4.11 Effect of fructose and metformin in the brain 

 The effect of fructose and metformin in the brain was assessed through comparison of 

expression of PGC1α, FNDC5 and BDNF in the hippocampus. Figure 21 shows that fructose 

negatively affects expression of PGC1α, FNDC5 and BDNF in the hippocampus, all of which 

are prevented by metformin. Indeed metformin induces a massive increase in the expression 

of both FNDC5 (F2,10=9.38, p=0.010) and BDNF (F2,10=6.60, p=0.020), although no effect in 

the expression of  PGC1α was observed (F2,10=9.69, p=0.010).  
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Figure 21. Effect of fructose and metformin in PGC1α, FNDC5 and BDNF expression levels in the 

hippocampus. Group F showed decrease in PGC1α expression compared to groups C and FM. Group FM 

showed massive increase in the expression of both FNDC5 and BDNF compared to groups C anf F. Groups C – 

control, F – fructose, FM – fructose+metformin. Results are presented as mean ± SEM. * p = 0.010;   # p =  

0.020 
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5 Discussion 
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5. Discussion 

 The benefits of exercise in health are undeniable. It has been reported to reduce the 

risk of cardiovascular diseases, diabetes mellitus type 2 and some types of cancers (127). 

Physical training has also benn shown to improve learning and memory (117). In this study 

we showed that substituting drinking water with a 15% fructose solution caused cognitive 

decline in rats, an alteration that was not ameliorated by exercise due to the negative effects 

of fructose in muscle metabolism. The lack of effect of physical training on cognitive decline 

paralleled the impaired expression of PGC1α and FNDC5 in both the brain and the skeletal 

muscle. This association between cognitive decline and impairement of expression of  

PGC1α and FNDC5 by fructose ingestion suggests that blunting the responde of  PGC1α 

pathway is probably the mechanism by which ingestion of fructose causes cognitive deficit. 

We also showed that fructose attenuates expression of genes downstream of PGC1α that are 

important to the adaptation of skeletal muscle to physical training NR4A3, FoxO3A, Errα, 

PPARδ and GLUT4. Therefore, our results suggest that excessive ingestion of a 

macronutrient might be able to attenuate the benefits of aerobic exercise – a phenomenon that 

needs to be investigates in greater detail given is self-evident importance in the management 

of lifestyle-related diseases. 

 In this study, animals that underwent 8 weeks of fructose treatment - both sedentary 

and exercised - showed an increase in body weight compared to control groups. However, 

except for a slight, but not significant, increase in serum triglyceride in the fructose and 

fructose+exercise groups, there were no detectable metabolic changes. This contrasts with 

other studies that used fructose (83-85), as they found evidence of insulin resistance and 

hypertriglyceridemia, but these differences might be due to different concentration of fructose 

in the diet. This fact also suggests that clinical relevant effects of fructose loading might 
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manifest before laboratorial evidences of insulin resistance and other metabolic abnormalities 

can be detected. 

 In addition to metabolic changes, fructose consumption has been linked to cognitive 

decline (91, 116). Indeed, we found that substituting drinking water with a 15% fructose 

solution induced cognitive decline. Compared to the control group, fructose-fed animals 

showed decreased performance in the task when tested in the working memory version of the 

Barnes Maze. Surprisingly, exercise did not seem to counteract the negative effect of fructose 

in the working memory, as animals of the fructose+exercise group also performed pooly in 

the task compared to control groups. This effect seems to be linked solely to the consumption 

of fructose, as cognitive decline induced by high fat diet and drug-induced diabetes 

(streptozotocin or alloxan) is reversed by exercise (103, 128, 129). Brain insulin resistance 

has often been reported to be associated with cognitive decline linked to Alzheimer`s and 

metabolic diseases (44, 46, 57, 116). Here we show that although there was a clear loss of 

memory function, there was no change in the insulin signaling in the hippocampus, as 

assessed by IR, IRS-1, IRS-1 p
S312

, IRS-1 p
S616

, Akt, Akt p
S473

, GSK3β and GSK3β p
S216

. In 

contrast to the seemingly intact insulin signaling pathway, we found no exercise-dependent 

induction of BDNF and synaptophysin – markers of brain plasticity – in the hippocampus of 

animals assigned to the fructose+exercise group – a finding that could explain why this group 

showed no improvement in the Barnes Maze test. 

 Unexpectedly, the expression of PGC1α1 and FNDC5 remains low in the 

fructose+exercise group in both the muscle and the hippocampus, contrary to what is 

observed in the exercise group.  PGC1α induces mitochondrial oxidative metabolism and 

GLUT4 translocation to the cell membrane (130) thereby increasing muscle glucose uptake.  

PGC1α  also redirects glucose towards oxidative instead of glycolytic metabolism and 

activates molecular programs specific of slow-twitch muscle fiber (131). Fiber type switch is 



47 
 

 
 

an important change associated with tolerance to endurance exercise, as studies show that 

muscle cells lacking PGC1α are prone to contraction-induced fatigue and PGC1α knockout 

mice are exercise intolerant (132). Fiber switch also brings benefits to energy metabolism. 

Increased content of fast-twitch fibers relative to the slow-twitch ones is associated with 

insulin resistance, DM2 and obesity (133, 134). Conversely, subjects with slow-twitch 

enriched skeletal muscle present a greater insulin-stimulated glucose transport (135-137). 

Finally, the slow- to fast-twitch shift in fiber distribution that occurs in aging and physical 

inactivity is accompanied by a decrease in muscle oxidative capacity and insulin sensitivity 

(138). Therefore, although after eight weeks of treatment there was no evidence of exercise 

intolerance in the fructose+exercise group in the maximal exercise capacity test, animals 

assigned to this group might still present disturbances in muscle metabolism (as discussed 

below). Furthermore, the fructose-induced reduction of FNDC5 expression in both the 

muscle and the hippocampus might result in a more deficient response to exercise since both 

mucle-derived irisin and FNDC5 expressed in the central nervous system are reported to 

stimulate BDNF expression in the brain (121) . 

 Analysis of expression of NR4A3, a regulator of lipid and carbohydrate metabolism 

and fiber-type switch in the skeletal muscle (139, 140), showed that fructose induces a 

decrease in its expression and that exercise is unable to reverse the alteration.  The same is 

true for PPARδ, a fatty acid catabolism regulator (141) whose expression is significantly 

increased with exercise alone, but not when exercise is combined with fructose feeding. 

PGC1α also promotes the expression of transcription factors with which it interacts. One of 

such factors is Errα (142). Errα is a transcription factor that interacts with PGC1α in order to 

regulate mitochondrial biogenesis (143) and glucose (144) and fatty acid metabolism (145). 

Errα expression is upregulated with exercise alone, but not when exercise is combined with 

fructose feeding. Errα and PGC1α interact with each other in order to increase expression of 
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pyruvate dehydrogenase lipoamine kinase isozyme 4 (PDK4) which decreases glucose 

oxidation and increase alternate mitochondrial oxidative pathways (144), such as fatty acid 

oxidation. The downregulation of Errα along with the downregulation of NR4A3 and PPARδ 

suggest that fructose feeding impairs the ability of muscle to adapt to the metabolic demands 

of exercise, as there is no decrease in glucose oxidation or increase in fatty acid oxidation. 

Additionally, expression of the glucose receptor GLUT4 is decreased in the fructose-fed 

animals, agreeing with previous find by Goyaram et al (146). This suggests a decrease in 

glucose transport in the muscle as GLUT4 expression is correlated with glucose transport in 

the muscle cell (130). 

 Muscle contraction-dependent calcium signaling stimulates PGC1α transcription via 

calcineurin and CAMK IV (147). Constitutively expressed CAMK IV induces increased 

mitochondrial biogenesis and fatty acid metabolism through activation of PGC1α 

transcription (123). Our expression analysis of CAMK IV did not show any differences 

among groups, suggesting that the decrease in PGC1α expression in fructose-fed animals is 

not caused by a decrease in the expression of CAMK IV. 

Fructose can also impact negatively muscle metabolism by attenuating the exercise-

induced basal autophagy in skeletal muscle. We showed that, compared to sedentary rats, 

treadmill training induced basal expression of autophagy genes (beclin, Atg7, and Atg12) in 

quadriceps femori. These results are in agreement with observations that aerobic training 

increases both accumulation of autophagy proteins and autophagy flux (79) and with report 

of increased expression of Atg7 and Lamp-2 in vastus lateralis of elderly women that 

underwent caloric restriction and aerobic exercise (148). We also showed that fructose 

ingestion attenuated expression of Atg9 and Lamp-2 in skeletal muscle of treadmill-trained 

rats. Atg9 is a multispanning membrane protein that is a key regulator of autophagy induction 

(149) and Lamp-2 is a lysosomal glycoprotein responsible for the fusion of autophagosome to 
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lysosome (150). Therefore, it is possible to speculate that the exercise-induced increase in 

basal autophagy is impaired in the fructose-treated animals. 

Intact responses of autophagy to aerobic exercise are a requirement for the role of 

skeletal muscle as a regulator of whole body metabolism (77, 79). Accordingly, in the present 

study, animals undergoing both treadmill training and fructose feeding exhibited worse 

metabolic parameters when compared to animals subjected to exercise only, albeit not as 

severe as sedentary, fructose-fed rats. Defective autophagy could be an innate functional 

defect of skeletal muscle, as suggested by the report that protein degradation via autophagy is 

impaired in starved cultured myotubes from patients with severe obesity (151), or a result of 

exposure to an exogenous factor as our results might imply. Therefore, targeting autophagy in 

skeletal muscle might be an interesting approach to treat obesity and MetS patients, 

especially those presenting sarcopenia. 

In this study, both exercise-only and fructose-fed exercise-trained rats showed 

improvement in physical conditioning and they performed similarly in maximal exercise 

capacity test. This seems to contradict what is known about the effect of PGC1α in 

mitochondrial biology and energy metabolism (74, 122, 132, 152-154) and about its effect in 

autophagy and  in maintenance of muscle mass and function as muscle-specific deficiency of 

Atg7 resulted in muscle atrophy and decreased muscle strength (155) and mice with 

haploinsufficiency of beclin were more intolerant to aerobic exercise than their wild-type 

counterparts (79). Possible explanations include the existence of redundancy in 

transcriptional co-activators as indicated by the overlapping of functions in the PGC1 family 

of coactivators (156) and that PGC1α might not be mandatory for some of the adaptations 

induced by exercise, as indicated by some loss-of-function studies (157-159). Another 

possible explanation is that the length of fructose treatment in this study did not afford 

enough time for the fructose-fed rats to exhibit the consequences of impaired muscle 
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metabolism and autophagy in full extent. This might also be caused by our experimental 

protocol as aerobic training and fructose feeding were concomitantly administered throughout 

the experimental period. 

Our study did not address directly the mechanism behind the attenuation of exercise-

stimulated expression of autophagy-related genes in fructose-fed rats. However, there are 

some clues about the regulatory molecules that might be involved. Both the FoxO3A 

transcription factor and the transcription co-activator PCG1α participate in the regulation of 

autophagy in skeletal muscle. FoxO3A coordinates both ubiquitin-proteasome and autophagy 

pathway in skeletal muscle (160, 161) while induction of PCG1α by exercise training is 

required for exercise-dependent increase in basal autophagy (79). Consonant with these 

observations from experimental models, increased expression of autophagy genes in muscle 

of elderly women that underwent caloric restriction and aerobic training was paralleled by an 

increase in expression of both FoxO3A and PCG1α. (148). Here we have found that 

expression of both PCG1α and FoxO3A in exercised skeletal muscle was attenuated by 

fructose administration. These evidences support the notion that fructose impairs the 

exercise-induced basal expression of autophagy-related genes by affecting negatively the 

expression of PCG1α and FoxO3. 

The observed effects of fructose in the defective induction of genes related to skeletal 

muscle response to exercise training are probably mediated by a transcriptional mechanism as 

the affected genes participate in multiple cellular processes. Fructose-induced inflammation 

might lead to impaired activation of PGC1α and other transcriptional regulators of skeletal 

muscle adaptation to aerobic training (162), as well as cyclooxygenase 2-mediated insulin 

resistance in rats (163, 164), however this hypothesis contradicts evidence of anti-

inflammatory properties of exercise training in rodent models of diabetes and tobacco 

smoking (165-167). Fructose might also affect glycogen content in skeletal muscle. Exercise-
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trained rats that ingest fructose have higher content of both liver and muscle glycogen than 

exercised rats that ingest control diet (168). As activation of PPARδ varies inversely with the 

glycogen content of muscle fiber (169), it is possible that fructose impairs the transcription of 

PGC1α, which is dependent on the activity of PPARδ in myotubes (170), by enhancing the 

accumulation of glycogen in skeletal muscle. A third hypothesis is the negative effect of 

fructose on gene expression in skeletal muscle be mediated by accumulation of lactate and 

lipids. Lactate is the major byproduct of fructose metabolization exported by the liver, being 

responsible for the date of almost a quarter of ingested fructose (171). Despite its abundance, 

lactate has been reported to enhance PGC1α expression in both animal and cultured cell 

models (172, 173). Therefore it seems highly unlikely that excess lactate is the culprit. 

Fructose also increases plasma triglyceride and NEFAs by both increasing lipid synthesis and 

decreasing lipid clearance (90, 171). Exposure of skeletal muscle to lipids results in muscle 

insulin resistance and accumulation of fatty acids (174), which in turn burdens mitochondria 

and might impair expression of exercise-induced genes in muscle.  

 Some studies have reported a direct effect of metformin in the brain, for example, 

metformin induces autophagy and protects against focal cerebral ischaemia (175, 176) and 

increased hippocampal neurogenesis through an atypical PKC-CBP pathway (177). We found 

that fructose feeding induced a decrease in the hippocampal expression of PGC1α, FNDC5 

and BDNF. Metformin not only prevented the decrease in the expression of the three genes in 

fructose-fed rats, but induced a massive increase in the expression of FNDC5 and BDNF. 

This was accompanied by an improvement in the performance in the working memory 

version of the Barnes maze in the fructose+metformin group compared to the fructose group. 

As metformin prevented the fructose feeding-induced decrease on the expression of PGC1α 

in quadriceps femori, but not on the expression of FNDC5, CPT1A, CS and GLUT4, we 
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might speculate that the mechanism by which metformin acted was by a direct effect in the 

brain, bypassing the negative effects of fructose in the muscle. 

 In summary, our results show that ingestion of fructose may lead to severe alteration 

in the muscle response to exercise: glucose oxidation remains high, fatty acid oxidation 

remains low, expression of GLUT4 is decreased, basal autophagy is diminished and 

transcription activation of irisin is blunted. This muscle metabolic mal-adaptation leads to 

attenuation of exercise beneficial effects in other organs, more specifically, the brain, 

impairing neuronal plasticity and learning and memory. Surprisingly we found that 

metformin prevents fructose-induced cognitive decline by directly acting in the central 

nervous system, as it induces an increase in hippocampal expression of PGC1α, FNDC5 and 

BDNF even without evidence of enhanced muscle metabolism.  

 Our study shows that there is a hierarchy of lifestyles with respect to metabolism 

health as excessive ingestion of a macronutrient – in this case fructose - is able to profoundly 

affect the ability of muscle to adapt to exercise training. Our findings might change both the 

nutritional recommendations to athletes and the strategy to manage chronic 

noncommunicable diseases. 
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6. Conclusion 

 We did not achieve our initial aims as we found no evidence of insulin resistance in 

the hippocampus and exercise was not able to reverse the cognitive decline presented by the 

animals. The following conclusions are based in our concrete findings. 

 

1. Substituting drinking water with a 15% fructose solution causes deterioration of 

working memory even though no evidence for brain insulin resistance was found; 

2. Physical training is not able to reverse the fructose-induced cognitive 

deterioration; 

3. Fructose ingestion blunts the exercise-dependent induction of BDNF and 

synaptophysin in the hippocampus. This is a possible reason why aerobic training 

is not effective in correcting the cognitive deficit caused by fructose; 

4. In the skeletal muscle, fructose ingestion impais several exercise-induced 

physiological processes that are required for beneficial effects of physical training; 

5. Metformin can directly induce expression of BDNF in the hippocampus thereby 

attenuating the deterioration of working memory induced by fructose ingestion.  
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Abstract

Background: The inverse relationship between exercise capacity and its variation over time and both cardiovascular and
all-cause mortality suggests the existence of an etiological nexus between cardiometabolic diseases and the molecular
regulators of exercise capacity. Coordinated adaptive responses elicited by physical training enhance exercise performance
and metabolic efficiency and possibly mediate the health benefits of physical exercise. In contrast, impaired expression of
genes involved in mitochondrial biogenesis or protein turnover in skeletal muscle—key biological processes involved in
adaptation to physical training—leads to insulin resistance and obesity. Ingestion of fructose has been shown to suppress
the exercise-induced GLUT4 response in rat skeletal muscle. To evaluate in greater detail how fructose ingestion might blunt
the benefits of physical training, we investigated the effects of fructose ingestion on exercise induction of genes that
participate in regulation of mitochondrial biogenesis and protein turnover in rat’s skeletal muscle.

Methods: Eight-week-old Wistar rats were randomly assigned to sedentary (C), exercise (treadmill running)-only (E),
fructose-only (F), and fructose + exercise (FE) groups and treated accordingly for 8 weeks. Blood and quadriceps
femoris were collected for biochemistry, serum insulin, and gene expression analysis. Expression of genes involved in
regulation of mitochondrial biogenesis and autophagy, GLUT4, and ubiquitin E3 ligases MuRF-1, and MAFbx/Atrogin-1
were assayed with quantitative real-time polymerase chain reaction.

Results: Aerobic training improved exercise capacity in both E and FE groups. A main effect of fructose ingestion on
body weight and fasting serum triglyceride concentration was detected. Fructose ingestion impaired the expression of
PGC-1α, FNDC5, NR4A3, GLUT4, Atg9, Lamp2, Ctsl, Murf-1, and MAFBx/Atrogin-1 in skeletal muscle of both sedentary
and exercised animals while expression of Errα and Pparδ was impaired only in exercised rats.

Conclusions: Our results show that fructose ingestion impairs the expression of genes involved in biological processes
relevant to exercise-induced remodeling of skeletal muscle. This might provide novel insight on how a dietary factor
contributes to the genesis of disorders of glucose metabolism.
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Background
The importance of physical activity as an essential
component of a healthy lifestyle cannot be overlooked.
Regular physical exercise enhances health span [1] while
lack of physical activity or decreased physical fitness
confers increased risk for premature death and increased
risk for several chronic, non-communicable diseases [2].
Physical fitness or exercise capacity is a better predictor
of mortality than traditional cardiovascular risk factors
[3], and changes in exercise capacity over time are
strong and inversely associated with all-cause mortality
in men [4]. Interestingly, rats selectively bred for low
exercise capacity exhibited defects characteristic of
metabolic syndrome such as elevated blood pressure,
impaired glucose tolerance, visceral adiposity, and
elevated circulating levels of triglycerides [5]. These
observations suggest that cardiometabolic diseases and
the molecular determinants of exercise capacity are
etiologically connected.
Physical exercise produces mechanical, metabolic,

nutritional, and oxidative stresses in engaged skeletal
muscles. These stimuli trigger a set of coordinated adap-
tive responses which result in modification of volume,
protein content, mechanical properties, and metabolic
capacities [6]. These responses restore homeostasis and
improve the performance of challenged muscle groups
[6, 7]. Contracting skeletal muscle can also modulate the
function of metabolically relevant tissues with produc-
tion and release of myokines [8]. The enhancement of
muscle metabolic efficiency and crosstalk of muscle with
other tissues constitute the fundamental ingredients by
which physical exercise improves the health of whole
organism [7]. One of the most relevant exercise-induced
muscle remodeling responses, from the perspective of
metabolic efficiency, is the increase in mitochondrial
density and enzyme activity, termed mitochondrial
biogenesis [6]. Mitochondrial biogenesis is a complex
process that requires co-expression of genes from two
distinct genomes (nuclear and mitochondrial) and is
regulated by transcription factors and transcription
co-activators [8].
Peroxisome proliferator receptor-γ co-activator-1α

(PGC-1α) is an inducible transcription co-activator that
interacts with many different transcription factors to
activate distinct biological programs in a multitude of
tissues. In skeletal muscle, PGC-1α is readily induced by
endurance exercise and regulates the coordinated
expression of mitochondrial proteins encoded in both
nuclear and mitochondrial genomes. Induction of PGC-
1α in skeletal muscle leads to activation of genetic
programs characteristic of slow-twitch (type I, predom-
inantly oxidative) muscle fibers and phenotypical
changes such as increase in functional mitochondria,
improvement in whole-body VO2max, shift of fuel usage

from carbohydrate to fat during submaximal exercise,
and improved endurance performance [9]. Moreover,
PGC-1α mediates the exercise-dependent up-regulation
of fibronectin type III domain-containing protein 5
(FNDC5) which is proteolytically cleaved to generate
irisin—a myokine that enhances thermogenesis and
promotes conversion of white adipose cell to brown
adipose cell [10]. Therefore, exercise induction of PGC-
1α seems to be an event that orchestrates adaptive
responses of skeletal muscle to physical exercise al-
though the results from loss-of-function studies suggest
that PGC-1α is probably not mandatory for some of the
training-induced adaptive responses [11–13].
Protein turnover—proteolysis coupled with de novo

protein synthesis—is another cellular process involved
with exercise-induced muscle remodeling. Damaged pro-
teins and organelles need to be removed by proteasome
and autophagy proteolysis and replaced by newly synthe-
sized ones in exercised muscles during the recovery [14].
Autophagy also plays an essential role in maintaining
the mass of skeletal muscle and provides skeletal muscle
cells with an alternative energy source during energy
stress caused by physical training [14, 15]. Interestingly,
loss-of-function studies have shown that autophagy is
required for exercise-dependent mitochondrial biogen-
esis and improvement of endurance capacity [14, 16].
Metabolic syndrome (MetS) and obesity have a long-

known relationship with decreased muscle mass and
strength. Morphological and functional alterations have
been observed in skeletal muscle of obese or MetS sub-
jects [17–19], and mice exposed to high-fat diet have
decreased total muscle mass of hind limbs, muscle fiber
diameter, muscle protein content, and grip strength [20].
Moreover, skeletal muscle myotubes from severely obese
individuals are shown to have altered proteasome and
autophagic proteolytic flux [21]. These findings suggest
that MetS (or obesity) is associated with morphological
and functional abnormalities of skeletal muscle which
might be a consequence of MetS (or obesity) per se or
caused, at least in part, by altered proteolytic pathways
or other cellular processes due to dietary habits or phys-
ical inactivity.
Increased consumption of high-fructose corn syrup

(HFCS) or sucrose via ingestion of ultra-processed food
and sugar-sweetened beverages (SSB) has been linked to
the obesity and diabetes epidemics in the USA [22]. Fruc-
tose is a major monosaccharide component of both HFCS
and sucrose and has been considered as responsible for
the metabolic effects of these sweeteners [22, 23]. The
liver is the major site of fructose metabolism which breaks
fructose down into metabolic intermediates that enter
promptly the triose pool in a process that bypasses the
rate-limiting phosphofructokinase step. The expansion of
triose phosphate pool is responsible for metabolic
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adaptations to acute fructose load while the responses to
long-term load will depend on enzymatic adaptation [23].
In the liver of fed animals, the increase in the flux through
the glycolytic pathway leads to lactate production, activa-
tion of pyruvate dehyderogenase, and enhancement of
oxidative pathway with carbon dioxide and ketone body
production [23]. This metabolic milieu also favors esterifi-
cation of non-esterified fatty acids (NEFAs) augmenting
the liver production and secretion of very low density
lipoprotein (VLDL) [23]. In starved animals, activation of
gluconeogenesis enzymes leads to formation of glucose
from fructose [23]. Long-term load of fructose causes the
liver to form more glucose and glycogen from fructose
and respond more intensely to the actions of fructose in
promoting VLDL output. In adipose tissue, fructose im-
pairs both glucose utilization and esterification of fatty
acids. This raises NEFAs concentration and increases
VLDL production. Increased concentration of triglyceride
and NEFAs impairs glucose utilization in skeletal muscle
[23]. The consequence is increased insulin resistance,
hyperinsulinemia, and formation of a vicious cycle in
which insulin resistance will stimulate the already in-
creased VLDL production by the liver. Thus, chronic fruc-
tose feeding will produce metabolic derangement similar
to those found in the MetS.
Ingestion of fructose or maltodextrin has been shown

to suppress the exercise-induced glucose transporter
type 4 (GLUT4) adaptive response in rat skeletal muscle
[24]. Motivated by this work, we conducted the present
study to investigate if ingestion of fructose can impair
the expression of genes involved in post-exercise muscle
remodeling which is our primary aim in this study. The
secondary aim of this study is to assess the effects of
fructose ingestion and physical training on expression of
selected genes involved in protein degradation in skeletal
muscle.

Methods
Animals and experimental protocol
Eight-week-old male Wistar rats were provided by the
University of São Paulo School of Medicine’s Animal
Facility which keeps the animals in cages with four to
five animals and feeds them with standard chow from
weaning to the moment they started the protocol. The
animals were randomly allocated into the following
groups: sedentary control (C, n = 6), exercise-only (E, n
= 7), sedentary fructose (F, n = 8), and fructose + exercise
(FE, n = 8) and treated accordingly for 8 weeks. The pre-
treatment weight of the rats ranged from 194.64 to
342.0 g, and there was no inter-group difference (F(3,
29) = 2.23, p = 0.110). The animals were kept in cages
with four to five animals under a 12-h light/dark cycle
and were given ad libitum access to food and water.
Standard chow (2990 kcal/kg) was given as a solid diet.

The rats assigned to fructose treatment (F and FE
groups) were given a 15% fructose solution as drinking
solution. The fructose treatment began on the same day
as the exercise training (see the next section). The quan-
tity and volume of unconsumed food and fluid for each
cage were verified each morning. The daily consumption
of food and fluid was calculated as a difference between
what was provided on previous day and what was left
unconsumed. Due to limited quantity of tissue and
blood samples, biochemical and molecular analyses were
not performed in all the animals.
This study was approved by the Ethics Committee of

University of São Paulo School of Medicine under the
number 073/13, and all animal experiments were
performed according to the procedures approved at our
institution.

Treadmill exercise protocol
The rats in exercise training groups were initially accli-
matized to the treadmill (KT 400, Imbramed, RS, Brazil)
for 3 days (10 min/day, 0.3 km/h). Afterwards, a max-
imal exercise capacity test was performed with an initial
velocity of 0.3 km/h for 5 min followed by an increase of
0.1 km/h every 1.5 min until animal exhaustion which
was defined as the moment when an animal sat at the
lower end of the treadmill and was unresponsive to 10
gentle taps to continue running. Total test time, velocity,
and distance were recorded for each rat. The rats were
trained at moderate intensity (60% of maximal velocity
achieved in exercise capacity test) for 60 min/day, 5 days
a week for 8 weeks. After 8 weeks, the maximal exercise
capacity test was repeated. One of us (NGG) oversaw
personally all treadmill trainings and, whenever neces-
sary, provided with stimulation to any animal that was
running slower than the speed established by the tread-
mill. No electrical shock was applied to the animals
throughout the training period.

Tissue collection and biochemical analysis
The rats were euthanized 1 day after the last training
session. After an overnight fast, the animals were anes-
thetized with intraperitoneal injection of 75 mg/kg
ketamine and 10 mg/kg xilazine. Blood was collected by
cardiac puncture. Following blood collection, the rats
were euthanized by decapitation, and the quadriceps
femoris was dissected and preserved in RNAlater
(Ambion) while blood samples were centrifuged at
5000 rpm at 4 °C and the resulting serum samples trans-
ferred to a fresh microcentrifuge tube. Both muscle and
serum specimens were stored at −80 °C until use.
Serum insulin levels were measured with an ELISA kit

(Millipore) as per the manufacturer’s instructions. Serum
triglyceride and glucose levels were measured by
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enzymatic colorimetric assay in the Cobas c111 analyzer
(Roche Diagnostics).
We used the HOMA2 model [25, 26] to evaluate insu-

lin resistance (HOMA2-IR), pancreatic beta cell reserve
(HOMA2-%B), and insulin sensitivity (HOMA2-%S).
The indexes were calculated with the Oxford HOMA
calculator [27].

RNA extraction and gene expression analysis
Total RNA from quadriceps muscle was isolated with
TRI Reagent (Sigma-Aldrich) as per the manufacturer’s
instructions. Genomic DNA was removed by treating
the RNA samples with DNase I for 20–30 min at 37 °C.
RNA was reversely transcribed into complementary
DNA with a commercial kit (High Capacity cDNA Re-
verse Transcription Kit, ABI) as per the manufacturer’s
instructions. Gene expression analysis was performed
using quantitative real-time polymerase chain reaction
in assay buffer which contains EvaGreen fluorescent dye
(5× HOT FIREPol® EvaGreen® qPCR Mix Plus (ROX),
Solis BioDyne, Tartu, Estonia) using the primers listed in
Table 1. Relative gene expression was calculated using
procedures reported previously [28], and cyclophilin
A (CypA) was adopted as internal normalization con-
trol. A sample collected from an untreated control
was used as a calibrator in all real-time PCR quantifi-
cation experiments.

Statistical analysis
All data are presented as mean ± SEM. Normality of
samples was assessed with Shapiro-Wilk test. Homosce-
dasticity (homogeneity of variances) was assessed with
Fligner-Killeen test due to robustness of this test [29].
Since there was no violation of normality or homogen-
eity of variances, no transformation of original data was
necessary. Differences among groups of weight, meta-
bolic profile, and exercise capacity were assessed by
analysis of variance (ANOVA). The status of fructose
ingestion and exercise training were used as factors and
factorial ANOVA was used to assess the effect of each
treatment on gene expression. This study has a power of
0.34 when an effect size of 0.4 (a large conventional
effect size according to Cohen [30]) is used in the calcu-
lation. All statistical analyses were performed in R
version 3.3.1. Study power was calculated using R pack-
ages pwr and pwr2 [31, 32]. A value of p < 0.05 was
considered statistically significant.

Results
Effect of fructose and exercise on food, water, and calorie
intake
Food and water intake were measured daily. The animals
were kept in cages with four or five rats; therefore, it
was not possible to perform statistical analysis of food,
water, and calorie intake, only the means were com-
pared. The animals assigned to groups F and FE ingested

Table 1 Primer pairs used in real-time PCR

Gene Forward Reverse

PGC-1α1 GGACATGTGCAGCCAAGACTCT CACTTCAATCCACCCAGAAAGCT

FNDC5 ATGAAGGAGATGGGGAGGAA GCGGCAGAAGAGAGCTATGACA

CAMK IV AGGAGACCTCCAGTATGGTGC CTCCTCAGTCATGGGGTCCAT

NR4A3 TCAGCCTTTTTGGAGCTGTT TGAAGTCGATGCAGGACAAG

ERRα GCAGGGCAGTGGGAAGCTA CCTCTTGAAGAAGGCTTTGCA

PPARδ CTCCTGCTCACTGACAGATG TCTCCTCCTGTGGCTGTTC

FoxO3A GCAAGCCGTGTACCGTGGA CGGGAGCGCGATGTTATCT

GLUT4 GCAGCGAGTGACTGGAACA CCAGCCACGTTGCATTGTAG

Atg6/beclin1 TGAATGAGGGCGACAGTGAACA GCATCTGGTTCTCTACACTCTTG

Atg7 GCTCCTCACTTTTTGCCAACA GGAGCCACCACATCATTGC

Atg9 CAGTTTGACACTGAATACCAGCG AATGTGGTGCCAAGGTGATTT

LC3 CGTCCTGGACAAGACCAAGT AGTGCTGTCCCGAATGTCTC

Lamp-2 TGGCTCAGCTTTCCTTGTTTC CATATAAGAACTTCCCAGAGGAGCAT

Atg12 CACCACTGCACCTGCCTCATTTTTAACTC ATGGCACACATGGCTGAGGACTACTCTG

Ctsl1 CTATCGCCACCAGAAGCACA AACCACACTGGCCCTGATTC

Murf-1/TRIM63 ACCTGCTGGTGGAGAACATC CTTCGTGTTCCTTGCACATC

MAFBx/Atrogin-1 TGGGTGTATCGAATGGAGAC TCAGCCTCTGCATGATGTTC

Bnip3 TTCCACTAGTACCTTTTGATGA GAACACCGCATTTACAAAACAA

CypA TATCTGCACTGCCAAGACTGAGTG CTTCTTGCTGGTCTTGCCATTCC
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less food than groups C and E. On the other hand, F and
FE consumed more water than C and E, resulting in
higher calorie intake in the former (data not shown).
These data agree with previous study [33].

Effect of fructose and exercise in body weight
The animals were weighted before the diet/exercise
protocols started (week 0) and again after the end of the
diet/exercise protocols (week 8). There was no difference
between groups in pre-treatment weight (F(3, 29) = 2.23,
p = 0.110). At the end of the 8th week, the rats in E
group presented with the lowest while the rats in FE
group with the highest body weight (Table 2). A main
effect of fructose ingestion on body weight (F(1, 30) =
6.885, p = 0.01354) as well as an interaction between
fructose and exercise (F(1, 30) = 7.791, p = 0.00905) were
detected.

Effect of fructose in metabolic profile of the animals
To assess the metabolic profile of the animals, after the
end of the diet/exercise protocols, serum glucose,
insulin, and triglyceride levels were measured. HOMA2
model was used to evaluate insulin resistance (HOMA2-
IR), pancreatic beta cell reserve (HOMA2-%B), and insu-
lin sensitivity (HOMA2-%S). No significant effect of
fructose ingestion or exercise training was detected for
serum insulin (respectively, F(1, 25) = 0.397, p = 0.534
and F(1, 25) = 0.121, p = 0.731), glucose levels (respect-
ively, F(1, 25) = 1.226 p = 0.279 and F(1, 25) = 1.401, p =
0.248), HOMA2-IR (respectively, F(1, 25) = 1.042, p =
0.317 and F(1, 25) = 0.627, p = 0.436), HOMA2-%S (re-
spectively, F(1, 25) = 0.488, p = 0.491 and F(1, 25) =
0.560, p = 0.461), or HOMA2-%B (respectively, F(1, 25)
= 0.002, p = 0.963 and F(1, 25) = 0.002, p = 0.966). In
contrast, there is a main effect of fructose ingestion on
serum triglyceride levels (F(1, 25) = 4.601, p = 0.0418),
Table 2.

Effect of exercise in the physical conditioning
To evaluate their physical conditioning, the animals
underwent a maximal exercise capacity test before the
diet/exercise protocols started and after the end of the
protocols. In the initial maximal exercise capacity test,
there was no statistical difference between the groups

(F(3, 24) = 1.08, p = 0.379). After 8 weeks of treadmill
training, groups E and FE were both able to run signifi-
cantly faster than the non-trained groups C and F (F(3,
24) = 37.24, p < 0.001) and to reach higher speeds than
they did during the initial test (E: p = 0.047; FE: p =
0.001). Interestingly, non-trained animals performed
poorer in the final test relative to the initial test (C: p =
0.001; F: p = 0.035, Fig. 1a). The same trend is seen both
in duration and distance. There were no between group
differences regarding the duration of running (F(3, 24) =
0.59, p = 0.660) and traveled distance (F(3, 24) = 2.28, p
= 0.090) at the initial assessment. After 8 weeks of train-
ing, both E and FE improved the duration (E: p < 0.001;
FE: p = 0.001) and distance (E: p < 0.001; FE: p < 0.001).
Both groups E and FE also ran for longer time (F(3, 24)
= 58.66, p < 0.001) and a greater distance (F(3, 24) =
42.34, p < 0.001) than their littermates assigned to seden-
tary groups (C and F). The non-trained animals (groups
C and F) also performed poorer relative to their own ini-
tial test in both duration (C: p = 0.003; F: p = 0.008, Fig. 1b)
and traveled distance (C: p = 0.005; F: p = 0.009, Fig. 1c).
This degradation of exercise capacity of C and F is prob-
ably a result of physical deconditioning that the untrained
animals underwent after 8 weeks of sedentarism.

Impact of fructose ingestion and exercise training on
expression of PGC-1α and FNDC5
Ingestion of fructose negatively affected expression of
both PGC-1α and FNDC5 in rat skeletal muscle regardless
of their exercise status. Fructose-ingesting sedentary rats
exhibited a less intense expression of PGC-1α and FNDC5
than littermates that did not ingest fructose (Fig. 2a, b).
Furthermore, expression of these two genes after exercise
is also decreased in the fructose-fed animals when
compared to the exercised animals that did not ingest
fructose (Fig. 2a, b). Indeed, fructose was the only treat-
ment that affected the expression of both PGC-1α and
FNDC5 (F(1, 9) = 11.720, p = 0.00759 and F(1, 9) = 11.310,
p = 0.00835, respectively, PGC-1α and FNDC5).
To gain further insight on the effects of fructose inges-

tion on molecular mediators of beneficial effects of exer-
cise training, we studied the expression of transcription
factors nuclear receptor subfamily 4 group A member 3
(NR4A3/Nor-1), estrogen-related receptor alpha (Errα),

Table 2 Body weight and metabolic profile after week 8 of fructose ingestion or treadmill training

Body weight (g) Glucose (mg/dL) Triglyceride (mg/dL) Insulin (mUI/mL) HOMA2-IR HOMA2-%B HOMA2-%S

C (6) 479.77 ± 8.87 168.43 ± 8.06 46.01 ± 6.42 17.13 ± 0.44 2.51 ± 0.06 53.19 ± 4.02 40.17 ± 1.07

E (7) 429.25 ± 8.11 160.29 ± 5.93 41.05 ± 1.49 17.31 ± 0.49 2.54 ± 0.09 52.75 ± 2.80 39.8 ± 1.47

F (8) 475.93 ± 12.93 191.14 ± 19.49 52.3 ± 6.45 18.13 ± 0.77 2.82 ± 0.17 53.28 ± 8.77 36.68 ± 2.33

FE (8) 493.82 ± 7.29 166.86 ± 5.87 62.76 ± 5.40 17.36 ± 0.92 2.54 ± 0.13 53.20 ± 2.32 40.33 ± 2.06

Results are presented as mean ± SEM. The numbers in parenthesis represent the number of animals included in the experiment. A main effect of fructose (p = 0.01354)
and an interaction between fructose and exercise (p = 0.00905) on animals’ weight were observed. There is also an effect of fructose on serum triglycerides (p = 0.0418).
See the text for more details
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and peroxisome proliferator activated receptor δ (Pparδ)
which are induced in skeletal muscle by endurance exer-
cise. Although average expression of NR4A3/Nor-1 was
higher in rats undergoing physical training, no statisti-
cally significant effect of treadmill running was observed
among rats that did not ingest fructose. In contrast,
fructose-treated (F and FE) rats exhibited a 80% decrease
in expression of NR4A3/Nor-1 when compared to the
littermates that did not ingest fructose (C and E groups,
p = 0.027, Fig. 2c). In fact, an effect of fructose on
expression of NR4A3/Nor-1 was noted (F(1, 8) = 7.651,
p = 0.0244). Expression of Errα and Pparδ exhibited a

very similar pattern. Both were strongly induced by
treadmill running in skeletal muscle (79 and 66%, re-
spectively, Errα and Pparδ, Fig. 2c). There are main
effects of fructose ingestion, exercise training, and inter-
action between fructose and exercise on expression of
both Errα (respectively, F(1, 11) = 17.61, p = 0.001494,
F(1, 11) = 47.38, p = 2.64 × 10−05, and F(1, 11) = 29.61, p
= 0.000203) and Pparδ (respectively, F(1, 10) = 20.43, p =
0.00111, F(1, 10) = 14.54, p = 0.00341, and F(1, 10) =
19.26, p = 0.00136). We also assessed how fructose inges-
tion affects expression of calcium/calmodulin-dependent
protein kinase type IV (CAMK IV) in skeletal muscle as

Fig. 1 Maximal exercise capacity before (week 0) and after (week 8) 8 weeks of treadmill training or fructose ingestion. Groups: C control, E exercise, F
fructose, FE fructose + exercise. Results are presented as mean ± SEM. a Velocity. b Duration of exercise. c Traveled distance. Exercised animals (E and
FE) displayed higher exercise capacity than their non-exercised littermates (*p < 0.001) after 8 weeks in all parameters. E and FE rats also improved their
exercise capacity at week 8 compared to week 0 (see text for more details)

Fig. 2 Impact of aerobic training or fructose ingestion on expression of genes involved in regulation of mitochondrial biogenesis in rat skeletal
muscle. a PGC-1α1. b FNDC5. c Transcriptional regulators of skeletal muscle adaptive response to exercise training and GLUT4. Groups: C control,
E exercise, F fructose, FE fructose + exercise. Relative expression was calculated using methods described by Livak and Schmittgen. Results are
presented as mean ± SEM. A main effect of fructose on expression of PGC-1α1, FNDC5, NR4A3/Nor-1, and GLUT4 was detected. In addition to the
main effect of fructose, there is also a main effect of exercise and an interaction fructose exercise on expression of Errα and Pparδ. In contrast,
there is a main effect of exercise on expression of FoxO3A. (see the text for further details). * p < 0.040, # p < 0.001
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this kinase is reported to transduce muscle contraction
into a regulatory signal for the expression of PGC-1α
[34]. No effect of fructose ingestion or treadmill training
on expression of CAMK IV was observed (F(1, 11) =
0.712, p = 0.417 and F(1, 11) = 0.001, p = 0.982; Fig. 2c).
We also assayed the expression of GLUT4 which is in-
duced by exercise training and is responsible for the en-
hanced muscle glucose uptake caused by chronic exercise.
Fructose ingestion attenuated expression of GLUT4 by
78% in skeletal muscle of either sedentary or exercised rats
(p = 0.0156, Fig. 2c), and a significant main effect of fruc-
tose ingestion on GLUT4 expression was detected (F(1,
12) = 5.848, p = 0.0324). Therefore, ingestion of fructose
globally attenuates expression of key genes involved in
metabolic adaptation of skeletal muscle to physical
exercise.
Expression of forkhead box O3 (FoxO3A)—a tran-

scriptional factor reported to interact with PGC-1α1 to
regulate expression of oxidative stress genes [35]—was
also assessed in the skeletal muscle. While fructose
showed no effect (F(1, 16) = 2.055, p = 0.1710; Fig. 2c) a
main effect of aerobic training on the expression of
FoxO3A was detected (F(1, 16) = 5.711, p = 0.0295).

Expression of genes involved in protein degradation
The results on the expression of PGC-1α and FNDC5
and their transcriptional regulators led us to seek
whether fructose ingestion might affect other molecular
pathways that also mediate adaptive metabolic response
of skeletal muscle to physical exercise. Should this be
the case attenuation of exercise-induced remodeling of

skeletal muscle might be, in addition to excessive caloric
accumulation, a relevant mechanism underlying meta-
bolic derangement associated with fructose ingestion.
Autophagy and ubiquitin-proteasome pathways are
major protein degradation pathways in the skeletal
muscle. In addition to regulating the net amount and
the quality of muscle protein, autophagy (basal and
acute, exercise-induced) has been shown to play a crit-
ical role in exercise-induced muscle remodeling and im-
provement of insulin sensitivity [16, 36].
We observed a statistically significant main effect of

exercise training on expression of autophagy-related pro-
tein 6 (Atg6/beclin 1) (F(1, 11) = 23.856, p = 0.000484),
autophagy-related protein 7 (Atg7) (F(1, 13) = 27.609, p =
0.000156), and autophagy-related protein 12 (Atg12) (F(1,
15) = 8.157, p = 0.012), and they all showed significant in-
duction in skeletal muscle after treadmill running (Fig. 3c).
No significant effect for fructose ingestion or interaction
between exercise and fructose ingestion was observed on
expression of these genes. In contrast, autophagy-related
protein 9 (Atg9) expression in both sedentary and exer-
cised rats was impaired by fructose ingestion (Fig. 3c), and
there was a significant main effect of fructose (F(1, 14) =
28.972, p = 9.66 × 10−05) and interaction between exercise
and fructose (F(1, 14) = 4.653, p = 0.0489) on expression of
Atg9. Expression of microtubule-associated protein 1 light
chain 3 isoform B (LC3B)—a marker of autophagosome
accumulation was not affected by physical training or
fructose (respectively, F(1, 20) = 0.951, p = 0.341 and F(1,
20) = 0.811, p = 0.378; Fig. 3a). However, ingestion of fruc-
tose impaired expression of lysosome-associated

Fig. 3 Impact of aerobic training or fructose ingestion on expression of autophagy genes. a Marker of autophagosome accumulation LC3 and
lysosomal-associated membrane glycoprotein Lamp-2. b Lysosomal cathepsin L Ctsl. c Atg genes. Groups: C control, E exercise, F fructose, FE fructose
+ exercise. Results are presented as mean ± SEM. A statistically significant main effect of exercise on expression of Atg6, Atg7, and Atg12 was observed.
There is also a main effect of fructose ingestion on expression of Atg9, Lamp-2, and Ctsl as well as an interaction between fructose and exercise on
expression of Atg9. See the text for further details. * p < 0.001, # p < 0.030
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membrane protein 2 (Lamp-2, F(1, 17) = 7.750, p = 0.0127;
Fig. 3a). Fructose ingestion also attenuated expression of
lysosomal cathepsin L (Ctsl) in skeletal muscle (F(1, 14) =
6.768, p = 0.0209, Fig. 3b). No statistically significant main
effect for exercise or fructose on expression of BCL2/
adenovirus E1B interacting protein B (Bnip3)—a marker
of mitochondrial autophagy—was detected except for a
trend for interaction between exercise and fructose (F(1,
11) = 3.401, p = 0.0923, Fig. 4a).
Effects of exercise and fructose ingestion on ubiquitin-

proteasome pathway were also evaluated by studying the
expression of E3 ubiquitin ligases muscle RING-finger
protein-1 (Murf-1) and muscle atrophy F-box (MAFBx,
also known as atrogin-1) (Fig. 4b). There was a main
effect of fructose on expression of both Murf-1 (F(1, 19)
= 12.181, p = 0.00245) and MAFBx (F(1, 17) = 4.897, p =
0.0409) and a marginally significant interaction between
exercise and fructose on expression of Murf-1 (F(1, 19)
= 4.000, p = 0.05999).

Discussion
The main finding of this study is that fructose ingestion
impairs the expression of genes involved in transcrip-
tional regulation of both oxidative metabolism and mito-
chondrial biogenesis and of genes of proteolytical
pathways in the skeletal muscle. This negative effect of
fructose ingestion was seen in both sedentary and exer-
cised animals for most of these genes, but a few of these
genes showed blunted expression only in treadmill-
trained animals. Our results not only confirm the finding
of a previous work which reported that fructose
consumption impairs adaptive response of GLUT4 [24]
but also suggest that ingestion of fructose might impair
other responses of skeletal muscle to exercise.
Our results are similar to a recent study with human

volunteers in which failure to upregulate mitochondrial
fuel oxidation genes was shown as the mechanism
behind the inability of human subjects to improve their
insulin sensitivity upon aerobic training [37]. Like our
study, the skeletal muscle of those who were unable to

respond to aerobic training displayed deficient exercise-
induced expression of PGC-1α, ERRα, and of 5′-AMP-
activated protein kinase catalytic subunit alpha-2
(AMPKα2) [37]. This study and ours highlighted the
importance of oxidative muscle fibers in the genesis of
insulin resistance and related metabolic diseases.
Decreased oxidative phosphorylation in skeletal muscle
has been reported as the earliest defect leading to insulin
resistance and glucose intolerance in elderly subjects
and non-diabetic offspring of type 2 diabetes patients
[38, 39]. In fact, the latter group also displayed a reduced
ratio of inorganic phosphate to phosphocreatine in
soleus muscle which is compatible with a diminished
content of type I (oxidative) fibers relative to type II
fibers [39]. Content of type I fibers has also been shown
to correlate inversely with fat body mass and positively
with the response to weight loss intervention [40].
Therefore, our results open the possibility that a dietary
factor might lead to disorders associated to insulin
resistance via reduction of number or function of mito-
chondria in skeletal muscle.
Interestingly, in our study, fructose feeding also

prevented exercise induction of selected autophagy
genes and muscle-specific E3 ubiquitin-protein ligases
Murf-1 and MAFBx. A functioning autophagy pathway
seems to be required for muscle mass maintenance,
muscle regeneration, and exercise-induced muscle
remodeling [14, 16, 36] while both expression of E3
ligases and proteasome activity in skeletal muscle have
been reported to increase with either acute or chronic
endurance exercise [14]. Such activation of proteasomal
proteolysis might be an adaptive response as it allows
for removal of damaged proteins and facilitates myofila-
ment restructuring [14]. Therefore, fructose ingestion
seems to affect multiple cellular functions that are
related to skeletal muscle remodeling and metabolic
adaptation to endurance training.
Intriguingly, in the present study, the fructose-loaded

rats that underwent treadmill training (FE group) im-
proved their exercise capacity to a similar extent as did

Fig. 4 Impact of fructose ingestion and exercise on expression of a mitophagy marker Bnip3 and b E3 ubiquitin ligases Murf-1 and MAFBx.
Groups: C control, E exercise, F fructose, FE fructose + exercise. Results are presented as mean ± SEM. There is a main effect of fructose ingestion
on expression of Murf-1 and MAFBx (see the text for more details)

Gonçalves et al. Genes & Nutrition  (2017) 12:33 Page 8 of 12



their exercise-only counterparts (E group). Such finding is
not what one might predict considering the altered gene
expression exhibited by FE rats and evidences from over-
expression experiments regarding the effects of PGC-1α
on mitochondrial biology and energy metabolism. Possible
explanations include the existence of other transcriptional
co-activators that might provide redundancy for PGC-1α
signaling or that PGC-1α might not be mandatory for
some of training-induced adaptations. In fact, PGC-1α is a
prototypical member of a family of transcriptional coacti-
vators that regulates mitochondrial biogenesis and energy
production, and there seems to be a redundancy between
members of this family [41, 42]. Also, loss-of-function
studies have shown that PGC-1α might not be mandatory
for some of training-induced responses in skeletal muscle
[11, 13, 43]. It is noteworthy that in the study by Bohm
et al. [37], no group of volunteers showed significant
training-related improvement of VO2max regardless of
their ability (or inability) to improve insulin sensitivity
with aerobic exercise or to induce expression of PGC-1α,
ERRα, and AMPKα2.
One might speculate the mechanism underlying the

defective induction of genes related to skeletal muscle
response to aerobic training in fructose-fed animals.
These observed effects of fructose ingestion are probably
mediated by transcriptional mechanism as the affected
genes encompass multiple cellular processes. Cyclooxy-
genase 2-mediated inflammation have been reported to
be the underlying mechanism of fructose-induced insu-
lin resistance in rats [44, 45]. A persistent inflammation
caused by fructose ingestion might lead to defective acti-
vation of PGC-1α and other transcriptional regulators of
skeletal muscle adaptation via a TGFβ-dependent mech-
anism like the one underlying the defective activation of
PGC-1α and AMPKα2 in individuals who failed to
improve insulin sensitivity upon aerobic training [37].
This hypothesis, however, contradicts the existing
evidence of anti-inflammatory properties of chronic
aerobic exercise in rodent models of diabetes and to-
bacco smoking [46–48]. Alternatively, fructose might
impair exercise-induced skeletal muscle remodeling by
interfering with post-exercise glycogen accumulation in
skeletal muscle. Exercise-induced activation of Pparδ—a
known activator of PGC-1α transcription [49]—varies
inversely with the glycogen content of muscle fiber [50].
Also, exercise-trained rats that ingest fructose exhibit
higher content of both liver and muscle glycogen con-
tent than their exercise-trained, control diet-fed litter-
mates [51]. Therefore, ingestion of fructose might impair
the activation of Pparδ and its downstream transcription
targets including PGC-1α by enhancing the accumula-
tion of glycogen in skeletal muscle. Whether Pparδ
functions as an upstream transcriptional regulator of
proteolytic pathways remains to be determined. Fructose

ingestion might also affect expression PGC-1α and
training-induced adaptive genes responses by promoting
the accumulation of lactate or lipids. In the liver, where
most of absorbed fructose is metabolized, fructose is first
phosphorylated by fructokinase to form fructose-1-
phosphate then broken down to glyceraldehyde and
dihydroxyacetone phosphate by aldolase B [23]. The
glyceraldehyde thus generated is phosphorylated to
glyceraldehyde-3-phosphate by triokinase after which it
can follow any triose phosphate metabolic pathway
including conversion to lactate [23, 52]. Conversion to
lactate is a means to release fructose-derived carbon
from liver for extrahepatic utilization, and about a quar-
ter of ingested fructose is converted to lactate [53].
Thus, lactate might be a fructose-derived metabolic
intermediate that causes the muscle to impair exercise-
induced gene response. The caveat for this hypothesis is
the fact that exposure to lactate has been reported to
promote expression of PGC-1α and genes involved in
mitochondrial biogenesis in both cultured L6 cells [54]
and C57BL/6J mice [55]. Finally, excessive exposure of
skeletal muscle to lipids results in muscle insulin-
resistance and accumulation within muscle fiber of fatty
acid metabolites [56]. Since, by both augmenting lipid syn-
thesis and decreasing lipid clearance, fructose loading in-
creases plasma triglyceride and NEFAs [23, 53], metabolic
overload of skeletal muscle mitochondria might impair
the training-induced gene expression in skeletal muscle.
This study presents a number of limitations that

should be mentioned. Firstly, we did not include isocalo-
ric controls of other sugar preparations. For this reason,
we could not test whether the observed effects on gene
expression is specific to fructose ingestion or is a general
phenomenon associated to excessive carbohydrate (or
caloric) consumption. Second, animal’s insulin sensitivity
status was assessed only after the treatment/training
period, and this hinders inferences that can be made
regarding the effect of training or fructose on insulin
sensitivity. Third, we used maximal exercise capacity on
treadmill running to evaluate the effect of training
instead of VO2max. Since exercise capacity is determined
by a combination of factors which include VO2max [57],
we might not have captured adequately the impact of al-
tered gene response on the physiology of skeletal muscle.
Fourth, we did not allow the animals in this study to
perform voluntary physical activity. For this reason, it is
possible that our test for exercise capacity was compar-
ing physical conditioning with physical deconditioning.
The latter two deficiencies of our study might also be
the reason why no apparent difference in exercise cap-
acity between E and FE animals was detected. Finally, in
view of the limited power of this study, we might have
failed to detect an effect of fructose or exercise. To as-
sess how the design of this study would affect our ability
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to detect an effect of treatment factors on gene expres-
sion, we calculated the power using as parameters the
effect sizes obtained from our PGC-1α and FNDC5 ex-
pression data (Table 3). Post hoc power analysis showed
that the power of this study to detect an effect of fruc-
tose on PGC-1α or FNDC5 is 0.8 but only 0.05 for effect
of exercise on either gene. Importantly, we were able to
detect interaction between fructose and exercise on ex-
pression of a few genes despite of small effect size attrib-
utable to exercise (Table 3). In our opinion, the
limitations mentioned here do not invalidate the main
conclusion of our study regarding the possibility of ex-
cessive ingestion of a macronutrient impairing beneficial
adaptive responses in skeletal muscle.

Conclusion
Our results suggest that fructose might impair exercise in-
duction of genes involved in regulation of metabolic adap-
tation of the skeletal muscle. This finding indicates the
need for a more detailed examination of the role of diet-
exercise interaction in the pathophysiology of cardiometa-
bolic diseases. Further studies are needed to elucidate the
mechanisms underlying the impairment of skeletal muscle
metabolic adaptation induced by fructose consumption.
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